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Bottom Line Up Front: Basic Electric Machine Design Axioms
With at least twice the air-gap flux density superconductor electric machine system as the
exception, basic electric machine design axioms reasonably show all optimally designed electric
machine systems with similarly applied performance enhancing material, winding, packaging,
manufacturing, thermal, and control techniques will have similar air-gap flux density by design,
which in accordance with the basic design relationships of Faraday’s Law, Lorentz Force Law,
Ampere Circuital Law, and the Synchronous Speed Relation, will have a similar size active
winding set with a similar continuously rated “synchronous speed” torque and effective air-gap
area, when designed for the same voltage and frequency of excitation, pole-pair count, and thermal
considerations. Likewise, a similar air-gap area and active winding set reasonably assumes a
similar overall electric machine size and volume, particularly in an axial-flux or similar disk-todisk format. Therefore, the true cost-performance differentiators between equally design optimized
electric machine systems, including RE-PM electric machine systems, must be: 1) the continuous
constant-torque speed range (at a given synchronous speed design torque) or maximum load speed
(MLS) for a given voltage and frequency of excitation, 2) the associated overall loss or efficiency
per unit of power rating, and 3) the peak torque and peak power capabilities, all of which go beyond
the century old, singly-fed or doubly-fed electric machine system circuit and control architecture
with a passive rotor of slip-induction dependent multiphase windings, reluctance saliencies, DC
field windings, or RE-PMs.
The basic electric machine design axioms:
• All linear or rotating magnetic electric motors and generators (i.e., electric machines) produce
moving force (or rotating torque) by the synchronized interaction between two orthogonal
magnetic flux or current vector components on the rotor and stator bodies, respectively, that
pull or push on each other:
o The two orthogonal vectors are: 1) winding magnetizing Magneto-Motive-Force (MMF is
product of winding turns and current) or magnetizing flux (or permanent magnet coercivity
and material depth) for “passively” establishing the flux density in the air-gap between the
rotating and stationary bodies (i.e., static energy) and 2) winding torque MMF or torque
flux for “actively” establishing force at speed to produce kinetic energy (or work).
o Only a multiphase winding set that is “directly” excited at its terminals (or active winding
set) produces a rotating (or moving) magnetic field in relation to its frame that
independently contributes bi-directional active power to the electrical to mechanical (i.e.,
electromechanical) energy conversion process but only by satisfying the Synchronous
Speed Relation for a given pole-pair count (i.e., ± rotor winding excitation frequency ±
stator winding excitation frequency is equal to ± angular mechanical speed with
“synchronous speed” at zero rotor winding excitation frequency).
• All electric machines must have at least one active winding set (i.e., singly-fed), which is
generally on the stator for convenient provisioning, or at most two active winding sets (i.e.,
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doubly-fed in accordance to BEM definition) before the basic electric machine circuit and
control topology is replicated again (Note: Traditionally, “doubly-fed” was anecdotal for any
electric machine with two electrical power ports, regardless of bi-directional or active power
capability, such as a passive DC field winding port):
o The torque rating of any electric machine system is determined by the designed torque
rating of a single active winding set (e.g., the stator active winding set) with torque
proportional to the torque MMF of the active winding set; but the total power rating of any
electric machine system is determined by the sum of the designed power ratings of all
active winding sets or the total power rating is proportional to the product of the port
voltage and the sum of the torque MMF of the active winding sets.
All electric machines are optimally designed with similar air-gap flux density because with the
exception of superconductor electromagnets, the air-gap flux density, which is the sum of the
two rotating magnetic field vectors, is determined by the same saturation limits and
permeability of the electrical steel core and not by the limited residual flux density potential of
rare-earth permanent magnets (RE-PM) or the boundless flux density potential of an
electromagnet (after all, it takes the high flux density of an electromagnet to magnetize a
permanent magnet):
o Establishing the largest possible airgap flux density within the same flux saturation limit
of the electrical steel core available to all is the primary steady state design criteria for any
electric machine.
o RE-PMs cannot achieve the same air-gap flux density provided as an electromagnet
because unlike the BH product curve of an electromagnet with flux density directly
proportional to magnetizing MMF, the BH product curve of a RE-PM shows flux density
is inversely proportional to PM coercivity with ever larger amounts (or magnetic path
thickness) of expensive RE-PM materials to achieve the flux saturation limit of the
electrical steel core at operating temperature (e.g., 1.25T at 1000C).
o RE-PMs are without electrical loss but are temperature sensitive, have potential to
demagnetize with fading operating life, and have safety and manufacturing issues. In
contrast, an electromagnet has variable flux density (i.e., field weakening) but are
constrained by winding resistance and electrical loss.
o RE-PMs eliminate electrical provisioning and electrical loss of winding magnetizing
MMF; but ironically, magnetizing MMF is being reintroduced into RE-PM electric
machines to regain the coveted attributes provided by field weakening (with similar
associated loss, cost, and size).
o Although RE-PMs are more compact and slightly lighter than an electromagnet but only
when producing an air-gap flux density under approximately one Tesla at operating
temperature and reasonable air-gap depth, the necessary active winding set still
determines the effective air-gap area and associated size and volume of any electric
machine.
All electric machines show similar torque, effective air-gap area and winding turns when the
necessary “active winding set” is optimally designed under the same air-gap flux density (in
accordance to Lorentz Law) and under the same voltage, speed, and excitation frequency (in
accordance to Faraday’s Law) with the overall electric machine size and volume directly
proportional to the area of the effective air-gap with winding provisioning, such as slots, frame,
and thermal management.
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All electric machines function as either: 1) a slip-induction (or asynchronous) electric
machine, which depends on the slip (or asynchronism) between the speed of the rotating
magnetic field of the excited stator active winding set and the speed of the rotor for current
induction onto the rotor multiphase winding set (in accordance to the Synchronous Speed
Relation with the rotor excitation not equal to zero) and as a result, a “slip-induction (or
asynchronous) electric machine” functionally relies (or depends) on slip-induction between
rotor and stator for functional operation, 2) a synchronous electric machine, which
traditionally depends on the phase-locked synchronism between the speed of the rotating
magnetic field of the excited stator active winding set and the speed of a rotor to avoid slipinduction onto a rotor of permanent magnets or DC electromagnets (in accordance to the
Synchronous Speed Relation with the rotor
excitation frequency equal to zero) but to
provide a universally accurate definition
that includes the hypothetical symmetric
synchronous (i.e., doubly-fed) electric
machine from the classic textbook study of
Figure 1, a synchronous electric machine
does not rely (or depend) on slip-induction
between the rotor and stator for functional
operation, and 3) a synchronous (or
asynchronous) reluctance electric machine
depends on the synchronous (or
asynchronous) movement between the
rotating magnetic field of the excited stator
active winding set and the rotor core to
provide a moving magnetizing MMF or flux
vector by varying the permeability
anomalies of the magnetic path
displacement.
•
All electric machines are optimally
Figure 1
designed by strategically applying the same
Taken from Herbert H. Woodson and James R. Melcher,
available material, thermal, winding,
“Electromechanical Dynamics, Part 1: Discrete Systems,” page
manufacturing, packaging, and control
113, John Wiley & Sons, 1968, demonstrates the classic textbook
study for all electric machines begins with the symmetrical
optimizing techniques to achieve higher
mathematical relationships (i.e., 4.1.19, 4.1.20, 4.1.21, 4.1.22, and power density, higher efficiency, and lower
4.1.23) describing the synchronized moving magnetic fields of a
cost, which are continually being researched
symmetrical multiphase wound-rotor doubly-fed electric machine
with two phase winding sets on the rotor and stator, respectively,
and improved as demonstrated by today’s
and the hypothetical application of brushless and bi-directional
electric machine system power density and
speed synchronized power at the winding terminals.
efficiency achievements.
• All electric machines of today provide high performance by electronically synchronizing the
winding excitation frequency to the speed of the shaft in accordance with the Synchronous
Speed Relation: 1) for practical operation, such as for a functional RE-PM or reluctance electric
machine system, 2) for optimum application balancing, such as for variable speed or for torque
and active power control, and 3) for higher operating speeds (e.g., extended constant
horsepower speed range) and electronic reliability, such as by adjusting magnetizing MMF,
commonly known as field weakening.
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All electric machines follow the classic textbook study that begins with the symmetric
electromagnetic relationships of the multiphase wound-rotor [synchronous] doubly-fed
electric machine system (see Figure 1) comprising the symmetry of two similar active winding
sets on the rotor and stator, respectively, as only realized by postulating brushless,
instantaneous, sensor-less, and automatic excitation at the multiphase winding terminals to
inherently guarantee steady-state stability by not relying on slip-induction excitation for its
simple study (with the symmetrical relationships 4.1.19 - 4.1.23), particularly at synchronous
speed where slip-induction ceases to exist. The same symmetric electromagnetic relationships
become the follow-on study of all other (or asymmetric) electric machine systems by
deoptimizing the symmetrical relationships with the asymmetry of a stator body with an active
winding set but a rotor body with the asymmetry of a passive slip-induction dependent winding
set, rotor saliency set, RE-PM set, or DC field winding set.
o Although researched since at least the 1960s, a practical contiguously stable symmetric
“synchronous” doubly-fed electric machine has never materialized, because of the
formidable challenges of realizing the instrumental brushless real time emulation control
means for eliminating the unstable “reliance or dependency” on slip-induction excitation
and to instantaneously and automatically respond to rotor and line perturbations. Coupled
with the common belief that everything that can be invented has been invented, electric
machine research was conveniently redirected to the century old asymmetric electric
machine circuit and control architecture, in particular to the RE-PM electric machine
system, by strategically applying performance enhancing material, control, and packaging
techniques.
o Not to be confused with the symmetric synchronous electric machine system, the so-called
slip-induction (or asynchronous) or slip-energy recovery doubly-fed electric machine
system is just another example of an asymmetric electric machine system with the known
instability issues of slip-induction dependency, particularly about synchronous speed
where slip-induction ceases to exist.
All practical electric machine systems of today use the century old, me too, asymmetric electric
machine system with a passive rotor of slip-induction dependent windings, DC field windings,
permanent magnet assembly, or reluctance saliencies but although all should be designed for
similar air-gap flux density and effective air-gap area, performance cross comparison results
surprisingly vary significantly between different vendors by empirical selection of available
packaging, material, winding, and thermal management techniques. To even the playing field,
ask the vendor for the maximum speed that still provides the maximum “continuous torque”
(i.e., constant torque speed range) or maximum load speed (MLS), which is the point where
the highest continuous loss (continuous torque current) occurs. It is reasonable to assume the
maximum continuous torque is provided across the maximum continuous torque speed range.
We will assume that that torque can be reached at any time between zero RPM and the RPM
of maximum continuous torque. The product of the maximum continuous torque and the
maximum continuous torque speed is the maximum continuous horsepower rating of the
electric machine and of course, the compounded cost, loss, and size of the necessary “system’s”
electronic controller. For an asymmetric electric machine system, the maximum load speed
(MLS) with maximum continuous torque is the designed synchronous speed at a given
frequency of excitation. Thermal management techniques are another comparative
characteristic, which is more difficult to cross compare. For instance, EMRAX 348 is
advertised as a peak 380 KW/1000 Nm electric machine system but may actually be a just a
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continuous 100 KW/500 Nm @ 2000RPM (constant torque speed range) electric machine
system without additional vendor information for cross comparative purposes.
All electric machines use two methods of winding arrangements, distributed and segmented.
Distributed windings have better winding factors and resulting fewer winding turns, lower
harmonics with higher efficiency, lower torque ripple, and perhaps better end-turn cooling but
winding overlap increases end turn length, slot number, and slot volume. Distributed windings
mounted on a smooth air-gap surface without reluctance saliencies. In contrast, segmented
windings are mounted on salient poles that exhibit high reluctance saliencies and resulting,
torque ripple or cogging. Concentrated windings may provide better automated winding
potential, particularly in a radial flux form. Otherwise, there seems not to be a clear
distinguishable advantage between the two methods of winding arrangements.
All commonly available electric machines can be characterized as radial-flux or axial-flux
forms of electric machines. Compared to the common radial-flux electric machine form factor
(i.e., rotor cylinder inside the annulus of stator cylinder where the flux path is in a radial
direction with the axle), the axial-flux electric machine form factor (i.e., rotor disk adjacent to
stator disk or pancake form where the flux path is in an axial direction with the axle) uses 13%
less copper and 21% less steel, while providing: 1) higher efficiency and torque (see axial-flux
whitepaper with MAGNAX marketing remarks), 2) equally exposed rotor and stator cooling
surfaces for improved thermal management, and 3) a convenient outside-to-inside winding
approach:1
o Although there are several styles of axial-flux electric machine systems, the single air-gap
axial-flux motor is the oldest electric motor form factor but the evolving manufacturing
techniques originally favored the radial-flux form factor until MOTORPRINTER.
o Unlike the radial flux format, the rotor and stator assemblies are virtually the same physical
size with the magnetically coupled length (in accordance to Lorentz Law) increasing with
diameter or incrementally increasing with electric machine stacking.
o There is a third form of electric machine, called the transverse flux electric machine, but
the complexity of the transverse electric machine core makes these machines difficult to
manufacture for practical application.
All electric machine systems can be characterized as "synchronous" or "asynchronous." 1)
By definition, an asynchronous (or induction) electric machine indisputably relies on slipinduction to remotely induce speed synchronized torque magneto-motive-force (MMF) on
the rotor multiphase winding set without physical electrical contact and as a result, the rotor
of an induction electric machine cannot rotate at synchronous speed, where slip-induction
ceases to exist. Since slip-induction results from the mutual induction arising from the
asynchronous movement or slip between the rotor and stator multiphase winding sets, an
asynchronous electric machine has indirect (i.e., estimated) control of the torque MMF (or
torque flux) on the rotor winding set due to at least remoteness and impedance
inconsistencies, such as stochastic rotor winding set resistance with temperature dependency,
but the induction electric machine does have direct (i.e., independent and deterministic)

1

The Advantages of axial flux are: 1) high torque and less copper and steel; 2) easier for automated winding (equal advantage of
SMC) by an outside-in approach to winding. Theoretical considerations by Polard [Zahra Nasiri-Gheidari, Hamid Lesani,”A
Survey on Axial Flux Induction Motors,” PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R.88 NR
2/2012] show the axial-flux electric machine can reduce copper utilization by 13-14% and iron utilization by 21.5-32.5%
compared to the traditional radial-flux electric machine. Furthermore, amorphous metal can reduce core loss, which is 15% of the
total loss of any electric machine, by up to 80%, but show properties that make manufacturing difficult (e.g., no practical
amorphous metal EMS is available to date)

EMSDesignConstraints.doc

Page 5 of 44

11/20/2022

control of the magnetizing MMF (or magnetizing flux) on the stator winding set. 2) In
contrast, a synchronous electric machine indisputably does not rely on slip-induction to
produce torque MMF and as a result of control technology limitations of the time, the rotor
assembly speed of the traditional synchronous electric machine must be synchronized to the
revolving magnetic flux in the air-gap to avoid slip-induction but in overview,
has independent and deterministic control of the torque MMF by directly applying bidirectional, speed synchronized excitation to the stator multiphase (or active) winding set and
also, effectively has independent and deterministic control of the rotor flux, which is a result
of explicitly knowing the magnetizing MMF magnitude (albeit with potentially one degree of
adjustable rotor flux magnitude by field weakening) or the predesigned permanent magnet
(PM) coercivity and depth product (i.e., PM flux), both of which are conveniently fixed to
the known position and speed of the rotor axis.
Following this analysis without invoking mechanical limitations on the mechanical aspects of
the electric machine, such as the speed of the rotor, asynchronous and synchronous electric
machines are more accurately characterized with three criteria: 1) an asynchronous (or slipinduction) electric machine: i) does not have independent and deterministic control
of both the rotor and stator torque and magnetizing MMFs at any speed, ii) relies entirely on
slip-induction for operation, and iii) cannot continuously and stably operate at synchronous
speed where slip-induction ceases to exist; but in contrast to the traditional definition, 2)
a synchronous electric machine: i) has independent and deterministic control of both the
rotor and stator torque and magnetizing MMFs at any speed, ii) does not rely on slipinduction for operation, and iii) can continuously and stably operate at synchronous
speed. By satisfying the three criteria, the symmetric multiphase wound-rotor (synchronous)
doubly-fed electric machine by postulating the invention of a brushless, automatic, and
sensorless real time emulation control means for continuously stable operation that cannot
rely on slip induction that ceases to exist at synchronous speed, which is the classic
introductory theoretical study for both synchronous and asynchronous electric machine
systems, is now properly defined as a "synchronous" electric machine system.
Note: Only the synchronous electric machine definition provided will satisfy the operation of
the theoretical brushless symmetric multiphase wound-rotor “synchronous” doubly-fed
electric machine system, which is taught in the “classic” theoretical study for all electric
machine systems to provide twice the maximum load speed (MLS) of any other electric
machine system with a given continuous torque, package, air-gap flux density, and voltage
and frequency of excitation, but only by postulating the invention of a practical brushless
real-time emulation controller for independent and deterministic control of the rotor
multiphase winding (active winding) set in order to simplify the study with steadystate synchronous stabilization from sub-synchronous to super-synchronous speeds,
including zero and synchronous speeds.
NOTE: The asynchronous (or induction) electric machine establishes the air-gap flux density
with the magnetizing MMF of the stator multiphase winding set and then, establishes the
torque MMF on the rotor multiphase winding set, which pushes and pulls the rotor, by the
mutual slip-inductive coupling with a similar MMF on the stator winding set, which pushes
and pulls on the stator frame. As a result, the stator size, cost and loss must support the
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electrical power, the core loss, and the electrical loss of the magnetizing and torque MMF
combination, which is the vector magnitude of orthogonal vectors in accordance with
Lorentz Force Law, and the rotor size, cost, and loss must support the friction loss, which
include stray, windage, bearing, etc., the core loss, the electrical power, and the electrical loss
of torque MMF. With similar analysis: 1) the stator size, cost, and loss of the DC field wound
synchronous electric machine, which only has magnetizing MMF on the rotor, must support
the core loss, the electrical power, and the electrical loss of torque MMF and the rotor size,
cost, and loss must support the friction loss, the core loss, the electrical power, and the
electrical loss of magnetizing MMF, 2) the stator size, cost, and loss of the RE-PM
synchronous electric machine, which has no electrical power on the rotor, must support the
core loss, the electrical power, and the electrical loss of stator torque MMF and the rotor size,
cost, and loss must support only the friction loss and a small core loss, which is due to
harmonics with precise synchronous control, 3) the stator size, cost, and loss of the
reluctance electric machine, which has no electrical power on the rotor, must support the core
loss, the electrical power, and the electrical loss of the torque and magnetizing MMF
combination and the rotor size, cost, and loss must support the friction loss and the small core
loss, which is due to harmonics with precise synchronization control.
In accordance to the classic textbook study, there are only two electric machine circuit and
control architectures (EM-CCA) for comparative convenience: 1) the optimal symmetric
synchronous EM-CCA, as only provided by SYNCHRO-SYM, with the symmetry of an
"active" rotor assembly, which comprises another directly excited multiphase winding set (or
active winding set) on the rotor in addition to the universally essential active winding set of
the stator assembly as only possible with the patented and practical brushless real time
emulation controller (BRTECTM) for automatically exact, synchronous stabilization to avoid
falling into the asynchronous category of so-called doubly-fed electric machine systems, and
2) the non-optimal asymmetric EM-CCA with the asymmetry of a passive rotor assembly,
which comprises slip-induction dependent windings (singly-fed or so-called doubly-fed
asynchronous), reluctance saliencies (reluctance), permanent magnets (synchronous), or DC
field windings (synchronous), all under estimating field oriented excitation control (FOC).
NOTE: Traditionally excluding the symmetric synchronous electric machine system with an
active rotor assembly of a directly excited multiphase winding set (i.e., active winding set)
because of the formidable challenges of inventing a practical brushless real time emulation
controller, electric machine system categories were limited to only the multiplicity of
asymmetric electric machine systems with a derivative of an estimating field oriented
controller and a passive rotor assembly of either practical RE-PMs, slip-induction dependent
winding sets, such as the multiphase wound-rotor induction doubly-fed electric machine
system, reluctance saliencies, or DC field windings.
NOTE: Commonly confused with the asynchronous (or slip-induction) doubly-fed electric
machine system, which is an asymmetric EM-CCA, a practical “synchronous” symmetric
multiphase doubly-fed electric machine system (or symmetric EM-CCA) has never
materialized, because of the formidable challenges of realizing the essential BRTEC for
“continuously synchronous stability” from sub-synchronous to super synchronous speeds,
including zero and synchronous speed, although early symmetric EM-CCA research began
with the advent of practical high speed electronic and magnetic control (circa 1960’s).
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NOTE: Coupled with the formidable challenges of inventing a practical BRTEC for
implementing the most “optimum” EM-CCA, which is the symmetric synchronous EMCCA, and with the advent of a high energy product rare-earth permanent magnets (RE-PM)
(circa 1980’s) of neodymium with dysprosium doping that seemingly provided a practical
means of effectively eliminating the provisioning, cost, size, and loss of Magnetizing MMF,
electric machine research was conveniently redirected to just the development and empirical
application of readily available material, such as RE-PMs, winding, packaging, high speed
electronic control, and manufacturing techniques for performance enhancement of the
century old, me-too, asymmetric EM-CCA, such as the RE-PM EM-CCA in particular. But
ironically, the provisioning, loss, cost, and size of Magnetizing MMF is being redesigned
into the RE-PM EM-CCA to regain the coveted attribute of field weakening capability,
instead of for instance, optimizing the slip-induction EM-CCA that more effectively provides
field weakening, which indisputably shows the recent control dominance over all electric
machine system innovation and manufacturing by the producer of RE-PMs.
NOTE: Because of the expensive, geopolitical, environmental, human suffering, safety, and
reliability (e.g., demagnetization and life expectancy) consequences of producing RE-PMs,
such as dysprosium doped neodymium or samarium cobalt permanent magnets, there are
efforts to use the abundant but low energy product ferrite permanent magnets in high
performance permanent magnet electric motor systems but these efforts have not proven to
achieve comparable air-gap flux density and as a result, comparable reliability, efficiency,
and performance as an optimized induction or DC field wound synchronous electric machine
system.

•

NOTE: The symmetric synchronous EM-CCA inherently: a) has the coveted field
weakening capability for extended speed range, b) is without cogging drag from permanent
magnet persistent magnetism of RE-PMs, or c) is without the extravagant cost,
environmental harm, unsustainable global supply chain, and geopolitical consequences of
RE-PMs.
All electric machine price-performance distinction is based on one of only two distinct
electric machine circuit and control architectures (EM-CCA) and the empirical application
of the same available present or futuristic material, winding, packaging, construction,
electronic component, thermal management, and manufacturing performance enhancing
techniques.

The Need for An Operation and Design Knowledge Baseline:
Distorted by years of extensive research and development investment, high energy product RareEarth (i.e., neodymium-dysprosium) Permanent Magnet (RE-PM) electric motor or generator
systems (i.e., electric machine systems) are considered to be the most efficient and highest
performing electric machine systems because the persistent but limited air-gap flux density that
degrades over normal operational life is established with the solid state efficiency and compactness
of high coercivity RE-PMs instead of the less efficient but boundless flux density of winding
magnetizing magneto-motive-force (MMF), which is the product of winding current and winding
turns. Ironically to leverage the coveted field weakening capability of Magnetizing MMF of the
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slip-induction electric machine system for wider speeds and associated efficiencies, winding
Magnetizing MMF with similar system inefficiencies is being artificially re-introduced into REPM electric machine systems, while disregarding the additional stress placed on the RE-PM, the
loss of Magnetizing MMF to performance enhancing field weakening the RE-PM, or the original
reason for migrating from the slip-induction electric machine system to the RE-PM electric
machine system, which was to eliminate Magnetizing MMF in the first place. Since the RE-PM
electric machine system has become so blindly appealing as a result of the elimination of
Magnetizing MMF, the very low energy product Ferrite PM (F-PM) is actually being considered
as an alternative to the extravagantly costly, geopolitically volatile, supply chain limited, and
environmentally unfriendly RE-PMs with formidable safety and handling issues, although F-PM
electric machine systems cannot meet the performance of even the slip-induction electric machine
system, if both are optimally designed. So, the question becomes, “Why not improve the slipinduction electric machine system already with inherent field weakening, such as with the
introduction of at least copper rotor windings to reduce winding Magnetizing MMF losses?”
NEMA and IEC developed electric machine standards for electric motor performance consistency
between electric machine manufacturers to at least meet the thermal and frame mounting standards
without concern for real estate optimization. Without following standards, all of today’s specialty
electric motor manufactures, such as for electric vehicles, seemingly have fantastic specifications
for their so-called invented electric motor or generator system, including the undisputable assertion
that RE-PM electric machine systems are without equal, and yet all use the same century old
“asymmetric electric machine circuit and control architecture” with a passive rotor assembly of
slip-induction windings, RE-PMs, reluctance saliencies, or field windings and available packaging
art that expectedly approaches similar size, cost, and loss limits of the century old asymmetric
electric machine circuit and control architecture. Only until their comparative operating air-gap
flux density, effective air-gap area, speed, and excitation voltage and frequency are evenly
surmised and understood can an equitable comparative analysis be made. For instance, unless the
comparative difference is keenly understood, such as just the difference between coolant ambient
temperatures, etc., a dramatically altered comparison will result with all else equal if one
manufacturer suggests a peak torque for 10 seconds of operation before destruction whereas
another may suggest a much lower peak torque for 20 seconds. However, retrofitting the same
package, packaging art, and operating reaches of the same century old “asymmetric circuit and
control architecture” of any specialty electric machine manufacturer with the new “symmetric
circuit and control architecture” of SYNCHRO-SYM, which is without expensive, geopolitically
volatile, supply chain limited, and environmentally unfriendly RE-PMs, can at least double any
performance claim of the specialty manufacturer.
In addition to the excellent overview of the status of electric machine system technology by James
D. Widmer et al,2 the following concise knowledge base of best electric machine practices,
definitions, design and operating principles will provide the universal basis for using simple
qualitative observations (instead of the detailed quantitative analysis available at
www.bestelectricmachine.com) to prove the only practical (and therefore new) “symmetric circuit
2

James D. Widmer, Richard Martin, Mohammed Kimiabeigi, “Electric Vehicle Traction Motors Without Rare Earth
Magnets,” Centre for Advanced Electrical Drives, School of Electrical and Electronic Engineering, Newcastle
University, Newcastle-Upon-Tyne, UK, March, 2015
(https://www.sciencedirect.com/science/article/pii/S2214993715000032)
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and control architecture” of the brushless, multiphase wound-rotor “synchronous” doubly fed
electric machine system (with active multiphase winding sets on the rotor and stator, respectively,
instead of RE-PMs on the rotor, as only possible by brushless real time emulation control or
BRTEC), called SYNCHRO-SYM, provides twice the power density, half the cost, half the
electrical and core loss, and at least octuple the peak torque of nominal frame continuous torque
rating or at least quadruple the peak torque density of any other electric machine system; and also,
for making obvious that today’s so-called invented electric machine systems are actually the same
century old “asymmetric circuit and control architecture” of the slip-induction, RE-PM, reluctance,
and DC field wound electric machine systems but with the optimizing application of off-the-shelf
“packaging art,” such as exotic winding, material, frame, construction, or thermal management
techniques.

Operation and Design Knowledge Base:
•

All electric motors and generators (i.e., electric machines) operate with two “synchronized”
rotating magnetic fields on the rotating (or moving) assembly (i.e., rotor) and on the stationary
assembly (i.e., stator), respectively, which push or pull on each other with average force (or
torque) for electromechanical energy conversion:
•

The moving magnetic fields on the rotor and stator, respectively, must be synchronized in
accordance with the synchronous speed relation for average torque or force
production (i.e., ±WS ±WR ±WM = 0, where WR is the electrical angular frequency of the
rotor winding excitation, WS is the electrical angular frequency of the stator winding
excitation, and WM is the mechanical angular frequency of the rotor). For a slip-induction
(i.e., asynchronous), reluctance, permanent magnet (PM), or field wound (i.e.,
synchronous) single-fed electric machine, (|WR| = 0 or very close to zero) and as a result,
(|WM| = |WS|), which is the rated speed for a given torque, air-gap flux density, frequency
and voltage of excitation. For an ideal symmetrical multiphase wound-rotor “synchronous”
doubly-fed electric machine, (|WR| = |WS|) and as a result, (|WM| = |2 x WS|), which is twice
the rated speed for a given torque, air-gap flux density, frequency and voltage of excitation
(or twice the power within the same footprint).

•

Winding magneto-motive-force (MMF), which is the product of winding current and
winding turns, or PM coercivity are the scalar components of Magnetic Flux, ψ. MMF tells
how easy it is to magnetize an electromagnet. MMF may be “passive,” such as the nonworking Magnetizing MMF of a direct current (DC) field winding (i.e., electromagnet), a
variable reluctance salient poles, or a squirrel cage slip-induction dependent winding, or
may be “active,” such as the working Torque MMF of a directly excited multiphase
alternating current (AC) winding set, and may be located on the rotor or stator or both. In
contrast, non-working (or passive) permanent magnet coercivity tells how easy it is to
demagnetize a permanent magnet, for instance by the Magnetizing MMF of an
electromagnet.

•

Generally assembled on the stator for electrical connection convenience, only a multiphase
alternating current (AC) winding set that is directly (and bidirectionally) excited with at
least “Torque MMF” will “actively contribute” work (or real power) to the
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electromechanical energy conversion process by establishing a moving (or rotating)
magnetic field relative to its frame and therefore, contrary to any naming convention, such
as brushless DC electric machine, all electric machines are AC electric machines that must
incorporate at least one directly excited multiphase AC winding set or “active winding set”
(i.e., singly-fed) or at most two active winding sets (i.e., doubly-fed) before replication of
the electric machine circuit topology.
•

The active stator assembly reasonably consumes at least half of the electric machine realestate, cost, and core or electrical loss but also, contributes active (or working) power to
the electromechanical energy conversion process.

•

Swapping any two phases of the active winding set will reverse the direction of the moving
magnetic field and the electric machine shaft, which is different from changing the polarity
of any phase winding, which changes pushing to pulling or vice versa.

•

Generally assembled on the rotor to conveniently simplify or eliminate electrical power
connections to a rotating assembly, a) rotor permanent magnets (PM) or reluctance
saliencies have no electrical power port, b) direct current (DC) field windings (such as
conventional or superconductor electromagnets) are without an multiphase AC electrical
port for electromechanical power conversion and therefore, are commonly replaced with
PMs, and c) slip-induction dependent windings are without a directly excited, bidirectional
AC multiphase winding port but instead rely on mutual current induction in accordance to
the asynchronous speed difference (or slip) between the rotor and stator winding sets and
therefore, slip-induction dependent windings are simply leakage winding extensions of the
stator active winding set, which like end-turns, add extra reactance to the stator winding
set with the extra associated cost, size, and loss and any perceived power gain of the rotor
slip-induction winding set is mutually induced by the stator active winding set with the
extra associated cost, size, and loss, which neutralizes the power gain (i.e., slip induction
winding sets are “passive”).

•

The magnetic flux follows the path of least reluctance (highest permeability in accordance
to conservation of energy) with the air-gap flux density being the sum of the two rotating
magnetic field vectors on the stator and rotor, respectively. Reluctance electric machines
generate a flux component, such as on the rotor, by directing its component of air-gap flux
to a higher permeability path, such as a salient pole, and as a result, reluctance electric
machines have two rotating magnetic fields, which is contrary to popular belief, or can be
modeled as two rotating magnetic fields on the stator and rotor, respectively.

•

The passive rotor assembly reasonably consumes the other half of the electric machine
real-estate, cost, and core or electrical loss but does not contribute any active (or working)
power to the electromechanical conversion process.

•

Both the rotor and stator of all electric machines always “passively participate” in the
electromechanical energy conversion process (without contributing extra work or real
power to the process) by simply closing the magnetic path through the magnetic core to
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establish the air-gap flux density with reluctance saliencies, RE-PM coercivity, or total
winding MMF, such as Torque or Magnetizing MMF.
•

With superconductor electric machine systems as the exception, air-gap flux density is
predominantly determined by the flux saturation properties of the electrical steel core
material and not by the flux density limit of the RE-PM (with potential demagnetization or
reduced life expectancy) or the boundless flux density of Magnetizing MMF (with
electrical dissipation and larger size). Designed to the highest air-gap flux density possible,
all optimally designed electric machines (with superconductor electric machines as the
exception) will show similar air-gap flux density, which depends on the same saturation
limit of the core material.

•

The continuous torque rating of any electric machine system is determined by one active
winding set and the continuous power rating of any electric machine is determined by the
sum of power ratings of all active winding sets (e.g., two active winding sets at most). and
Designed for the same continuous torque, the same pole-pair count, the same voltage and
frequency of excitation, and the same thermal package, the active winding set determines
the effective air-gap area and the overall size of the electric machine, including RE-PM
and reluctance electric machines, for a given torque rating, because all “optimally”
designed electric machines, including RE-PM and reluctance electric machines, have
similar air-gap flux density (with superconductor electric machines as the exception).

•

MMF beyond core saturation introduces flux leakage by exhibiting the permeability of air
(tantamount to increasing winding end-turns) and as a result, increases electrical and core
losses. Superconductor electromagnets have no loss (i.e., zero resistance) and ultrahigh
Magnetizing MMF for a fraction of magnetic coupling is inconsequential without
considering the system cryogenics.

•

Optimum electromechanical conversion occurs with orthogonal rotating magnetic field
vectors on the rotor and stator, respectively, in accordance with the cross-product of
Lorentz Force Relation and as a result, it follows that the Magnetizing MMF vector is
orthogonal to the Torque MMF vector for optimum force production.

•

Overall air-gap flux density is the “vector sum” of the rotor and stator synchronized
rotating magnetic fields, which are established by rotating RE-PM coercivity, reluctance
saliencies, or total winding MMF, such as Torque and Magnetizing MMF.

•

Conditioning the electric machine multiphase excitation waveform with an electronic
controller or drive is the practical means for satisfying the synchronous speed relation at
various speeds. For singly-fed electric machine systems, the electronic controller is rated
for 100% of the electric machine power rating. For a multiphase wound-rotor synchronous
doubly-fed electric machine (without discontinuity about synchronous speed where slipinduction ceases to exist), the electronic controller is rated for up to 50% of the electric
machine power rating (depending on the speed variation about synchronous speed, such as
± 100% about synchronous speed).
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•

The torque and power of any electromagnetic electric machine systems are based on the
following formulas (see “High Performance Electric Generators for Aerospace More
Electric Architectures,” Evgeni Ganev, Ph.D., Honeywell International, Aerospace
Engineering & Technology, Torrance, CA, US):
o Torque = C x BL x AC x D2 x L (i.e., fixed by design)
o Electrical and Mechanical Power = Torque x S (i.e., neglecting losses)
Where:
o S is the shaft speed;
o L is the length of the effective air-gap (i.e., active magnetic core);
o D is the air-gap diameter;
o D2 x L represents the electric machine volume (e.g., effective air-gap area) with the
total weight and volume of the electric machine proportional to the volume.
o BL is the machine magnetic loading, which represents the average flux density over
the air gap;
o C is a machine constant dependent on various factors such as rotor pole numbers and
stator active multiphase winding set arrangements.
o AC is the specific electric loading, which is the armature (i.e., stator active or directly
excited multiphase winding set) ampere conductors (e.g., torque Magneto-MotiveForce or MMF, which is the product of torque current and winding-turns) per unit
length of armature periphery at the air gap, which is determined by Faraday’s Law
(i.e., voltage = product of winding turns and change in coupled flux with time) in
accordance to the synchronous speed relation for average torque production (i.e., ±
rotor winding excitation frequency ± stator winding excitation frequency ± angular
mechanical speed = 0 with “synchronous speed” at zero rotor winding excitation
frequency);
With certain control, efficiency, and mechanical limitations, increasing speed, S, is a
powerful means for weight and volume savings by introducing the compounding size,
weight, cost, maintenance, and reliability issues of a gearbox, while increasing BL and
AC are typically associated with the use of more expensive materials and thermal
management techniques.

•

The most efficient operating point of any electric machine is when the magnitudes of the
synchronized rotating magnetic fields on the rotor and stator, respectively, are balanced:
Let MMFS represent the stator rotating magnetic flux amplitude developed by the stator
active winding set and let MMFR represent the “orthogonal” rotor rotating magnetic flux
amplitude developed by rotor permanent magnet coercivity, reluctance saliencies, or total
rotor winding MMF.
Let MMFR be equal to MMFS by an N factor:
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1)

N  MMF = MMF ; where N > 0;
R

S

N is the degree of balance between
rotor and stator MMF (or coercivity)
with N equal 1 as perfectly balanced;
For permanent magnet, MMFR is the
fixed coercivity of permanent
magnets;

In accordance to Lorentz Force Relation, Force or Torque magnitude is:
2)

MMF  MMF  Torque;
N  MMF  Torque;
1
 MMF  Torque;
N
R

S

2

R

2

S

The vector arithmetic magnitude for dissipation (i.e., I2R, where I is winding current and R
is winding resistance) of the orthogonal rotor flux vector, MMFR, and the stator flux vector,
MMFS, is:
3)

( L  MMF ) + MMF  Dissipation;
2

R

2

S

1 ≥ L > 0;
L is 1 for a winding;
L > 0 for a PM because a PM has
no winding for electrical loss but
the mounting core has an expected
degree of core loss;

By substituting 1, 2, & 3 to determine the normalized “Dissipation Versus Torque:”
4)  ( L )

 Dissipation
+N
;

N
Torque


2

In accordance to 4, the crude graph of Figure 2 shows the normalized “Dissipation Versus
Torque” is least efficient (or has largest magnitude) when N is between zero and one or
greater than one; but most efficient (or has smallest magnitude) when N is equal 1 (or
MMFR and MMFS are equal or balanced). For a permanent magnet, MMFR (or PM
coercivity) and MMFS are designed equal or balanced, which only occurs at full rated (or
continuous) torque.
For the coercivity of RE-PM, MMFR is fixed by design with N adjusted to vary MMFS (and
torque). When N is close to zero (or MMFS is zero) for no torque, there is still dissipation
(L > 0) by voltage induction into the stator core by the active winding set and as a result,
“Dissipation Versus Torque” is effectively infinite (or most inefficient because there is at
least core loss without torque). Adjust MMFR and MMFS together by field weakening as
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only possible by introducing Magnetizing MMF to keep N as balanced as possible (N = 1)
for best efficiency (i.e., lowest dissipation) with a given torque (i.e., best Dissipation
Versus Torque) and speed. The designed coercivity of RE-PM cannot be adjusted, which
becomes a problem beyond rated torque or speed when overvoltage or high torque current
can damage the electronic controller or the RE-PMs.
In conclusion, the MMFSTATOR and MMFROTOR (or the coercivity of permanent magnets) of
an optimally and most efficiently designed electric machine system should be balance at
rated power and speed, as just described. Accordingly, field weakening inherently provided
by the slip-induction or the field wound synchronous electric machine system (or
artificially introduced in PM electric machine systems) can be used to keep the MMFSTATOR
and MMFROTOR as closely balanced as possible at speeds other than rated speed. For
instance, highest normalized torque occurs at (MMFR x MMFS) = (MMFR) 2 or (MMFS) 2
and if desire torque is 0.5, then MMFR and MMFS must each be equally balanced and
adjusted by (0.5)1/2 for most efficient results.
•
Since Magnetizing MMF, MMFM,
and Torque MMF, MMFT, are orthogonal
vectors, the total electrical loss of a winding
with R (i.e., resistance of a single winding turn
of
resistance)
is
and
as
a
( MMF + MMF )  R = Dissipation
2

M

2

T

result, a slip-induction electric machine with a
high magnetizing current multiplier of 20%
torque current would only show an additional
4% of electrical loss (i.e., normalized (12 +
0.22)R or 1.04R versus 1.0R) compared to an
electric machine system at full power without
magnetizing current, such as the RE-PM
electric machine system (i.e., normalized
1.0R) but without considering other
optimizing solutions, such as low resistance
copper rotor windings (over higher resistance
Figure 2
aluminum windings), superconductor field
windings (with zero resistance), or RE-PM electric machine system artificial introduction
of field weakening capability with comparable associated losses.
•

Only with the enormous field strength of superconductor electric machine systems as the
possible exception, all electric machine systems must incorporate a core of high
permeability material and strength, such as electrical steel, to reduce Magnetizing MMF or
amount of very expensive RE-PM materials and for structural support for enormous
magnetizing forces, including the so-called yokeless and segmented armature (YASA)
electric machine system packaging art being used in axial flux rare earth permanent magnet
synchronous electric machines (YASA-AFPMSM).
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•

Since electric machine performance is tightly coupled to Ampere’s Circuital Law,
Faraday Law, and Lorentz Force Law, the first consideration of any electric machine
steady state design criteria is to establish the largest possible airgap flux density
within the flux saturation limits of the electrical steel core, which establishes the
smallest effective air-gap area, winding MMF, RE-PM coercivity, and the largest
continuous torque for a given voltage, excitation frequency, and speed (or pole-pairs).

•

Although RE-PMs are considerably more compact than electromagnets (with
windings MMF) but at low residual flux densities, the effective air-gap area (and
electric machine size) are chiefly determined by the necessary “active winding set”
with a given continuous torque and power rating, since all optimally designed electric
machines show similar air-gap flux density, which is determined by the same flux
saturation limit of the core and not by flux density limits of RE-PMs (with potential
demagnetization or reduced life expectancy) or by the boundless flux density of
electromagnets (with electrical dissipation and larger size).

•

The rotor and stator reasonably consume half the volume, half the amount of
materials, half the core or electrical loss, and half the costs of any electric machine,
particularly obvious in an axial-flux form factor, since the entire air-gap magnetic
flux is evenly shared and optimally contained between the rotor and stator core
volumes and the formidable magnetic and mechanical forces are shared between the
rotor and stator frames.

•

As a result of at least multiphase alternating electric currents for electromagnetic
power conversion and changing magnetic core paths, such as moving permanent
magnets slots (resulting in cogging and torque ripple regardless of electrical power
applied), winding slots, core saliencies, etc., there will always be a degree of changing
magnetic core flux (and resulting core loss) in both the rotor and stator assemblies,
including so-called DC permanent magnet electric machine systems, that produces
heat do to at least core eddy currents, hysteresis, etc., which must be dissipated to
avoid irreversible winding insulation or permanent magnet damage.

•

The physical density (kg/Liter) performance of any electric machine is determined by the
amount of copper (i.e., electrical windings), steel (i.e., electrical steel), and RE-PMs (i.e.,
only for RE-PM electric machines) is packed into a given volume of magnetic core, which
depends on the winding (i.e., “active volume,” less frame structure) and RE-PMs (i.e.,
passive volume) density, the thermal management of the volume of material, the frame
bearings and axles volume, and the performance of the materials, such as copper windings
versus aluminum windings. Since the same performance materials and packaging methods
are available to all, the same physical package density (i.e., kg/L) is realized between
optimized electric machine systems with the best packing density of the magnetic core
approaching the density of steel or copper (with the MMF of superconducting electric
machine systems as the exception), since unused space (low permeability and conductivity
of air) is not a good medium for electricity or magnetic flux, with 3-4 kg/liter as
exceptional. With superconductor electric machines as the exception and without a new
advancement in core material (available to all) or circuit and control architecture (such as
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symmetric doubly-fed), very high performance with very low weight for a given volume of
magnetic core should be scrutinized. After physical density, performance depends on how
well the circuit and control architecture can utilize the copper and steel to achieve power
density.
•

In accordance to Lorentz Force Law, Force (or Torque as the product of Force and
Diameter) is the cross-product of Air-gap flux density (i.e., RE-PM coercivity or winding
Magnetizing MMF) and Torque MMF. Nominal frame or continuous torque rating is the
maximum torque of an electric machine design for continuous operation at rated speed and
specific ambient temperature. Since air-gap flux density is similar amongst all optimally
designed electric machines, including RE-PM electric machines (but with superconductor
electric machines as the exception), all electric machines have similar continuous torque
rating for a given air-gap flux density, effective air-gap area, excitation voltage and
frequency, and ambient temperature of operation. Much more manipulative, peak torque
rating depends on the magnitude of torque current that an electric machine can sustain
within the safe operating area (SOA) for a period of time due to torque current dissipation,
within the resiliency of the RE-PMs of withstanding demagnetization, within the core
saturation limit where additional current beyond saturation is simply I2R loss, etc.
Since the air-gap flux density of an optimally designed RE-PM electric machine system is
fixed just below core saturation, ideally its peak and continuous torque (and torque current)
rating should be the same to avoid stressing (or demagnetizing) the delicate RE-PM. In
contrast, electric machine systems with only windings can increase torque current without
damage as long as electrical dissipation is adequately satisfied.

•

The air-gap flux density and the air-gap effective area separating the rotor and stator determine
similar physical size and electromechanical force between different types of “optimally”
designed electric machine systems, such as asynchronous (i.e., slip-induction), synchronous
(i.e., rare earth permanent magnet or direct current field winding), or reluctance (i.e.,
saliencies) electric machines:

• Magnetizing MMF (or Flux) is orthogonal to Torque MMF (or Flux). The aligned product of
winding Torque MMF and Voltage is power. The product of the change of winding turns, airgap area, and total air-gap Flux is winding port voltage.
•

All electric machine systems operate as follows:
o First establish the air-gap magnetizing flux by magnetizing MMF (Flux) flowing in a DC
electromagnet or by the coercivity of rotor permanent magnets with a given thickness (i.e.,
synchronous), or by magnetizing MMF (Flux) flowing in an active winding set (i.e.,
asynchronous or slip induction, or reluctance) in accordance to Faraday’s Law. In all cases,
the synchronous speed relation must always be satisfied for a given pole-pair count, which
generally requires electronic control (i.e., ±WS ±WR ±WM = 0, where WR is the electrical
angular frequency of the rotor winding excitation, WS is the electrical angular frequency
of the stator winding excitation, and WM is the mechanical angular frequency of the rotor).
o Slip-Induction or Asynchronous Electric Machine (WR != 0): After establishing the air-gap
flux, there is mutual inductive coupling between the rotor and stator winding set like any
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dual ported transformer, and as a result, the impedance seen by the stator active winding
set is the total circuit impedance of the rotor and stator winding sets in accordance with
Thevenin’s Equivalency Theorem, which always relies on the asynchronous speed
difference (or slip) between the rotor and stator for mutual inductive coupling. By
orthogonally over exciting the stator active multiphase winding set at its terminals in
relation to the magnetizing MMF by waveform synthesis with Field Oriented Control
derivative (FOC), a torque MMF component will occur in the total circuit impedance of
the rotor and stator as seen from the stator. In accordance with Lorentz Law, reactive forces
will be developed against the fixed stator body with the active winding set and against the
moving rotor body of windings by the rotor and stator Torque MMF. With extraordinary
synchronous control neutralizing the torque current on each side of the airgap, the total airgap flux and port voltage is determined by the magnetizing MMF in accordance to the
physics of energy conservation of a dual ported transformer and Faraday’s Law. Although
the FOC can measure the position and speed of the rotor, the rotor impedance time constant,
which varies with temperature and slip, is estimated (estimation kalman filter) until steady
state, which aggravates stable control, particularly during rotor or line perturbations.
▪ Consequently, the directly excited multiphase winding set of the stator must be rated
for both the “active power” of the electromechanical energy conversion process, like
any electric machine, but also the dissipative and imaginary (or reactive) power of the
rotor, which is analogous to more end-turns. Therefore, the slip-induction electric
machine system is larger and less efficient than the RE-PM synchronous electric
machine system without considering optimizing packaging techniques, such as copper
rotor windings.
▪ An “asynchronous (slip-induction) electric machine” always relies on slip-induction
(or WR != 0) between the rotor and stator for functional operation to excite the rotor
winding set with rotor torque MMF developed in accordance to the rotor impedance
and as a result, the induction electric machine system loses stable torque control about
synchronous speed, where slip-induction becomes vague or ceases to exist, even with
the best derivatives of today’s state-of-art control, such as field oriented control
(FOC).3
▪ Since slip-induction results from the mutual induction arising from the asynchronous
movement or slip between the rotor and stator multiphase winding sets, an
asynchronous electric machine has indirect (i.e., estimated) control of the torque MMF
(or torque flux) on the rotor winding set due to at least remoteness and impedance
inconsistencies, such as stochastic rotor winding set resistance with temperature
dependency; but has direct (i.e., independent and deterministic) control of the
magnetizing MMF (or magnetizing flux) on the stator winding set.
▪ Following this analysis, asynchronous electric machines are more accurately
characterized with three criteria: an asynchronous (or slip-induction) electric
machine: a) does not have independent and deterministic control of both the rotor and
stator torque and magnetizing MMFs at any speed and as a result, b) relies entirely on

3

James D. Widmer, Richard Martin, Mohammed Kimiabeigi, “Electric Vehicle Traction Motors Without Rare Earth
Magnets,” Centre for Advanced Electrical Drives, School of Electrical and Electronic Engineering, Newcastle
University, Newcastle-Upon-Tyne, UK, March, 2015
(https://www.sciencedirect.com/science/article/pii/S2214993715000032).
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slip-induction for operation and c) cannot continuously and stably operate at
synchronous speed where slip-induction ceases to exist;
o Traditionally Practical Synchronous Electric Machine (WR = 0): After establishing the airgap flux, over excite the active multiphase winding set at its terminals with a torque MMF
(Flux) that is orthogonal to the magnetizing Flux. In accordance to Lorentz Law, reactive
forces will be developed against the fixed stator body with an active winding set and against
the moving rotor body of windings or permanent magnets. As the rotor moves, the resulting
changing magnetizing Flux plus the torque excitation Flux will establish the total air-gap
flux that in accordance with Faraday’s Law, will establish the active winding set port
voltage.
▪ Most likely, a field orient control derivative (FOC) excites the stator active winding
set with rotor speed synchronized excitation multiphase waveforms to provide a torque
MMF for torque production in accordance with Lorentz Force Law. The stator active
winding port voltage is determined in accordance with Faraday’s Law with the air-gap
flux as a vector combination of the magnetizing and torque MMF, which together, may
reduce the peak torque potential by flux saturating the magnetic core with the MMF
combination. Since the magnetic flux is persistent, the port voltage may unsafely
exceed the voltage rating of the FOC with speed. Sequential offline processing of
sensor measurement (e.g., speed, frequency, current, voltage, position, etc.) and
responding speed-synchronized excitation waveform synthesis, which is particularly
time consuming with the estimation and inaccuracies of shallow slope waveforms, FOC
always produces some degree of unstable slip-induction and hunting, particularly
during rotor or line perturbations.
▪ The traditional practical synchronous electric machine does not rely on slip-induction
(WR = 0), between the rotor and stator for functional operation, which would
detrimentally excite the rotor DC electromagnet or permanent magnets, and as a result,
there is no rotor impendence (e.g., Thevenin’s Equivalency Theorem) or neutralizing
rotor torque current to keep the air-gap flux constant with increasing stator torque
current.
▪ By
strictly
following
traditional
definition,
which
ignored
the
electromagnetic/electromechanical symmetry between the rotor and stator because of
a practical real time control technology, a traditional synchronous electric machine
indisputably does not rely on slip-induction to produce torque MMF with the rotor
speed synchronized to the revolving magnetic flux in the air-gap and therefore, a
synchronous electric machine has independent and deterministic control of the torque
MMF by directly applying bi-directional, speed synchronized excitation to the stator
multiphase (or active) winding set and also, effectively has independent and
deterministic control of the magnetizing MMF as a result of explicitly knowing the
magnitude of the magnetizing MMF (albeit with potentially one degree of adjustable
rotor flux magnitude by field weakening) or the predesigned PM coercivity x depth,
which is conveniently fixed to the known position and speed of the rotor axis.
▪ Following this analysis, synchronous electric machines are more accurately
characterized with three criteria: in contrast to the traditional definition, a synchronous
electric machine: a) has independent and deterministic control of both the rotor and
stator torque and magnetizing MMFs at any speed and as a result, b) does not rely on
slip-induction for operation and c) can continuously and stably operate at synchronous
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speed. Note: This synchronous electric machine definition satisfies the operation of the
theoretical brushless symmetric multiphase wound-rotor “synchronous” doubly-fed
electric machine system, which is taught in the “classic” theoretical study for all electric
machine systems to provide twice the maximum load speed (MLS) of any other electric
machine system with a given torque, package, and voltage and frequency of excitation;
but only by postulating the invention of a brushless real-time emulation controller for
independent and deterministic control of the rotor multiphase winding (active winding)
set in order to simplify the study with steady-state synchronous stabilization from subsynchronous to super-synchronous speeds, including zero and synchronous speeds.
o The reluctance electric machine comprises an active winding set on the stator to produce
the stator rotating magnetic field with rotor saliencies effectively producing the rotor
rotating magnetic field by synchronously moving the rotor position while seeking the
magnetic path of least reluctance (i.e., magnetic resistance or permeability) between the
rotor and stator bodies to satisfy conservation of energy.
•

Unlike the limited residual flux density of RE-PMs, the boundless flux density of an
electromagnet (without considering size or electrical dissipation) will continually capture any
present or future flux density performance improvements of electrical steels, such as
amorphous or nanocrystalline electrical steel ribbon.

•

Taken from Herbert H. Woodson and James R. Melcher, “Electromechanical Dynamics, Part
1: Discrete Systems,” page 113, John Wiley & Sons, 1968 textbook classic, Figure 3
demonstrates that the symmetrical mathematical relationships (i.e., 4.1.19, 4.1.20, 4.1.21,
4.1.22, and 4.1.23) describing the synchronized moving magnetic fields of a
symmetrical multiphase AC wound-rotor doubly-fed electric machine with bi-directional two
phase winding sets on the rotor and stator, respectively, (i.e., dual ported or doubly-fed)
provide the classic study for all electric machines by “de-optimizing” the symmetrical
relationships (and associated optimized performance) with the “asymmetry” of replacing the
rotor or stator multiphase winding set with DC field windings, permanent magnets, slipinduction dependent windings, or reluctance saliencies (i.e., single ported or singly-fed
because only with bi-directional two phase winding sets on either the stator or rotor but not
both). Far from practical control reality, the classic study analysis naturally expects the
windings to be directly, automatically, instantaneously, sensorlessly, and brushlessly excited
(or controlled by brushless real-time emulation) to satisfy the symmetrical mathematical
relationships and avoid stochastic reliance on slip-induction and as a result, a truly
symmetrical multiphase wound-rotor “synchronous” doubly-fed electric machine system has
only been hypothetical and never put in practice. NOTE: Traditionally, doubly-fed was an
anecdotal term used for any electric machine with two electrical ports, such as a DC field
winding port, regardless of bi-directional power capability.
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In accordance to conservation of energy,
port power (e.g., active power, mechanical
shaft power, loss, and reactive power, such
as slip-induction or air-gap magnetic flux
storage) on one side of the air-gap equals
port power on the other side of the air-gap.
For a singly-fed electric machine excess
power on one port, such as increasing
torque current, increases air-gap flux
density beyond core saturation with the
excess power dissipated as loss (or heat),
but for doubly-fed electric machines (as
only provided by a real time emulation
control to phase-lock the rotating rotor and
stator fluxes and as a result, avoid
stochastically changing slip-induction and
air-gap flux beyond saturation), excess
power is returned (or neutralized) through
the other port, while keeping air-gap flux
density constant without leading to core
saturation.

Figure 3

•

In accordance to this study, an “electric machine system” comprises an electric machine entity
and an electronic controller that conditions the multiphase excitation waveform of the active
winding set to be precisely synchronized to the rotor speed for at least practical operation, such
as for synchronous RE-PM electric machine systems, or for optimum operation, such as for
variable torque and speed control.
Traditional synchronous electric machine systems control the magnetic field position (i.e.,
torque angle) between the synchronized rotor and stator rotating magnetic fields, which is a
direct function of rotor position and speed. In contrast, the torque angle of an induction electric
machine system is the result of stochastically changing rotor time constant due to winding
temperature swings with current dissipation (i.e., heating) and changing slip-induction due to
at least stochastic external shaft and excitation perturbations, which cause hunting in a
direction to increase the oscillation and render the machine unstable, as in all doubly-fed
electric machines that rely on slip-induction.4,5,6 Consequently, delays in measurement and
excitation synthesis by state of art offline electronic processing, such as derivatives of field
oriented control (FOC), for both induction and traditional synchronous singly-fed electric
machine systems, always contribute to instability issues, particularly at speeds or frequencies

4

D. W. Novotny and N. L. Schmitz, “Parametric Pump-Down of Synchronous Machine Oscillations,” AIEE Great
Lakes District Meeting, Fort Wayne, Ind., April 25-27, 1962. Page 652-657. [Page 652 paragraph 2]
5
Norbert L. Schmitz and Willis F. Long, “The Cycloconverter driven Doubly-fed Induction Motor,” IEEE
Transactions on Power Apparatus And Systems, Vol. PAS-90, No. 2, March/April 1971, pp. 526-531. [page 526,
column 1, paragraph 6]
6
A.D. Mansell, H.M. Power, “Stabilisation of Doubly-Fed, Slip-Ring Machines Using The Datum-Shift Method,”
IEE Proc, Vol. 127, Pt. B, No. 5, September, 1980. [Page 294, Column 1, paragraph 2]

EMSDesignConstraints.doc

Page 21 of 44

11/20/2022

with large time constants (or shallow or quantized slopes), such as at low speeds, or worse,
stochastic perturbations to the excitation or to the rotor shaft by external activities, which are
elusive to control means without instantaneous and automatic (emulation) control.
•

To provide an obvious performance comparison between electric machine systems by simple
empirical observation, Best Electric Machine (BEM) classifies all singly-fed or doubly-fed
electric machine systems into just two categories of circuit and control architectures for
convenient comparison purposes: 1) the century old asymmetric electric machine system
circuit and control architecture, which comprises: a) the associated loss, cost, and size of a
“active stator” assembly with an active winding set for establishing the continuous torque and
power rating, b) the similar associated loss, cost, and size of a “passive rotor assembly” with
the asymmetry of a slip-induction dependent multiphase winding set (i.e., asynchronous
electric machine), reluctance saliency set (i.e., synchronous or asynchronous reluctance
electric machine), or a DC field winding (e.g., electromagnet) or RE-PM set (i.e., traditional
synchronous electric machine) for establishing the airgap magnetic field without contributing
additional active power (i.e., work) to the electromechanical conversion process, and c) the
compounded loss, cost, and size of the field oriented excitation controller derivative (FOC) for
establishing the speed-synchronized excitation by the delays and estimations of offline
measurement and simulation (e.g., software) by electronic computing that always introduce
unstable components of slip-induction or torque angle phase shifts; 2) the symmetric
synchronous electric machine system circuit and control architecture (or the brushless,
symmetric multiphase wound-rotor [synchronous] doubly-fed electric machine system), called
SYNCHRO-SYM, which in place of the “passive rotor” assembly and FOC of the asymmetric
electric machine system, comprises an “active rotor” assembly with another similar active
winding set (which also inherently provides the sought after efficiency of a copper wound
rotor) that in conjunction with the active stator winding set, synchronously contributes
additional working power to the electromechanical conversion process from sub-synchronous
to super-synchronous speeds without the unstable reliance on slip-induction and with
automatic and instantaneous response to any rotor or line perturbation (e.g., hunting),
particularly at or about synchronous speed where slip-induction is vague or ceases to exist as
only possible by a brushless, bi-directional, instantaneous (i.e., real time) and sensor-less and
automatic (i.e., emulation) excitation controller (i.e., brushless real time emulation controller
or BRTEC):
o Only the symmetric synchronous electric machine system shows twice the speed with a
given continuous torque and package size under a given frequency and voltage of
excitation, a given air-gap flux density, and a given pole-pair count (e.g., 7200 RPM with
2 poles and 60 Hz excitation versus 3600 RPM for the asymmetric electric machine
system), which is tantamount to twice the power density, half the cost, and half the loss of
the asymmetric electric machine system, because the “passive rotor assembly” of the
asymmetric electric machine system becomes an “active rotor assembly” that contributes
additional power to the electromechanical conversion process in synchronous combination
with the active stator assembly with similar loss, cost, and size as the passive rotor
assembly while also establishing the other portion of the air-gap magnetic field to halve
the magnetizing MMF I2R loss.
o For the circuit and control architecture of asymmetric electric machine systems, increasing
torque MMF directly leads to core saturation, which limits peak torque by leaking flux
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away from the winding-turns, but for the symmetric synchronous electric machine system,
increasing torque MMF does not directly lead to core saturation in accordance to the
physics of a dual ported transformer circuit and control architecture and as a result, the
symmetric synchronous electric machine provides at least eight times more “peak torque”
with the same frame (core) size of the asymmetric electric machine system. Since the same
material, winding, packaging, and thermal management techniques are available to all
electric machine systems, the asymmetric electric machine system must dramatically
increase its frame size to achieve the same peak torque as the symmetric synchronous
electric machine system, such as for electric vehicle acceleration and deceleration without
the need for a gearbox transmission with compounding loss, cost, size, weight, and
maintenance issues.
•

Clearly practiced in the electric machine system industry, the performance of the century old
asymmetric circuit and control architecture of the slip-induction (i.e., asynchronous),
traditional synchronous, or reluctance electric machine systems have been improved only by
available “packaging art,” such as winding, material, frame, construction, and thermal
management techniques, that effectively provide denser windings with less end-turn length,
larger air-gap area, or higher air-gap flux density, such as with higher flux saturation limits of
electrical steel or with lossless superconductors, and “electronic control art,” such as wide
bandgap power semiconductors to improve excitation control performance and efficiency or
to provide the hypothetical symmetric circuit and control architecture with an “active rotor”
that can only be established by the invention of a brushless real-time emulation control means
as the classic introductory study for all electric machines intuitively hypothesized more than a
century ago.

•

In accordance with conservation of energy, the natural core saturation avoiding physics of a
dual ported transformer circuit topology with the symmetry of active winding sets on the rotor
and stator, respectively, which neutralize the flux production on each side of the air-gap by
holding air-gap flux density constant with increasing Torque MMF (beyond Magnetizing
MMF), a symmetric multiphase wound-rotor synchronous doubly-fed electric machine system
as only possible by an extraordinary brushless real time emulation control means that
eliminates the unstable reliance on slip-induction for synchronous operation to produce peak
torque reaching at least octuple the nominal frame continuous torque rating or quadruple the
peak torque density of the asymmetric slip-induction, reluctance saliencies, RE-PM, or DC
field wound electric machine system.7 In contrast, the single ported (or asymmetric)
transformer circuit topology between the rotor and stator, as a result of passive rotor RE-PMs,
slip-induction dependent windings, DC field wound, or saliencies instead of active winding
sets, increases air-gap flux density with increasing torque current, which leads to early core
flux saturation, limited peak torque, and efficiency.
There are two orthogonal flux components of an electric machine active winding set as shown
in Figure 4, Magnetizing MMF (or RE-PM coercivity) and torque MMF. For instance in the
active winding set, Magnetizing MMF initially increases in accordance to Faraday’s Law,
which states that voltage is the product of total coupled airgap flux (i.e., product of effective

7

Norbert L. Schmitz and Willis F. Long, “The Cycloconverter driven Doubly-fed Induction Motor,” IEEE Transactions on
Power Apparatus And Systems, Vol. PAS-90, No. 2, March/April 1971, pp. 526-531. [page 526, column 1, paragraph 6]
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airgap area and coupled flux density), the
number of winding turns of the winding, N, and
the speed or excitation frequency, until the flux
reaches the port voltage applied to the winding
terminals. Therefore, Magnetizing MMF is selfinductance flux that is concentrated across the
air-gap and as a result, its flux production
couples other windings across the air-gap
(assuming a perfect rotor and stator core).
Likewise, RE-PM coercivity acts like fixed selfinductance flux but without the self-inductance
reactance. In contrast, leakage inductance only
self-couples with its own winding, such as end
turns, and may be included in Faraday’s Law for
voltage production but shouldn’t be considered
in Lorentz Relation for force production. Total
coupled air-gap flux is the flux coupling
between all windings across the air-gap, which
includes the Magnetizing MMF (i.e., winding
Self Inductance) or RE-PM coercivity and
Torque MMF, which is orthogonal to
Magnetizing MMF or RE-PM coercivity. Since
Figure 4
the voltage magnitude, frequency, and phase is
fixed to the voltage applied at the terminals (port) of the winding on each side of the air-gap,
the magnitudes and phases of the total coupled air-gap flux vectors on each side of the air-gap,
such as torque MMF or Magnetizing MMF vectors, must adjust phase and amplitude
accordingly (i.e., field weakening), to meet the port voltage, which in accordance to Faraday’s
Law, is the time derivative (i.e., speed or frequency) of the total airgap flux magnitude. In
accordance to Lorentz Relation, Torque is the product between the orthogonal Magnetizing
MMF and Torque MMF (i.e., cross product). Power (e.g., imaginary and real) is the product
of the port voltage (yellow) and the component currents of Magnetizing Current (reactive
power) and the Torque Current (active power). As will be detailed in the following discussions,
voltage and power must be kept within the safe operating rating of at least the electronic
controller, the winding insulation, and the wire gauge.
Referring to Figure 4 with the common electric machine understanding that Torque MMF
(active) and Magnetizing MMF (passive) are always orthogonal vectors and the MMFs of the
rotor and stator active winding sets are optimally designed to be balanced at rated torque and
port voltage, the “Torque MMF” vectors of the symmetric (i.e., dual port) rotor (red) and stator
(green) active winding sets produce opposing air-gap flux in accordance to the physics of a
dual-port electrical transformer and as a result, their production of air-gap flux cancel,
regardless of opposing but increasing torque current (represented by the red and green dotted
vectors). Accordingly, the total air-gap flux and resulting total port voltage (yellow) is chiefly
due to only Magnetizing MMF (or self-inductance) and speed (or frequency of excitation). In
accordance to the cross product (i.e., Lorentz Force Relation) between the orthogonal
Magnetizing MMF (black) and the cancelling Torque MMF vectors (green and red), the
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resulting force of the stator torque MMF vector
(green) is against the stator frame (for the reactive
force of conservation of energy) and the resulting
force of the rotor torque MMF vector (red) is
against the rotor frame, which in turn, pushes or
pulls against the rotor frame (for working force
and power movement). Also, the Magnetizing
MMF (black) can be on the rotor active winding
set, on the stator active winding set, or shared
between the rotor and stator active winding sets
for half the Magnetizing MMF losses, which are
in accordance to I2R loss or the square of the
winding currents. Since Torque MMF of the rotor
and stator neutralize, the air-gap flux density
remains constant at any speed, including at
synchronous speed, where the rotor current
becomes DC, peak torque density has been
shown to be at least octuple nominal frame size
or rating at any speed because of increasing
Torque MMF. By simple field weakening (or
changing Magnetizing MMF with speed) and
balancing Torque MMF with Magnetizing MMF
Figure 5
for optimum operation while holding torque
constant, the symmetric circuit and control architecture of the multiphase wound-rotor
synchronous doubly-fed electric machine system is the ideal electric machine system. Note:
the symmetric wound-rotor (doubly-fed) shows no core loss due to flux produced by
torque MMF (because of torque flux balance, no torque flux passes through core) but
shows core loss due to magnetizing MMF (or flux). Of course, for the symmetric
synchronous doubly electric machine, magnetizing flux passes through the whole core
(rotor and stator cores except at synchronous speed) but with twice the power output per
core size (or ½ total core size and half the magnetizing MMF core loss of an asymmetric
induction electric machine). Keep in mind, BRTEC drives the windings with pure
sinusoidal excitation.
In contrast to Figure 4, Figure 5 shows the asymmetric (i.e., single port) RE-PM electric
machine with the total air-gap flux or MMF (blue) as the sum of the permanent magnet
coercivity (black) and the Torque MMF (green) and as a result, total air-gap flux changes with
the fixed RE-PM coercivity and changing Torque MMF, which determines the phase and
amplitude of the port voltage (yellow) in accordance with the speed and total air-gap flux. To
keep voltage (and power) within the electronic controller rating, Torque MMF must be
adjusted to avoid overstressing at least the electronic controller with speed or Torque MMF.
Since RE-PM coercivity is fixed, balancing of the orthogonal MMFs for optimum operation is
not possible, particular above rated speed (constant horsepower range, without artificially
introducing field weakening (stressed against the fixed coercivity of the RE-PMs) with
associated additional cost, size, and loss by electronic controlling the magnetizing current of
the active winding set or with another self-inductance winding set. Active power is the cross
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product between the port voltage and the coupled
torque current and reactive power is the dot
product between port voltage and the coupled
magnetizing current or coercivity. Note: The
asymmetric electric machine shows core loss
due to flux produced by the sum of the
magnetizing MMF (or permanent magnet
coercivity) and torque MMF. Of course, for
the asymmetric electric machine, both torque
and magnetizing flux passes through the
stator body but for synchronous electric
machine, no torque and magnetizing flux
passes through the rotor body (always
operating at synchronous speed) but for
asynchronous electric machines, only
magnetizing flux passes through the rotor
body. Keep in mind, there is always core loss
due to the high harmonic content of field
oriented control (FOC) excitation driving the
windings to produce torque at speed, such as
zero speed. In effect, the RE-PM asymmetric
electric machine system has higher core loss
than a symmetric synchronous doubly-fed
electric machine as only provided by

Figure 6

SYNCHRO-SYM, even at low speeds.
In contrast to Figure 5, Figure 6 again shows the asymmetric (or single port) RE-PM electric
machine system but as increasing Torque current (dotted green) and the resulting total MMF
(doted red) move into core saturation. As torque current goes beyond the flux saturation limits
of the core (dotted green), the core permeability looks like air with resulting flux leakage and
associated loss of leakage current (the dotted red). Since leakage is not coupled magnetic flux
(with the active winding set) as is Magnetizing MMF (black) and Torque MMF (green), the
total air-gap flux (dotted blue) and resulting voltage (dotted yellow) is the intersection of the
hypothetical extrapolation of increasing Torque Current (dotted green), which provides little
torque, and the hypothetical extrapolation of total coupled winding port current (dotted red),
which is not an increase in port current and port voltage (yellow). Instead, the leakage (with
very low inductance) and associated loss (dotted gray) actually occurs, which decreases the
Magnetizing MMF (black) and slightly increases the torque current (green) by their vector
component (see dotted arrows). In accordance to Faraday’s Law, the port voltage (dotted
yellow) is perpendicular to the port MMF (dotted blue) with active power as the dot product
between the port voltage (dotted yellow) and torque current (solid green) and the reactive
power as the dot product between the port voltage (dotted yellow) and the magnetizing current
(black). Since the air-gap flux density increases with increasing torque current reaching into
saturation, the resulting peak torque density may be only twice nominal frame size or rating
by perhaps leveraging the artificial introduction of field weakening or by squeezing the
unforeseen remnants of an optimal design because if optimally designed, peak torque and
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continuous torque of the RE_PM electric machine system should be equal. Since total air-gap
flux (and voltage) changes with the fixed RE-PM coercivity, Torque MMF, and speed,
balancing field weakening artificially introduced with Magnetizing MMF (and associated
additional cost, size, and loss) must be adjusted (reduced) to avoid voltage or power
overstressing at least the rating of the electronic controller.
In contrast, Figure 6 can be used for the asymmetric (or single ported) slip-induction electric
machine (and reluctance electric machines) but the phase of the opposing rotor torque MMF
vector (red) enigmatically moves from being orthogonal (as for the symmetric dual-ported
electric machine) to approaching direction of the Magnetizing MMF vector (black), such as by
at least the elusive rotor time constant, which changes with temperature and resistance by the
dissipation of increasing Torque MMF. Like the RE-PM electric machine, the asymmetric slipinduction electric machine leads to core saturation instead of more peak torque with increasing
Torque MMF. Since the air-gap flux density eventually increases with increasing torque
current, the resulting peak torque density may be thrice nominal frame size or rating by perhaps
leveraging the artificial introduction of field weakening or squeezing the unforeseen remnants
of an optimal design. Since total air-gap flux (and voltage) changes with Magnetizing MMF,
Torque MMF, and speed, Magnetizing or Torque MMF (or both) must be adjusted to avoid
voltage or power overstressing at least the electronic controller rating but also, the Magnetizing
MMF with associated additional cost, size, and loss, and Torque MMF should be balanced
(with field weakening) for most optimum operation.
High peak torque density is essential for simpler, more reliable, less costly, lower maintenance,
more efficient, and likely, smaller direct drive electric machine system than a matching electric
machine-gearbox combination for at least electric vehicles.
•

There is a common misconception that the volume of the very expensive rare-earth permanent
magnet (RE-PM) for providing a given air-gap flux density (with RE-PM coercivity and
physical thickness) is more compact than an electromagnet (provided by magneto-motiveforce (MMF) or the product of winding-turns and winding current) but consider the following:
o The air-gap flux density provided by an electromagnet is directly proportional to increasing
MMF but in contrast, the flux density provided by a permanent magnet is inversely
proportional to increasing coercivity in accordance to its BH energy product
(eclipsemagnets.com): RE-PM only provide high coercivity at low flux density
o The maximum air-gap flux density potential provided by an electromagnet is limited only
by the resistance of the conductor of the winding providing the MMF (which is the reason
for advancing superconductors) but in contrast, the highest possible flux density provided
by a permanent magnet is limited, fixed, and highly compromised by operating
temperatures of the electric machine in accordance to its BH energy product
(eclipsemagnets.com)
o The flux density of the best (and most expensive) RE-PM (at the reasonable operating
temperature of 1000C) is less than 1.25 Tesla, where the coercivity is near zero and its
physical density is much lower than an electromagnet with MMF
o For providing the highest efficiency of the necessary active winding set of any RE-PM
electric machine, the active winding MMF should be balanced to the RE-PM coercivity
and design thickness
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o Unlike the MMF provided flux density of a winding set, which is only limited by the
resistance of the winding (reasoning for superconductor windings), infinitely larger amount
of expensive RE-PM material is needed to achieve the supporting flux saturation limit of
electrical steel
o
The
same
material research to
improve the BH
energy product of
RE-PM would most
likely improve the
flux
density
saturation limit of the
core, after all it takes
an electromagnet to
magnetize a RE_PM,
which would keep
the operating flux
density limit of an
electromagnet ahead
of the RE-PM.
So at low flux density (e.g., normal working point in accordance to its BH energy product
curve (eclipsemagnets.com)), the RE-PM is far more dense then an electromagnet but with the
simple understanding that all electric machines, such as electric motors and generators, must
have at least one active winding set (i.e., electromagnet) anyway, which determines the costperformance and size of the electric machine, the design criteria for any electric machine is to
have at least the highest air-gap flux density possible to provide the highest power density and
efficiency possible. At these high flux densities (e.g., 1.25T) and operating temperatures (e.g.,
1000C), which are within the saturation limits of the electrical steel core materials, the physical
volume of today’s best RE-PM most likely would be larger than an electromagnet (without
considering the non-electrical convenience of permanent magnets) in accordance to the BH
energy product curve of the RE-PM where coercivity is nearly zero (i.e., 1.25T at 1000C). With
this understanding a brushless symmetric multiphase wound-rotor synchronous electric
machine system, such as SYNCHRO-SYM, with two similar active winding sets on the rotor
and stator, respectively, in the same packaging as the asymmetric RE-PM electric machine
system, would actually provide higher air-gap flux density, power density, efficiency, and
reliability than a RE-PM electric machine, regardless of the power density magnification with
two active winding sets in the same packaging.
Of course, material science research to raise the residual flux density of permanent magnets
while reducing the costs is ongoing but the nature of this material science research also would
provide (and must provide) the necessary improvement in the saturation performance of core
materials to support the higher flux density and as a result, the electromagnet may again be a
better performer without considering the non-electrical convenience of rare-earth permanent
magnets.
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•

There is suggestion that at low speed, the neodymium-dysprosium rare-earth permanent
magnet (RE-PM) Electric Machine System have lower loss but this isn’t true with SYNCHROSYM. Referencing the Figure 7, the torque current at zero RPM is ITorque with a Total Loss of
(ITorque)2R, where R is the resistance of the active winding set based on the Torque MMF, which
is the product of winding-turns and winding torque current. Although there is a loss, size and
high cost for the passive RE-PM rotor, the rotor loss at least due to harmonic heating as a result
of moving slots, has been
ignored.
Also,
the
compounding loss of the
necessary
electronic
controller has been ignored.
In contrast, SYNCHROSYM eliminates the loss,
cost and size of the RE-PM
rotor but leverages the REPM active stator assembly
as its rotor and stator
assembly. To keep the same
constant torque speed range
with the same synchronous
speed torque, frequency and
voltage of excitation as the
RE-PM electric machine
system, the pole-pairs must
be doubled and the torque
current
halved,
which
results in half the loss for the
rotor
and
stator,
respectively, with the same
total loss as the RE-PM
electric machine system
Figure 7
with the same synchronous
speed torque (even at zero RPM). Similarly, the rotor and stator core loss of SYNCHRO-SYM
(at half the torque current) will be ½ the core loss of the RE-PM electric machine system.
This analysis does not include the magnetizing MMF of SYNCHRO-SYM to provide the same
air-gap flux density as the RE-PM rotor provides. Since half of the magnetizing current of
SYNCHRO-SYM is shared by the rotor and stator multiphase winding sets, the loss due to
magnetizing current is half the loss as comparable Slip-Induction electric machine and
considering the half power controller (1/2 Torque current) of SYNCHRO-SYM, the total loss
between the compounding electronic controller loss of SYNCHRO-SYM versus the RE-PM
electric machine system makes SYNCHRO-SYM a more efficient electric machine system
even at zero speed.
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CORE SATURATION EFFECTS On ELECTRIC MACHINE
DESIGN:
A conventional electric machine system needs a magnetic core, such as electrical steel laminations,
to reduce the amount of Magneto-Motive-Force (MMF), which is the product of current and
winding-turns, or the amount of expensive RE-PM materials (RE-PM depth x Coercivity) to reach
a core magnetic flux intensity (Ampere’s Circuital Law or ʃ H dl = MMF). The winding MMF and
the resulting magnetic flux density are directly related in accordance with the magnetic
permeability (e.g., conductivity) of the core material. Today’s core materials become saturated at
about 1.56 Tesla, after which more current greatly dissipates I2R loss with little increase in core
flux intensity or density.
Because of zero resistance (and zero dissipation) of
the superconducting electromagnet, the futuristic
superconductor electric machine system can reach
ultra-high Magnetizing Magneto-Motive-Force
(M-MMF) and as a result, superconducting electric
machine systems can truly be a so-called coreless
electric machine system, while easily reaching 2
Tesla of air-gap flux density, with actual core
material chiefly providing the high strength frame
structure or the magnetic flux shielding. For the
purpose of this study, superconducting electric
machine systems do not have core saturation
considerations.
By referencing the diagram, the conventional
electric machine core flux intensity is proportional
to the vector sum of all MMFs vectors, which are
the rotor and stator Magnetizing MMF (or RE-PM
coercivity x depth i.e., volume) vectors and Torque
MMF vectors. In accordance with Lorentz Force
Law, the Torque MMF and Magnetizing MMF are
orthogonal vectors for torque production as shown
in the diagram. The magnitude of the Magnetizing MMF (or RE-PM Flux) vectors can be designed
to the flux saturation limit of the electrical steel core (black dotted vector) but as a result, increasing
the stator winding excitation MMF vector (orange dotted vector) to increase torque would have
two components, the anti-magnetizing flux vector, which is parallel to magnetizing flux, and the
torque flux vector, which is orthogonal to the magnetizing MMF vector, in order to keep the total
core flux vector (blue vector) within the saturation limit of the core.
The magnetizing current of the Induction electric machine system can be field weakened to
eliminate the anti-Magnetizing Flux component of the stator active winding Excitation MMF; but
a physically fixed RE-PM depth design does not have field weakening capability (unless provided
by electronic control with compounding loss, cost, and size). Because of the anti-magnetizing
MMF, designing the RE-PM flux magnitude to be at the saturation limit of the steel core would
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result in wasted expensive RE-PM material and possible demagnetization damage. For best result
of both the Induction and RE-PM electric machine system and in accordance to vector arithmetic
magnitude and most optimized results, the maximum magnetizing flux magnitude (e.g., RE-PM
depth or Induction magnetizing MMF) and the maximum torque flux magnitude should be within
approximately 0.7x (or 1 ÷ √2) the saturation limit of the steel core (i.e., 1.6T) or approximately
1 Tesla air-gap flux density (1.56 ÷ √2 = 1.092). In contrast, the torque MMF on each side of the
air-gap of the symmetric multiphase wound-rotor synchronous doubly-fed electric machine
system, as only provided by SYNCHRO-SYM, are conveniently neutralized by dual-ported
transformer physics and as a result, the Magnetizing MMF design can approach the flux saturation
limit of the core (i.e., 1.56T) with increasing Torque MMF reaching at least 8 times the torque
MMF of all other electric machine systems before core saturation.

Construction or Packaging Techniques:
•

Compared to the common radial flux form of electric machines (i.e., rotor cylinder inside the
annulus of stator cylinder), the axial flux form of electric machines (i.e., rotor disk adjacent to
stator disk or pancake form) have been shown to use up to 13% less copper and 21% less steel,
while providing higher efficiency and torque (see axial-flux whitepaper with MAGNAX
marketing remarks).8 The symmetrical multiphase wound-rotor synchronous doubly-fed
electric machine system (without the asymmetry of permanent magnets, slip-induction
dependent windings, reluctance saliencies, or DC field windings) most conveniently
accommodates the axial flux form of electric machine. For instance, the rotor active winding
set is inherently contained against the entire structure of the core, air-gap centrifugal tolerance
is tangential to the air-gap, air-gap depth is reduced (or shimmed) for lower Magnetizing MMF
or RE-PM volume, and the rotor and stator bodies with active winding set dissipation are
equally exposed to ambient cooling medium.

•

Since the rotor and stator assembly of all electric machines experience at least core loss,
including so-called DC permanent magnet electric machine systems, the axial-flux form factor
(in contrast to the radial-flux form) will provide the most thermally efficient electric machine
system by equally exposing the largest possible cooling surfaces of both the rotor and stator
assemblies to the ambient medium and by closely integrating the electronic controller within
the electric machine system chassis, the inherent active cooling provided by a moving rotor
assembly, such as with cooling fins increasing cooling surface area, will be conveniently
leveraged for all electric machine system components.

•

Increasing the copper wire slot fill factor equates to more power density. Compared to the
customary non-optimized 40-50% fill factor, specialty motor manufacturers of optimized
electric machine systems are achieving 80-90% fill factor with the known and previously tried

8

The Advantages of axial flux are: 1) high torque and less copper and steel; 2) easier for automated winding (equal advantage of
SMC) by an outside-in approach to winding. Theoretical considerations by Polard [Zahra Nasiri-Gheidari, Hamid Lesani,”A
Survey on Axial Flux Induction Motors,” PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R.88 NR
2/2012] show the axial-flux electric machine can reduce copper utilization by 13-14% and iron utilization by 21.5-32.5%
compared to the traditional radial-flux electric machine. Furthermore, amorphous metal can reduce core loss, which is 15% of the
total loss of any electric machine, by up to 80%, but show properties that make manufacturing difficult (e.g., no practical
amorphous metal EMS is available to date)
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packaging techniques of orthocyclic windings, concentrated windings, distributed windings,
square copper wires, yokeless windings, etc. but are seemingly promoting these optimized
electric machines (and the resulting power density) as “invention.”
•

The compounded size, cost, and efficiency of electronic control should be prominently
included in the performance specification of the electric machine system. For instance, if the
electronic controller and the electric machine each show 95% efficiency, the overall
compounded efficiency of the “electric machine system” is 90.25% efficiency (i.e., 95% x
95%), which is far from the 95% efficiency of the individual components. Also, neglecting
safety issues, the active winding voltage rating of any electronically controlled electric
machine should be as high as possible to reduce the immediate loss effects of the
semiconductor junction voltage drops. For instance, with a 400v supply rating and a reasonable
fixed 0.6v semiconductor junction drop, 0.15% (or 0.6/400) of the power will be dissipate by
the semiconductor junction drop but in contrast, a significant 1.2% or (0.6/48) of the power
will be dissipated by the semiconductor junction drop with a 48 volt supply rating.

•

Since physics dictates electric machine torque and physical size are inversely proportional to
speed, designing the electric machine system for higher speed operation with electronic high
frequency excitation control is a practical means of reducing electric machine size but more
importantly, for reducing the amount of geopolitically volatile and environmentally unfriendly
RE-PM material, but the compounded cost, size, and loss of a necessary gearbox to match the
high speed to the application must be included in the electric machine “system” with the
electronic controller. For instance, if the efficiency of the high speed electric machine system
is 95% (which comprises the electric machine and electronic controller) and the efficiency of
the gearbox is 95%, the compounded efficiency of the entire functional system is 90.25%,
which is far from the 95% efficiency of the components, such as the electric machine system
and the gearbox. A direct drive, low speed electric machine system with 95% efficiency could
prove to be a better solution.

•

Amorphous metal ribbon shows: 1) extremely high permeability (e.g., for less rare earth
permanent magnet material or less magnetizing MMF for a given air-gap flux density) for
smaller diameter electric machines with deeper slots, 2) extremely high resistivity (e.g., for up
to 80% lower core loss than the best grain-oriented electrical steel), and 3) high flux density
over a wideband of power supporting frequencies (e.g., for high power transformers up to a
100kHz). In consideration, amorphous metal ribbon is an ideal core material for high
performance, high power, axial-flux electric machine systems, such as low and high frequency
transformers for the smart grid, electric motors and generators for electric vehicles, or to meet
progressively mandated efficiency standards for electric machines, such as IE4, IE5, etc. But
the attractive intrinsic electromagnetic properties of performance electromagnetic materials,
such as amorphous metal ribbon, also make these materials difficult to manufacture into slotted
and perfectly flat air-gap electric machine cores without losing their delicate and coveted
properties or without experiencing extreme manufacturing tool wear. For instance, amorphous
metal ribbon (discovered in the 1950s) has yet to show practical use in an electric motor or
generator system, although attempted many times since its discovery.
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•

Today’s mantra is to use the extraordinary manufacturing methods of 3D Printing to increase
the amount of copper and steel in a given electric machine volume, by effectively reducing airgaps throughout the magnetic core, such as between the slot wires of the winding set, and
thereby, increasing core permeability of the electric machine, or by introducing better
electromagnetic performing materials.
Providing the best of so-called soft magnetic cores (SMC) in accordance to the advertised
specifications, one innovated 3D Printer of electric machine cores sputters liquid metal drops
onto thin laminations that build the rotor or stator core shape inside an air tight chamber with
special gases that simultaneously oxidize a thin insulation coating on each minute droplet. The
insulation coating significantly increases the core resistance for lower core loss but also
significantly lowers the core permeability (requiring more magnetizing MMF or RE-PM
material) and the core structural integrity, compared to passing through a solid ribbon of high
permeability and structural electrical
steel or amorphous metal material
(for instance).

Generator

Engine

The following snapshot of Wartsila 31DF Generator Sets, demonstrates
the power density of the generator versus the engine
Figure 8

•

Another innovation in 3D Printing of
electric machine amorphous or
nanocrystalline ribbon cores (with
integral
frame
assembly)
is
MOTORPRINTER, which is the only
3D Printer that uses the best available
performing electromagnetic and
structural building materials, which
are manufactured under the most
optimized production methods, for
the 3D product being produced, such
as the wound electric machine core
with integral frame, instead of using
building
materials
that
are
manufactured specifically for the 3D
Printer mechanism and not for the
product being produced.

The sales brochure specification shown in Figure 8 of an off-the-shelf generator set illustrates
an electric machine (i.e., generator) shows more than twice the power density of its internal
combustion engine (i.e., engine) prime mover:

The “Pinnacle” of Electric Motor or Generator System Circuit and
Control Architecture:
Electric Machine System Premises:
1. Only a directly excited multiphase winding set (or active winding set) contributes working (or
active) power to the electro-mechanical conversion process of any electric machine system;
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2. All electric motor systems, including permanent magnet and superconductor electric machine
systems, have at least one similar directly excited multiphase winding set (or active winding
set) to produce and contribute active power to the electromechanical energy conversion
process (i.e., singly-fed), which is generally placed on the stator (i.e., “active stator”) for
convenient electrical provisioning, and at most two active winding sets (i.e., doubly-fed) before
the electric machine system circuit topology replicates;
3. Without a direct excitation port to a multiphase winding set, a “passive rotor” of slip-induction
dependent windings, rare earth permanent magnets (RE-PMs), reluctance saliencies, or DC
field windings cannot produce and contribute additional active power to the electromechanical
energy conversion process;
4. All electric motors and generator systems obey three laws of physics, Faraday’s Law, Ampere
Circuital Law, and Lorentz Force Law, all of which are based on air-gap flux density
magnitude;
5. Without the unlimited magneto-motive-force (MMF) of the futuristic superconducting electric
machine system as the only exception, air-gap flux density is determined by the saturation limit
of available core material and not by the residual flux density of RE-PMs or the even higher
flux density potential of electromagnets (e.g., superconductor electromagnet), all electric
machine systems show similar air-gap flux density, if optimally designed to the same full load
speed and torque with the same available material, winding, manufacturing, thermal
management, packaging, and manufacturing techniques;
6. With the future integration of tightly electronic control means, all electric machine “systems”
can be categorized into only two families, the “symmetric” electric machine system with an
“active rotor” in symmetry with the universally essential active stator, as only possible with
Brushless Real Time Emulation Controlled (BRTEC) “synchronous doubly-fed,” or the
“asymmetric” electric machine system with a “passive rotor” in asymmetry with the
universally essential active stator, as provided by derivatives of Field Oriented Control (FOC);
7. Torque density (and associated power density) potential is directly proportional to air-gap flux
density potential of an electric machine system before core saturation with the “symmetric”
electric machine system capable of more than octuple the peak torque density of any
“asymmetric” electric machine system by uniquely providing independent phase and
amplitude control of the automatically synchronized magnetizing and torque current vector
components on each side of the air-gap in order to neutralize air-gap “torque flux” and core
saturation in accordance with symmetric dual ported transformer physics;
8. Because material science research to improve rare-earth permanent magnet (RE-PM) residual
flux density will also likely improve the flux saturation limit of core materials and because of
the awkward inverse relationship of RE-PM coercivity versus residual flux density that
requires exponentially more expensive RE-PM material for border line flux density, it is
unlikely that the RE-PM electric machine system will ever achieve the 25% higher air-gap flux
density of the symmetric [synchronous] electric machine system.
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Electric Machine System Conclusions (for optimally designed electric machine systems):
1. The active winding set(s) determines similar air-gap area, performance, and ultimately,
associated size and volume between any optimally designed electric machine system for a
given design torque, excitation voltage, and excitation frequency at full load speed;
2. Strategically replacing the “passive rotor” with an “active rotor” of similar power rating as the
“active stator” would double the power density of the electric motor, particularly in an axial
flux structure with proportionally similar adjacent rotor and stator disks, instead of a radialflux structure of dissimilar rotor cylinder inside the annulus of a stator cylinder;
3. At least the last fifty years of classic electric motor and generator study theoretically verified
that the symmetric multiphase wound-rotor synchronous doubly-fed electric machine system
with the combined power of two “active” winding sets strategically placed on the rotor and
stator, respectively, as only possible with the invention of a Brushless Real Time Emulation
Controller (BRTEC) means that guarantees brushless synchronous operation at any speed,
including about or at synchronous speed where slip-induction ceases to exist, is the absolute
pinnacle of electric machine circuit and control architecture by providing twice the power
density and octuple the peak torque at half the cost and half the electrical loss per unit of power
rating of all other electric machine systems with the asymmetry of a passive rotor of slipinduction dependent windings, rare earth permanent magnets, reluctance saliencies, or DC
field windings;
4. SYNCHRO-SYM is a patented and the only electric motor circuit and control technology with
BRTEC that uniquely makes the rotor real estate an “additional” active contributor to the
electromechanical energy conversion process at any speed, along with the universally essential
active stator real estate, for twice the power density and octuple the peak torque at half the cost
and half the electrical loss per unit of power rating of all other electric machine systems.
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The Power Transfer Effectiveness of The Electronic Controller:
There are three basic power
conditioning circuit topologies,
which symmetrically control bidirectional power of an electric
machine system: a) the TOTEM
Pole Inverter with the loss, cost,
and size of a DC Link Stage for
waveform smoothing and power
ballast, b) the Matrix Converter
without a DC Link Stage but with
the loss, cost, and size of low
frequency
line
chokes
for
waveform smoothing, and c) the
High Frequency Half or Full Bridge
Converter, which is common with
solid-state electronic transformers
(SST) and BRTEC, without a DC
Link Stage but with the lowest loss,
cost, and size of a high frequency
transformer
for
waveform
smoothing and power ballast.
shows examples of the
High Frequency Full Bridge Converter and the TOTEM Pole Inverter. Refer to the online link for
examples of the Matrix Converter. The active switch count of a) the TOTEM Pole Inverter with
the bi-directional asymmetry of rectification in one direction via the active switch freewheeling
diodes in a three-phase, six pulse arrangement, b) the Matrix Converter, and c) the High Frequency
Full Bridge Converter are summarized in COMPONENT TYPE AND COUNT TABLE. The
performance of the Asymmetric TOTEM Pole Inverter improves with the number, arrangement,
and judicious control of additional active power switch components to optimize the bidirectional
asymmetry, such as the TOTEM Pole Inverter with a supercapacitor in the DC Link Stage and an
arrangement of additional switching components to step up the DC Link Stage voltage for
controlled bi-directional power to and from an electric vehicle (EV) battery and for reducing
current surge on startup charging of the DC Link Stage. Note: Although the Bidirectional TOTEM
Pole Inverter shown in
may seem to switch complex for a DC power source, such as an
electric vehicle battery, any switch circuit modification to meet the needs of controlled
bidirectional power between a DC source, which includes limiting DC Link current surge at
startup, and a multiphase variable frequency motor will always show similar switch complexity.
Over fifty years of classic electric motor and generator study theoretically verified the symmetric
multiphase wound-rotor synchronous doubly fed system, as only possible with the invention of a
Brushless Real Time Emulation Controller (BRTEC) means, is the pinnacle of electric machine
circuit and control architecture, which is only provided by SYNCHRO-SYM. Although the three
bidirectional AC/DC to AC power converter circuit topologies are viable candidates for BRTEC,
this study will consider BRTEC with the High Frequency Full Bridge Converter but with BRTEC’s
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unique combination of a Position-Dependent-Flux High Frequency Transformer (PDF-HFT)
between two sets of synchronous modulator-demodulators (MODEMs), which are simple
bidirectional choppers. Also, a modified BRTEC configuration with dual stages of switches for
independent control of the rotor and stator winding sets of SYNCHRO-SYM allows for universal
power (i.e., DC or single or multiphase AC) and optimum performance with configurable field
weakening.
COMPONENT TYPE AND COUNT TABLE
Number of
Number of
Power
symmetrical Unidirectional
Link
Conversion
biSwitches for a
Stages
Type
directional
Bidirectional
switches
Configuration
Asymmetrical
DC Link
TOTEM Pole N.A.
12
Stage
Inverter
Symmetrical
DC Link
TOTEM Pole 12
24
Stage
Inverter
Low
Matrix
Frequency
9
18
Converter
Input
Chokes
SYNCHROSYM
24
48
PDF-HFT
BRTEC1
SYNCHROSYM
Modified
48
96
Dual
PDF-HFT
BRTEC2
1

BRTEC can use a front (18 switches) and back (18 switches)
Matrix Converter with 36 unidirectional switches or 18 bidirectional switches, instead of 48 and 24, respectively.
2
Dual BRTEC can use a front (36 switches) and back (36
switches) Matrix Converter with 72 unidirectional switches
or 36 bi-directional switches, instead of 96 and 48,
respectively.

EFFECTIVE
ACTIVE
SWITCH
POWER RATING, COST, AND LOSS:
There are three basic families of power
semiconductor active switches (i.e.,
transistor): a) the Field Effect Transistor
(FET), such as MOS-FETs, b) the Bipolar
Transistor (BPT), and c) the IGBT as a
hybrid FET/BPT. The electrical Loss of
the BPT depends on the product of the
diode junction drop (VD), which
effectively remains constant with
increasing current, and the current through
the junction (I). In contrast, the electrical
loss of a FET depends on the product of the
junction current squared (I2) and the
resistance of the junction (RJ). Wide
Bandgap (WBG) semiconductors, such as
Silicon Carbide (SiC) or Gallium Nitride
(GAN), have better junction performance
than traditional Silicon.

For comparative studies between switch
circuits, such as the TOTEM Pole Inverter,
the Matrix Converter, and the High
Frequency Half or Full Bridge Converter,
it is reasonably observed from sales
catalogues that the baseline power rating of a power semiconductor switch (or active switch) within
the same family type, such as FET, BPT, or IGBT, is directly proportional to its cost and the
electrical Loss is directly proportional to the product of the current through the junction and the
junction voltage drop. For example, if the power rating of the power semiconductor is doubled the
cost is doubled and if the current through the junction is doubled, the electrical Loss across the
BPT Diode Junction Drop is doubled but quadrupled across the FET Junction (e.g., I2R).
Note: Eliminating the loss, cost, size, and unreliability of the DC Link Stage requires bidirectional
active switches, such as employed in matrix, cycloconverters, and multistage converter circuits,
which necessarily results in additional switches as shown in the COMPONENT TYPE AND COUNT
TABLE.
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ACTIVE SWITCH POWER TRANSFER EFFECTIVENESS ANALYSIS:
(A) Power Transfer:
Referring to
for three phase AC to three phase AC power conversion, all switches of the
3-phase TOTEM Pole Inverter (or the Matrix Converter) are connected across all 3 phases of the
3 Phase AC power source and as a result, the active switches must support the Peak-To-Peak AC
voltage (i.e., VPeakToPeak = 1.73 x VPeak), where VPeak is the peak voltage of a single AC phase, the
Peak-To-Peak AC Current (i.e., IPeakToPeak = 1.73 x IPeak), and the Peak-To-Peak Power (VPeakToPeak
x IPeakToPeak = 3 x VPeak x IPeak) to the controlled electric motor (with Wye or Delta winding
arrangement). Note: Not considered in this simple analysis, the AC ripple within the DC Link stage
of the TOTEM Pole Inverter topology could show at least another 20% reduction in voltage
transfer due to the 6 pulse rectification stage.9 In contrast, all switches of the High Frequency Full
Bridge Converter are connected across a single phase of the three phase power source and as a
result, the switches only support the Peak AC Voltage (i.e., VPeak = (VPeakToPeak)/1.73), the Peak
AC Current (i.e., IPeak = (IPeakToPeak)/1.73), and the Peak Power (i.e., VPeak x IPeak = VPeakToPeak)/3)
of each phase leg of the motor with the total peak power to the motor (VPeakToPeak x IPeakToPeak = 3
x VPeak x IPeak) supplied by three independent phase leg circuits. Therefore, the BPT active switches
of the High Frequency Full Bridge Converter in accordance with the Effective Active Switch
Power Rating, Cost, and Loss have a 3x Cost (and a 1.73x Loss) advantage over the BPT active
switches of the TOTEM Pole Inverter or the Matrix Converter because of the 3x effective power
transfer advantage at 1.73x effective current transfer advantage; but the FET active switches of the
High Frequency Full Bridge Converter have the same effective 3x Cost but a 3x Loss advantage
because of the FET’s I2R Loss (at the square of current or (VPeakToPeak/1.73)2) over the fixed diode
junction drop Loss of the BPT.
Referring to
for a DC to three phase AC power conversion, such as an electric vehicle
(EV) battery supplying a voltage of VDC, all active switches for the TOTEM Pole Inverter or the
Matrix Converter are across the DC Link voltage (VDC) or VDC = VPeakToPeak and as a result, all
active switches must be rated for VDC or VPeakToPeak. But considering a Wye motor winding
arrangement for simplifying voltage transfer analysis, the peak AC voltage (VPeak) transfer to each
wye phase winding is (VPeakToPeak /1.73 = VDC/1.73 = VPeak) and as a result, the effective RMS
power transfer from the DC link stage to each AC phase winding of the motor is ((VPeakToPeak
/1.73)/21/2)2/L = (VDC)2/(3*2*L), where L is the Mechanical Load of the motor, and the RMS
power transfer to all three AC phases of the motor is (3*)((VDC)2/(3*2*L)) = (VDC)2/(2*L).
Because of the independent phases of the High Frequency Full Bridge Converter, the active
switches of the High Frequency Full Bridge Converter must support VPeak = VDC over the TOTEM
Pole Inverter and Matrix Converter and the effective RMS power transfer to each AC phase of an
electric motor with the same Mechanical Load, L, is ((VPeak)/21/2)2/L = (VDC)2/(2*L). With
independent full bridge circuits per phase, the total RMS power transferred to all three phases is
(3*)(VDC)2/(2*L). Therefore, all active switches of the High Frequency Full Bridge Converter, the
TOTEM Pole, or the Matrix Converter must be rated for VDC but the effective power transfer ratio
between the semiconductors of High Frequency Full Bridge Converter versus TOTEM Pole or the
Matrix Converter is 3x or (3*((VDC)2/(2*L))÷((VDC)2/(2*L))). Therefore, to provide the same
9

1.65 is a constant, which gives the average DC voltage or current when multiplied by the Effective Line (phase to
phase) voltage or current for a 3 phase, six pulse, 6 device inverter stage, “Electrical Power Technology,” Theordore
Wildi, John Wiley and Sons, 1981, page 446.
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power to the motor as the High Frequency Full Bridge Converter under the same voltage, the DC
Link Stage reactive components and the active switches of TOTEM Pole or the Matrix Converter
must support 3x the peak current as the switches for High Frequency Full Bridge Converter. The
High Frequency Full Bridge Converter is more efficient transferring DC power from a Battery
because VPeak is equal to VPeakToPeak (or VDC) of the TOTEM Pole or the Matrix Converter (instead
of VDC/1.73 for a 1.73 advantage of the AC to AC converter). In accordance with the Effective
Active Switch Power Rating, Cost, and Loss for DC to three phase AC power conversion where
VPeak of the High Frequency Full Bridge Converter is equal to VPeakToPeak (or VDC) of the TOTOEM
Pole Inverter or Matrix Converter, the BPT active switches of the High Frequency Full Bridge
Converter have a 3x Cost (and a 3x Loss) advantage over the BPT active switches of the TOTEM
Pole Inverter or the Matrix Converter because of the 3x effective power transfer at the 3x effective
current transfer advantage; but for FET active switches, the High Frequency Full Bridge Converter
has a 3x Cost for the same effective power transfer (and a 9x Loss) advantage because of the FET’s
I2R Loss (at the square of current/3) over the fixed diode junction drop Loss of the BPT.
(B) Duty Cycle:
The switches of the TOTEM Pole Inverter and Matrix Converter effectively operate at 100% duty
cycle, because each switch must be “on” at the Peak-to-Peak Voltage and Peak-to-Peak Current
for a long duration of time beyond their Safe Operating Area (SOA), such as 1/3 rd the sinusoidal
AC modulation period (i.e., 50 or 60 Hz). In contrast with synchronous switching also providing
low harmonic content, nearly pure sinusoidal wave generation, and inherent resonant (or soft)
switching, the active switches of the synchronous MODEM, High Frequency Full Bridge
Converter (of BRTEC) have a high frequency 50% duty cycle but with 100% of the total
dissipation and power conveniently shared between two switches for twice the thermal
management effect as the 100% duty cycle switches of the TOTEM Pole Inverter or Matrix
Converter.10 Therefore, the switches can be substituted with a half currented rated and
proportionally half cost switches. With this substitution, the BPT or FET active switches of the
high frequency Full Bridge synchronous MODEM of BRTEC will effectively have a 2x Cost
advantage over the BPT or FET active switches of the TOTEM Pole Inverter or the Matrix
Converter because the effective half duty cycle of BRTEC allows for “half current rated” (or half
power rated and cost) active switches to support the same current as the TOTEM Pole Inverter and
the Matrix Converter. Since the BPT diode junction voltage drop changes little with current
changes, the BPT loss will have no advantage, but since the half cost and current rated FET
effectively doubles junction resistance, the loss advantage will halve. NOTE: The multiplying cost
and loss advantages of Duty Cycle will not be used in the analysis.
(C) Monolithic (Single Substrate) Bidirectional Switch:
If a monolithic (i.e., single substrate), symmetrical bi-directional switch were available with
similar expected cost (and switch electrical loss) as a unidirectional switch, the number of switches
for all controller contestants and the loss and cost would halve again (with the exception of the
10

Application Note AN-949 states, “IGBTs and MOSFETS are able to carry peak current well in excess of their
continuous current rating, provided the rated junction temperature is not exceeded.” Under resonant switching
(sinusoidal wave) as inherently provided by BRTEC, the temperature rise of 2xIpeak (i.e., RMS is Ipeak/2 1/2) at 50%
duty is effectively the same as Ipeak at 100% duty cycle (i.e., RMS is Ipeak/2 1/2), as long as the junction temperature
is held within the Safe Operating Area. Also, BRTEC shares heat dissipation between two switches for twice the
thermal cooling.

EMSDesignConstraints.doc

Page 39 of 44

11/20/2022

Asymmetric TOTEM Pole controller that only uses unidirectional active switches). [In 2017, Fuji
provided a solid-substrate bi-directional switch on the same substrate for the popular Matrix
Converter, which lowered the cost, loss, and component complexity for the bi-directional switches
by 2x; however, this seems to have been discontinued.] NOTE: The multiplying advantages of a
single substrate Bidirectional Switch will not be used in the analysis.
(D) “On” Diode Junction Drop (BPT) or Resistance Junction Drop (FET) versus Breakdown
Voltage Rating:
In accordance to semiconductor physics, it is reasonable to assume that for FETs, the junction on
resistance is proportional to the junction Breakdown Voltage rating with all other things being the
same between FETs. For instance, if the junction breakdown voltage doubles the junction on
resistance doubles. This junction relationship is not linear with the diode junction of a BPT, since
the diode junction drop changes little with changes in junction current.11
(E) SYNCHRO-SYM Performance:
Unlike all other electric motor systems, SYNCHRO-SYM, as only possible with BRTEC, has an
active rotor that shares active power together with the universally essential active stator, which
effectively provides twice the power rating at half the cost and loss of all other electric machine
systems under the same port voltage design. Since SYNCHRO-SYM effectively shares the total
active current evenly between rotor and stator ports for twice the power with the same port voltage,
BRTEC only passes half the current for a given power rating per port of the TOTEM Pole Inverter
or the Matrix Converter controlling the conventional electric motor system. Therefore, the BPT
active switches of BRTEC have an effective 2x Cost (and a 2x Loss) advantage over the BPT
active switches of the TOTEM Pole Inverter or the Matrix Converter because of the double
performance of SYNCHRO-SYM. Likewise, the FET active switches of BRTEC have a 2x Cost
(and a 4x Loss) effective advantage over the FET active switches of the TOTEM Pole Inverter and
the Matrix Converter because of the effective half current transfer for a given voltage.
The BRTEC COST & LOSS ADVANTAGE MULTIPLER TABLE summarize loss and cost
advantage multiplier for BRTEC versus the TOTEM Pole Inverter and Matrix Converter.
EFFECTIVE ACTIVE SWITCH COST and LOSS:
The total active switch count for the full bridge BRTEC, the symmetric and asymmetric TOTEM
Pole Inverter, or the Matrix Converter is shown in the COMPONENT TYPE AND COUNT
TABLE. The green and blue circled switches in
show the “on switches” in the conduction
path at a given “on” instance in time. The power loss is determined by the total “on” active switch
junction drops and the current through the on active switches. As shown in column one of the
table, the number of “active switch for power transfer is: a) 8 “on” unidirectional switches the
symmetric TOTEM Pole inverter, b) 4 “on” unidirectional switches for the asymmetric TOTEM
Pole Inverter, c) 2 “on” bidirectional switches (i.e., 4 “on” unidirectional switches) for the
MATRIX Converter, d) 4 “on” bidirectional switches per phase (i.e., 8 “on” unidirectional
11

Application Note AN-7244: Two conclusions, inherent consequences of the laws of semiconductor physics, and
valid for any DMOS device, can be drawn from the preceding discussion: First, rDS(ON) obviously increases with
increasing breakdown-voltage capability of MOSFET. Second, minimum r DS(ON) performance must b esacrificed if
the MOSFET must withstand ever-higher breakdown voltages.
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switches) for the FULL BRIDGE converter comprising synchronous MODEMs, such as used in
BRTEC, or 24 “on” unidirectional switches for all three phases, and the e) 48 “on” unidirectional
switches for the dual BRTEC configuration.

Power Transfer
Effectiveness

BRTEC COST & LOSS ADVANTAGE MULTIPLER TABLE
[DC (e.g., EV Battery) to 3 Phase AC Conversion]
BPT
FET
Cost Advantage
Loss Advantage
Cost Advantage
Loss Advantage
(Voltage x Current)
(Current x diode
(Voltage x
(Current2 x R
Junction Drop)
Current)
Drop)
3
3
3
9

(A) Power Transfer
(DC to AC)
(B) Duty Cycle
2
1 (N.A.)
(C) Monolithic
2
2
Bidirectional Switch
(D) Junction Drop1
N.A.
N.A.
(E) SYNCHRO-SYM 2
2
Performance
BRTEC Advantage 6
6
Multiplier
DC to AC
1
The FET rated breakdown voltage of the BRTEC DC to 3-Phase AC
voltage VPeak = (VDC).

Power Transfer
Effectiveness

2
2

1/2
2

1
2

11
4

6

36

full bridge converter is rated at the same

BRTEC COST & LOSS ADVANTAGE MULTIPLER TABLE
[3 Phase AC to 3 Phase AC Conversion]
BPT
FET
Cost Advantage
Loss Advantage
Cost Advantage
Loss Advantage
(Voltage x Current)
(Current x diode
(Voltage x Current) (Current2 x R
Junction Drop)
Drop)
3
1.73
3
3

(A) Power Transfer
(AC to AC)
(B) Duty Cycle
2
1 (N.A.)
2
1/2
(C) Monolithic
2
2
2
2
Bidirectional Switch
(D) Junction Drop
N.A.
N.A.
1
1.731
(E) SYNCHRO-SYM 2
2
2
4
Performance
BRTEC Advantage 6
3.46
6
20.76
Multiplier
AC to AC
1
The FET rated breakdown voltage of the BRTEC 3 Phase AC to AC full bridge converter only is VPeak =
(VPeakToPeak)/1.73) and as a result, the lower voltage rate FET will reasonably show RDS/1.73 or a 1.73 multiplier.

To compare the effective active switch costs between BRTEC and the TOTEM Pole Inverter or
Matrix Converter, simply divide the BRTEC total number of active switches found in the
COMPONENT TYPE AND COUNT TABLE by the BRTEC cost advantage multiplier from
the BRTEC COST & LOSS ADVANTAGE MULTIPLER TABLE, which also depends on the
3 Phase AC to 3 Phase AC Conversion or the DC (e.g., EV Battery) to 3 Phase AC Conversion
types. To compare the effective active switch electrical loss between BRTEC and the TOTEM
Pole Inverter or Matrix Converter, simply divide the BRTEC total number of active switches by
the BRTEC loss advantage multiplier from the BRTEC COST & LOSS ADVANTAGE
MULTIPLER TABLE, which also depends on the 3 Phase AC to 3 Phase AC Conversion or the
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DC (e.g., EV Battery) to 3 Phase AC Conversion types. The results are shown in the RELATIVE
ELECTRONIC CONTROLLER BPT & FET SWITCH COST & LOSS COMPARISON
TABLE. For instance, although the first row of the RELATIVE ELECTRONIC
CONTROLLER BPT & FET SWITCH COST & LOSS COMPARISON TABLE indicates
BRTEC has 48 unidirectional active switches, which have an BPT cost advantage multiplier of 6
RELATIVE ELECTRONIC CONTROLLER BPT & FET SWITCH COST & LOSS COMPARISON
TABLE2,3
3-Phase AC to 3-Phase AC
DC to 3-Phase AC
(+) Link Stage
Power
Normalized
Normalized
Normalized
Normalized
Conversion
Effective
Effective
Effective
Effective
Type
Switch Loss
Switch Cost
Switch Loss
Switch Cost
I2R Loss & Cost
(unidirectional
switch count)
[“on” switch
drop count]
BPT (FET)
BPT (FET)
BPT (FET)
BPT (FET)
BRTEC
6.9 (1.2)
8 (8)
4 (0.67)
8 (8)
PDF-HFT1
(48 switches)
[24 drops]
0.1
Dual BRTEC
13.9 (2.3)
16 (16)
8 (1.33)
16 (16)
PDF-HFT1
(96 switches)
[48 drops]
0.2
Matrix
4 (4)
18 (18)
4 (4)
18 (18)
Low Frequency Supply
Converter
Line Chokes1
(18 switches)
[4 drops]
0.5
Asymmetric
4 (4)
12 (12)
4 (4)
12 (12)
DC Link Stage1
TOTEM Pole
Inverter
1
(12 switches)
[4 drops]
Symmetric
8 (8)
24 (24)
8 (8)
24 (24)
DC Link Stage1
TOTEM Pole
Inverter
1
(24 switches)
[8 drops]
1
Because of the significantly higher operating frequency, the PDF-HFT has significantly fewer winding turns
(resistance) and lower core flux density for at least a tenth of the losses of Line Chokes and DC Link Stages
2
If a common substrate bi-directional switch was available, all loss and cost data would be nearly halved, with the
exception of the Asymmetric TOTEM Pole Inverter, which does not have traditional bi-directional switches
comprising two back-to-back unidirectional switches.
3
Compounding cost and loss of the electric machine entity is not included.

from the BRTEC COST & LOSS ADVANTAGE MULTIPLER TABLE for a 3 Phase AC to
3 Phase AC Conversion, the BRTEC has an effective BPT(FET) active switch cost (or count) of
8(8) active switches instead of 24(24) BPT(FET) active switch cost (or count) units for the
Symmetric TOTEM Pole Inverter.
Although the number of active switches of BRTEC may seem complex without considering
contemporary automated assembly and consolidate packaging techniques, the normalized effective
cost (or count) and loss of BRTEC active switches are significantly lower than the TOTEM Pole
Inverter or Matrix Converter when divided by the BRTEC advantage multiplier from the BRTEC
COST & LOSS ADVANTAGE MULTIPLER TABLE. In addition, BRTEC loss and cost
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analysis is without the loss, cost, and size of the large, lossy DC Link Stage or Line reactors
associated with the TOTEM Pole Inverter or Matrix Converter, which introduces significant
compounding size, loss and cost over the BRTEC circuit and control topology. Since the electronic
controller controls the loss of the motor, the losses and costs pass through the controller and as a
result, are compounded. For instance, if the controller is 90% efficient (10% of the controller power
is loss) and the motor is also 90% (10% of the motor power is loss), the total efficiency of the
“system” is the product of the motor and controller efficiencies or 81% (90% * 90%).
RELATIVE ELECTRONIC CONTROLLER Wide Bandgap (WBG) SWITCH COST & LOSS
COMPARISON TABLE2,3
3-Phase AC to 3-Phase AC
DC to 3-Phase AC
(+) Link Stage
Power
Normalized
Normalized
Normalized
Normalized
Conversion
Effective
Effective
Effective
Effective
Type
Switch Loss
Switch Cost
Switch Loss
Switch Cost
I2R Loss & Cost
(unidirectional
switch count)
[“on” switch
drop count]
BRTEC
1.2
8
0.67
8
PDF-HFT1
(48 switches)
[24 drops]
0.1
Dual BRTEC
2.3
16
1.33
16
PDF-HFT1
(96 switches)
[48 drops]
0.2
Matrix
4
18
4
18
Low Frequency Supply
Converter
Line Chokes1
(18 switches)
[4 drops]
0.5
Asymmetric
4
12
4
12
DC Link Stage1
TOTEM Pole
Inverter
1
(12 switches)
[4 drops]
Symmetric
8
24
8
24
DC Link Stage1
TOTEM Pole
Inverter
1
(24 switches)
[8 drops]
1
Because of the significantly higher operating frequency, the PDF-HFT has significantly fewer winding turns
(resistance) and lower core flux density for at least a tenth of the losses of Line Chokes and DC Link Stages
2
If a common substrate bi-directional switch was available, all loss and cost data would be nearly halved, with the
exception of the Asymmetric TOTEM Pole Inverter, which does not have traditional bi-directional switches
comprising two back-to-back unidirectional switches.
3
Compounding cost and loss of the electric machine entity is not included.

WIDE BANDGAP SEMICONDUCTOR ENHANCEMENT:
As only available in SYNCHRO-SYM, which is a brushless symmetric wound-rotor
“synchronous” doubly-fed electric machine system, and without introducing the additional
compounding cost and loss of the electric machine entity, the Brushless Real Time Emulation
Controller (BRTEC) shows less than half the cost and loss of any state-of-art Field-Oriented
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Controller (FOC) of all other electric machine systems with a passive rotor of slip-induction
dependent windings, DC field windings, reluctance saliencies, or rare earth permanent magnets.
Today, electric vehicle motor controllers and battery chargers are quickly moving towards SiC
and GAN WBG FET type power semiconductors because of their higher operating temperature
durability and significantly lower “on” junction resistance compared to conventional silicon
substrate switches. By consolidating the RELATIVE ELECTRONIC CONTROLLER BPT &
FET SWITCH COST & LOSS COMPARISON TABLE, the RELATIVE ELECTRONIC
CONTROLLER Wide Bandgap (WBG) SWITCH COST & LOSS COMPARISON TABLE
shows BRTEC circuit and control topology will significantly improve the leveraged performance
of WBG FET semiconductors over the TOTEM Pole Inverters or Matrix Converters with 2-3x
lower effective switch cost and electrical loss.
WBG semiconductor manufacturers are continuously looking for circuit and control
technologies that improve the mainstream acceptance of expensive SiC and GAN MOSFETs
over conventional Si IGBTs. Only the circuit and control technology of SYNCHRO-SYM
conveniently neutralizes the 2-3x extra cost of WBG SiC MOSFETs over conventional Si
IGBTs while also, improving their performance contribution by 2-3x.
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