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(57) ABSTRACT 

A brushless generator With permanent-magnet multi-pole 
rotor disks and coreless stator Winding disks includes integral 
electronics to ef?ciently generate regulated DC current and 
voltage from shaft input poWer over a broad speed range. Its 
Power rating is scalable, and it incurs no cogging torque, or 
friction from gearing. Integral poWer control electronics 
includes high-frequency pulse-Width-modulated boost regu 
lation, Which provides regulated current at requisite voltage 
over its broad speed range. A main embodiment to produce 
DC poWer at Widely variable speeds includes signal process 
ing so output poWer varies according to the third poWer of 
speed. A version for use With vertical-axis Wind turbines has 
a relatively large diameter to facilitate a large number of 
poles. Combined boost-regulation, Zero cogging torque, and 
no gearing, enable a Wide speed range, for better poWer qual 
ity and higher Wind energy yields. An alternate embodiment 
is intended to produce DC poWer from a variety of shaft drive 
sources, With selectable shaft torque. 
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FIG. 5B 
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FIG, 10C 
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BROAD SPEED RANGE GENERATOR 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 
[0002] This invention pertains generally to rotary dynamo 
electric machines, and more particularly to dynamoelectric 
machines having novel rotor and stator structures, to genera 
tors having permanent-magnet axial-?eld rotor and stator 
disks, and further to cooperative integrated electronics for 
Wide range poWer control and ef?cient electric poWer inter 
face With loads. 
[0003] Applicant sets forth a brushless self-synchronous 
generator With permanent-magnet rotor disks and stator 
Winding disks, including integral electronics, to ef?ciently 
generate DC (direct-current) electric poWer, at current and 
voltage regulated by the electronics, from broadly variable 
speed rotary mechanical drive. Its various embodiments are 
intended to generate useful electric poWer e?iciently, espe 
cially at loW speed and torque, from a Wide variety of variable 
speed and torque drive sources. Moreover, it is intended to 
substantially improve and expand sustainable environmen 
tally responsible energy options, such as Wind poWer, hydro 
dynamic poWer, and human-poWer-assisted electric vehicles. 
A main embodiment is intended to generate better quality 
electric poWer from Wind turbines, and higher energy yields, 
compared to prior art electric poWer output generators poW 
ered by Wind turbines. 
[0004] 2. Description of the Related Art 
[0005] Poly-phase (usually 3-phase) altemating-current 
(AC) salient-pole induction machines, having Wound stators 
and rotors, are presently directly connected to poWer grids in 
“Wind farms” to augment grid poWer from Windy locations. 
They do not incur maj or grid synchronization problems, as do 
directly connected synchronous generators, Which are mostly 
used in generating plants Where their shaft speed is regulated 
and output carefully synchronized prior to parallel connec 
tion With on-line generators. HoWever, induction machines 
generate poWer only When shaft speed exceeds that needed at 
zero slip speed. They cannot self-start from turbine drive, and 
consume grid poWer (not augment it) Whenever their speed 
falls beloW a critical zero slip speed level. Moreover, their 
poWer is unregulated, and they must be disconnected from the 
grid at very high Wind speeds, because their poWer ?uctua 
tions and internal generator heating are excessive. For a com 
prehensive analysis and Thevenin equivalent circuits of 
induction machines, see, for example, the textbook “Electric 
Machinery” (an integrated treatment of AC and DC 
machines) McGraW-Hill Book Co. 1952, by Fitzgerald & 
Kingsley, Massachusetts Institute of Technology, Chapter 3 
(especially page 131 and Chapter 9). For further analysis and 
performance prediction of broader speed range but less e?i 
cient 2-phase induction machines, see “Effects of Phase-Shift 
and Distortion on Servomotor Performance,” 1960, by Rich 
ard B. Fraclella, MSEE research and thesis, California Insti 
tute of Technology. 
[0006] Peripheral equipment needed for augmenting grid 
poWer from Wind turbines, Which drive induction generators, 
may include gears to increase generator shaft speed, sWitch 
gear to connect and disconnect said generators from the grid 
as Wind speed varies, gear lubricant, pumps and heat 
exchangers to cool the lubricant, a generator cooling system, 
and external heat-dumps. 
[0007] Over the past tWo decades, poWer electronics has 
been developed to provide a poWer control interface betWeen 
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induction machines and DC voltage supplies such as chemi 
cal batteries. This electronics converts the DC voltage to 
substantially variable-frequency poly-phase voltage (albeit 
With high distortion) at the induction machine poly-phase 
terminals, enabling these machines to perform as bi-direc 
tional motors or generators. For example, an induction 
machine With applied fundamental frequency component 
appropriately higher than its electrical frequency at a given 
shaft speed can be driven as a variable-speed induction motor, 
from zero to a desired speed. With its shaft driven by rotary 
poWer, the same induction machine With applied poly-phase 
voltage having a frequency appropriately loWer than its elec 
trical frequency at a given shaft speed can instead generate 
poWer as a variable-speed induction generator. By reversing 
the poly-phase sequence, the induction machine can likeWise 
drive in the opposite direction, or can generate poWer from a 
shaft driven in the opposite direction. Silicon Controlled Rec 
ti?er (SCR) poWer sWitching semiconductors are useful as the 
DC to poly-phase poWer sWitching interface for induction 
machines, because they are rugged and can control consider 
ably higher poWer than comparable cost high-frequency 
sWitching semiconductors. Moreover, the iron cores of said 
induction machines have high inductance, so it is not feasible 
to use a series loW-loss ferrite core inductor as described for 

the present invention. Induction machine core loss Would be 
very high, With attendant heating problems, if subjected to 
high-frequency sWitching pulse-duration-modulation 
(PWM) to provide poly-phase sinusoidal voltages having loW 
harmonic distortion across the induction machine stator 
Winding terminals. 
[0008] Prior art inventions that provide examples of poWer 
interface electronics for variable-speed induction machines 
that are driven by chemical batteries and regenerate poWer 
thereto include: U.S. Pat. No. 5099,186 by Rippel et al; and 
Us. Pat. No. 5,355,070 by Cocconi. 
[0009] Synchronous AC generators include salient-pole 
altemators having Wound stators and permanent-magnet 
rotors. Their output voltage and frequency are substantially 
proportional to their shaft speed. Brushless salient-pole reluc 
tance machines having Wound stator poles With magnetic bias 
from permanent magnets, is one type. Those generators may 
include ?eld Windings, to afford limited voltage regulation. 
Homopolar machines are also a synchronous brushless type, 
With their poWer output frequency proportional to speed; they 
afford Wider range voltage adjustment. If their ?eld is derived 
only from a ?eld Winding, they Will need electric startup 
poWer for that Winding. Coning torque (Wherein the rotor 
angle aligns its iron cores With and holds minimum magnetic 
reluctance positions), like stiction and friction in gears, may 
cause Wind turbines to stall at loW Wind speeds. These short 
comings and too loW output voltage at loW shaft speeds pre 
vent usable poWer generation at loW Wind speeds from this 
prior art machine. Adding a boost regulator in series With the 
recti?ed and ?ltered alternator type generator output can 
facilitate higher voltages at loW shaft speeds, needed for loads 
such as chemical batteries, but the boost regulator incurs 
tandem losses and machine cogging may stall the Wind tur 
bine driving it so no electric poWer output is produced from 
this prior art machine at loW Wind speeds. 

[0010] By comparison, the present invention is intended to 
generate poWer at requisite voltage over its entire Wide speed 
range, Will not need electric startup poWer from its load or any 
other external source, and Will e?iciently generate poWer 



US 2010/0283252 A1 

even from very loW shaft torque rotation from loW Wind 
speeds, not stalled by cogging torque, stiction, or friction. 
[0011] Besides their use for AC poWer generation in poWer 
plants, applications for synchronous generators range Widely, 
usually With theirAC outputs recti?ed, to charge batteries and 
the like. HoWever, their varying voltage and frequency can be 
a major drawback. Generated and recti?ed voltage must be 
suf?cient, andusually regulated, to meet needs of given appli 
cations. Moreover, very loW frequency ripple at loW shaft 
speed requires large ?lter capacitors, Which cost more and 
have shorter lifetimes than ceramic or ?lm capacitors. These 
properties usually limit synchronous generator applications 
to high shaft speeds. Their cogging torque is another draW 
back. Peripheral equipment needed for augmenting grid 
poWer, from altemators used as generators driven by Wind 
turbines, usually include gears to increase generator shaft 
speed, recti?ers to convert theirAC outputs to DC, and poWer 
inverters to convert the DC to regulated AC, if connected to 
augment grid poWer. Chemical battery charging applications 
require a DC voltage equivalent to the battery voltage. Said 
alternators generally produce output voltage proportional to 
their shaft speed. Therefore, they cannot deliver battery 
charging current at loW shaft speeds, and a battery charger 
may be required to control charging current and voltage. 
[0012] Brush-commutated DC generators may have per 
manent-magnet ?eld excitation. They may also have ?eld 
excitation Windings, for limited output voltage adjustment. 
Besides shorter lifetimes due to their commutator brush and 
armature Wear, commutator sparking can be troublesome; 
and, similar to most prior art generators, their DC output 
voltage is proportional to shaft speed. Moreover, their varying 
output voltage precludes many loW shaft speed applications, 
unless their output is connected to loads via boost regulator 
circuits. Alternatively, their varying output voltage and cur 
rent may require a buck regulator, betWeen the generator 
output and its load. Such external and series electronics 
reduces overall poWer e?iciency, particularly at loW turbine 
shaft speeds. 
[0013] Regardless of said draWbacks, these machines are 
Widely used as generators for some applications. Peripheral 
equipment, for use as generators driven by Wind turbines, 
may include speed-up gearing and output recti?ers. Said rec 
ti?ers may be needed, to prevent poWer from a DC poWer-bus 
load, Which it feeds, such as chemical batteries it is meant to 
charge, from driving said DC generator as a motor, and dis 
charging connected batteries Whenever the generator output 
voltage is less than the battery voltage. PoWer regulator cir 
cuits, such as battery chargers, are usually needed. Besides 
these limitations, brush-commutated generators also need 
periodic commutator maintenance; as their commutators are 
damaged With use, by Wear and sparking. 
[0014] Gearing needed to increase prior art generator shaft 
speed, so prevalent in Wind poWer systems, also needs bear 
ings for the gears, is subject to Wear, needs periodic mainte 
nance, and incurs poWer losses. The gearing stiction further 
inhibits and usually prevents poWer generation at loW Wind 
speeds. Conversely, the present invention, having no cogeing 
torque and no speed-up gearing, is intended to generate poWer 
over a very Wide speed range. 

[0015] Most electric motors can be used as generators. 
There is fundamentally no difference, betWeen mo st prior art 
motors and generators, of a speci?c type, except for hoW they 
are used to meet needs of speci?c applications. For example, 
an induction machine can serve as an induction motor or as a 
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generator. Motors used in ubiquitous machinery, tools, and 
appliances can be con?gured mechanically and electrically as 
generators. 
[0016] Insofar as drive speed and torque is regulated at 
steam driven and large hydroelectric poWer plants, the prior 
art generators described above have provided acceptable 
options, to generate most of the electric poWer that is distrib 
uted by poWer grids, for over a century. 
[0017] Smaller and portable versions of said generators, 
driven by fuel-buming engines, also serve viable small mar 
kets. HoWever, need for Wider speed range has been lone 
recognized. 
[0018] Some prior art inventions have intended to accom 
modate variable-speed drives, by means substantially differ 
ent from my present invention: 
[0019] US. Pat. No. 4,694,187 “Electromechanical Con 
stant Speed Drive Generating System” by Baker, includes a 
mechanical differential gear, to obtain constant speed drive 
for a generator. It is mainly intended to accommodate vari 
able-speed aircraft engine drive, by including controlled vari 
able compensatory drive. It does not teach a generator assem 
bly similar to the present invention, nor does it include 
electronics similar to the present invention. 
[0020] US. Pat. No. 6,969,922 “Transformerless Load 
Adaptive Speed Controller” by Welches, includes electrome 
chanical means, to obtain constant speed generator drive, 
from a variable-speed drive source. Its generator assembly is 
substantially different from the present invention, and it does 
not teach electronics similar to the present invention. 
[0021] US. Pat. No. 5,982,074 “Axial Field Motor/Genera 
tor” by Smith et al and my US. Pat. No. 4,520,300 teach, With 
some differences, a motor/ generator assembly having multi 
pole axial magnetic ?eld rotor disks and stator disks betWeen 
them, but they do not set forth electronics similar to the 
present invention, intended to ef?ciently generate regulated 
electric poWer over a broad speed range. 
[0022] US. Pat. No. 5,245,238 “Axial Gap Dual Permanent 
Magnet Generator” by Lynch et al. describes means for gen 
erating constant output voltage that do not include electronics 
similar to the present invention. Its generator assembly and 
rotor disks are also distinctly different from those herein 
described in all embodiments of the present invention. 
[0023] US. Pat. No. 7,190,101 “Stator Coil Arrangement 
for an Axial Airgap Electric Device Including LoW-Loss 
Materials” by HirZel, teaches a substantially different genera 
tor assembly and materials, and does not set forth electronics 
similar to the present invention. 
[0024] US. Pat. No. 5,021,698 “Axial Field Electrical Gen 
erator” by Pullen et al. describes a high-speed generator 
assembly substantially different from the present invention, 
and does not describe electronics. 

[0025] US. Pat. No. 6,217,398 “Human-Powered Or 
Human-Assisted Energy Generation And Transmission Sys 
tem With Energy Storage Means And Improved Ef?ciency” 
by Davis; and US. Pat. No. 7,021,978 “Human-Powered 
Generator System With Active Inertia And Simulated 
Vehicle” by Jansen; describe means to use variable effort 
pedal poWer. They teach using electric generators With opera 
tor adjustable control means, and their advantages over 
mechanical drives, for augmenting vehicle poWer, in applica 
tions including electric vehicles, Watercraft, and the like. 
HoWever, they do not teach generator assembly con?gura 
tions nor an electronics poWer interface as set forth in the 
present invention. 




























