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ALTERNATOR WITH REGULATION OF 
MULTIPLE VOLTAGE OUTPUTS 

REFERENCE TO APPENDIX 

[0001] This speci?cation includes an appendix A (pages 
i-xxxiii), Which includes a listing of a computer program 
included in the preferred embodiment described beloW, and 
a schematic diagram useful in applying this listing. This 
Appendix includes copyrighted subject matter, and the 
assignee of the present invention retains all copyright rights, 
other than the right to reproduce the Appendix as a portion 
of the attached speci?cation. 

BACKGROUND 

[0002] This invention relates to an electrical generator 
such as an alternator that is capable of providing current at 
tWo separate voltages. 

[0003] A modern vehicle uses an alternator to poWer the 
vehicle’s electrical system and to recharge a battery that 
provides standby electric poWer Whenever the vehicle 
engine is not operating or When insufficient electric poWer is 
available from the alternator. The alternator includes a ?eld 
Winding, stator Windings, and a rotating shaft that is driven 
through some arrangement by an engine. Recti?ers are used 
to convert the alternating current generated by the stator 
Windings into direct current for battery charging and other 
electric loads. A voltage regulator senses the alternator 
output voltage and controls the ?eld coil current to maintain 
a constant voltage according to the regulator’s internal 
voltage reference as external electric loads are added and 
removed, Within the limits of the alternator output poWer 
capacity. This is generally achieved by causing current to 
How through the ?eld Winding Whenever output voltage 
drops beloW the reference voltage, and stopping the How of 
current through the ?eld Winding Whenever the output 
voltage rises above the reference voltage. 

[0004] The appropriate regulator reference voltage is 
determined by the battery charging voltage needed for the 
particular application, and the vehicle electrical system 
typically is designed to operate at this voltage. The reference 
voltage is often designed With temperature compensation 
because it is desirable for battery charging that the charging 
voltage decrease as battery temperature increases. Alternator 
output current is produced in the stator Windings When the 
?eld Winding is conducting current and the alternator shaft 
is turning. 

[0005] Some vehicles that employ traction motors to drive 
the vehicle also use conventional automotive electrical sys 
tems for lighting and electronic systems that operate at either 
14 volts or 28 volts. The electric poWer for the traction 
motors is typically derived from a main generator driven by 
an internal combustion engine. 

[0006] Battery poWer at 84 volts is typically used to crank 
the internal combustion engine and to activate the main 
generator ?eld. During normal operation, electric poWer at 
either 14 volts or 28 volts is needed to poWer the automotive 
electrical system, and electric poWer at 84 volts is needed to 
keep the engine-cranking batteries fully charged. 

[0007] Prior art dual voltage alternators often provide 14 
volt and 28 volt output, because these tWo voltages are most 
commonly found in automotive electrical systems. These 
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systems typically employ a common stator poWered by a 
?eld coil to generate the output poWer for tWo voltages that 
share a common ground. As an example of a typical arrange 
ment, the ?eld coil is controlled in response to the 28 volt 
output only, With no recti?er control on the 28 volt supply, 
and the 14 volt supply is controlled via a sWitched recti?er 
such as a silicon controlled recti?er (SCR). 

[0008] A potential disadvantage of this common stator 
arrangement is that output poWer at the higher voltage 
output (eg 28 volts) may not be available at loW shaft 
speeds. This output poWer disparity at loW shaft speeds may 
be acceptable if there is not a signi?cant difference betWeen 
the tWo output voltages, and if output poWer at both voltages 
is available at the loWest normal operating shaft speed. 
HoWever, as the tWo output voltages diverge and the differ 
ence betWeen them increases in magnitude (eg 28 volts-14 
volts=14 volts, While 84 volts-28 volts=56 volts), output at 
the higher voltage may not be available except at a high 
alternator shaft speed. For example, an engine-driven com 
mon stator alternator operating at engine idle speed may 
have some 28 volt output current, but no 84 volt output 
current, unless the engine speed is signi?cantly increased. 

[0009] It is not apparent that anyone has addressed all of 
the above problems in an alternator or voltage regulator 
design. HoWever, various systems have been proposed 
Which touch upon some aspects of the above problems. For 
example, Mashino, et al., U.S. Pat. No. 4,788,486, proposes 
a vehicular poWer supply system that includes a ?eld Wind 
ing that generates a rotating magnetic ?eld to induce alter 
nating current (AC) voltages in a pair of sets of armature 
Windings sharing a common ground. The AC voltages of the 
armature Windings are converted by tWo groups of recti?ers 
to respective DC voltages that in turn charge a pair of 
batteries in series. A ?rst voltage regulator controls the 
current of the ?eld Winding to regulate the ?rst battery 
voltage. A second voltage regulator regulates the second 
battery voltage by connecting and disconnecting the second 
battery from a group of recti?ers. Mashino does not disclose 
independent sWitching or control of the groups of recti?ers. 
Neither the second voltage regulator nor the second battery 
appears to have any effect on the ?eld Winding, Which is 
initially excited and is thereafter self-excited and modulated 
according to the value of the ?rst battery. 

[0010] AbukaWa, et al., U.S. Pat. No. 5,033,565, proposes 
a generator that generates tWo voltage outputs. A ?eld 
Winding, responsive to a predetermined exciting current 
supplied from a voltage regulator, induces three-phase AC 
voltages in a pair of armature Windings. First and second DC 
voltages are generated at a pair of output terminals from the 
AC voltages by tWo groups of recti?ers. AbukaWa, et al., 
does not consider voltage regulation schemes beyond sup 
plying a predetermined exciting current. Neither group of 
recti?ers is controlled by the voltage regulator, Which is not 
illustrated. The armature Windings are shoWn to be in 
mechanically close proximity around a drive shaft in FIG. 
2 of AbukaWa, and appear to be of the common ground 
variety. The DC output voltages appear to be commonly 
grounded in all pictorial embodiments of the generator. 

[0011] Baumgartner, et al., U.S. Pat. No. 5,033,565, pro 
poses a generator that employs a pair of identically designed 
stators Wound in mechanically close proximity to attempt to 
generate tWo identical voltage outputs. A ?eld Winding 
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supplies the alternator ?eld. A generally conventional volt 
age regulator maintains the proper excitation voltage across 
the ?eld Winding at engine speed above loW idle for AC 
outputs from the stators that Will provide DC outputs that are 
as equivalent to each other as possible in response to balance 
and unbalanced loads. It appears to be a design goal that the 
DC voltage outputs be maintained essentially identical in 
magnitude, and that the stators be identical in siZe and 
function. The voltage regulator controls neither group of 
recti?ers. 

SUMMARY 

[0012] A need presently exists for an electrical generator 
system (such as an alternator) that is capable of generating 
electrical output at tWo independently controlled output 
voltages. Preferably, this generator is capable of indepen 
dently controlling output voltages that are signi?cantly 
different in magnitude. Preferably, the generator provides 
the independently controlled output voltages over a Wide 
range of alternator shaft speeds, over a Wide range of 
electrical loads, and over a Wide range of ambient tempera 
ture. Preferably, the generator communicates With other 
systems to share status information and to take action 
needed to meet the application operating requirements. 
Preferably, a more complete diagnostic indication of the 
state of the generator is provided. 

[0013] In one aspect, a multiple voltage electrical genera 
tor includes a ?eld source, ?rst and second sWitched recti 
?ers, a ?rst poWer generating Winding, and a second poWer 
generating Winding. The ?rst poWer generating Winding is 
coupled With a ?rst output via the ?rst sWitched recti?er. The 
second poWer generating Winding is coupled With a second 
output via the second sWitched recti?er. The ?rst output and 
the ?rst poWer generating Winding are electrically isolated 
from the second output and the second poWer generating 
Winding. 

[0014] In another aspect, a multiple voltage electrical 
generator includes a ?eld source, ?rst and second sWitched 
recti?ers, a ?rst poWer generating Winding, and a second 
poWer generating Winding. The ?eld source includes 
opposed ?rst and second sides separated axially along a 
drive shaft. The ?rst poWer generating Winding is disposed 
on the ?rst side of the ?eld source, and is coupled With a ?rst 
output via the ?rst sWitched recti?er. The second poWer 
generating Winding is disposed on the second side of the 
?eld source, and is coupled With a second output via the 
second sWitched recti?er. The ?rst output and the ?rst poWer 
generating Winding are electrically isolated from the second 
output and the second poWer generating Winding. 

[0015] In another aspect, a multiple voltage electrical 
generator includes a ?eld source, ?rst and second sWitched 
recti?ers, a ?rst poWer generating Winding, and a second 
poWer generating Winding. The ?eld source includes ?rst 
and second sides spaced along an axis. The ?rst poWer 
generating Winding has a center of mass disposed nearer the 
?rst side than the second side of the ?eld source. The ?rst 
poWer generating Winding is coupled With a ?rst output via 
the ?rst sWitched recti?er. The second poWer generating 
Winding has a center of mass disposed nearer the second side 
than the ?rst side of the ?eld source. The second poWer 
generating Winding is coupled With a second output via the 
second sWitched recti?er. The ?rst output and the ?rst poWer 
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generating Winding are electrically isolated from the second 
output and the second poWer generating Winding. 

[0016] In another aspect, a method for regulating an 
electrical generator is presented. The electrical generator 
includes a ?eld source and ?rst and second poWer generating 
Windings. The ?rst and second poWer generating Windings 
supply current at ?rst and second outputs, respectively. 
Current is conducted betWeen the ?rst poWer generating 
Winding and the ?rst output When the ?rst output voltage 
falls beloW a ?rst threshold. Current is conducted betWeen 
the second poWer generating Winding and the second output 
When the second output voltage falls beloW a second thresh 
old. Current is increased through the ?eld source When either 
one of the ?rst and second output voltages falls beloW the 
respective threshold. 

[0017] In another aspect, a method for regulating an 
electrical generator is presented. The electrical generator 
includes a ?eld source and ?rst and second poWer generating 
Windings. The ?rst and second poWer generating Windings 
supply current at ?rst and second outputs, respectively. 
Current is conducted betWeen the ?rst poWer generating 
Winding and the ?rst output When the ?rst output voltage 
falls beloW a ?rst threshold. Current is conducted betWeen 
the second poWer generating Winding and the second output 
When the second output voltage falls beloW a second thresh 
old. Current is decreased through the ?eld source When (1) 
the ?rst output voltage exceeds the ?rst threshold and (2) the 
second output voltage exceeds the second threshold. 

[0018] In another aspect, a multiple voltage electrical 
generator includes a ?eld source, ?rst and second poWer 
generating Windings, and a voltage regulator. The ?rst and 
second poWer generating Windings supply current at respec 
tive ?rst and second outputs. The voltage regulator includes 
a ?rst means for conducting current betWeen the ?rst poWer 
generating Winding and the ?rst output When the ?rst output 
voltage falls beloW a ?rst threshold. The voltage regulator 
further includes a second means for conducting current 
betWeen the second poWer generating Winding and the 
second output When the second output voltage falls beloW a 
second threshold. The voltage regulator also includes a 
means for increasing current through the ?eld source When 
either one of the ?rst and second output voltages falls beloW 
the respective threshold and for decreasing current through 
the ?eld source When both of the ?rst and second output 
voltages exceed the respective threshold. 

[0019] The foregoing paragraphs have been provided by 
Way of introduction, and are not intended to limit the scope 
of the folloWing claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The accompanying draWings constitute part of this 
speci?cation and serve to explain further selected embodi 
ments of this invention. 

[0021] FIG. 1 is a block diagram of an electrical generator 
such as an alternator according to a preferred embodiment of 
the present invention; 

[0022] FIG. 2 is cross-sectional vieW of an exemplary 
alternator embodiment; 

[0023] FIG. 3 is a simpli?ed three-dimensional vieW of 
several elements of the embodiment of FIG. 2; 
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[0024] 
FIG. 2; 

[0025] FIG. 5 is a block diagram of an exemplary embodi 
ment of a regulator suitable for use in the alternator of FIG. 

4; 
[0026] FIG. 6 is a How chart of software routines executed 
by the micro-controller of FIG. 5; and 

FIG. 4 is a block diagram of the embodiment of 

[0027] FIG. 7 is a How chart of softWare routines expand 
ing on a routine of FIG. 6. 

DESCRIPTION OF THE PRESENTLY 
PREFERRED EMBODIMENTS 

[0028] Turning noW to the draWings, FIG. 1 is a block 
diagram of an alternator 100 that operates in accordance 
With this invention. The alternator 100 supplies output 
poWer to a ?rst electrical system 102 operating at a ?rst 
voltage V A and to a second electrical system 104 operating 
at a second voltage VB. Preferably, the second electrical 
system 104 is electrically isolated from the ?rst electrical 
system 102, and the voltage VA does not share a common 
ground With the voltage VB. The alternator 100 includes a 
regulator 106 that is coupled With and preferably controls a 
?eld source 108. In a preferred embodiment, the regulator 
106 is mounted separately from the alternator 100. A ?rst 
poWer generating Winding 110 and a second poWer gener 
ating Winding 112 are located in suf?cient proximity to the 
?eld source 108 such that the ?eld source 108 is capable of 
inducing voltages at the ?rst and second poWer generating 
Windings 110, 112 under regular performance conditions of 
the alternator 100. Preferably, the respective voltages 
induced at the ?rst and second poWer generating Windings 
110, 112 are fed back to the regulator 106. The ?rst poWer 
generating Winding 110 is coupled to a ?rst recti?er circuit 
114, and the second poWer generating Winding 112 is 
coupled to a second recti?er circuit 116. 

[0029] Preferably, the ?rst recti?er circuit 114 includes a 
pair of ?rst output terminals (representing a ?rst output 126 
of the alternator 100) that is coupled to the ?rst electrical 
system 102, such that the ?rst poWer generating Winding 110 
is coupled to the pair of output terminals (the ?rst output 
126) via the ?rst recti?er circuit 114. Preferably, the second 
recti?er circuit 116 includes a pair of second output termi 
nals (representing a second output 128 of the alternator 100) 
that is coupled to the second electrical system 104, such that 
the second poWer generating Winding 112 is coupled to the 
pair of output terminals (the second output 128) via the 
second recti?er circuit 116. In other embodiments, the ?rst 
recti?er circuit 114 and the second recti?er circuit 116 can 
be connected and disconnected to the respective ?rst and 
second electrical systems 102, 104 by respective sWitches 
(not shoWn) external to the regulator 106. Preferably, the 
?rst and second outputs 126, 128 are electrically isolated 
from one another and do not share a common ground. 

[0030] The regulator 106 is preferably coupled to and 
preferably controls the ?rst recti?er circuit 114 via one or 
more control lines that feed into one or more respective 
control terminals included at the ?rst recti?er circuit 114. 
The regulator 106 is preferably coupled to and preferably 
controls the second recti?er circuit 116 via one or more 
control lines that feed into one or more respective control 
terminals included at the second recti?er circuit 116. Pref 
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erably, the ?rst and second control terminals are electrically 
isolated from one another. In a presently preferred embodi 
ment, each control terminal is coupled With the trigger input 
of a respective silicon-controlled recti?er (SCR). 

[0031] The regulator 106 controls the supply of output 
poWer to the ?rst and second electrical systems 102, 104. 
Preferably, the regulator 106 controls the supply of output 
poWer in order to regulate and maintain the voltages V A and 
VB at stable values. Preferably, the regulator 106 includes 
?rst and second internal voltage references or thresholds 
VAREF and VBREF. Preferably, the voltage V A is fed back to the 
regulator 106 and is compared With the internal voltage 
reference VAREF. In a preferred embodiment, the regulator 
106 modulates a control signal to control the ?rst recti?er 
circuit 114 according to the result of the comparison With the 
internal voltage reference V AREF. Preferably, the voltage VB 
is fed back to the regulator 106 and is compared With the 
internal voltage reference VBREF. In a preferred embodi 
ment, the regulator 106 modulates a control signal to control 
the second recti?er circuit 116 according to the result of the 
comparison With the internal voltage reference VBREF. 

[0032] Preferably, the ?rst and second recti?er circuits 
114, 116 operate as sWitched recti?er circuits. Preferably, the 
?rst and second recti?er circuits 114, 116 respectively 
include one or more sWitched recti?ers that are responsive to 
one or more control signals from the regulator 106. In this 
Way, the regulator 106 can independently control the respec 
tive output current and thus independently regulate each 
voltage V A and VB. Preferably, SCRs are utiliZed in the ?rst 
and second recti?er circuits 114, 116 to perform sWitched 
recti?cation of AC voltages. 

[0033] Preferably, the ?eld source 108 is excited by the 
regulator 106 and generates a magnetic ?eld. The term 
excite is used broadly to encompass any method for passing 
current through the ?eld source 108, Which may be a ?eld 
Winding or a ?eld coil, for example. In a preferred embodi 
ment, an end of the ?eld source 108 receives an applied 
voltage to energiZe the ?eld source 108, While the regulator 
106 is coupled to another end of the ?eld source 108 and 
controls the current through the ?eld source 108, thus 
exciting the ?eld source 108. In a presently preferred 
embodiment, the regulator 106 controls the excitation of the 
?eld source 108 by modulating a control signal. Preferably, 
the ?eld source 108 may be turned on or off by the regulator 
106 to aid in controlling the output poWer of the alternator 
100. In other embodiments, the ?eld source 108 remains on 
at all times When the alternator 100 is turned on, and the 
regulator 106 uses other approaches or mechanisms, such as 
controlling the ?rst and second recti?er circuits 114, 116 to 
control the output poWer of the alternator 100. In other 
embodiments, the ?eld source 108 can be self-excited once 
initially energiZed. 

[0034] Generally, the purpose of the ?eld source 108 is to 
produce magnetic ?ux to induce voltages in the ?rst and 
second poWer generating Windings 110, 112. The ?eld 
source 108 can be implemented in a myriad of Ways to 
accomplish this purpose. The ?eld source 108 can be imple 
mented in coiled or Wound embodiments. In a preferred 
embodiment, the ?eld source 108 is a ?eld Winding. The 
?eld source 108 can be formed as a bobbin Winding, for 
example. The ?eld source 108 may also include a Winding 
With Wave-shaped turns. Also, the ?eld source 108 is not 
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limited to a ?eld Winding or a ?eld coil. For example, in 
another embodiment, a permanent magnet is utiliZed as the 
?eld source 108 to produce magnetic ?ux. 

[0035] In a preferred embodiment, the ?eld source 108 
includes a stationary ?eld Winding that does not spin or 
rotate. HoWever, in other embodiments, the ?eld source 108 
includes a ?eld Winding that rotates With a drive shaft to 
generate a rotating magnetic ?eld. Most broadly, the ?eld 
source 108 can remain stationary, rotate about an axis 
including its oWn center of mass, or spin or rotate around 
another axis, as appropriate for the application. 

[0036] In a preferred embodiment, the ?rst and second 
poWer generating Windings 110 and 112 are each imple 
mented as a group of stator Windings. Preferably, each 
respective group of stator Windings is implemented as a 
three-phase Winding knoWn to those skilled in the art as the 
Wye con?guration, although other con?gurations or phases 
are possible, such as the three-phase Delta con?guration. 
Preferably, the ?rst poWer generating Winding 110 is elec 
trically isolated from the second poWer generating Winding 
112. Preferably, the ?rst poWer generating Winding 110 does 
not share a common ground With the second poWer gener 
ating Winding 112. 

[0037] The poWer generating Windings 110, 112 such as 
stator Windings preferably remain stationary relative to the 
drive shaft. HoWever, it should be understood that the 
embodiments contemplated are not limited to stationary 
Windings. In other electrical generator embodiments the 
Windings can be mounted for rotation. 

[0038] Each group of stator Windings may be Wound on 
metal laminations and be used in combination With one or 
more rotors. As is knoWn to those skilled in the art, a rotor 
is the rotating part of an electrical generator. Preferably, each 
group of stator Windings has its oWn associated rotor. 

[0039] Although in a presently preferred embodiment, the 
?rst and second poWer generating Windings 110, 112 are 
implemented as stator Windings With induced voltages from 
a ?eld Winding 108, other implementations exist. In an 
exemplary permanent magnet embodiment, the ?eld source 
108 is implemented as a permanent magnet and acts as a 
magnetic ?eld source. When utiliZing a permanent magnet 
as the ?eld source 108 for the ?rst and second Windings 110, 
112, shielding may be used. Preferably, a shield is utiliZed to 
isolate the ?rst and second Windings 110, 112 from each 
other to reduce or eliminate cross-coupling. A non-magnetic 
material can also be utiliZed to reduce or eliminate cross 
coupling. The ?rst and second poWer generating Windings 
110, 112 can be implemented on a single rotor or a separate 
rotor can be utiliZed for each of the ?rst and second Windings 
110, 112. 

[0040] The magnetic ?eld generated by the ?eld source 
108 preferably induces voltages at the ?rst and second 
poWer generating Windings 110, 112. The induced voltages 
at the ?rst and second Windings 110, 112 Will in general be 
AC voltage signals. In the case of stator Windings, the 
relative magnitude of the induced voltages at the ?rst poWer 
generating Windings 110, 112 Will in general depend on the 
relative number of turns of the Windings in the ?rst and 
second poWer generating Windings 110, 112. The output 
poWer derived from the groups of stator Windings is gener 
ally dependent on the Wire gauge that is utiliZed, the number 
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of turns, and the materials used to form the stator (typically 
iron, copper, and steel). UtiliZing electrically and physically 
independent groups of stator Windings alloWs individual 
optimiZation of each stator With regard to the output poWer 
generation desired in particular applications. This individual 
optimiZation of the stators includes designing for the optimal 
Wire gauge, number of turns, physical siZe, lamination and 
rotor relationship, and increasing or decreasing the relative 
amounts of materials utiliZed in forming the stator. 

[0041] Physical independence of the stators has implica 
tions for the physical placement of the stators relative to 
each other. In a preferred embodiment, the stators do not 
overlap each other. In this Way cross-coupling is reduced. In 
a presently preferred embodiment, the stators are physically 
separated along the axis de?ned by the drive shaft of the 
alternator 100. More broadly, axial separation of the stators 
is broadly intended to refer to any arrangement of the stators 
that avoids complete overlap of the stators. Most broadly, the 
?rst and second poWer generating Windings 110, 112 are 
implemented such that magnetic coupling, cross coupling, or 
other mutual coupling effects betWeen the Windings 110, 112 
are avoided or reduced to the extent tolerated in a given 
application. 

[0042] FIG. 2 is a cross-sectional vieW of a presently 
preferred dual-voltage embodiment of the alternator 100 that 
operates in accordance With this invention. FIG. 3 is a 
simpli?ed three-dimensional vieW of the embodiment of 
FIG. 2. The alternator 100 includes the drive shaft 146, the 
?rst and second recti?er circuits 114, 116 Within a housing 
148, ?rst and second rotors 150, 152, ?rst and second stator 
Windings 110, 112, a ?eld Winding 108, four output studs 
156 (one of Which is shoWn in FIG. 2) and the regulator 106. 
In FIG. 2, the regulator 106 is mounted separately from the 
alternator 100. The ?eld Winding 108 is looped circumfer 
entially around the drive shaft 146 and is mounted such that 
the ?eld Winding 108 is stationary during normal operation. 
As can be seen in FIGS. 2 and 3, the ?rst and second stator 
Windings 110, 112 do not overlap and are axially separated 
along the drive shaft 146. The ?rst and second stator 
Windings 110, 112 are disposed or positioned on either side 
of the ?eld Winding 108. In this embodiment, the ?eld 
Winding 108 and the ?rst and second stator Windings 110, 
112 are stationary, While the ?rst and second rotors 150, 152 
rotate or spin With the drive shaft 146 When the drive shaft 
146 is turning. Preferably, the stator Windings 110 and 112 
are electrically isolated and do not share a common ground. 

[0043] In FIG. 3, the drive shaft 146 is illustrated as 
parallel to an axis 154. The ?eld Winding 108 has opposing 
?rst and second sides 196, 198 separated axially along the 
drive shaft 146. The ?rst and second stator Windings 110, 
112 have respective centers of mass 192, 194 shoWn in FIG. 
3. For simplicity of illustration, the ?rst and second stator 
Windings 110, 112 are of uniform volume and mass and are 
perfectly radially aligned along the drive shaft 146 and the 
axis 154. Thus, the centers of mass 192, 194 are located on 
the axis 154 at the centers of the ?rst and second stator 
Windings 110, 112, respectively. In preferred embodiments 
of the alternator 100, the center of mass 192 of the stator 
Winding 110 is disposed nearer the ?rst side 196 than the 
second side 198 of the ?eld Winding 108. The ?rst stator 
Winding 110 can also be disposed entirely on the ?rst side 
196 of the ?eld Winding 108. In preferred embodiments of 
the alternator 100, the center of mass 194 of the second 
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stator Winding 112 is disposed nearer the second side 198 
than the ?rst side 196 of the ?eld Winding 108. The second 
stator Winding 112 can also be disposed entirely on the 
second side 198 of the ?eld Winding 108, opposed to the ?rst 
side 196. 

[0044] The alternator 100 preferably includes the rotors 
150, 152. HoWever, in other embodiments, a single rotor 151 
(part of an exemplary rotor is illustrated With dashed lines in 
FIG. 3) may be used. Preferably, the rotor 151 includes a 
?rst portion 153 on the ?rst side 196 of the ?eld Winding 108 
and a second portion 155 on the second side 198 of the ?eld 
Winding 108 opposed to the ?rst side 196. Preferably, the 
?rst portion 153 has a greater effect than the second portion 
155 on magnetic coupling betWeen the ?eld Winding 108 
and the ?rst stator Winding 110. Preferably, the second 
portion 155 has a greater effect than the ?rst portion 153 on 
magnetic coupling betWeen the ?eld Winding 108 and the 
second poWer generating Winding 112. It should be under 
stood that in some embodiments the ?rst and second por 
tions 153, 155 of the rotor 151 can refer to tWo physically 
distinct and separate rotors, While in other embodiments one 
rotor is utiliZed. 

[0045] Generally, an element such as a Winding is said to 
be on one side of another element such as a Winding Whether 
the tWo elements are radially aligned or radially offset With 
respect to the longitudinal ads. 

[0046] FIG. 4 is a block diagram of a more detailed 
embodiment of the alternator 100 that operates in accor 
dance With this invention. The alternator 100 includes the 
regulator 106, a presently preferred version of Which is 
illustrated in more detail in FIG. 5 and is described in more 
detail beloW. In a preferred embodiment, the regulator 106 
is mounted separately from the alternator 100. The alternator 
100 of FIG. 4 further includes a ?eld Winding 108, ?rst and 
second stator Windings 110, 111, and ?rst and second 
recti?er circuits 114, 116, all preferably coupled to the 
regulator 106 at pins FF through SS. 

[0047] The ?rst recti?er circuit 114 includes a pair of ?rst 
output terminals (representing a ?rst output 126 of the 
alternator 100) that is coupled to a ?rst electrical system 102. 
The second recti?er circuit 114 includes a pair of second 
output terminals (representing a second output 128 of the 
alternator 100) that is coupled to a second electrical system 
102. Preferably, the ?rst and second outputs 126, 128 are 
electrically isolated from one another and do not share a 
common ground. 

[0048] The ?rst and second electrical systems 102, 104 are 
illustrated as external to the alternator 100, but in other 
embodiments part or all of the ?rst or second electrical 
systems 102, 104 can be included in the alternator 100. The 
?rst and second electrical systems 102, 104 of FIG. 4 
include respective ?rst and second direct current electric 
poWer busses or batteries 118, 120 and can include respec 
tive ?rst and second sWitched electrical loads 122, 124. The 
?rst and second batteries 118, 120 preferably provide poWer 
to the ?rst and second sWitched loads 122, 124 (or other 
loads, not shoWn), respectively, When the sWitches are 
closed. The ?rst and second batteries 118, 120 have respec 
tive DC output voltages of V A and VB. 

[0049] In a presently preferred embodiment, the ?rst bat 
tery 118 has a nominal charging value of around +28 volts 
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(i.e. VA=+28 volts), While the second battery 120 has a 
nominal charging value of around +84 volts (i.e. VB=+84 
volts). 
[0050] Although the ?rst and second batteries 118, 120 
may be referred to in this and other areas of the speci?cation 
as having respective nominal values of +28 V and +84 V, the 
voltages V A and VB are not limited to these values and other 
voltages, or other batteries, may be used. It should also be 
understood that the value of the ?rst and second batteries 
118, 120 voltages Will generally vary as loads are added or 
removed or as the batteries 118, 120 are overcharged or 
undercharged. Preferably, one purpose of the regulator 106 
is to maintain the respective voltages V A and VB at relatively 
stable values. 

[0051] During normal operation, the alternator 100 of 
FIG. 4 is controlled by the regulator 106. The regulator 106 
preferably controls the current through the ?eld Winding 108 
via a ?rst internally generated control signal 162 (shoWn in 
FIG. 5) to produce a magnetic ?eld to induce AC voltages 
on the ?rst and second stator Windings 110, 112. The ?rst 
control signal 162 can be either an analog or a digital control 
signal, depending on the embodiment of regulator 106 that 
is employed. Preferably, the ?rst and second stator Windings 
110, 112 are each implemented in a three-phase Wye con 
?guration as illustrated in FIG. 4. Preferably, the ?rst and 
second stator Windings 110, 112 do not share a common 
ground and are electrically as Well as physically isolated 
from one another to avoid cross-coupling or similar mutual 
effects. 

[0052] The AC phase voltages of the second stator Wind 
ings 112 are input to the regulator 106 at respective pins KK, 
LL, and MM. The AC phase voltage outputs of the second 
stator Windings 112 are also each coupled to a respective 
sWitched recti?er of the second recti?er circuit 116. The 
second recti?er circuit 116 includes three SCRs 174, 176, 
178 and three diodes 186, 188, 190. The SCRs 174, 176, 178 
are con?gured to receive respective trigger signals from the 
regulator 106. The trigger signal preferably sWitches the 
SCR on and off, thus controlling conduction of the SCR and 
recti?cation of the AC phase voltage of the second stator 
Windings 112. In this Way, the regulator 106 controls the 
current to the second battery 120 and thus the output voltage 
VB of the second battery 120. The regulator 106 preferably 
controls the trigger signals at pins QQ, RR, and SS to the 
SCRs 174, 176, 178 of the second recti?er circuit 116 via a 
second internally generated control signal 164 (shoWn in 
FIG. 5). The second control signal 164 can be either an 
analog or a digital control signal, depending on the embodi 
ment of regulator 106 that is employed. 

[0053] Each of the AC phase voltages of the ?rst stator 
Windings 110 are input to the regulator 106 at respective pins 
HH, II, and JJ. The AC phase voltage outputs of the ?rst 
stator Windings 110 are also each coupled to a respective 
sWitched recti?er of the ?rst recti?er circuit 114. The ?rst 
recti?er circuit 114 includes three SCRs 168, 170, 172 and 
three diodes 180, 182, 184. The SCRs 168, 170, 172 are 
con?gured to receive respective trigger signals from the 
regulator 106. The trigger signal preferably sWitches the 
SCR on and off, thus controlling conduction of the SCR and 
recti?cation of the AC phase voltage of the ?rst stator 
Windings 110. In this Way, the regulator 106 controls the 
current to the ?rst battery 118 and thus the output voltage V A 
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of the ?rst battery 118. The regulator 106 preferably controls 
the trigger signals at pins NN, OO, and PP to the SCRs 168, 
170, 172 of the recti?er circuit 114 via a third internally 
generated control signal 166 (shoWn in FIG. 5). The third 
control signal 166 can be either an analog or a digital control 
signal, depending on the embodiment of regulator 106 that 
is employed. 

[0054] FIG. 5 provides a block diagram of a presently 
preferred embodiment of the regulator 106 that operates in 
accordance With this invention. The regulator 106 includes 
a micro-controller 160, a ?eld driver transistors circuit 130, 
a ?rst SCR control and AC voltage sense circuit 134, a 
second SCR control and AC voltage sense circuit 132, a 
temperature sense circuit 138, a VA voltage sense circuit 
140, a voltage supply VDD regulation circuit 142, a VB 
regulation and voltage sense circuit 136, and a diagnostic 
light emitting diode (LED) circuit 144. 

[0055] The micro-controller 160 of regulator 106 eXecutes 
a set of softWare routines at a rate determined by a clock 
signal generated by a clock. The micro-controller 160 
includes a digital signal processor, an analog-to-digital con 
verter, and suitable memories. Avariety of micro-controllers 
may be used. For eXample, the micro-controller offered by 
Motorola as Part No. MC 68HC11 has been found suitable. 

[0056] The regulator 106 as depicted in FIG. 5 has been 
adapted for use With the alternator 100 shoWn in FIG. 4. The 
connector pins are designated AA through SS. There are 
therefore nineteen input or output pins illustrated on the 
regulator 106, the same as depicted in FIG. 4. Three of the 
nineteen signals are essentially derived from the same signal 
during normal operation so that the regulator 106 is prefer 
ably implemented With seventeen input or output pins. The 
nineteen signals and the nineteen pins as Well as the circuits 
of the regulator 106 are described as folloWs: 

[0057] AA (Eng-in) represents the energiZe signal, Which 
is operated to bring the regulator 106 into operation and to 
initialiZe and supply poWer to the micro-controller 160. The 
energiZe signal is preferably derived from the ?rst battery 
118 and passes through a variety of control sWitches (illus 
trated as an open sWitch in FIG. 4) before it arrives at the 
designated regulator pin. In a presently preferred embodi 
ment, the ?rst battery 118 has a nominal value of 28 volts. 
Of course, the ?rst battery 118 is not limited to this value and 
other voltages may be used. The state of the energiZe signal 
may selected by an ignition sWitch (IGNITION in FIG. 4) 
or a poWer sWitch controlled by an operator. Of course, in 
other embodiments the energiZe signal can originate from 
the second battery 120 or from a poWer source distinct from 
the ?rst and second batteries 118, 120. In some applications 
alternator operation is self-energiZed and the energiZe signal 
is generated after the alternator shaft begins turning. In such 
cases this signal is internal to the alternator and the regulator 
106, and no external signal is supplied. 

[0058] GG (Field-Pos) represents the side of the ?eld 
Winding 108 that is initially supplied With poWer by the 
energiZe signal. In FIGS. 4 and 5 GG is illustrated as a pin 
10 on the regulator 106. In other embodiments, the regulator 
106 does not have a pin GG and the ?eld Winding 108 is 
connected directly to the node of the energiZe signal (at pin 
AA) externally to the regulator 106. 

[0059] BB (Apos-in) represents the voltage of the ?rst 
battery 118 as measured at this pin. This signal is also called 
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V A voltage sense. In a presently preferred embodiment, the 
?rst battery 118 has a nominal value of 28 volts. This signal 
is identical to the energiZe signal, eXcept that this signal is 
preferably connected directly to the ?rst battery 118 With no 
intervening control sWitches. 

[0060] CC (Aneg-in) represents the ground reference of 
the ?rst battery 118. This signal is Widely used throughout 
the regulator 106 as a ground reference for voltage mea 
surements (VSS in FIG. 4). The voltage from the pin BB to 
the pin CC is the ?rst battery 118 voltage VA. 

[0061] DD (Bpos-in) represents the voltage of the second 
battery 120 as measured at this pin. This signal is also called 
VB voltage sense. In a presently preferred embodiment, the 
second battery 120 has a nominal value of 84 volts. 

[0062] EE (Bneg-in) represents the ground reference of 
the second battery 120. The voltage from the pin DD to the 
pin EE is the second battery 120 voltage VB. This signal is 
preferably utiliZed in the VB regulation and voltage sense 
circuit 136 as one ground reference for the VB regulation. 
Preferably, this signal is electrically isolated from the signal 
VSS (Aneg-in) at pin CC. In a presently preferred embodi 
ment, optoisolators or optocouplers are utiliZed to isolate the 
ground of voltage VB at pin EE from the ground of voltage 
VA (VSS) and to interface the VB regulation and voltage 
sense circuit 136 With other circuits of the regulator 106. As 
is knoWn to those skilled in the art, optoisolators couple 
electrical circuits Without making direct Wiring connections. 
Rather, a photodetector on one side of the device is respon 
sive to light from a light source on the other side of the 
device. A typical limit on the isolation provided by an 
optoisolator is 1500 V peak (1060 V rms). 

[0063] FF (Field-neg) represents the sWitched side of the 
?eld Winding 108 that is controlled by the regulator 106 via 
the ?rst control signal 162 and the ?eld driver transistors 
circuit 130 to eXcite the ?eld Winding 108. 

[0064] HH, II, J] (Phase voltages A) represent the three 
AC phase voltages of the ?rst stator Windings 110. These 
signals are input to the ?rst SCR control and AC voltage 
sense circuit 134. In some embodiments of the regulator 
106, the AC phase voltages of the ?rst stator Windings 110 
are utiliZed to infer the speed of the drive shaft of the 
alternator 100. 

[0065] KK, LL, MM (Phase voltages B) represent the 
three AC phase voltages of the second stator Windings 112. 
These signals are input to the second SCR control and AC 
voltage sense circuit 132. In some embodiments of the 
regulator 106, the AC phase voltages of the second stator 
Windings 110 are utiliZed to infer the speed of the drive shaft 
of the alternator 100. 

[0066] NN, 00, PP (Control/Trigger Signal to SCRs) 
represent the three control or trigger signals output from the 
?rst SCR control circuit 134 to the control or trigger inputs 
of respective SCRs 168, 170, 172. The control signals are 
controlled by the regulator 106 via the third control signal 
166 and the ?rst SCR control circuit 134 and are preferably 
electrically isolated from the control or trigger signals at 
pins QQ, RR, and SS. 

[0067] QQ, RR, SS (Control/Trigger Signal to SCRs ) 
represent the three control or trigger signals output from the 
second SCR control circuit 132 to the control or trigger 
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inputs of respective SCRs 174, 176, 178. The control signals 
are controlled by the regulator 106 via the second control 
signal 164 and the ?rst SCR control circuit 134 and are 
preferably electrically isolated from the control or trigger 
signals at pins NN, OO, and PP. 

[0068] Diagnostic LED circuit 144 

[0069] A tri-color, diagnostic, light emitting diode (LED) 
mounted on the regulator 106 and coupled to the micro 
controller 160 receives commands from the micro-controller 
160 that correspond to block 270 of the How chart in FIG. 
6. The operation of the diagnostic LED circuit 144 is 
explained in more detail beloW With reference to the FIG. 6. 

[0070] Temperature Sense circuit 138 

[0071] This circuit 138 generates an analog voltage pro 
portional to the ambient temperature as measured by a 
temperature sensor included for the sake of convenience 
Within the regulator 106 enclosure. Any appropriate tem 
perature responsive device may be mounted remotely if 
Wiring is provided for the temperature signal. Other embodi 
ments of the regulator 106 include temperature sensors for 
other parameters, such as stator Winding temperature, ?eld 
coil temperature, and bearing temperature. 

[0072] Field Driver Transistors circuit 130 

[0073] The micro-controller 160 generates a ?rst control 
signal 162 for the ?eld driver transistors circuit 130 that 
controls the current ?oWing through the ?eld Winding 108 of 
FIG. 4. In a presently preferred embodiment, the ?rst 
control signal 162 sWitches a buffer stage of MOSFETs that 
in turn sWitches a ?eld stage of MOSFETs to control the 
current through the ?eld Winding 108 at pin FF. Of course, 
other implementations are possible and the ?eld driver 
transistor circuit 130 is not limited to this preferred embodi 
ment. 

[0074] Voltage Supply VDD Regulation circuit 142 

[0075] The energiZe signal (preferably at V A volts) that is 
preferably responsive to the ignition sWitch (shoWn in FIG. 
4) controlled by an operator enters the circuit 142 after 
buffering and generates a supply voltage VDD to poWer the 
micro-controller 160 and the regulator 106. Preferably, the 
supply voltage VDD is ?ve (5) volts, but is not limited to this 
value. The value of VDD Will in general depend on the supply 
voltage required by the micro-controller 160. In addition, the 
circuit 142 preferably provides a RESET input to the micro 
controller 160 that acts as a safety signal to provide voltage 
to turn off the micro-controller 160. 

[0076] First SCR Control and AC Voltage Sense circuit 
134 

[0077] The micro-controller 160 generates a third control 
signal 166 for the ?rst SCR control circuit 134 that controls 
the control or trigger signals to the SCRs 168, 170, 172 of 
the ?rst recti?er circuit 114 of FIG. 4. In a presently 
preferred embodiment, this is accomplished by applying the 
third control signal 166 to the base of a bipolar junction 
transistor (BJT). As the BJT is turned on and off respon 
sively to the third control signal 166, the BJT effectively 
toggles the control or trigger inputs of each of the three 
SCRs of the ?rst recti?er circuit 114 of FIG. 4 via three 
respective optoisolators. The optoisolators serve to electri 
cally isolate portions of the regulator 106 circuitry from the 
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AC phase voltages and the output voltages and indirectly the 
output voltages V A and VB from one another. 

[0078] Second SCR Control and AC Voltage Sense circuit 
132 

[0079] The micro-controller 160 generates a second con 
trol signal 164 for the second SCR control 132 that controls 
the control or trigger signals to the SCRs 174, 176, 178 of 
the second recti?er circuit 116 of FIG. 4. In a presently 
preferred embodiment, this is accomplished by applying the 
second control signal 164 to the base of a bipolar junction 
transistor (BJT). As the BJT is turned on and off respon 
sively to the second control signal 164, the BJT effectively 
toggles the control or trigger inputs of each of the three 
SCRs of the second recti?er circuit 116 of FIG. 4 via three 
respective optoisolators. The optoisolators serve to electri 
cally isolate portions of the regulator 106 circuitry from the 
AC phase voltages and the output voltages and indirectly the 
output voltages V A and VB from one another. 

[0080] V A Voltage Sense circuit 140 

[0081] During normal operation, the ?rst battery 118 volt 
age VA appears as the VA voltage sense signal at pin BB, 
Which is buffered by capacitors and resistors and a Zener 
diode at the VA voltage sense circuit 140 to protect the 
regulator 106 from high transient voltages. Depending on 
the result of a comparison of the VA voltage sense signal 
With the threshold voltage V AREF, the micro-controller 160 
provides the third control signal 166 to the ?rst SCR control 
circuit 134. 

[0082] VB Regulation and Voltage Sense circuit 136 

[0083] The VB regulation and voltage sense circuit 136 
operates as a voltage sensor and monitor for the voltage VB 
that is separate from the micro-controller 160. Preferably, 
the micro-controller 160 does respond directly to value of 
the VB voltage, but instead responds to a proxy signal that 
serves as an indirect indication that the voltage VB exceeds 
or is beloW the threshold voltage VBREF. In a presently 
preferred embodiment, optoisolators are used to isolate the 
circuit 136 from other circuits in the regulator 106, and 
provide electrical isolation of outputs V A and VB. The 
energiZe signal turns on or enables the VB regulator circuit 
136 via an optoisolator. AZener diode is used as the voltage 
reference for the voltage VB and a comparator generates the 
proxy signal via another optoisolator. The micro-controller 
160 reads the proxy signal Which preferably has a value of 
either VDD (preferably ?ve volts) or VSS (preferably Zero 
volts). The proxy signal indicates Whether the voltage VB 
read at pin DD and ground referenced to pin EE exceeds the 
threshold voltage VBREF that is internal to the VB regulation 
and voltage sense circuit 136. Of course, the proxy signal 
can be assigned other values, and other mechanisms can be 
utiliZed to read the voltage VB and compare the voltage VB 
to the reference or threshold voltage VBREF either directly or 
indirectly With respect to micro-controller 160. 

[0084] The VB monitoring function of the VB regulation 
and voltage sense circuit 136 preferably includes a dead 
band. If the measured voltage VB is above some value X (85 
volts and above, for example), then the proxy signal indi 
cates to the micro-controller 160 that the voltage VB is high. 
If the measured voltage VB is beloW some value Y (83 volts 
and beloW, for example), then the proxy signal indicates to 
the micro-controller 160 that the voltage VB is loW. These 
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boundary values provide a desired hysteresis. Since the 
voltage VB may be relatively large (84 volts in a presently 
preferred embodiment), plus or minus one volt (for 
example) may not be an unacceptable amount for the 
regulated voltage VB to vary from the reference or threshold 
value VBREF. Of course, it should be understood that these 
values are exemplary, and the dead band is not limited to 
these boundary values. The boundary values Will generally 
vary from these exemplary values depending on What 
amount of variation in the regulated voltage VB is tolerated 
in a given application. 

[0085] FIG. 6 is a How chart 200 of the overall program 
softWare for the micro-controller micro-controller 160 
(shoWn in FIG. 4) of the regulator 106 of FIGS. 4 and 5. 
The normal operating sequence begins With the appearance 
of the energiZe signal at pin AA of the regulator 106 
(represented by block 202), Which causes the initialiZation 
subroutine of block 204 to be executed. A calibration deci 
sion point in block 206 is active only during a factory setup 
calibration procedure, so in normal operation blocks 208 and 
210 are not executed and the routine proceeds to block 212. 
In block 212, the energiZe counter maintains a count of the 
total number of times the regulator 106 has been energiZed. 
The bank pointer addresses an internal memory of the 
micro-controller 160 in block 214 that is used to store the 
maximum temperature measured by the regulator 106 during 
the respective energiZing. 

[0086] In block 216, the temperature is read from the 
temperature sense circuit 138 and a compensation factor is 
computed that is applied in block 218 as a temperature 
compensation to stored limits. Preferably, temperature com 
pensation is applied to the reference voltage V AREF. Another 
aspect of temperature compensation is to adjust for bias 
betWeen the actual device temperature and the location at 
Which the temperature transducer is located for those cir 
cumstances Where direct measurement is not practical. 

[0087] In the presently preferred embodiment, the voltage 
reference VBREF is not temperature compensated by the 
micro-controller 160 or by control logic, since the micro 
controller 160 does not receive or monitor the value of the 
voltage reference VBREF directly. The VB regulation and 
voltage sense circuit 136 does provide some degree of 
negative temperature compensation arising from the use of 
a Zener diode, and temperature of the voltage reference can 
be controlled on a discrete component basis. Similarly, other 
components can be used or calibrations can be applied to 
adjust and compensate the voltage reference VBREF for 
temperature. In other embodiments, direct temperature com 
pensation of the voltage reference VBREF occurs externally 
to the micro-controller 160. In other embodiments, both 
voltage references V ABREF and VBREF are read, monitored, 
or controlled directly by the micro-controller 160 and can 
thus be temperature compensated in a similar fashion. 

[0088] In block 220, the proxy signal described above is 
read from the VB regulation and voltage sense circuit 136. 
The proxy signal indicates Whether the voltage VB read 
betWeen pin DD and ground reference pin EE exceeds the 
threshold voltage VBREF that is internal to the VB regulation 
and voltage sense circuit 136. Of course, the proxy signal 
can be assigned other values, and other mechanisms can be 
utiliZed to read the voltage VB and compare the voltage VB 
to the reference or threshold voltage VBREF either directly or 
indirectly With respect to micro-controller 160. 
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[0089] In block 222, the V A voltage sense input that 
appears at pin BB is read after buffering by the V A voltage 
sense circuit 140. 

[0090] Next, a subroutine block 230 is executed to com 
pare the voltage V A read in block 222 to the programmed, 
temperature-compensated voltage regulation setting V AREF 
and to process the proxy signal read in from the VB 
regulation and voltage sense circuit 136 in block 220, and to 
turn the folloWing three signals on or off: 

[0091] 1. The ?rst control signal 162 from the micro 
controller 160 to the ?eld driver transistors circuit 130 to 
control the ?eld Winding 108; 

[0092] 2. The second control signal 164 from the micro 
controller 160 to the second SCR control circuit 132 to 
control the SCRs 174, 176, 178; and 

[0093] 3. The third control signal 166 from the micro 
controller 160 to the ?rst SCR control circuit 134 to control 
the SCRs 168, 170, 172. 

[0094] The subroutine block 230 is described in more 
detail beloW With reference to FIG. 7. 

[0095] In block 260, a handshake operation is performed 
to check the operation of the ?eld Winding 108 of FIG. 4. If 
the ?eld Winding 108 is on When it is supposed to be off, or 
vice versa, the information is presented to the diagnostic 
LED circuit 144 by the micro-controller 160. 

[0096] Block 270 controls a tri-color, diagnostic, light 
emitting diode (LED) included in the diagnostic LED circuit 
144. During normal operation the alternator 100 uses tWo 
signals to increase the respective voltage VB or V A. The ?rst 
control signal 162 Will be sent to the ?eld Winding 108 and 
respective second or third control signal 164, 166 Will be 
sent to the appropriate SCRs of the ?rst and second recti?er 
circuits 114, 116. In the event of a fault such as a shorted 
?eld transistor or a shorted SCR, the respective voltage V A 
or VB may increase Without control. For this reason the 
micro-controller 160 program preferably includes logic to 
protect the alternator 100 from over-voltage. 

[0097] In a presently preferred embodiment, if the micro 
controller 160 measures a steady high voltage at V A (for 
example 31 volts relative to a reference value of 28 volts) for 
more than 3 seconds, the micro-controller 160 Will turn off 
the ?rst, second, and third control signals 162, 164, 166 and 
maintain this logic state until the energiZe signal is recycled. 

[0098] In a presently preferred embodiment, if the micro 
controller 160 attempts to turn off the SCRs of the second 
recti?er circuit 116 by producing an off signal at the second 
control signal 164 for more than 3 seconds, the micro 
controller 160 Will turn off the ?rst, second, and third control 
signals 162, 164, 166 and maintain this logic state until the 
energiZe signal is recycled. 
[0099] The tri-color, diagnostic, LED analyZes the perfor 
mance of the alternator 100 according to the folloWing 
presently preferred indicator modes: 

[0100] Blinking green: Both voltages VA and VB are at 
their respective regulated settings or thresholds and opera 
tion is under control. 

[0101] Blinking YelloW: Either the voltage VA or the 
voltage VB is beloW its respective regulated setting or 
threshold. The alternator 100 is either not producing poWer 
or the circuit is overloaded. 
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[0102] Blinking Red: Either the voltage VA or the voltage 
VB is above its respective regulated setting or threshold. This 
situation may occur intermittently With high voltage tran 
sients or a system fault. 

[0103] Steady YelloW: The alternator 100 is shut doWn and 
is not producing poWer at either voltage VA or VB due to 
persistent over-voltage detected at V A (the V A over-voltage 
protection described above). The regulator 106 Will remain 
in this mode until the energiZe signal is recycled. 

[0104] Steady Red: The alternator 100 is shut doWn and is 
not producing poWer at either voltage VA or VB due to 
persistent over-voltage detected at VB (the VB over-voltage 
protection described above). This may occur, for example, if 
the second battery 120 at VB is disconnected. The regulator 
106 Will remain in this mode until the energiZe signal is 
recycled. 

[0105] Fast Blinking YelloW: In this mode, redundant 
control by the regulator 106 is lost. The alternator 100 
should be serviced as soon as possible for fault in the system, 
the regulator 106 or in system Wiring. The voltage VB Will 
continue to be charged, but the voltage V A Will default to a 
loWer regulated voltage (such as 26 volts if V A is nominally 
28 V) to alert an operator to a control malfunction. The 
regulator 106 Will remain in this mode until the energiZe 
signal is recycled. 

[0106] Fast Blinking Red: In this mode, control of the 
alternator 100 by the regulator 106 is lost, and the voltage 
VA or VB may rise uncontrollably. The output poWer leads of 
the alternator 100 should be disconnected immediately. 

[0107] Block 290 applies When a communication port (not 
shoWn) is active to convey information from the alternator 
100 to either a monitoring or systems control module. The 
communication port may send and receive status, or it may 
send and receive commands to change a parameter being 
monitored. Typical status information preferably includes 
output voltage, output current, shaft speed, temperature, 
ef?ciency, input poWer, and output poWer being produced as 
a percent of maximum rated output poWer at given shaft 
speed. An external controller can use this information to 
regulate shaft speed or to control applied electrical loads that 
affect the alternator poWer demand. Communication input 
signals can be used to change programmed limits. For 
example, shaft speed information can be used as part of a 
speed governor circuit in an auxiliary poWer unit that 
couples the alternator to a dedicated engine, and the gov 
erned speed Will be dependent on the model alternator and 
type engine used. Programmed limits are tailored to speci?c 
alternator models. Regulated voltage settings are precisely 
set for each individual alternator during calibration. 

[0108] FIG. 7 describes in detail the operation of the 
subroutine performed in block 230 of FIG. 6. Block 232 
represents the beginning of block 230. Block 234 is a 
decision point that determines Whether the value of VB is 
high relative to the reference voltage VBREF. If the voltage 
VB is high, block 236 is executed. Block 236 is a decision 
point that determines Whether the value of V A is high relative 
to the reference voltage VAREF. If the voltage VA is high, 
block 238 is executed. Block 238 is a command to turn off 
the ?eld Winding 108 and to turn off the SCRs 174, 176, 178 
of the second recti?er circuit 116. Block 240 is a delay that 
folloWs execution of the command at block 238. In a 
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presently preferred embodiment, the delay of block 240 is 
four milliseconds (ms) in length. Of course, the delay can be 
set at other values. 

[0109] Returning to the decision point at block 236, if the 
voltage VB is high and the voltage V A is not high, block 244 
is executed. Block 244 is a command to turn off the SCRs 
174, 176, 178 of the second recti?er circuit 116. Block 240 
is the delay that folloWs execution of the command at block 
244. 

[0110] Returning to the decision point at block 234, if the 
voltage VB is not high, block 242 is executed. Block 242 is 
a command to turn on the ?eld Winding 108 and to turn on 
the SCRs 174, 176, 178 of the second recti?er circuit 116. 
Block 240 is the delay that folloWs execution of the com 
mand at block 242. 

[0111] FolloWing the delay at block 240, block 246 is a 
decision point that determines Whether the value of VA is 
high relative to the reference voltage V AREF. If the voltage 
V A is high, block 248 is executed. Block 248 is a decision 
point that determines Whether the value of VB is high relative 
to the reference voltage VBREF. If the voltage VB is high, 
block 250 is executed. Block 250 is a command to turn off 
the ?eld Winding 108 and to turn off the SCRs 168, 170, 172 
of the ?rst recti?er circuit 114. Block 252 is a delay that 
folloWs execution of the command at block 250. In a 
presently preferred embodiment, the delay of block 252 is 
four milliseconds (ms) in length. Of course, the delay can be 
set at other values than this exemplary value. Although in 
this example, the delay of block 252 is equivalent to the 
delay of block 240, this need not be the case and the delay 
times can differ from each other as desired in other imple 
mentations of the subroutine performed in block 230. 

[0112] Returning to the decision point at block 248, if the 
voltage V A is high and the voltage VB is not high, block 258 
is executed. Block 258 is a command to turn off the SCRs 
168, 170, 172 of the ?rst recti?er circuit 114. Block 252 is 
the delay that folloWs execution of the command at block 
258. 

[0113] Returning to the decision point at block 246, if the 
voltage V A is not high, block 256 is executed. Block 256 is 
a command to turn on the ?eld Winding 108 and to turn on 
the SCRs 168, 170, 172 of the ?rst recti?er circuit 114. 
Block 252 is the delay that folloWs execution of the com 
mand at block 256. 

[0114] As described above, the ?eld Winding 108 is con 
trolled With the ?rst control signal 162 (from the micro 
controller 160) that is input to the ?eld driver transistors 130 
block of FIG. 4. The SCRs 168, 170, 172 of the ?rst recti?er 
circuit 114 are controlled With the third control signal 166 
that is input to the ?rst SCR control circuit 134 of FIG. 4. 
The SCRs 174, 176, 178 of the second recti?er circuit 116 
are controlled With the second control signal 164 that is input 
to the second SCR control circuit 132 of FIG. 4. 

[0115] The rationale behind the delay time in blocks 240 
and 252 is to delay the actual sWitching of the ?eld Winding 
108. With no delay, the subroutine block 230 Would be 
executed quite fast and the entire ?oW chart loop Would 
cycle very fast. The subroutine block 230 may execute in 
less than one millisecond, for example. This may result in a 
fast on-off sWitching of the ?eld Winding 108, Which is 
undesirable because components such as the sWitched tran 



US 2001/0024107 A1 

sistors of the ?eld driver transistors circuit 130 of the 
regulator 106 may heat up and threaten performance of the 
regulator 106 and the ?eld Winding 108. More generally, 
some regulator 106 components Would be unnecessarily 
overworked. Delaying the actual sWitching of the ?eld 
Winding 108 by inserting delays in the subroutine block 230 
effectively delays the execution of the entire ?oW chart. 
Preferably, the delay times are selected so as to not affect 
regulator 106 control of the output voltages VA and VB and 
the ?eld Winding 108 While limiting overuse of the sWitch 
ing components of the regulator 106. Although any delay 
times can be used consistent With balancing these objectives, 
combined times for the delay blocks together of around six 
to tWenty milliseconds (ms) have been found suitable. In the 
presently preferred embodiment, each delay block 240 and 
252 has been assigned a delay time value of four millisec 
onds As an alternative, an interrupt driven system can 
be used instead of the disclosed delays. 

[0116] Of course, it should be understood that the ?eld 
Winding 108 of FIG. 1 and FIG. 4 can be controlled in a 
variety of Ways. The ?rst control signal 162 of FIG. 4 
generally turns the current through the ?eld Winding 108 on 
or off. HoWever, in other embodiments the excitation of the 
?eld Winding 108 current can be incrementally increased or 
decreased. In a presently preferred embodiment, the ?eld 
Winding 108 is controlled by the subroutine block 230 of 
FIGS. 6 and 7 and checked for proper operation in block 
260. In this Way, the ?eld Winding 108 can be changed each 
time the control loop of FIG. 6 is executed. In other 
embodiments, an interrupt driven system can be utiliZed to 
check the value of the current and thereupon introduce a 
command to control the current through the ?eld Winding 
108. In another embodiment, the ?eld Winding 108 is turned 
on responsively to an ignition sWitch and remains on inde? 
nitely. 
[0117] It may be advantageous for other purposes to vary 
the ?eld Winding 108 current in a differing but complemen 
tary fashion to the procedure outlined in subroutine block 
230. For example, a ?eld Winding 108 current having a 
prescribed duty cycle may be utiliZed in certain applications. 
In one embodiment, the ?eld current is sWitched ON, OFF, 
or ON via the ?eld driver transistors circuit 130 for a ?xed 
interval depending upon the result of tWo separate compari 
sons that are used for regulation purposes: 

[0118] 1. a comparison of a current output voltage as it 
relates to a voltage regulation setting (as in the subroutine of 
block 230; 

[0119] 2. a comparison of the current output current as it 
relates to a programmed current limit. An average ?eld 
sWitching circuit (not shoWn in FIG. 5 can be included in the 
regulator 106 to produce a voltage proportional to the time 
Within a period that the ?eld Winding 108 is conducting 
current (e.g. duty cycle). 

[0120] A presently preferred method for regulating the 
alternator 100 includes the folloWing: 

[0121] The regulator 106 increases the current through the 
?eld source 108 When either one of the ?rst and second 
output voltages V A, VB falls beloW the respective threshold 
VAREF’ VBREF' 
[0122] The regulator 106 decreases the current through the 
?eld source 108 When (1) the ?rst output voltage V A exceeds 
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the ?rst threshold V AREF and (2) the second output voltage 
VB exceeds the second threshold VBREF. That is, When both 
of the ?rst and second output voltages VA, VB exceed the 
respective threshold V AREF, VBREF, the regulator 106 
decreases the current through the ?eld source 108. 

[0123] The regulator 106 controls the ?rst recti?er circuit 
114 to conduct current betWeen the ?rst poWer generating 
Winding 110 and the ?rst output 126 When the ?rst output 
voltage V A falls beloW the ?rst threshold V AREF. 

[0124] The regulator 106 controls the second recti?er 
circuit 116 to conduct current betWeen the second poWer 
generating Winding 112 and the second output 128 When the 
second output voltage VB falls beloW the second threshold 
VBREF' 
[0125] The regulator 106 interrupts the current betWeen 
the ?rst poWer generating Winding 110 and the ?rst output 
126 When the ?rst output voltage VA exceeds the ?rst 
threshold V AREF. 

[0126] The regulator 106 interrupts the current betWeen 
the second poWer generating Winding 112 and the second 
output 128 When the second output voltage VB exceeds the 
second threshold VBREF. 

[0127] The alternator 100 described above provides a 
number of important advantages. The regulator 106 controls 
poWer at multiple outputs by Way of controlling a ?eld 
source such as a ?eld Winding and by sWitched recti?cation 
at each output. Also, the alternator outputs and poWer 
generating Windings are electrically independent and iso 
lated from one another. The physical layout and the struc 
tural con?guration of the elements of the alternator 100 such 
as the stator Windings, the ?eld Winding, and the rotors 
relative to each other and to the drive shaft have implications 
as Well. For example, axially separate and electrically iso 
lated stator Windings that do not share a common ground can 
be individually optimiZed for poWer at various operating 
speeds and voltages While reducing undesirable coupling 
effects. It should be understood that any function or structure 
described above, as Well as any advantages provided by any 
function or structure described above, can be utiliZed, prac 
ticed, or implemented separately in a Wide variety of 
embodiments. For example, the regulation methods and 
functions can control outputs or elements such as Windings 
that are not electrically isolated, that share a common 
ground, or are not independent of each other at all times. As 
another example, a permanent magnet can be utiliZed as the 
?eld source 108 and can be turned on at all times during 
normal operation. The output voltages can be regulated 
Without regular sWitching on or off of the permanent magnet, 
but rather by controlling only sWitched recti?ers. 

[0128] US. application Ser. No. 09/338,320, ?led Jun. 22, 
1999 and herein incorporated by reference, describes an 
embodiment of a single voltage alternator regulator that 
controls both output-voltage and output current, limits input 
drive poWer and torque, and maintains output poWer Within 
a prescribed range While operating over a Wide ambient 
temperature range and shaft speed range. Voltage, shaft 
speed and temperature signals are monitored, and the results 
are processed to determine the output current and to control 
the output poWer Without exceeding the programmed limits 
for output voltage, output current, temperature, output 
poWer, drive poWer, torque, and shaft speed. The embodi 
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ment provides a predictable output power characteristic for 
the alternator, and it eliminates high input drive poWer and 
torque excursions that occur at loW temperature and certain 
shaft speeds. If programmed limits are exceeded over a 
speci?ed interval, and the alternator does not respond to the 
control changes imposed by the regulator, the regulator Will 
turn off the alternator’s ?eld current, activate an alarm 
circuit, and set a fault code. The regulator is also capable of 
communicating With other control systems to provide status, 
specify needs, and respond to requests. 

[0129] In other embodiments, the regulator can also store 
programmed limits for temperature, output poWer, effi 
ciency, percent of rated output capacity, and shaft speed. 
Such variations can include controllers for controlling the 
alternator ?eld current to maintain alternator operation 
Within these program limits for one or more of these 
additional parameters, either alone or in combination With 
the parameters used to regulate ?eld current in the preferred 
embodiment described in the US. application Ser. No. 
09/338,320. 

[0130] The regulator 106 can include a generaliZed exten 
sion of the single voltage alternator regulator embodiments 
of the US. application Ser. No. 09/338,320, ?led Jun. 22, 
1999 and can perform the functions listed above, including 
controlling both output voltages and currents, limiting input 
drive poWer and torque, and maintaining output poWer 
Within a prescribed range While operating over a Wide 
ambient temperature range and shaft speed range. In other 
embodiments, the regulator 106 is also capable of measuring 
and providing a signal indicative of the average ?eld coil 
current by measuring the ?eld Winding duty cycle and by 
providing a voltage proportional to the ?eld Winding duty 
cycle. 
[0131] An alternator according to this invention is 
described above. HoWever, the embodiments are not limited 
to an alternator and can be applied to a variety of devices, 
for example an electrical generator. As used herein, the term 
generator (or electrical generator) is intended broadly to 
encompass the Widest range of devices for generating elec 
trical current When a generator shaft is rotated, including 
devices such as alternators. Thus, the term generator encom 
passes generating devices in Which one of the ?eld source 
and the ?rst and second poWer generating Windings is 
mounted to rotate With the generator shaft, and rotation of 
the shaft therefore modi?es the electromagnetic interaction 
betWeen the ?eld source and the poWer generating Windings. 
The term generator also encompasses devices in Which both 
the ?eld source and the poWer generating Windings are 
mounted separately from the generator shaft, and the gen 
erator shaft rotates an element that modi?es the electromag 
netic interaction betWeen the ?eld source and the poWer 
generating Windings. 

[0132] As used herein, the term output is intended broadly 
to refer to a pair of conductors or output terminals, or to a 
conductor that is coupled With an output terminal, With or 
Without intervening electrical components. The pair of con 
ductors can include a pair of output terminals, for example. 
In addition, a conductor can be any output of the alternator 
100 (eg an output terminal or a pair of output terminals). 

[0133] As used herein, the term alternator is intended 
broadly to encompass embodiments that may or may not 
incorporate a regulator. The regulator may be mounted 
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separately from the alternator, or may be incorporated Within 
the alternator, for example. In a preferred embodiment of the 
alternator 100, the regulator is mounted separately from the 
alternator 100. HoWever, in other embodiments the regulator 
is incorporated Within the alternator 100. 

[0134] Although tWo voltages V A and VB are illustrated in 
FIGS. 1 and 4, in other embodiments the alternator 100 can 
supply output poWer to more than tWo electrical systems 
operating at respective voltages. Preferably, these electrical 
systems are electrically isolated from one another and the 
respective operating voltages do not share common grounds 
With each other. 

[0135] Preferably, the ?rst electrical system 102 includes 
a ?rst battery, With a nominal value of V A. Preferably, the 
second electrical system 104 includes a second battery, With 
a nominal value of VB. Supplying output poWer to the ?rst 
electrical system 102 preferably includes charging the ?rst 
battery. Supplying output poWer to the second electrical 
system 104 preferably includes charging the second battery. 
In another embodiment, the ?rst and second electrical sys 
tems 102, 104 include only the ?rst and second batteries, 
respectively, and the ?rst and second electrical systems 102, 
104 in turn supply voltage to other, external electrical 
systems. 

[0136] Preferably, the ?rst electrical system 102 includes 
one or more loads that receive poWer from the ?rst battery. 
Preferably, the electrical system 104 includes one or more 
loads that receive poWer from the second battery. The loads 
may be connected or disconnected to the respective battery 
as poWer is needed. 

[0137] A reference or threshold voltage such as V AREF or 
VBREF can be set at a ?xed value, or the threshold can be 
varied during operation. The threshold may be compensated 
to account for operating conditions, including temperature. 
In general, a threshold is said to be crossed When the 
magnitude of the voltage exceeds the magnitude of the 
threshold or vice versa. The threshold can be crossed in 
either direction, either from beloW or from above the thresh 
old. In some embodiments, crossing the threshold involves 
hysteresis, so that the threshold is crossed from beloW and 
from above at different values. Athreshold is exceeded When 
the absolute magnitude of the threshold is exceeded. For 
example, a value of —13 volts exceeds a —12 volt threshold. 
Similarly, and in this context only, a value is high When it 
exceeds a threshold in absolute magnitude, and a value is 
loW When it falls beloW a threshold in absolute magnitude. 

[0138] In a presently preferred embodiment, the ?rst and 
second output voltages VA and VB are DC voltages. Of 
course, it should be understood that the alternator 100 is not 
limited to DC poWer output, and other embodiments provide 
an AC poWer output. In AC poWer output embodiments, 
triacs can be used in place of the ?rst and second recti?er 
circuits 114, 116 to provide AC output current from the 
respective ?rst and second poWer generating Windings 110, 
112. 

[0139] A challenge in designing for one or more AC 
outputs is maintaining a stable output frequency. The speed 
of the drive shaft of an electrical generator such as an 
alternator Will in general modulate the output frequency of 
an AC output. The generation of an AC output With a stable 
and reliable output frequency may be obtained With a ?xed 
speed alternator. 
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[0140] It should be understood that While the use of SCRs 
in the ?rst and second recti?er circuits 114, 116 is preferred, APPENDIX A-continued 
other elements can be used. The sWitched recti?er can 
include a metal oxide semiconductor ?eld effect transistor PPROG EQU $313 

COPRST EQU $3A 
(MOSFET), for example. Of course, more than one device BPROT EQU $35 
can be used to perform the recti?cation, or to perform the CONFIG EQU $3F 
sWitched recti?cation. In other embodiments the sWitched TCTLZ EQU $21 

- TFLG1 EQU $23 
recti?er can be one element, or tWo or more elements TIC3 EQU $14 
utiliZed together as a sWitched recti?er. For example, a TMSK1 EQU $22 
MOSFET and a diode can be utiliZed in series to perform a TMSK2 EQU $24 
sWitched recti?cation function. More generally, a diode BAUD EQU $213 
recti?er can be used in series With a sWitch for exam le SCCRZ EQU $21) 

’ p ' SCDR EQU $2F 

- - - - - - sCsR2 EQU $2E 

[0141] Either the negative side or the positive side of a SCCR1 EQU $2C 
sWitched recti?er can be coupled to an AC voltage output. AVGREDL EQU $0001 
For example, in FIG. 4, each one of the AC phase voltage READ1 EQU $0002 ; 
outputs of the ?rst and second stator Windings 110, 112 is READlL EQU $0003 ; 
connected to an SCR on the positive side and to a diode on 3525;“ 2888; 
the negative side. Other implementations are possible, hoW- RE A133 EQU $0006 ; 
ever, and the Alternator 100 is not limited to this preferred READ3L EQU $0007 ; 
embodiment. In another embodiment, the situation is READ4 EQU $0008 ; 

READ4L EQU $0009 
reversed, and each one of the AC' phase voltage outputs is AVGRED EQU $OOOA 
connected to an SCR on the negative side and to a diode on DELAYN EQU $00013 
the positive side. COUBA EQU $000c 

PWMT EQU $000D 
[0142] It should be understood that, as used herein, the PWMS EQU $000E 
term control signal refers broadly to an analog or a digital COPWM EQU $OOOF 

DELAYNZ EQU $0010 
DIFFHL EQU $0011 

. . . . AVGAC EQU $0012 
[0143] The Appendix that forms part of this application AVGTMP EQU $0013 
includes a computer listing and a schematic diagram for a SOVCOH EQU $0014 
presently preferred embodiment of this invention. This OVCOFH EQU $0015 
Appendix has been provided to ensure that one of ordinary TOVCOH EQU $0016 

. . . - SETPTH EQU $0017 
skill in the art is able to make and use the best mode of this SETPTL EQU $0018 

signal and encompasses both types of signals. 

invention Without undue experimentation, but is not SETPTH1 EQU $0019 
intended to limit the scope of the claims. In the event of any BATFLAG EQU $001A 
inconsistency betWeen the disclosure of the Appendix and SOVCOL EQU $00113 

. . . . . . - ~ OVCOFL EQU $001C the foregoing detailed description, it is the Appendix that is 
TOVCOL EQU $001D 

to Control SETPTLl EQU $001E 
SETPTH2 EQU $001F 

[0144] It should be understood that the steps of the meth- SETPTLZ EQU $0020 
ods recited herein can be performed in any order consistent SETPTL3 EQU $0021 ; 
With the recited acts. TEMP EQU $0022 ; 

AVGREDLl EQU $0023 
[0145] The foregoing detailed description has described CALTMP EQU $0024 ; 
only a feW of the many forms that this invention can take. 330W 28852 _ 
This detailed description is therefore intended only by Way CNHIGH EQU $0027 ’ 
of illustration, and not limitation. It is only the folloWing MAXBAN EQU $0028 ; 
claims, including all equivalents, that are intended to de?ne WFLAG EQU $0029 

. . . WFLAG2 EQU $002A 
the scope of this invention. SCRSOFF EQU $00213 

OPTION EQU $39 ADDiFS EQU $003B 

EDGE1 EQU $002c 
APPENDIX A EDGEZ EQU $00213 

PERIOD EQU $00215 ; 

;;**Program Name F:\S418A\ad20.ASM***********DATE: 10/11/99*** CONRPM EQU $0030 ; 
REGBASE EQU $1000 NONOBAT EQU $0031 ; 
CALBASE EQU $B6OO OLDVOL1 EQU $0032 ; 
PORTB EQU $04 OLDVOL EQU $0033 ; 
PORTC EQU $03 PWMTIME EQU $0034 ; 
PORTD EQU $08 IDENT EQU $0035 ; 
ADCTL EQU $30 SENDF EQU $0036 ; 
ADR1 EQU $31 OLDINF EQU $0037 ; 
ADRZ EQU $32 VARRCOM EQU $0038 ; 
ADR3 EQU $33 TRNCT EQU $0039 ; 
ADR4 EQU $34 TRNCTl EQU $OO3A ; 
COPREST EQU $3A CALCOM EQU $003B ; 
DDRC EQU $07 DATAiEE EQU $003c ; 
DDRD EQU $09 ADDiEE EQU $00313 ; 




























