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(57) ABSTRACT 

A heavy duty wheeled vehicle for an industrial environment 
is electrically driven by one or more switched reluctance 
motor traction drive system connected to the wheels. The 
switched reluctance motors are powered by an electrical 
generator that is driven by an engine, such as a diesel engine, 
which may run at a substantially constant RPM. A digital 
control system provides operator displays and controls 
power conversion from the generator, as well as providing 
maintenance and control functions for the Switched reluc 
tance motors. A heavy-duty hoisting apparatus electrically 
drives a hoisting mechanism using an SR motor, providing 
power for lifting a load. The heavy-duty hoisting apparatus 
may include an engine and generator or provide power to the 
SR motor from an external source. 
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ELECTRICAL CONTROL CABINET (RIGHTSIDE) 

1 SR CONVERTER ASSEMBLY, M1 1870 
(DIODEBRIDGE, CHOPPER) 
SR CONVERTER ASSEMBLY, M2 1870 
SR CONVERTER ASSEMBLY, M3 1870 
SR CONVERTER ASSEMBLY, M4 1870 
DRIVE MODULE 1 - 1860 
DRIVE MODULE 2 - 1860 
DRIVE MODULE 3 -1860 
DRIVE MODULE 4 - 1860 
VOLTAGE REGULATORSCRPANEL 1910 
ASSEMBLY 

ELECTRICAL CONTROL CABINET (LEFTSIDE) 

LEFT INTERFACE CARD 1240 
RIGHT INTERFACE CARD 1240 
TRANSFORMER I DETECTOR CARD 1940 
SR CONVERTERAC FUSES, 
600A-50OW 
VOLTAGE REGULATORFUSES, 
200A - 500W 

WOLTAGE REGULATORPANEL 

Location oF SOLID STATE SYSTEM ASSEMBLES IN ELECTRICAL CONTROL CABINE 

Fig. 19 
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VEHICLE FOR MATERALS HANDLING AND 
OTHER INDUSTRIAL USES 

BACKGROUND OF THE INVENTION 

0001) 
0002 The present invention relates to a system for elec 
trically driving a heavy-duty materials handling apparatus, 
and in particular to a system for using a Switched reluctance 
motor for electrically driving one or more wheels of a 
heavy-duty industrial materials handling vehicle, or a 
vehicle for other industrial applications. 
0003 2. Description of the Related Art 

1. Field of the Invention 

0004 Mining, earth-moving, forestry, construction, and 
transportation industries, among others, use large, heavy 
duty equipment for handling various types of materials, in 
various forms ranging from loose material. Such as dirt or 
rocks, to large heavy objects. Such as containers. The mate 
rials handling equipment may be self-propelled mobile 
vehicles or stationary equipment. An example of a heavy 
duty materials handling mobile vehicle is a loader, com 
monly used in the mining industry for Scooping up loose 
material and transporting the material to a truck for trans 
port. An example of a stationary material handler is a jib 
crane used for log stacking. Numerous other forms of 
heavy-duty materials handling equipment are known, Such 
as wheel dozers, stackers, straddle hoist cranes, and side 
porters. The mobile vehicles are typically off-road rubber 
tired vehicles, where “rubber' is the commonly used name 
for various elastomeric materials used for tires, without 
limiting those tires to ones that contain natural rubber. Other 
forms of heavy-duty industrial vehicles include locomotives. 
0005. Historically, such rubber-tired heavy-duty equip 
ment used diesel engines, with mechanical drive systems or 
transmissions, and gearing to drive the wheels of the 
vehicles. However, approximately fifty years ago, Le 
Toumeau, Inc., the assignee of the present invention, intro 
duced electric drive systems to replace the mechanical drive 
systems. 

0006 The advantages of an electric drive system over the 
conventional drive have been proven by years of successful 
service of log stackers, front-end loaders, haul trucks and 
other heavy-duty material and container handling equip 
ment. 

0007. In conventional electric drive machines, the utili 
Zation of Solid-state power conversion and control, coupled 
with digital management gives additional advantages, such 
as reliability and ease of maintenance. 
0008 Digital control and management modules of con 
ventional electric drive machines keep track of all the 
machine systems, producing controls for the electrical and 
hydraulic systems, commands for the engine and traction 
systems, and feedback, history and status information for all 
the systems. A display screen and keypad control may allow 
automatic and requested information to be displayed for a 
vehicle operator. 
0009. However, conventional electric drive systems have 
their own disadvantages, frequently related to the complex 
ity of manufacture, operation, and maintenance of the elec 
tric traction drive motors, which conventionally have been 
alternating current (AC) or direct current (DC) motors. 
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0010 Switched reluctance (SR) motor technology is also 
well known. Switched Reluctance Drives Ltd. of Harrogate, 
United Kingdom has developed multiple designs of SR 
motors or drives for various applications, including a 400 
HPSR motor for a conveyor belt in a mining operation. In 
So far as known, however, there has been no application of 
SR motors to wheel-driven technology for large industrial or 
off-road vehicles, which present special problems in accel 
eration and deceleration as well as over-all control because 
of the size and weight of such vehicles, or for large industrial 
hoisting equipment, which present special problems in hoist 
ing control because of the weight of material being hoisted. 

SUMMARY OF THE INVENTION 

0011. A heavy-duty vehicle adapted for use in an indus 
trial environment comprises a heavy-duty vehicle frame; a 
plurality of wheels mounted with the vehicle frame, each of 
the wheels adapted for engagement with a surface Such as 
land; an engine mounted with the vehicle frame; an electri 
cal generator operatively engaged with and driven by the 
engine; a first switched reluctance (SR) motor operably 
engaging a first wheel of the plurality of wheels, the first SR 
motor powered by the electrical generator, and a digital 
control system coupled to the SR motor for controlling the 
SR motor individually, and for driving the vehicle. In one 
embodiment, a heavy-duty materials handling system is 
mounted with the vehicle frame. In one embodiment, a 
single SR motor may drive multiple wheels of the vehicle. 
In another embodiment, multiple SR motors may be used, 
each driving individual wheels of the vehicle. 
0012 Aheavy-duty hoisting apparatus adapted for use in 
an industrial environment comprises a heavy-duty frame, a 
heavy-duty lifting apparatus, mounted with the frame, an SR 
motor operably engaging the heavy-duty lifting apparatus, 
and a digital control system coupled to the SR motor for 
controlling the SR motor individually, and for lifting objects 
with the heavy-duty lifting apparatus and for controlling the 
hoisting apparatus. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 A better understanding of the present invention can 
be obtained when the following detailed description of the 
disclosed embodiments is considered in conjunction with 
the following drawings, in which: 
0014 FIG. 1 is an end view illustrating an exemplary 
prior art switched reluctance (SR) motor; 
0015 FIG. 2 is a drawing of a rotor of an exemplary SR 
motor for a disclosed heavy-duty vehicle of an embodiment; 
0016 FIG. 3 is a view of a stator of the exemplary SR 
motor of FIG. 2; 

0017 FIGS. 4-10 are schematics illustrating energizing 
and deemergizing poles in an exemplary prior art SR motor, 
causing the rotor to rotate; 
0018 FIG. 11 is a block diagram of an exemplary SR 
motor system for a disclosed heavy-duty vehicle of an 
embodiment; 

0.019 FIGS. 12a-12c are three views of a power con 
verter module of an exemplary SR motor system of an 
embodiment; 
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0020 FIG. 13 is a photograph of a power converter 
cabinet illustrating the power converter modules of FIG. 
12a-12c as installed in an embodiment; 
0021 FIG. 14 is a photograph of an exemplary operator 
interface of a heavy-duty vehicle of an embodiment; 
0022 FIG. 15 is a view illustrating an exemplary SR 
motor traction drive system for an embodiment in a propel 
ling mode; 
0023 FIG. 16 is a view illustrating the SR motor traction 
drive system of FIG. 15 in a braking mode: 
0024 FIG. 17 is an exploded view illustrating an SR 
motor for disclosed heavy-duty vehicle of an embodiment; 
0.025 FIG. 18 is a block diagram illustrating a distributed 
control system for a heavy-duty materials handling system 
of an embodiment; 
0026 FIG. 19 is a photograph illustrating an electrical 
control cabinet for an embodiment of a heavy-duty materials 
handling system; 
0027 FIG. 20 is a block diagram illustrating SR power 
flow in an embodiment; 
0028 FIG. 21 is an end view exemplary SR motor and 
stator frame assembly of an embodiment; 
0029 FIG. 22 is an end view of the other end of the SR 
motor rotor and frame assembly of FIG. 21; 
0030 FIGS. 23a-23b are photographs of two views of a 
power converter assembly for an SR motor of an embodi 
ment, 

0031 FIG. 24a is a view of an exemplary winding coil 
wrapped for an SR motor of an embodiment; 
0032 FIG. 24b is a view of the coil of FIG. 24a prior to 
Wrapping: 

0033 FIG. 24c is a cross-section view of the coil of FIG. 
24a, 

0034 FIG. 25 is a schematic illustrating a power con 
verter and motor according to an embodiment; 
0035 FIG. 26 is a block diagram illustrating basic logic 
and signal flow of an SR motor control system of an 
embodiment; 
0.036 FIG. 27a-27c are views of a phase ring for provid 
ing electrical connections to the winding coils of an SR 
motor of an embodiment; and 
0037 FIG. 28 is a block diagram of an exemplary SR 
motor System for a heavy-duty hoisting apparatus. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0038 Turning now to FIG. 11, an SR motor system for 
driving a wheel of an embodiment of a heavy-duty vehicle 
adapted for an industrial environment is shown. As used 
herein, “industrial environments’ includes applications of 
Such a vehicle in the mining, earth-moving, forestry, con 
struction, and transportation industries, but excludes con 
Sumer vehicles. Examples of such vehicles include loaders, 
wheel dozers, stackers, crash cranes, straddle hoist cranes, 
locomotives, and side porters. An SR motor system 1100 as 
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shown in FIG. 11 includes an SR motor 1110, power 
electronics 1120, a DC link capacitor 1140, signal level 
controls 1130, as well as an interface 1190 to a control 
system. The SR motor 1110 may be a heavy duty three phase 
SR motor with 12 stator poles and eight rotor poles, as 
shown in FIGS. 2 and 3. The power electronics 1120 
provides the switches and diodes 460 and 470 as described 
below to energize and deemergize the stator poles of the SR 
motor 1110, causing the rotor of the SR motor to rotate, 
driving the wheel of the heavy-duty vehicle. The use of the 
DC link capacitor is described below when describing the 
operation of a typical SR motor. Signal level controls 1130 
provide circuitry for determining the rotational position of 
the rotor of the SR motor 1110 and generate appropriate 
gating signals to the power electronics 1120 Switches. A 
sensorless technique for determining rotor rotational posi 
tion may be used, avoiding the need for sensors for detecting 
Such rotational position, which reduces maintenance issues 
caused by sensor failure. However, the SR motor 1110 may 
alternatively use sensors and/or an encoder 1135 (shown in 
dotted lines in FIG. 11) instead of a sensorless encoding 
technique. For electromechanical reasons, the power elec 
tronics 1120 may not switch full power to the stator poles 
immediately; thus, the signal level controls 1130 may time 
and control the signal levels such that stator pole windings 
of the SR motor 1110 receive a ramped power level, avoid 
ing undesirable torqueing effects in the rotor of the SR motor 
1110. 

0039. As shown in FIG. 11, the SR motor 1110 mechani 
cally drives a wheel (not shown) of the heavy-duty vehicle 
through a mechanical brake 1170 and a gearbox 1180. The 
gearbox 1180 is typically a multiple-reduction type gear 
configured for the size and operating weight and speed 
characteristics of the heavy-duty vehicle, gearing down the 
output of the motor system 1100. In an exemplary embodi 
ment, rotation of the SR motor 1110 is reversed to reverse 
the vehicle. In other embodiments, reversing may be accom 
plished by gearing or other mechanical linkage changes, 
without changing the rotation of the SR motor 1110. The 
mechanical brake 1170 is typically a disc brake. 

0040. A rectifier, typically a diode bridge rectifier, and 
soft start control 1150 rectifies AC voltage from a three 
phase AC generator supply 1155 to DC voltage for use with 
the SR motor 1110, creating a DC bus 1157. Although 
generally described herein using an AC generator, in some 
embodiments, other types of generators may be used. Such 
as DC generators and SR generators. In embodiments in 
which generators are used that produce DC voltage, the 
rectifier 1150 may not be needed. 

0041 As shown in FIG. 11, a braking control 1160 allows 
shedding of excess energy of the SR motor during braking. 
When braking, the SR motor 1110 feeds back excess elec 
trical energy, effectively becoming a generator. In one 
embodiment, this excess energy is converted to heat by a 
resistor grid 1167, dissipating the heat into the atmosphere. 

0042. A chopper circuit 1165 may turn on when an 
increase of DC bus 1157 voltage is detected. When the 
system goes into a braking mode, power may be regenerated 
to the DC bus 1157, causing an increase of DC bus 1157 
Voltage unless that energy is dumped. The chopper dumps 
that energy to the braking grids 1167, as shown in FIG. 11. 
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0043. The machine control interface 1190 allows control 
of the SR motor system 1100 by a distributed control system, 
as described in more detail below. 

0044) The rectifier circuit 1150 and chopper circuit 1160 
are described in more detail below. 

004.5 FIG. 20 illustrates the power flow in an embodi 
ment of a heavy-duty vehicle using an SR motor system 
similar to the SR motor system 1100 illustrated in FIG. 11. 
An engine 2001, typically a diesel engine, mechanically 
drives an AC generator 2002. In FIG. 20, solid lines denote 
power flow from the generator 2002, through a diode bridge 
2003, creating a DC bus 2004, and through an SR converter 
assembly 2005 to traction wheel motors 1890, correspond 
ing to the SR motor 1110 of FIG. 11. Dotted lines denote the 
reversal of power flow from the wheel motors 1890, back 
through the SR converter 2005 to the DC bus 2004, and 
through a chopper 2007 to the respective braking grids 2008 
when the vehicle goes into braking, corresponding to the 
braking control 1160 of FIG. 11. 

0046) The diesel engine 2001 is the prime power source, 
and is typically mechanically coupled directly to the AC 
generator 2002. Abattery bank 2009 is typically four 12-volt 
lead-acid batteries connected in series/parallel to provide a 
24-volt source for engine starting, generator priming, light 
ing, etc. Other batteries may be used. A separate alternator 
2010, driven from the engine 2001, maintains the charge on 
the batteries 2009, as in an automotive system. 
0047. In an exemplary embodiment, an engine select 
Switch in a cab of the vehicle controls engine speed. A high 
throttle position brings the engine speed to a predetermined 
operating speed, typically chosen based on engine charac 
teristics to provide maximum engine efficiency and mini 
mize environmental pollution. For example, in an L1350 
loader from LeTourneau, Inc., the engine is typically run at 
1980 RPM. With high throttle activated, battery power is fed 
through the voltage regulator 2011 to prime the field 2012 of 
the AC generator 2002. 

0.048. As the AC voltage rises, the voltage regulator (VR) 
2011 begins functioning and takes over the generator field 
regulation, controlling current in the field 2012 so that the 
generator Voltages are maintained within specified limits 
during normal operating conditions. 

0049. The AC generator 2002 is typically a three-phase 
alternator with wye connected output windings, producing a 
main voltage. A nominal output of the AC generator 2002 
may be 500VAC at 66 Hz. Other generator types and output 
ratings may be used, as desired. 

0050. The main voltage is fed to a transformer/detector 
card 1940 located near the AC fuse assembly 1950 as 
illustrated in FIG. 19. This card may divide the high voltage 
signal across each fuse to control signal levels that are used 
for blown fuse detection. This card may also contain a 
three-phase transformer that reduces the main Voltage to 
VAC signals used to detect the timing relationships of the 
three-phase system. Some embodiments use 28 VAC sig 
nals. These reduced VAC signals are sent to the drive 
modules 1860. In an embodiment illustrated in FIG. 18, 
drive module number 4 (1860d) is used to control the VR 
converter 1880, so these transformer signals are used there 
to set up the VR SCR firing. The voltage regulator 2011 
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regulates the generator field 2012 current to maintain a 
constant main Voltage, regardless of the generator load. 
0051) The diode bridge 2003 puts power into the DC bus 
2004 to establish a source for SR phase current. In motoring 
mode, power is taken from the bus 2004 to energize the 
respective phase stator poles to attract the rotor, and then to 
the next pole and so forth to provide a rotating attraction for 
the rotor to "chase,” as described below in FIGS. 4-10. In the 
braking mode, the "rotation' of the stator poles "chases” the 
rotor to retard its rotation. This puts energy on the bus 2004 
from the motors 1890, causing each motor 1890 to act as a 
generator. This will cause the bus Voltage to increase. As the 
bus Voltage increases, the chopper control turns on the 
chopper 2007, dumping the excess energy to the braking 
grids 2008, as described in more detail below. 
0.052 The power flow of FIG. 20 is controlled by a 
distributed control system, using the machine interface 1190 
of FIG. 11, as described below with respect to FIGS. 18 and 
26. 

0053 A switched reluctance (SR) motor is a third type of 
electric motor, in addition to AC and DC motors. The SR 
motor utilizes electromagnetic principles to produce torque 
on a rotor of the motor. As illustrated in FIG. 1, an SR motor 
100 has a rotor 110 that has no magnets or windings of any 
kind and is effectively a stack of shaped, laminated iron 
pieces, creating an arrangement of poles 115. The SR motor 
100 also has a stator 120, where the stator 120 has poles 125, 
each of which is magnetized by a coil or winding 130, 
similar to a field of a DC motor. As the stator pole winding 
130 is energized, a magnetic force is generated and one of 
the rotor poles 115 will rotate into alignment with that stator 
pole 125. 
0054. In an SR motor, rotation is achieved with the 
sequential energizing of stator poles. This energizing creates 
magnetic field flux, which is a function of the current 
through the winding and the characteristics of the iron. The 
rotor will follow the sequencing, trying to align with ener 
gized Stator pole. However, as alignment is almost achieved, 
that pole turns off as the next pole comes on. The SR motor 
makes rotation continuous by turning on the next pole before 
the previous one is turned off. This consecutive switching of 
the stator pole currents ensures the poles on the rotor are 
continually chasing the flux. The torque is achieved by 
creating flux, which is a function of the current through the 
winding and the characteristics of the iron. Although some 
SR motors use sensors to detect the position of the rotor, 
sensorless technology has been developed so the position of 
the rotor can be determined without external sensors, which 
can fail. 

0.055 FIG. 2 is a drawing of a rotor 200 for an SR motor 
of an exemplary heavy-duty materials handling system. The 
middle section 210 of the rotor 200 is typically comprised of 
a stack of laminated cross-sections ("lams) for minimize 
eddy current losses. The number of lams in the rotor 200 is 
determined by the desired operating parameters for the SR 
motor, such as the horsepower of the motor. As shown in 
FIG. 2, the rotor 200 has eight poles 220. 
0056 FIG. 3 is a photograph of an exemplary stator 300 
for use with the rotor 200 of FIG. 2. As shown in FIG. 3, the 
stator 300 has 12 poles 310, creating a three-phase SR motor. 
Winding coils, which in an operational stator 300 would 
surround each of the stator poles 310 are not shown in FIG. 
3. 
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0057. One skilled in the art will recognize that various 
numbers of rotor and stator poles can be used, depending on 
desired operating characteristics. In addition, the size of the 
SR motor, number of lams, size of lams, and other motor 
design characteristics vary depending on desired operational 
characteristics. Various companies can provide SR motor 
designs based on Supplied desired SR motor characteristics. 
One such company is Switched Reluctance Drives Ltd. 
(SRDL) of Harrogate, United Kingdom. 

0.058 FIGS. 4-10 illustrate the way in which successive 
energizing and deemergizing of the poles of an SR motor 
400, such as the SR motors 1110 of FIG. 11, cause rotation 
of a rotor 420 of the SR motor 400. The Schematics of FIGS. 
4-10 are simplified for clarity of the drawing, and do not 
show, for example, control circuitry either for turning off and 
on switches 460a-460?, which in disclosed embodiments is 
provided by the distributed control system. As shown for 
clarity of the drawing in FIGS. 4-10, the SR motor 400, 
shown in cross section, has a stator 410, with six stator poles 
440a-440?, and a rotor 420 with four rotor poles 430a-430d. 
Circuitry 450 provides electrical voltage to the windings 
(not shown) to energize the stator poles 440a-440?. The 
winding or coils for the stator poles 440 are wound in 
parallel such that two north and two south poles are created 
for each phase. Magnetic flux travels between poles, creat 
ing torque to align a stator 410 and rotor poles. Since the 
rotor poles have one section less than the stator 410, as one 
set lines up, another is in a position to be pulled toward the 
next energized stator pole coil. 

0059) As shown in FIG. 4-10, the power circuits for each 
phase of the three-phase SR motor comprise two switches 
460 and two diodes 470, one for each pair of stator poles 
440a-440?, plus a capacitor 480, corresponding to the DC 
link capacitor 1140 of FIG. 11. Such circuits are well known 
in the art. 

0060 Turning to FIG. 4, one phase of the SR motor 400 
begins by switching on switches 460a and 460b, allowing 
voltage to energize stator poles 440e and 440b. The other 
stator poles 440a, 440C, 440d, and 440fare deemergized. 
This causes the rotor 420 to rotate so that rotor poles 430b 
and 430d come into alignment with stator poles 440e and 
440b. Then, as shown in FIG. 5, once rotor poles 430b and 
430d align with stator poles 440b and 440e, the switches 
460a and 460b are turned off, allowing energy to freewheel 
through the diodes 470a and 470b. The capacitor 480 can 
then store some of the electrical energy from the coils for 
later use. Use of the capacitor 480 serves as a storage and 
power factor correction device, decreasing the reactive 
power required from and thus the size of the AC generator 
2002 needed for the heavy-duty vehicle, as compared to DC 
motor systems. Switches 460c and 460d are also turned on, 
energizing poles 44.0a and 440d, for a second phase of the 
SR motor 400. 

0061. As illustrated in FIG. 6, the rotor 420 therefore 
rotates further, as rotor poles 430a and 430c begin to align 
with stator poles 44.0a and 440d. Then, as illustrated in FIG. 
7, phase 2 finishes by switching off switches 460c and 460d 
when rotor poles 430a and 430c align with stator poles 440a 
and 440d, allowing coil energy to freewheel through diodes 
470c and 470d. Stator poles 440c and 440fare also energized 
by switching current through switches 460e and 460?, begin 
ning the third phase, causing the rotor 420 to rotate further, 
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as rotor poles 430d and 430 b are attracted to stator poles 
440C and 440?, as shown in FIG. 8. 
0062) When rotor poles 430d and 430b align with stator 
poles 440, switches 460e and 460f turn off in FIG. 9, 
allowing coil energy to freewheel through diodes 470e and 
470f finishing phase three. Phase one then repeats in FIG. 
10, switching on switches 460a and 460b, energizing stator 
poles 440b and 440e, this time causing rotor 420 to further 
rotate by attracting rotor poles 430a and 430c. 

0063 Although FIGS. 4-10 illustrate a 6 stator pole, 4 
rotor pole, three-phase SR motor 400, one skilled in the art 
will recognize that other phase and pole numbers can be 
used. One disclosed embodiment uses a 12x8 arrangement, 
indicating twelve stator poles and eight rotor poles. The 
switches 460 of FIGS. 4-10 may be insulated gate bipolar 
transistors (IGBTs), gate turnoff transistors (GTOs), or other 
forms of Switches known in the art. High current, high 
Voltage IGBTs allow high speed Switching with a small gate 
signal in a relatively Small space, with desirable heating 
characteristics. 

0064. The use of switched reluctance technology in 
heavy-duty materials handling equipment, Such as illustrated 
in FIGS. 11 and 20, has been made possible by today's 
high-power semiconductor Switches and modern control 
techniques. One type of transistor Switch that may be used 
to energize the stator coils is called the IGBT. IGBTs are 
now available in the current and Voltage ratings needed for 
high horsepower applications such as heavy-duty materials 
handling equipment. The availability of these devices also 
paved the way for today’s proliferation of AC drives. 
However, unlike AC drives, an SR drive has a stator pole 
coil in line with each IGBT. This system impedance gives 
more capability to control any type of system fault. There 
fore, the “shoot-through' fault possible in AC systems is 
unlikely to occur, resulting in a much more robust drive. In 
addition, the generally lower Switching frequencies in a SR 
motor system may result in a more efficient drive for 
heavy-duty materials handling equipment. 

0065 FIGS. 12a-12c illustrate three views of a physical 
layout of power converter module 1200 for one SR motor of 
an exemplary heavy-duty vehicle, corresponding to the 
power electronics 1120, rectifier 1150, and chopper 1160 of 
FIG. 11. FIGS. 23a-23b are photographs showing two 
additional views of the power converter module 1200, 
illustrating some of the wiring connections. The module 
1200 includes three sections of the capacitor bank 480 and 
two IGBT and diode components 460a, 460b, 470a, 470b as 
indicated in FIG. 4, corresponding to each of the three 
phases of the SR motor, plus a similar section that has one 
IGBT for chopping and one diode bridge for rectification. In 
FIG. 12a, a top view of the module 1200 shows the DC bus 
1210, corresponding to the DC bus 1157 of FIG. 11. Seven 
IGBTs 1220 are mounted as shown (six for the three phases 
of the SR motor, and one for chopping), as well as the diode 
bridge circuit 1230. A pair of interface boards 1240 provides 
connectivity to drive remote modules of a digital control 
system, as described below. The entire assembly may be 
mounted in a rack or tray 1250 for installation in the vehicle. 
Mounting the power converter module 1200 in a package on 
a tray, such as shown in FIGS. 23a-23b, simplifies manu 
facturing, installation, and maintenance of the converter 
electronics, which are typically very heavy. 
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0.066 FIG.12b is a front view of the module 1200 of FIG. 
12a. FIG.12c is a side view of the module 1200 of FIG.12a, 
viewing the module 1200 from a point of view of the left 
side of FIG. 12a. In this view, the banks of capacitors 1260. 
previously hidden by the DC bus bars 1210, can be seen. 
0067 FIG. 13 illustrates a disclosed embodiment of a 
converter cabinet 1300 containing power converter modules 
1200 for four motors of an exemplary heavy-duty vehicle, in 
this case a loader. Other configurations and layouts of the 
power converter modules can be used as convenient. 
0068 The operator of a heavy-duty vehicle typically uses 
an operator interface to control the vehicle. In an exemplary 
embodiment shown in FIG. 14, an operator's cab 1400 
provides an operator chair 1410. 
0069. The illustrated embodiment of FIG. 14 is for a 
loader. Two joysticks 1420a and 1420b provide controls for 
signaling the vehicle to go forward, backward, etc., as well 
as control for movement of the bucket of the loader. Other 
operator controls may be used. Such as levers, Switches, foot 
pedals, steering wheels, etc. Operator displays 1430 provide 
visual feedback of vehicle operations to the operator. Panel 
1435 displays normal gauge devices. Such as a speedometer. 
The operator displays 1430 may also display maintenance 
information as desired. Multiple types of graphical, textual, 
and analog displays may be used as convenient. In addition, 
a control panel 1440 may provide a security key 1450 and 
a keypad 1460 for entering data, as well as indicator lights 
and audible alarms. 

0070 Turning to FIG. 15, an illustration shows the use of 
four SR motor and drive assemblies in a loader 1500. 
Although shown in a loader, similar configurations may be 
used for other forms of heavy-duty mobile vehicles, such as 
wheel dozers, stackers, crash cranes, straddle hoist cranes, 
and side porters. As shown in FIG. 15, four SR motors/ 
drivers 1510a-1510d separately drive wheels 1515a-1515d. 
However, a single SR motor assembly may be used to drive 
multiple wheels, as convenient. In such a multi-wheel, 
single motor configuration, a differential or other conven 
tional technique for mechanically driving multiple wheels 
from a common drive source may be used. In some embodi 
ments, some of the wheels may not be driven, e.g., two 
wheels may be driven and two wheels may be undriven. The 
power converter cabinet 1300, as shown in FIG. 13, provides 
the power conversion electronics 1120. A master control 
module 1540 (corresponding to the master control module 
1810 of FIG. 18) controls the operator interface 1530, such 
as the operator interface 1400 of FIG. 14, as well as 
controlling the power converters 1300 and other electronics 
for the motors 1510a-1510d. As shown in FIG. 15, each 
wheel 1515a-1515d of the vehicle 1500 uses a rubber tire for 
traction with a surface. Such as land, as with conventional 
heavy-duty vehicles. 
0071 FIG. 15 further illustrates the use of a materials 
handling system 1540, such as the bucket or scoop of the 
loader 1500. In some embodiments, the scoop is a hydrau 
lically manipulated materials handling system, where 
hydraulic pressure is manipulated by mechanical linkages 
from the engine of the loader 1500. In other embodiments, 
the materials handling system hydraulics may be driven by 
another SR motor, similar to the SR motors 1510. In such 
embodiments, the digital control system described below 
may provide operational control of the materials handling 
system. 

Aug. 23, 2007 

0072 FIG. 16 illustrates power flow in the system 1500 
when in braking mode, routing Voltage to the generator 1520 
and the braking grid 1610, as described above. Although 
typically the braking grid 1610 is an array of resistors, 
converting electrical energy into heat, other techniques may 
be used, as described below. 
0073 Propulsion power is typically required when the 
vehicle is operating on level or upwardly sloping Surfaces. 
When operated on downwardly sloping Surfaces, no propul 
sion power may be needed. Instead, the vehicle typically 
retards the downward progress of the vehicle. Friction 
brakes may not be suitable for this purpose, because they 
tend to wear out quickly due to the very large mass of the 
vehicle, especially when loaded. While friction or similar 
braking systems may provide the primary stopping system 
for Such heavy-duty vehicles, many Such vehicles employ 
ing DC wheel motors have used those motors to provide 
continuous retarding torque for traveling on a downward 
slope. By reversing the conventional DC motor field or 
armature current, a conventional DC motor may reverse 
torque direction and act as a DC generator, powered through 
the gearboxes of the vehicle wheels. Braking grids may be 
used to create a load, so that current generated by the DC 
motors is consumed by the resistors and dissipated as heat 
into the atmosphere. The amount of current consumed 
creates a corresponding load on the DC wheel motors, which 
is transmitted through the gearboxes to the drive wheels as 
retarding torque. However, an SR motor drive system 1100 
does not depend on reversing a motor field or armature 
current, as in a conventional DC motor. The SR motor 
system embodiments disclosed herein use the braking con 
trol circuitry 1160 of FIG. 11 for such retarding purposes, as 
described below in more detail. 

0074 FIG. 17 is an exploded view of an SR motor 
assembly 1700 of an exemplary embodiment, such as used 
in the embodiment illustrated in FIGS. 15-16. As shown, 
rotor 1713 is supported by and rotates on bearings that are 
connected to a first end piece, commonly known as an end 
bell, 1711, and a second end bell 1723. A brake disc 1705 is 
connected to the rotor 1713 for mechanical braking of the 
motor assembly 1700. Although electrical braking by the SR 
motor drive system 1100 typically provides the primary 
braking, the disc brake 1705 may be used for backup or 
stationary braking purposes. The rotor 1713 is placed in the 
stator assembly 1718, and connected to a shell pinion 1727, 
for driving a conventional gearbox (not shown) on the wheel 
driven by the motor assembly 1700. The end bells 1711 and 
1723 are bolted to the stator assembly 1718. In one embodi 
ment, a labyrinth seal 1721 provides an oil seal for lubri 
cation, preventing lubrication from contaminating the inte 
rior of the motor assembly 1700. Other types of seals may 
be used. FIGS. 21 and 22 illustrate the rotor 1713 assembled 
with the stator 1718 from each end. Unlike FIG. 3, where the 
stator was shown without the coil windings, FIGS. 21 and 22 
show the poles of the stator 1718 surrounded by the coil 
windings. FIG. 21 further shows a phase ring 2110, as 
describe in detail below. 

0075 Although not shown in detail in FIG. 17 for clarity 
of the drawing, coils winding around the various stator poles 
of the Stator 1718 must be connected to the DC bus 1157 and 
power electronics 1120 as shown in FIG. 11. A phase ring, 
such as shown in an exploded view in FIGS. 27a-27c may 
be used to route wiring from the power electronics 1120 to 
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the coil windings, which otherwise is difficult to do, because 
of the large size of the wires necessary for Such large 
electrical motors. In some embodiments, stator 1718 pro 
vides sufficient room for direct wiring of the coil windings 
to the power electronics. 

0076). In one embodiment, the SR motor system 1100 is 
integrated with a distributed control system such as the 
LINCSTM network from LeTourneau, Inc., which provides a 
complete machine control and monitoring system. The dis 
tributed control system, such as the system 1800 of FIG. 18. 
may manage all loader systems including hydraulics, elec 
trics, drive system, and engine. As described below, the 
distributed control system 1800 features multiple micropro 
cessor-based modules distributed throughout the machine 
that communicate over a Controller Area Network (CAN) 
network. However, one skilled in the art will recognize that 
other network protocols may be used. A master module 1810 
directs the entire system and is located in the cab of the 
loader. Remote modules 1820 are located throughout the 
machine, each placed near the systems they control, monitor 
and manage. A translator module 1840 provides an interface 
to the engine 2001 and is able to “talk” to all intelligent 
engines, sending engine speed commands and receiving 
engine data. In one embodiment, the translator module may 
contain J1587, J1939, RS422, and R5232 communication 
ports. The translator module 1840 translates all engine input 
and output data to make it compatible with protocol used by 
the remainder of the distributed control system. The drive 
modules control the SR converters and VR converter. 

0.077 FIG. 18 is a block diagram illustrating basic logic 
of a distributed control system 1800 for controlling a heavy 
duty vehicle. Distributed control systems are known in the 
art, and have been used on vehicles for some time. One 
example of a digital distributed system is the LINCSTM 
system of LeTourneau, Inc., the assignee of the present 
invention. Other industrial manufacturers, such as Caterpil 
lar, Inc., provide alternate distributed control systems. 

0078. In an embodiment such as shown in FIG. 18, a 
master module 1810 is connected to a collection of remote 
modules 1820 via a CAN bus 1805 as defined by interna 
tional standard ISO 11898, a copy of which international 
standard is incorporated in its entirety herein for all pur 
poses. The CAN standard was pioneered in the automotive 
industry and is used in industrial equipment markets. ACAN 
network provides the flexibility to handle large quantities of 
input/output (I/O), using multiple micro-controllers 
throughout a machine containing a CAN network. CAN is 
based on a so-called broadcast communication mechanism, 
using a message-oriented transmission protocol, where mes 
sages are identified by a message identifier, unique within 
the network, but not defining stations and station addresses. 
Hence, CAN networks can perform distributed process 
synchronization transmitting data via the network without 
the need for receiving stations to know the producer of the 
data. Although CAN message frames are defined by the ISO 
11898 standard, the content of the data of those messages is 
not, and can be defined by the implementor. In one embodi 
ment, the messages sent via the CAN network can be 
encrypted. 

0079 The master module 1810 may combine a micro 
processor, Such as a Pentium-class microprocessor with 
other industrial hardware, providing I/O capability for con 
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trolling multiple remote modules 1820. In one embodiment, 
up to 36 remote modules may be controlled from a master 
module 1810. Other embodiments may control differing 
numbers of remote modules 1820. The master module 1810 
typically contains storage for Software used by the master 
module 1810, as well as storage for software that is down 
loaded across the CAN bus 1805 to the remote modules 
1820 and drive modules 1840. A real-time operating system 
(RTOS) typically controls the operation of the microproces 
sor of the master module. One skilled in the art will 
recognize that the master module 1810 can be constructed in 
numerous ways. For the industrial environment, the master 
module is typically ruggedized and protected from environ 
mental contamination by an industrial housing. 

0080. The remote modules 1820 may contain a micro 
controller or microprocessor, Such as a 32-bit microcontrol 
ler, and numerous I/O points. Software for execution by the 
remote module 1820 may be downloaded from the master 
module 1810, providing a distributed processing system. 
The remote modules 1820 typically have ruggedized indus 
trial housings for placing near the devices to be controlled. 
The master module 1810 and remote modules 1820 and 
software provide the machine interface 1190 shown in FIG. 
11. 

0081. The remote modules 1820 can be used to control 
various components 1825. Such as sensors, Solenoids, ther 
mostats, valves, lights, Switches, transducers, frequency 
measurement units, and sending units. Other remote mod 
ules 1820 can control cab and operator controls 1830, such 
as shown in FIG. 14. For example, a fuel gauge in the cab 
may be controlled by one remote module 1820, with a 
sending unit in the diesel fuel tank generating fuel level data 
to a second remote module 1820, with no direct wiring 
between the fuel gauge and the fuel tank. A translator 
module 1850 can be used to translate between the messages 
used routinely by the distributed control system 1800 and 
another message format used by other units, such as an 
engine interface 1850 for an intelligent engine 1855 manu 
factured by another vendor. While remote modules 1820 are 
generally fungible, specialized remote modules, indicated as 
drive modules 1860 in FIG. 18, may provide additional 
functionality for controlling drive converter logics 1870 that 
control the motors 1890 that drive the wheels of the heavy 
duty vehicle. One drive module 1860 may also control a 
voltage regulator 1880 coupled to the generator field 1895 of 
an AC generator. Other distributed control systems may be 
used. Although as described above, the distributed control 
system is a digital system, an analog control system may be 
used. 

0082 FIG. 19 shows one embodiment of a solid-state 
conversion system. The electrical control cabinet 1300 of 
FIG. 13 is shown in greater detail in FIG. 19, showing an 
exemplary physical layout of drive modules 1860, drive 
converter modules 1200, a Voltage regulator silicon con 
trolled rectifier (SCR) assembly 1910, and interface cards 
1240. One skilled in the art will recognize that other physical 
layouts may be used. 

0.083 FIG. 24 illustrates a coil or winding 2400 used in 
the stator of an SR motor according to an exemplary 
embodiment. In FIG. 24a, the coil 2400 is shown with tape 
wrapped around the coil for insulation. The coil 2400 is 
typically made with insulated magnet wire, which has a 
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generally square cross-section, as shown in the cross-section 
view of FIG. 24c. In an exemplary embodiment, the coil 
2400 is four layers of nine turns of wire with a crossover on 
lead ends 2410 of the wire. Mica mats may be used to level 
off the lead ends 2410. Mica mats and glass coil tape may 
also be used for taping the wound coil of FIG. 24b to 
produce the fully taped coil 2450 of FIG. 24a. A varnishing 
sleeve 2420 may be placed to protect the lead ends, as shown 
in FIGS. 24a and 24b. The wound coils 2450 are then 
installed around the stator poles in the stator assembly as 
shown in FIGS. 21-22. Once the wound coils 2450 are 
assembled into the stator assembly as shown in FIGS. 21-22, 
the entire stator assembly 1718 is then typically further 
insulated using a vacuum pressure impregnation (VPI) pro 
cess, in which the stator assembly is flooded with epoxy 
resin under a vacuum, then the epoxy resin is pressurized to 
attempt to fill voids in the assembly 1718, finally baking the 
assembly to cure the epoxy. Use of such a VPI process helps 
eliminate destructive corona effects in voids, which are filled 
with the epoxy. In addition, the VPI process helps the coils 
2450 adhere to the stator poles and provides a path for heat 
rejection. 

0084 FIG. 25 is a schematic illustrating a combined 
rectifier circuit 2500, corresponding to the diode bridge 
2003 of FIG. 20, chopper circuit 2510, corresponding to the 
chopper 2007 of FIG. 20, and SR converter and motor 2520, 
corresponding to the SR converter assembly 2005 and motor 
1890 of FIG. 20. The rectifier circuit 2500 uses a diode 
bridge rectifier 2505 to rectify three-phase AC power 2507 
to DC, creating the DC bus 2004 of FIG. 20. One skilled in 
the art will recognize that other rectification circuits may be 
used. As described above, the chopper circuit 2510 dumps 
braking energy into the braking grids 2008. 

0085. In an exemplary embodiment, an active front end 
allows using the excess energy through the generator 2002 
of FIG. 20 to overdrive the diesel engine 2001 that drives the 
AC generator 2002, reducing load on the diesel engine 2001. 
In another embodiment, a connection to a power grid may 
allow the vehicle to return excess energy to the power grid. 
Another embodiment may store electrical power on board 
the vehicle 1500, using batteries or other electrical storage 
techniques. 

0086) The SR Converter itself is shown in block 2520 of 
FIG. 25. It consists of a high side and low side switch on 
each phase, connected to the DC bus 2004. When a phase is 
energized, current flows from the positive side of the bus 
2004, through the high side switch 2521, through the coil 
2522, through the low side switch 2523 to the negative side 
of the bus 2004. In a power or motoring mode, the phases are 
energized just ahead of the rotor position so that the rotor is 
constantly “chasing the energized stator pole. This requires 
that the control knows what the rotor position is. This is 
achieved without sensors using a sensorless calculating 
method. If the motor is turning slow enough, the “off phase 
may be given fixed diagnostic pulses. The amplitude of the 
pulses may vary with the change in inductance as the rotor 
turns, giving position information. As speed increases, there 
may not be enough time to generate diagnostic pulses. In this 
case, the calculations may change and the rate of rise of 
current may be used to determine position. With position 
information, speed can also be measured, giving both posi 
tion and speed data for proper gating of the IGBT switches 
2521 and 2523. In the braking mode, the stator energizing 
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sequence actually "chases the rotor, trying to draw it back, 
thus creating the braking force. In both motoring and brak 
ing, the current through the IGBT switches 2521 and 2523 
and the coil 2522 is in the same direction unlike a conven 
tional DC motor. The timing of the turn on/off with respect 
to the rotor position creates motoring and braking. 
0087 An SR motor can be used for stationary braking of 
a heavy-duty vehicle. By energizing and maintaining the 
energy in one coil of the SR motor, instead of turning on/off 
the coil as described above, the rotor will be rotated to align 
poles of the rotor with the stator poles energized by the coils 
2522, then will stay in that position, holding the rotor 
stationary without creating mechanical wear, Such as in a 
disc brake system. 
0088. Some of the benefits of SR technology include: (a) 
the motor is more robust than an AC or DC motor, since 
there are no coils on any of the moving parts of the motor; 
(b) the rotor inertia is much lower than in a DC armature or 
an AC rotor, giving benefits to gearing life, especially if 
there is frequent stopping and starting; (c) no commutator 
maintenance—there are no brushes or brush rigging; (d) 
stators are very similar to DC motor field poles; (e) smaller 
than DC motors with comparable horsepower, (f) simple and 
robust electronic controls compared to variable frequency 
AC; (g) high level of fault tolerance: (h) high speeds can be 
achieved, limited only by bearing and electromagnetic tim 
ing constraints: (i) can operate at low speed providing 
full-rated torque down to Zero speed; () maintains high 
efficiency over wide speed and load ranges; (k) system is 
inherently 4-quadrant and can run forward or backward as 
either a motor or generator, and (1) temperature sensitive 
components are stationary and therefore, easier to monitor. 
Other advantages may be found. 
0089. In one embodiment, such as shown above in FIG. 
15, four SR traction motors 1510, one directly driving each 
wheel 1515, provide propulsion power for the vehicle 1500. 
By controlling the timing and magnitude of SR pole cur 
rents, the vehicle 1500 achieves an efficient and responsive 
tractive effort. Power for the traction system comes from a 
diesel driven AC generator 2002, as shown in FIG. 20. The 
diesel engine 2001 may run at a Substantially constant 
predetermined speed, chosen for engine efficiency, and the 
AC generator provides a power input for the four SR 
converters and the generator field excitation VR converter as 
described in more detail below. Although a diesel engine is 
shown in FIG. 20, other types of engines may be used to 
drive the AC generator. 
0090 The SR converter 2520 utilizes IGBT switches 
2521 and 2523 as its basic power switch. An IGBT switch 
is a transistor Switch with tremendous power gain capabili 
ties. A Small amount of gate drive can turn on hundreds to 
thousands amperes of current, and when it is removed, 
current will turn off. Therefore, current through the motor 
coil 2522 can be precisely turned on and off, to provide 
optimum system performance. The current flows from the 
positive side of the bus 2004, through the high side switch 
2521, through the stator coil 2522, through the low side 
switch 2523 to the negative side of the bus 2004. At the 
proper time, the “on” switches will turn off, and the subse 
quent phase switches will turn on, as shown above in FIGS. 
4-10. 

0091 FIG. 26 illustrates an exemplary signal flow for the 
distributed control software of an exemplary embodiment. 
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Remote modules 1820 located in the cab read the operator 
control elements 2620 (switches, accelerator potentiometer, 
direction select, park brake release, etc.). The appropriate 
remote modules 1820 located on the vehicle also read motor 
and generator temperature signals 2630. The remote mod 
ules 1820 convert data from these elements 2620 and signals 
2630 converted into data that is given to the master module 
1810 via the CAN bus 1805. The master 1810 then sends the 
various commands to the appropriate remote modules 1820 
and drive modules 1830. 

0092. When the operator moves the engine select switch 
of the operator control elements 2620 to a high throttle 
position, the master module 1810 commands the engine 
2001 to reach a predetermined operating speed. At the same 
time, 24 volts DC (battery voltage) is fed to the priming 
circuit, providing an initial current for the AC generator field 
2012, and at the same time the VR SCR control 2011 turns 
on all the SCRs of an SCR bridge 2641 continuously. 
0093. As the AC generator 2002 voltage builds up to 
about 100 VAC, the VR converter 2011 begins controlled 
operation, ramping the generator Voltage to its rated value. 
The ramping (typically about 3-4 seconds) provides a soft 
build up of bus voltage to limit the charging current of the 
bus capacitors. The priming function is then shut off and the 
VR 2011 has total regulation of the field excitation. As the 
load on the generator 2002 varies, the field 2012 current will 
adjust so that the proper Voltage is maintained. The AC 
voltage may be limited as a function of the frequency of the 
generator 2002 so operation at lower engine rpm will 
maintain the generator at a proper volts/hertz level. This 
could occur if engine speed were slow to respond, or during 
shop mode and auxiliary power modes of operation. In an 
exemplary embodiment, the field excitation is regulated to 
maintain a voltage ratio of 8.6 volts per hertz below approxi 
mately 58 hertz. At 58 Hz, the voltage levels off at 500 VAC, 
which is maintained during the normal full power fluctua 
tions of engine speed. Other embodiments may use different 
ramping, Voltage ratios, frequencies, and VAC levels. 
0094) The distributed control system 1800 software oper 
ates on the basis of a “closed loop” system. In other words, 
a feedback is used to insure the response meets the com 
mand. When the operator depresses the accelerator pedal of 
the operator control element 2620, the vehicle is “com 
manded to go a certain speed. This creates an overall speed 
command 2604 that will produce a common motor torque 
command 2608 to generate drive-specific torque commands 
2609 to cause motor torque in the selected direction at the 
four traction wheel motors 1890. A small movement of the 
pedal initiates a small speed command 2604, resulting in a 
Small change in torque command. A large movement will 
result in a high change in torque command. The common 
torque command 2608 actually is derived from the differ 
ence between the command speed and the actual speed. This 
difference is called an error 2606. As the vehicle approaches 
the commanded speed, the error 2606 decreases so the 
torque command 2608 will taper off. The actual speed 
achieved will be the commanded speed, less the error 2606 
it takes to maintain the required torque. In an exemplary 
embodiment, the full pedal position represents 15 mph of 
vehicle speed. If the road surface is hard and level, almost 
15 mph can be achieved because it takes only a small 
amount of torque to maintain it. If the vehicle is climbing a 
hill, is on under-footing having high rolling resistance, 

Aug. 23, 2007 

carrying heavy loads, or whatever condition may be present 
that requires higher torque, a lesser speed may be achieved. 
Other embodiments may have different full pedal speeds. 
The full pedal speed may be limited below actual vehicle 
capability for safety or other reasons. 
0.095 The operator interface to the drive system is 
through sensors and switch inputs to remote modules 1820 
and the data bus 2004. A direction select switch, accelerator 
pedal, park brake Switch, engine select Switch, etc. of 
operator controls 2620 are coupled to remote modules 1820 
in the cab. In an exemplary embodiment, three cab remote 
modules 1820 are used. Data from the operator interface 
2620 are passed as data to the master module 1810, and then, 
after performing the necessary calculation and control func 
tions, the master module 1810 passes data to the drive 
modules 1860. 

0096) The master module 1810 creates all the control 
functions that allow the four drive modules 1860 and SR 
converters 1870 to work as an integrated system. As the 
operator works the accelerator pedal, the difference between 
the command speed 2604 and the actual speed creates a 
common torque command 2608 to all four drives, as 
described above. The four wheel speeds are averaged (2605) 
to obtain an overall vehicle speed which is used to null the 
common torque 2608 as commanded speed is reached. The 
common torque command 2608 is also modified to com 
pensate for machine variables that require a reduction in 
torque. These may include programmed torque ramps and 
filters 2607, engine loading limits 2642, and temperature 
limits 2643 relating to the VR and generator. Other variables 
may be used. Individual limits relating to wheel slip and 
temperature constraints 2609 are directed to the individual 
drives. 

0097 When the machine is traveling at a given speed, 
and the accelerator is released, an error 2606 is created that 
says the machine is traveling faster than commanded. This 
error 2606 creates a braking torque to reduce the machine 
speed. With an SR motor system such as illustrated in FIG. 
11, braking is Substantially instantaneous because there are 
no currents to reduce or Switch directions. Braking torque is 
achieved by simply changing the timing of the converter 
firing to following behind the rotor movement, “pulling it 
back” to reduce its speed. Conventional DC motor systems 
introduce a lag time because of the need to reduce or Switch 
current directions. 

0098. The common torque command 2608 is then split 
into individual motor and drive torque commands 2609 for 
the four wheels. The individual commands 2609 take in 
system feedback parameters 2645 that relates to that par 
ticular drive. For instance, if one drive is indicating a motor 
or converter temperature that is climbing above safe values, 
that drive goes through a cutback, alarm and eventually a 
shutdown if the condition is not corrected. 

0099] The slip limit control 2610 is also fed to a particular 
offending drive. The four motor speeds are averaged in 
block 2605 and compared to each individual speed. If an 
individual speed goes beyond a prescribed limit, the com 
mand 2644 to that drive is reduced to prevent the wheel from 
going beyond that limit. This then controls the wheel slip 
page, enhancing tire life. The allowable limits are modified 
with steer angle and overall speed. The steer angle input 
2646 gives the system information, so during a turn, the 
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outside wheels are allowed to go faster than the inside. As 
the overall speed of the vehicle increases, slip control is 
relaxed to allow for wheel speed differences due to tire wear. 
0100. The local individual SR motor control logic 2612 is 
embedded in the drive module cards 1860. In one embodi 
ment, this control 2612 relies on motor characteristics and 
limits that are programmed into the control code. These are 
originally done through a characterization of the motor 
2613, where phase turn-on and turn-off time and angle are 
established for the full range of operating speeds and current 
levels. The sensor-less position information is also a part of 
the characterization process. With this information pro 
grammed into the drive module 1860, proper triggering of 
the IGBTs 2611 for the various speed and torque demands 
may be achieved. 
0101 The SR control logic 2612 also reads bus voltage to 
ensure it does not fluctuate beyond safe levels. As bus 
voltage rises, the chopper IGBT 2614 turns on to dump 
excess energy into the braking grids. In one embodiment, the 
chopper 2001 turns on when the bus voltage rises above 740 
VDC, and off when it goes below 720 VDC. The length of 
the on versus off time determines the amount of energy 
dumped, and this is controlled directly as a function of bus 
Voltage. In one embodiment, an over-Voltage fault and a 
system shutdown occurs if bus voltage exceeds 800 VDC. 
0102) The SR control 2612 also monitors temperature 
and IGBT faults and reports them to the master 1810. 
Appropriate shutdowns are implemented for the various 
faults. One skilled in the art will recognize that other signal 
flows and control techniques may be used. 

0103 FIGS. 27a-27c are views of a phase ring 2700, 
corresponding to the phase ring 2110 of FIG. 21, for use in 
an embodiment of the stator 1718 to route wiring to the coil 
windings. As shown in FIGS. 27a-27c, a phase ring for a 12 
stator pole, three phase stator 1718 is shown. Similar phase 
rings may be used for stators with different numbers of poles 
or phases, by changing the number of rings 2710 and tabs 
2720 on the rings 2710. 
0104 FIG. 27a provides a top view, a side view, and a 
section view around line A-A of an assembled phase ring 
2700. Six phase ring sections 2710a-2710f each provide four 
tabs 2720 and a connector 2730. The tabs 2720 provide 
electrical connectivity with one lead 2410 of the four equally 
spaced stator coils 2450 for one of the three phases, while 
providing a single electrical external connector for a large 
wire to connect the SR motor to the power electronics. Rings 
27.10a and 2710b connect to the Stator coils 2450 for a first 
phase, rings 2710c and 2710d connect to the stator coils 
2450 for a second phase, and rings 2710e and 2710fconnect 
to the stator coils 2450 for a third phase. In one embodiment, 
rings 2710a, 2710c. 2710e are identical as manufactured, as 
are rings 2710b, 2710d, and 2710?, each with three connec 
tors 2730. During assembly, the appropriate two of the three 
connectors 2730 are removed from each ring 2710 to 
configure each ring 2710 for the desired phase of the SR 
motor. 

0105 For assembly, each ring 2710 is wrapped with 
insulation, such as an 80% lap mica mat tape, providing 
insulation between the rings 2710 when they are stacked as 
shown in FIG. 27c, with ring separators 2740 providing 
additional separation and insulation between each ring 2710. 
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The assembled phase ring assembly 2700 may then be again 
taped with insulation, Such as a 60% lap glass tape, before 
placement into the stator to connect with the stator coils 
245O. 

0106 FIG. 28 is a block diagram of an exemplary heavy 
duty hoisting apparatus. Instead of a wheel, as in FIG. 11, the 
SR motor system of the apparatus 2800 of FIG. 28 drives a 
hoist 2810, such as a conventional winch, for lifting a load 
2820. A distributed control system 1800 may be used to 
control the heavy-duty hoisting apparatus of FIG. 28. In 
Some embodiments, an engine and generator Such as 
described above may be used to power the SR motor system 
of FIG. 28. In other embodiments, the SR motor system may 
be connected to an external power Source. Such as a power 
grid. 

0107 The SR motor system of FIG. 28 may use the 
capability of stationary braking described above to avoid 
problems conventional hoisting apparatus have when lifting 
a load of an unknown weight. To avoid undesired vertical 
movement when moving a load 2820, the SR motor system 
may be locked in place by energizing less than all of the 
stator poles, then providing the correct torque to lift or lower 
the load 2820. In a conventional hoisting apparatus, unless 
sufficient torque is provided by the driving DC or AC motor, 
where the amount of torque needed may not be predeter 
minable because of an unknown weight of the load 2820, 
undesirable vertical movement may occur. Because the SR 
motor can be locked into a fixed rotational position as 
described above, this undesirable movement can be elimi 
nated. 

0108. The foregoing disclosure and description of the 
invention are illustrative and explanatory thereof, and vari 
ous changes in the details of the illustrated apparatus and 
construction and the method of operation may be made 
without departing from the spirit of the invention. 

We claim: 
1. A heavy-duty vehicle adapted for use in an industrial 

environment, comprising: 
a heavy-duty vehicle frame; 

a plurality of wheels mounted with the vehicle frame, 
each of the wheels adapted for engagement with a 
Surface Such as land; 

an engine mounted with the vehicle frame; 
an electrical generator operatively engaged with and 

driven by the engine; 
a first Switched reluctance (SR) motor operably engaging 

a first wheel of the plurality of wheels, the first SR 
motor powered by the electrical generator; 

a digital control system coupled to the SR motor adapted 
to control the SR motor individually and to drive the 
vehicle, 

wherein the generator produces a DC voltage and the SR 
motor drives the first wheel concurrently. 

2. The heavy-duty vehicle of claim 1, wherein the elec 
trical generator is an alternating current (AC) generator. 

3. The heavy-duty vehicle of claim 1, wherein the engine 
is a diesel engine. 
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4. The heavy-duty vehicle of claim 1, wherein the engine 
is adapted to run at a Substantially constant predetermined 
RPM. 

5. The heavy-duty vehicle of claim 1, further comprising: 
a heavy-duty materials handling system, mounted with 

the vehicle frame; 
6. The heavy-duty vehicle of claim 5, wherein the digital 

control system is further adapted to control the materials 
handling system. 

7. The heavy-duty vehicle of claim 5, the heavy-duty 
materials handling system comprising: 

a third SR motor, electrically coupled to the electrical 
generator, and 

a heavy-duty lifting apparatus, driven by the third SR 
motor. 

8. The heavy-duty vehicle of claim 7, wherein the heavy 
duty lifting apparatus is an apparatus for lifting a container. 

9. The heavy-duty vehicle of claim 1, further comprising: 
an operator control system, adapted to provide a vehicle 

operator with operational control over the heavy-duty 
vehicle. 

10. The heavy-duty vehicle of claim 1, the digital control 
system comprising: 

a master unit, adapted to receive commands from the 
operator control system; 

a drive remote unit, coupled to the first SR motor; 
a network, coupled to the master unit and the remote unit, 

adapted for message transmission between the master 
unit and the remote unit. 

11. The heavy-duty vehicle of claim 10, further compris 
ing: 

an AC to direct current (DC) power converter, coupled 
between the electrical generator and the first SR motor, 

wherein the drive remote unit is further coupled to the AC 
to DC power converter and to the network, and 
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wherein the master unit is further adapted to control 
operating parameters of the AC to DC power converter 
via the drive remote unit. 

12. The heavy-duty vehicle of claim 1, wherein the first 
SR motor is further adapted to control a second wheel of the 
plurality of wheels. 

13. The heavy-duty vehicle of claim 1, further compris 
ing: 

a second SR motor, operably engaging a second wheel of 
the plurality of wheels, the second SR motor powered 
by the electrical generator, 

wherein the digital control system is coupled to the first 
SR motor and the second SR motor for controlling 
operation of the first SR motor and the second SR 
motor individually, and for controlling operation of the 
first SR motor and the second SR motor together for 
driving the vehicle and for controlling the materials 
handling system. 

14. The heavy-duty vehicle of claim 1, further compris 
ing: 

a chopping system, adapted to dissipate excess DC volt 
age. 

15. The heavy-duty vehicle of claim 1, further compris 
ing: 

a power storage system, adapted to store excess DC 
Voltage. 

16. The heavy-duty vehicle of claim 1, further compris 
ing: 

a power feedback system, adapted to drive the engine 
from excess electrical power fed back to the electrical 
generator. 

17. The heavy-duty vehicle of claim 1, the first SR motor 
further adapted to provide braking for the first wheel. 


