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ELECTRICAL PROPULSION SYSTEMS FOR
A VEHICLE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

The present mvention 1s directed to a golf car having an
clectric propulsion system and, more particularly, to a golf
car mcorporating a shunt wound separately excited direct
current electric motor propulsion system.

Electrically propelled vehicles are 1n use in numerous
applications. For example, fixed rail transit vehicles and
locomotives are typically propelled by electric motors as are
various types of off-highway vehicles 1n the mining industry.
Electric power for these types of vehicles 1s provided by
external sources or by on-board engines and generator sets.
Thus, the range of velocity and horsepower developed by
these vehicles 1s controlled to a large extent by a virtually
unlimited power source which permits use of large series
wound direct current (DC) motors to provide tractive effort.

In some classes of vehicles, such as, for example, golf
cars, the power source 1s limited to batteries because the
vehicle must be kept relatively small while permitting
maximum mobility. Historically, 1t has been the general
practice to equip electrically powered golf ears with series
wound DC electric motors. While such series wound motors
provide satisfactory operating characteristics on generally
flat golf courses, any course which requires that the vehicle
be driven over hilly terrain has typically relied on internal
combustion engine powered golf cars since the characteris-
tics of the series wound DC motor made the electrically
propelled golf cars undesirable on such courses. Referring,
briefly to FIG. 1, there 1s shown a typical characteristic curve
for a series wound DC motor which shows that the motor
produces 1ts maximum torque at very low speeds but that
torque 1s 1nversely proportional to vehicle speed.
Accordingly, as a golf car attempts to climb a relatively
steep grade, speed rapidly falls off as the required torque
increases. Conventional golf cars using series wound DC
motors will typically stall on a hill grade of about 40%.

It 1s known that shunt wound DC electric motors using
separately excited armature winding and field winding con-
trols can provide motor operating characteristics that have
certain advantages over the series wound DC motor. In
particular, the point at which speed begins to decrease in
response to increased torque commands can be shifted
considerably on the speed torque curve so as to improve the
performance of a vehicle equipped with a shunt wound
separately excited motor. However, controls for such motors
have typically been too expensive to use on low end appli-
cations such as golf cars. In addition, the shunt wound motor
has had other concerns such as the inability to provide
retarding torque as the vehicle 1s driven down a hill. In
particular, 1f the shunt wound motor 1s applied to a golf car
and 1s proceeding down a hill of about 30 to 40% grade, the
velocity of the vehicle can exceed the mechanical maximum
velocity of the shunt wound motor causing the motor to
mechanically fail and disable the vehicle. Furthermore, such
high speeds 1n a golf car can be dangerous for passengers of
that car. Still another disadvantage historically associated
with the use of shunt wound motors 1 golf cars 1s the
possibility of a runaway unattended golf car. For example, if
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setting the hill brake, the golf car could begin to roll after the
passengers have left the car and accelerate to speeds which
could destroy the mechanical drive system of the car or
damage anything in the path of the golf car.

SUMMARY OF THE INVENTION

Among the several objects of the present invention may
be noted the provision of an electrically propelled golf car
using a shunt wound separately excited DC electric motor
which overcomes the above and other disadvantages of the
prior art; the provision of a control system for a golf car with
hill sensing diagnostics which automatically senses over-
speed 1n an occupied car and 1mplements regenerative
braking to limit speed; the provision of a control system for
a golf car which senses runaway of an unattended car and
implements severe braking; the provision of a control algo-
rithm for a golf car which 1s adjustable to achieve desired
torque/speed performance of the car; the provision of a golf
car control system which automatically senses overvoltage
during electrical regenerative braking and limits voltage to
prevent control damage; and the provision of a golf car
including detection of minimum field current prior to appli-
cation of armature current to prevent armature damage. In an
illustrative embodiment, the present invention incorporates
a shunt wound DC electric motor into a golf car drive system
in which the motor includes an armature winding and a
separately excited field winding. The motor 1s connected to
a propulsion system which includes a pulse width modulated
switching device connected between the armature winding
and a battery pack on the vehicle and a separate pulse width
modulated field control circuit also connecting the field
winding to the onboard battery pack. During normal pro-
pulsion operation of the golf car, depression of an accelera-
tor on the car 1nitially applies a fixed amount of field current
to the motor field winding and allows the armature current
to 1ncrease up to a first predetermined value. As additional
speed or torque 1s demanded of the motor by driving the golf
car up a hill, for example, the control system begins to
modulate the field current 1n a preselected ratio to armature
current. Typically, the field current would be allowed to
Increase up to some maximum value at the same time that
the armature current reaches 1ts maximum value. The pro-
pulsion characteristics are selected so that the golf ear will
maintain a fairly constant speed until the armature current
reaches the first preselected value. Thereafter, any demand
for additional torque as a consequence of increased loading
on the golf car will result 1n an allowable increase 1n field
current and corresponding increase 1n armature current to
produce the torque necessary to hold or to attempt to hold
vehicle speed at the constant value. More 1importantly, the
control system 1s adapted to sense overspeed of the electric
motor and put the system into an automatic regenerative
braking mode to produce retarding torque and restrict any
further 1ncrease 1 motor speed. If the vehicle operator
releases the accelerator 1n response to the vehicle proceeding
down a hill at what 1s perceived to be an increased speed, the
control system will energize the motor field winding for a
specified time while testing for an overspeed condition. If
the overspeed condition 1s detected, the propulsion system
will automatically enter the regenerative braking mode even
though the operator has not actuated the accelerator. The
advantage of this downhill sensing system 1s to prevent the
vehicle from overspeeding as it proceeds down a hill but at
the same time will allow the vehicle to coast on a level
surface when the accelerator 1s released since the overspeed
condition will not occur unless the vehicle accelerates due to
oravitational forces on a downhill slope. The system further
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includes detectors for sensing motion of the vehicle from a
parked condition by detecting regenerative voltage at the
motor armature winding caused by rotation of the motor
armature as a vehicle begins to move. The system relies on
residual magnetism 1n the motor casing to provide sufficient
counter electromotive force (CEMF) to be detected by a
voltage sensor at the motor armature terminals. If voltage 1s
detected and there 1s no armature or field current, the system
will sense the polarity of the motor voltage, interrogate the
last direction 1n which the golf car was driven and will then
automatically generate field current 1in a direction to cause
armature current to flow 1n a direction to cause the motor to
act as a generator. The regenerated current 1s then circulated
through a plugeing diode and causes the motor to plug
sufficiently to limit the speed of the golf car to a very low
value, such as, for example, two miles per hour.

The propulsion system also includes armature voltage
monitoring to prevent armature voltage from exceeding a
selected maximum value during regenerative braking to
thereby protect the control electronics from being damaged
by an excess voltage. Still further, the system incorporates a
field current detect circuit which prevents application of
armature current until field current reaches a mimimum value
in order to protect the armature from an over-current con-
dition.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present invention, ref-
erences may be had to the following detailed description

taken 1n conjunction with the accompanying drawings in
which:

FIG. 1 1s a characteristic torque/speed curve for a series
wound DC electric motor;

FIG. 2 1s a simplified illustration of a conventional golf
car with which the present invention may be used;

FIG. 3 1s a speed/torque characteristic for a shunt wound
electric motor;

FIG. 4 1s a field current/armature current graph for a
motor operated 1n accordance with the present invention;

FIG. 5 1s a simplified schematic diagram of a power
circuit for a shunt motor for a golf car 1n accordance with the
present mvention;

FIG. 6 1s a ssmplified schematic of a portion of a control
system for use with the circuit of FIG. 5;

FIGS. 7A, 7B and 7C are simplified schematics of dit-
ferent forms of field current control circuits for use with the
circuit of FIG. §;

FIG. 8 1s a schematic representation of a motor voltage
detection circuit which senses motor rotation without motor
energization,

FIG. 9 1s an illustration of a gate array logic block with
signal lines useful 1n understanding the logic of Table 1; and

FIG. 10 1s a sitmplified schematic representation of a golf
car control system 1n accordance with the present invention
and showing interface between the circuits of FIGS. 5-9.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to FIG. 2, there 1s shown a simplified
illustration of a golf car 10 1n accordance with the present
invention. The golf car 10 incorporates conventional fea-
tures such as front and rear wheels 12, steering wheel 14, a
scat 16 and a seat back 18. A basket 20 1s located behind seat
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1s located aft of basket 20. The car 10 includes a key switch
24 which 1s coupled to a propulsion control and allows 65
power to be supplied from a battery 26 to a motor 28. The
oolf car also includes a forward/reverse switch 30 which can
be set to cause the vehicle to proceed in either a forward or
a reverse direction. The golf car further includes a brake
pedal 32 and an accelerator pedal 34. The accelerator pedal
is connected to an accelerator position sensor (not shown)
which provides signals to the propulsion system for con-
trolling the motor 28 by regulating the amount of power
supplied from battery 26 to motor 28. An example of one
form of an accelerator position sensor 1s shown 1n U.S. Pat.
No. 4,442,351 although 1t 1s expected that a low-cost accel-
erator for a golf car may use a stmple rheostat to detect pedal
position.

In operation, a driver seated on seat 16 will first engage
switch 30 to select either a forward or reverse direction of
motion for the golf car 10. Thereafter, 1t 1s desirable to turn
key 24 to an on position and to depress accelerator 34 to
cause the golf car to begin moving. Generally, the golf cars
are set to proceed at some maximum low speed such as, for
example, 14.5 miles per hour, with the accelerator pedal 34
fully depressed and the golf car proceeding on level ground.
If the car 10 encounters a hill, the propulsion system senses
the increased torque required to maintain the maximum
speed and adjusts the propulsion system to increase both
armature current and field current in order to cause the motor
to produce additional torque for maintaining the maximum
allowable speed of the golf car. Referring briefly to FIG. 3,
there 1s shown an example of a conventional speed torque
curve for a separately excited shunt motor of the type
utilized as motor 28 1n golf car 10. Note that the speed can
be maintained at essentially a constant value from zero
torque out to a preselected torque value A which 1s normally
limited to a motor stability point although, as will be
explained hereinafter, the point A can be adjusted to a value
of torque below the motor stability point. For torque values
higher than point A, the characteristics of the shunt wound
motor are similar to the series motor 1n that speed drops oft
or decreases as torque 1ncreases. The motor stability point 1s
established by the motor manufacturer and 1s a function of
the size, number of windings and other construction factors
of the motor itself. The motor stability point 1s generally
defined as the ratio of the number of rated field ampere turns
divided by the number of rated armature ampere turns. For
one exemplary motor suitable for use 1n the golf car 10, the
motor stability point A 1s set at a ratio of about 0.7.

Referring to FIG. 4, there 1s shown a graph of field current
[. as a function of armature current I, for a shunt motor
operated 1n accordance with the present invention. Point A
on the graph of FIG. 4 corresponds to point A on the graph
of FIG. 3. With minimum field current 1.,,,», sSpeed 1s held
constant under increasing load by increasing armature cur-
rent [, until operation reaches point A. An increase 1n torque
above point A, such as may be required for hill climbing,
requires a concomitant increase 1n both I, and I, which
increases torque but decreases motor speed. It will be noted
that a mimimum field current exists from the minimum
armature current up to the motor stability point A. Above the
motor stability point, the field current 1s increased to thereby
increase torque of the motor and at the same time the
armature current 1s allowed to 1ncrease 1n accordance with a
predetermined ratio between the field current and armature
current. Various values of the ratio can be set 1n order to
obtain different characteristics from the shunt motor. For
example, by setting the ratio as indicated by the solid line 36,
one can obtain a preferred operating characteristic over a
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course which has an average amount of hilliness without any
excessive hill climbing required. However, if the course has
rather steep hills, it may be desirable to increase the amount
of torque capability of the or by increasing the field current
along the line 35. This gives greater torque but sacrifices
speed. On courses which are more flat, 1t may be desirable
to provide less torque but higher speed as indicated by the
phantom line 37. Phantom line 37 indicates a lower peak
maximum field current with a higher ratio of armature
current therefore giving greater speed with less torque. The
system for establishing these two lines may be implemented
in either an analog circuit or may be stored 1n a logic table
In memory 1n a computer control system. The curve 1is
determined from the basic motor torque equation as follows:

It will be appreciated that for any given motor the value
of K 1s a constant and the value of armature current as a
function of field current can be determined for any fixed
value of desired torque T. The 1,./1, graph of FIG. 4 1s not
to scale. For one exemplary motor 28, 1.,,,»- 1S set at 4 amps,
[ 245 18 30 amps, motor stability point A occurs at I, equal
to 60 amps and I,,,.5 15 at 300 amps.

Turning now to FIG. 5, there 1s shown a simplified
schematic representation of a power system for use with the
motor 28 1 the golf car 10 to achieve the performance
characteristics set forth in FIGS. 3 and 4. The battery 26 1s
coupled between a pair of relatively positive and negative
DC power buses 38 and 40, respectively. An armature
winding 42 of motor 28 1s connected by means of a
switching device 44 between the buses 38 and 40. The
switching device 44 may be, for example, a MOSFET device
of a type well known i1n the art. A current sensor 46 1is
connected to the line between bus 38 and an upper terminal
Al of armature winding 42. A lower terminal A2 of armature
winding 42 1s connected through a flyback or free wheeling,
diode 48 to the positive terminal 38. The diode D1 1s used
to conduct current through the inductive circuit including the
armature 42 when the switching device 44 1s 1n a non-
conducting state or when motor terminal A2 1s relatively
more positive (higher voltage) than the voltage at bus 38, the
latter event occurring when the motor 1s 1n a plugging mode.
The diode 48 1s sometimes referred to as a plug diode. The
terminal A2 1s also connected to a regeneration diode which
1s coupled to the negative power bus 40. Note that the
polarity of the diode 48 and diode 50 are such to conduct
current from the negative bus 40 to the positive bus 38 so
that 1n normal operation, both diodes 48 and 50 are reverse
biased.

The motor 28 also includes a field winding 52 connected
in a common H-bridge arrangement of a type well known 1n
the art. The H-bridge arrangement includes a first pair of
switching devices 54 and 56 serially connected between bus
38 and bus 40 and a second pair of serially connected
switching devices 58 and 60 connected essentially 1n parallel
with the first switching devices 54 and 56. The junction
intermediate the pair of switching devices 54 and 56 1is
connected to a first field winding terminal F1 and the
junction intermediate devices 58 and 60 1s connected to a
seccond terminal F2 of winding 52. Each of the devices
54-60 arc bypassed by a respective one of a plurality of
diodes 62—68. The diodes 62—68 provide a flyback current
path when the switching devices are switched to a non-
conducting state. More particularly, the switches 54 and 58
are operated 1n a switching mode, such as a pulse width
modulation (PWM) mode, to regulate field current and the
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diodes 62—-68 provide a current path for the mductive field
current when the devices 54, 58 switch from a conductive to
non-conductive state. Field current sensors 70 and 72 are
connected 1 each of the respective lines between the
lowermost switching devices 56 and 60 and the negative
power bus 40. The devices 54—60 are preferably MOSFET
switching devices of a type well known 1n the art.

Before describing the method of controlling current 1n the
armature and field windings 42 and 52, it will first be noted
that when switch 44 1s 1n a conducting mode, battery voltage
1s applied directly across the armature terminals A1-A2 to
establish a current through the armature winding 42. If the
switch 44 1s gated into an off condition, the inductive to
reactance of the armature winding causes a current to
continue to flow from terminal A2 through diode 48 and
back to the power source if the armature voltage 1s higher
than the voltage of the battery 26. Otherwise, the current
flows 1 a closed loop through diode 48 and back into
terminal Al through armature winding 42 1n a circulating
path. If the armature voltage 1s reversed so that current flow
through armature winding 42 1s from terminal A2 to terminal
Al, the motor 1s 1n a regenerative braking mode and current
flows through diode 50 to terminal A2 through the winding
42 and to the positive bus 38 where it 1s fed back to battery
26. The control system functions to assure that the voltage
ogenerated by the armature 1n a regenerative braking mode 1s
sufficiently high to allow current to flow back to battery 26.
In the field winding circuit, the magnitude of field current 1s
controlled by the two upper switching devices 54 and 58. It
conventional current through field 52 flows from terminal F1
to terminal F2, the motor will be propelled 1n a first direction
which can be assumed to be a forward direction. In this
mode, the switching device 60 1s fully conductive and the
switching device 54 1s modulated to control the magnitude
of field current. Devices 38 and 56 are non-conductive.
When device 54 1s turned off, the inductance of the field 52
causes current to continue to flow via diodes 64 and 66. In
the reverse direction, current flows from terminal F2 to 35
terminal F1 with switching device 56 being fully conductive
and device 58 being modulated to control the average value
of field current. When device 58 switches to an off state,
current circulates through diodes 60 and 62 from bus 40 to
bus 38. The devices 54—60 arc controlled by a field control
pulse width modulating (PWM) device 74 of a type well
known 1n the art. For example, the device 74 may be a Harris
Corporation type 4081 H-bridge driver circuit. The driver
circuit 74 has four outputs, one to each of the switching
devices 54—60. It receives a field duty cycle signal (FDC)
which determines the time ratio control of the switching
devices 54 and 58 to set the magnitude of field current.
Inputs F and R determine forward and reverse directions and
establish which of the devices 54—60 will be conductive. The
FDC 1nput 1s an oscillator input which sets the time ratio so
control of the devices 54 and 58. The FDC 1nput 1s devel-
oped from the I or field current signals obtained from field
current sensors 70 and 72 and from the motor armature
current sensor 46 1n a manner to be described with reference
to FIG. 10. The field current sensors 70 and 72 are each
connected to respective ones of the amplifiers 76 and 78. The
outputs of amplifiers 76 and 78 are coupled through corre-
sponding diodes 80 and 82, which diodes 80 and 82 function
as an OR circuit so that the output I 1s the highest one of
the signals from the sensors 70 and 72. The devices 56 and
60 arc not modulated so that the field current signals from
sensors 70 and 72 are not chopped.

Referring briefly to FIG. 6, there 1s shown a simplified
schematic representation of how the FDC signal can be
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developed from the I, and I signals for normal motoring
operation of golf car 10. The signal I, representing the
armature current 1s fed through a buifer 82 and then through
a diode 83 and 1nto a voltage divider comprising the series
connected resistors 84, 86 and 88 connected between a
positive voltage source V™ and a reference potential or
oround. The resistance 86 1s a variable resistance having a
tap 90 which allows the percentage of voltage fed forward
from the output of buffer 82 to be set at a desired ratio. The
signal from tap 90 1s coupled into one mput terminal of an
amplifier 92 with a second mput terminal of amplifier 92
receiving the I. signal discussed above. The output of
amplifier 92 1s the I, signal modified by the value of the I,
signal. More particularly, the I, signal 1s now a function of
to the I, signal for values of 1. exceeding 1, ,, or for values
of I, exceeding the value at the motor stability point. Below
the motor stability point, the diode 85 1s reverse biased so
that I, does not affect the value of 1. The resultant signal 1s
coupled to an oscillator 94 which provides the FDC output
signal that 1s coupled to the field current regulator 74. In this
manner, the magnitude of field current above the motor
stability point A becomes a function of the magnitude of
armature current.

Returning again to FIG. 5, one of the primary functions of
the motor propulsion system 1s to be able to detect overspeed
conditions and adjust the values of armature and field
current 1n such a manner as to prevent the vehicle from
exceeding an overspeed limit. To achieve this function, the
magnitude and polarity of armature current 1s monitored by
amplifier 96 connected to the terminals of the current sensor
46. During normal operation, motor terminal Al 1s positive
with respect to terminal A2 and current flows from bus 38
through armature current sensor (ACS) 46, armature 42 and
device 44 to bus 40. During an overspeed condition, the
armature will run or rotate at a speed higher than the
commanded speed (being driven by rotation of wheels 12 as
the vehicle rolls down a hill) and will therefore act as a
generator with terminal A1l becoming more positive than bus
38. Armature current I, will reverse direction and the
resulting regenerative current will flow through the diode
SO, through armature 42 and current sensor 46 1n a reverse
direction. When this happens, the polarity of voltage applied
to amplifier 96 1s reversed causing its output to switch to a
reverse polarity. The output of amplifier 96 1s coupled to one
input of a second comparator 98. A second 1nput of com-
parator 98 1s coupled to an adjustable tap on a potentiometer
100. The potentiometer 100 allows the voltage on the second
input of amplifier 98 to be set at a desired value. In essence,
potentiometer 100 sets the overspeed trip point. When the
voltage on the first input terminal of amplifier 98 exceeds the
voltage set by potentiometer 100, amplifier 98 will change
states and provide an overspeed (OS) output signal which, in
the 1llustrative embodiment, 1s a logic 1 and 1s interpreted as
a call for regenerative (RGN) braking, i.e., i=RGN. For
example, the motor design contemplated for a conventional
oolf car requires a minimum field current of about four amps
to achieve a desired level running top speed of about 14.5
miles per hour. At this current level, the motor will produce
approximately 10 amps of regeneration current at 4000
RPM, which corresponds to approximately 17 miles per
hour and can only be achieved while the vehicle 1s running
down an incline. When 10 amps of regeneration current 1s
detected by the control system, 1.e., by comparison of the
output of amplifier 96 with the value set by potentiometer
100, an overspeed signal 1s produced to increase field current
from the nominal 4 amps to about 15 to 25 amps. This
resultant increase 1n field current will cause the motor to
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retard acceleration of the vehicle and prevent the motor
RPM from increasing further, 1.€., operation of the motor
transitions into the region above point A of FIG. 3 where the
higher generated torque 1n a reverse direction reduces speed.

The golf car control system has to detect different modes
of operation in order to provide an acceptable response. For
example, the car may be proceeding down a hill with the car
operator holding the accelerator in a fully or partially
depressed position. Under this condition, the system should
initiate regenerative braking when the car speed reaches a
preselected overspeed limit. Another condition may be that
the car has been parked on a hill and the brake releases
allowing the car to run away. In this condition, the accel-
erator 1s not depressed and the car should initiate plug
braking to quickly limit speed to a much slower second
overspeed limit. Another condition occurs 1f the operator
proceeds downhill to an overspeed condition 1 which
regenerative braking 1s initiated and then releases the accel-
erator. However, the system should not switch from the first
limit to the second limit merely because the operator
released the accelerator after the car has already entered
regenerative braking. Still another condition exists in which
the vehicle starts downhill and the operator releases the
accelerator before overspeed occurs. In this condition, it 1s
desirable to allow the car to accelerate to the first overspeed
limit and then 1nifiate regenerative braking. In general, in an
occupied golf car 1t 1s desirable to limit car speed by
regenerative braking to about 16—17 MPH whereas 1n an
unoccupied, runaway car 1t 1s desirable to initiate plug
braking and limit car speed to about 2-3 MPH.

One method of achieving these desirable features 1s to
sense car overspeed and then determine the car operating
conditions, for example, whether a forward or reverse direc-
fion 1s selected and whether the accelerator 1s actuated.
Further, it may also be necessary to know 1f the accelerator
has been actuated since the last time the car was driven 1n
order to determine whether to implement plug braking at the
lowest speed limit or to implement regenerative braking at
the higher speed limit.

In one 1implementation of a control system, regenerative
braking 1s implemented 1f the system detects an overspeed
condition within a predetermined time, e.g., 20 seconds,
after the accelerator 1s released. Referring again to FIG. 5,
a timer circuit 1s formed by a capacitor 108 and a discharge
resistor 110 with a delay time being established by the time
required for capacitor 108 to discharge through resistor 110
to a voltage below a trip point (V. ) of a comparator 106.
Capacitor 108 1s normally charged from terminal 112
through diode 114 and resistor 116, the signal on terminal
112 being a positive voltage signal whenever the accelerator
34 1s actuated. When accelerator 34 1s released, terminal 112
1s dropped to zero volts and capacitor 108 discharges
through resistor 110 and diode 118 to a reference sink, 1.e.,
zero volts at terminal 120. If the control system 1s 1n an
automatic regeneration sensing mode but regenerative brak-
ing has not been 1nitiated, the signal at terminal 120 1s a logic
0 level and the field current I 1s maintained at a minimum
value, e.g., 4 amps, for enabling regenerative braking in
response to an overspeed condition. If capacitor 108 dis-
charges through resistor 110 before an overspeed condition
1s sensed, the comparator 106 will change state producing a
logic 0 signal which will disable minimum field current. The
concept 1s to minimize current consumption when the car 1s
parked and not moving by allowing minimum field current
to be dropped to zero. The time selected can be varied by
changing the resistance 110 or capacitance 108 values or the
value of V. supplied to comparator 106 1n such a manner
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as to assure that time-out will not occur 1n those 1nstances 1n
which the car 1s rolling downhill but takes a longer time,
¢.g., more than 20 seconds, to exceed the overspeed limit. In
the event of an overspeed detection, an overspeed signal
(OS) 1s applied through diode 102 and resistor 104 to charge
capacitor 108 and prevent a time-out condition even though
the accelerator 1s released. Further, once overspeed 1is
detected and regenerative braking initiated, the signal at
terminal 120 1s changed to a logic 1 level to prevent
discharge of capacitor 108.

In this embodiment, once the timer has been 1nactivated
by discharge of capacitor 108 the timer will not be reacti-
vated until the golf car 1s once again operated, that 1s, until
the accelerator 1s again depressed. As will become apparent,
if the operator actuates the accelerator after time-out, the
system resets back to a minimum field current condition
where regenerative braking can occur. It will be noted that
if motor RPM at top speed on level ground 1s approximately
3000 RPM, there will be no overspeed detection and no
retarding torque when the accelerator 1s fully depressed or
released with the golf car traveling on a level surface it
overspeed 1s set to trip for motor RPM at the above
described 4000 RPM level.

Once an overspeed condition has been detected, there are
several ways 1n which to implement retarding torque so as
to prevent the golf car from exceeding the mechanical
breakdown speed of the motor. One 1mplementation 1s
shown 1n FIG. 7A 1n which the system monitors armature
current and changes the field duty cycle so as to maintain a
constant armature current and therefore a constant horse-
power. In this implementation, the I, signal from amplifier
96 1s coupled through a resistor 122 to a non-inverting 1nput
of a comparator 124. The overspeed signal (OS) i1s coupled
o a cathode terminal of a diode 126 which 1s connected to
the same 1nput terminal of comparator 128. The diode 1is
poled so that when the overspeed signal goes high indicating,
an overspeed condition, the input to the amplifier 128
becomes the value of armature current 1, times the resistor
value 122. An integrating and filter capacitor 130 1s coupled
to the non-mverting 1nput of amplifier 128 and to the
negative power line 40 to minimize current spikes. The
inverting input terminal of comparator 128 1s coupled to an
adjustable arm on a potentiometer 132. Potentiometer 132 1s
connected between a voltage reference +V and return line
40. The output of comparator 128 then becomes the product
of armature current I, times resistance 122 minus the
reference voltage VREF, on the movable arm of potenti-
ometer 132. By setting the value of VREF, from potenti-
ometer 132, the field current can be adjusted so as to
maintain a constant armature current and therefore a con-
stant horsepower. While this provides a certain degree of
retarding force, 1t will be noted that this system 1s not a speed
regulator. On a steep hill, the golf car can still exceed the
maximum allowable speed of about 16 miles per hour.

FIG. 7B shows the circuit of FIG. 7A but with the
controlling mput now being the sensed field current signal
I.. In this embodiment, the system implements variable
horsepower with constant field current. The terminals of the
comparator amplifier 128 are reversed so that the field
current signal I 1s fed mto the inverting terminal and the
reference voltage V.., 1S applied to the non-inverting
terminal. The output signal from comparator 128 now
becomes V..., minus I, times the value of resistor 122. The
result 1 this case will be a constant field current since the
value for FDC will remain constant and the actual horse-
power developed by the motor will be a variable. One
advantage of this system 1s to allow the speed to be better
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controlled at a maximum value. For example, the value of
the reference voltage can be set so that maximum speed 1s
limited on a steep hill better than can be done 1n a constant
horsepower mode.

A still better form of control 1s shown 1n the modified
circuit of FIG. 7C 1n which both the field current I, and
armature current I, signals are applied to the comparator
128. The field current I signal 1s applied to the potentiom-
cter 132 1n place of the fixed voltage signal *V. The armature
current signal I, 1s then applied through resistor 122 to the
inverting mput of amplifier 128. The output of amplifier 128
now becomes the magnitude of the I, signal times the
selected resistance value of potentiometer 132 minus arma-
ture current times the resistance of resistor 122, 1.e., FDC=
I.. KR, ;,-1,-R,,,, where K represents the setting of poten-
tiometer R, .. The circuit of FIG. 7C thus does a much
better job of regulating motor speed than either FIG. 7A or
7B. However, the circuit of FIG. 7B does provide the
variable horsepower approach so that the system will have
increased electrical retarding on steeper hills. More
particularly, a higher speed tends to generate more armature
current so the retard force generated by the circuit will
increase. However, the system still does not attempt to
regulate motor speed. In contrast, FIG. 7C implements a
system which does perform better regulation of motor speed
since both I, and I, are used to control the torque produced
by the motor during regenerative braking. It will be apparent
that while the circuits of FIGS. 7A, 7B and 7C have
essentially the same form, the values of the components,
particularly the resistors, will vary between circuits. Also,
the values of 1, and I are adjusted values from amplifiers
96, 78 and 76.

A problem discussed briefly above and related specifically
to the use of separately excited electric shunt motors on golf
cars 1s that a car left unattended on a steep hill may suddenly
start moving and accelerating down the hill 1f the manual
brake 1s not set or slips. In order to prevent this sudden
acceleration and runaway condition, applicants have
included a voltage sensor connected between terminals Al
and A2 of motor armature winding 42. If the golf car starts
moving, the wheels will cause the armature to begin rotating
and a small voltage will be generated between terminals Al
and A2 as a result of residual magnetism 1 the motor
housing. The polarity of the voltage generated will be a
function of two events, the first being the last direction in
which the car was driven and the second being the direction,
1.€., forward or reverse, 1n which the car 1s rolling down the
hill. Accordingly, the system includes means for storing the
last direction traveled. In the event that a voltage 1s sensed
from terminals Al to A2, the system will determine the
polarity of the sensed voltage, determine the direction in
which the car was last driven, the direction in which the car
1s rolling, 1.e., forward or backward, and then implement
plugeing of the motor to prevent the runaway condition. In
order to implement plugging, the system implements a field
current 1n a direction to cause the motor armature 42 to
generate a current which can be used to plug the motor by
forcing a circulating current through the diode 48 and
armature 42 with the resulting electric power being dissi-
pated as heat in the motor armature winding 42. The
magnitude of field current can be set under these conditions
to Iimit the maximum speed of the golf car to some low
value, for example, two miles per hour.

Referring now to FIG. 8, one form of motor armature low
voltage detector 1s shown as a conventional differential
amplifier 140 having a pair of 1nput terminals coupled to
terminals Al and A2 of armature winding 42. The output of
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amplifier 140 1s developed at a collection terminal of a
transistor 142 and 1s coupled through a resistor 144 to
respective mput terminals of a pair of comparators 146 and
148. The transistor 142 includes a collector resistor 150 and
an emitter resistor 152, the values of which will become
apparent. Each of the comparators 146 and 148 have second
input terminals connected to reference voltages taken from
a voltage divider comprising series connected resistors 154,

156 and 158. The circuit values are selected so that V=
V,,=0 when the armature 1s not rotating. Note that the
reference voltages are different for each comparator 146,
148. The comparators develop a pair of signals which not
only detect rotation of armature 42 but also the direction of
rotation. The amplifier 140 1s biased so that output voltage
V. 1s V/2 when the voltage V,, at terminal Al equals the
voltage V ,, at terminal A2. Assuming that voltage +V 1s 5
volts, V.=2.5 volts when V,.=V,,. When the voltage at
terminal Al exceeds the voltage at A2 by a preselected
value, the output of comparator 146 becomes high. If the
voltage at Al 1s less than that at A2, the output of comparator
148 becomes high. Again assuming +V=5 volts, if V,, 1s
greater than V., by, for example, 35 millivolts,

035R
LIRS0 5 g5 wolts

V¢ = 2.0+
Risn

and V,,=5 volts. If V,, 1s greater than V., then

(-035)R 50

Vg =2.5 =215V

Risp

and V,,=5 volis.

If the last sensed direction of rotation 1s a forward
direction (which creates a residual magnetism in the motor
28 1n a fixed polarity), subsequent rotation of armature 42
without motor energization will cause the generated arma-
ture voltage (Al to A2) to assume a specific polarity for a
specific direction of rotation. If the last direction was
reverse, the same event occurs but with opposite polarity.
Assuming, for example, that A2 becomes positive with
respect to Al if the car starts rolling downhill in a forward
direction after last being operated 1in a forward direction,
such rolling would result mn voltage V., going high.
Conversely, 1f the car begins rolling downhill 1n a reverse
direction, under the same pre-existing conditions, voltage
V,,; would become high. Given this information, the control
system can then energize field winding 52 with a polarity so
as to cause motor current I, to circulate through diode 48
and plug brake the motor. The signals V,, and V,, are
coupled to a logic circuit 160 (see FIG. 9) which determines
whether to implement plug braking since such braking 1s not
desired when an operator 1s on the golf car.

The system of FIG. 8 can also be used to implement
regenerative braking in response to an overspeed condition
and eliminate the timer described with regard to FIG. 5. If
the golf car is being driven (accelerator actuated) downhill,
the circuit of FIG. § will detect an overspeed condition and
will cause an 1mmediate transition to regenerative braking
by generating the OS signal. If the golf car 1s being allowed
to coast downhill, 1.€., accelerator released, the system of
FIG. 5 will still produce the OS signal and will transition to
regenerative braking in the same manner. The purpose of the
fimer 1s to terminate I, ,,»- alter a time interval so that excess
battery power 1s not wasted if the golf car 1s parked. If the
fimer 1s eliminated, I1.,,, can be allowed to go to zero as
soon as the golf car stops. The circuit of FIG. 8 provides a
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method for detecting a stopped car, 1.e., if V,,=V,,=0.
Whenever this stopped condition 1s detected, the system 1s
reset to 1mplement plugging 1if a motor voltage 1s subse-
quently detected without the accelerator being actuated. It
the accelerator 1s actuated, the system inhibits plug braking
until the car 1s again stopped. More particularly, depressing
the accelerator provides a signal to circuit 160 (FIG. 9)
which inhibits plug braking (the “PLUG” signal) until reset
by the V,,/V,, signals transitioning to a logic 0 thereby
indicating that motor rotation is zero. Thereafter, any rota-
tion of motor armature 42 sets V,, or V,, to a logic 1 which
implements plug braking. Plug braking 1s then disabled by
depression of the accelerator, i.e., a NOT NEUT (non-
neutral) condition. An advantage of this arrangement is that
overspeed occurring after the preselected time will still be
detected.

Referring to FIG. 9, there 1s shown a simplified repre-
sentation of a logic circuit for use with the present invention
for determining when to implement the braking functions.
The circuit includes a logic device 160 which may be a gate
array logic device or a microcomputer. Preferably, the
device 160 1s implemented as a programmable logic array
such as a National Semiconductor Corp. type 20VS. The
logic functions implemented 1n device 160 are set forth in
the following table:

TABLE 1

FOR

F&!IR & T2A & IREV & ISRO
F & IR & IREV & FOR & ISRO
DL & 'APT

DA & DB & DL & EN

DA & 'DB & IDL & EN

DB & FOR & EN;

REV

'F & R & T2A & 'FOR & 'SRO
'F & R & REV & IFOR * ISRO
DL & 'APT

DA & 'DB & DL & EN

DA & DB & DL & EN

DB & REV & EN;

[T
Z,

DA & DB & INEUT
EN & INEUT;

-

F & PC
'PC & DL
IR & P & DL;

S— 1 D

=
-
D

R & DL
F & 'DL:

>
s —
@

PAR & ACCV & T2A
PAR & F & ISRO

PAR & R & 'SRO

PAR & 'APT

PAR & P

PAR & PMTDIS & SRO;

INEUT
- IPAR

IP & !PC

IF & IR

SRO;

= 'F & 'R & APTO & INEUT
| RGN & 'APT
| RGN & 'APT;

The following listing defines the terms used 1n the logic
Table 1:
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INPUTS
PAR; 0 = POWER APPLIED RESET PULSE
F; 1 = FORWARD SW CLOSED

R; 1 = REVERSE SW CLOSED

RGN; 1 = RGN (OS)

APTO 0 = AP TIMED OUT

ACCV 1 = ACC VOLTS »= 3 VOLTS

P 0 = PLUG

DA 1 = ARM MOTION Al > A2

T2A 1 =T2 ARM

PMTDIS; 1 = PMT DISABLE

GND;

[FM; 1 = FIELD MIN CURRENT EST

DB; 1 = ARM MOTION Al > A2

PC; 1 = CANCEL PLUG

APT: 0 = AP (TIED TO PIN 22)

OUTPUTS

PLUG; = PLUG ENABLE

REV: - ENABLE REVERSE DRIVER
FOR; 1 = ENABLE FORWARD DRIVER
EN; = ENABLE KACHUNK

DL; 1 = LATCH F 0 = LATCH R

SRO; 0 = NEUT/PMT CHECKS SATISFIED
NEUT: 0 = NEUT CONDITION

AP; 0 = AP ENABLE AUTO REGEN (MIN IF)
VCC;

The logic Table I fully describes the logic functions
implemented by gate array logic 160. As an example, the
output signal FOR, which 1s the signal indicating forward
direction of the golf car 1s selected and which signal is
supplied to the field winding PWM circuit, 1s produced it
any one of the listed statements 1s true. The first statement
says that forward (F) 1s selected, reverse (R) is not selected,

the armature switch T2A (MOSFET 44) is not shorted, a
reverse output (REV) is low and a safety check (SRO)
indicates no errors. Once the signal FOR 1s produced, the
remaining statements provide logic rules for maintaining the

signal. Considering the statement 'DA & DB & !DL & EN,
which occurs during plug braking, FOR 1s produced 1if the
car 1s not moving in direction A (DA), is not moving in
direction B (! DB), direction latch (DL) is set to logic 0
(reverse) and EN 1s high. Each of the terms of Table I are
defined 1n the lListing following the Table. Note that DA
correspond to V,; and DB corresponds to V., 1n the
disclosed implementation.

Turning now to FIG. 10, there 1s shown a simplified block
diagram of an overall system for a golf car incorporating the
features described thus far. FIG. 10 1illustrates how the
various sub systems can be combined into a single system
for controlling the golf car of FIG. 2. The accelerator 34 1s
connected to an apparatus for providing a variable voltage
input such as the 1llustrated potentiometer 170 m FIG. 10.
The output of the potentiometer 170 1s coupled into an
armature pulse width modulation circuit 172 of a type well
known 1n the art. Essentially, the circuit 172 provides a pulse
width modulated control signal via line 174 to MOSFET 44
wherein the percent on-time of the signal of MOSFET 44 1s
a function of the position of potentiometer 170. However,
there are several conditions which can limit the operation of
PWM circuit 172. One example 1s a temperature sensor 176
which senses the temperature of motor armature 42 and
provides a signal to the circuit 172 if the temperature
exceeds a preselected maximum value. This circuit 1s typi-
cally referred to as an over-temperature circuit and serves to
actually terminate operation of the PWM circuit so that the
armature current MOSFET 44 1s disabled. Motor tempera-
ture monitors are well known 1n the art and any of several
well known types can be used 1n this application to provide
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an overtemperature signal. Another signal which can disable
the armature PWM circuit 172 1s a neutral signal NEUT
which 1s generated by the programmable gate array logic
160 of FIG. 9. The neutral signal occurs under several
conditions including a condition in which the forward/
reverse direction switch 1s not placed 1n a forward or reverse
direction position, 1.¢., no direction 1s selected. The neutral
signal 1s also generated when a plug brake mode or regen-
erative braking mode 1s initialized by the control system,
1.e., RGN or PLUG active. Still another limit on the pulse
width modulation armature circuit 172 1s a current limit
signal (CL) which limits the maximum allowable current as
a function of the percent on-time of the MOSFET 44. In this
respect, an armature duty cycle (ADC) signal is summed
with the armature current signal I, at an input terminal of an
amplifier 178. The output of the amplifier 178 1s the current
limit signal (CL) which is applied to the armature circuit 172
to limit the percent on-time of the MOSFET 44 at high
current levels. For example, the percent on-time of MOS-
FET 44 can be set such that the MOSFET 1s allowed to be
100% conductive at 300 amps of armature current and tapers
off to zero percent conduction at 400 amps of armature
current.

The PWM field control circuit 74 1s controlled by one of
three optional signals generated by the control system. One
signal 1s used during normal operation, another signal is
used during regenerative braking and a third signal 1s used
when the system 1s 1n a plug mode. Considering the normal
operation, the armature current signal I, 1s coupled to a
non-inverting input of a differential amplifier 180. The
inverting 1nput of amplifier 180 1s connected to a variable
position arm of a potentiometer 182. As will we recall from
the discussion with respect to FIG. 4, the 1nitial operation of
the system anticipates a minimum field current out to a point
A which generally corresponds to a motor stability point.
However, the point A can be moved 1n by the control system
so that the system never reaches the motor stability point.
Adjustment of the point A 1n FIG. 4 1s achieved by adjust-
ment of the potentiometer 182 to vary the 1, current level at
which amplifier 180 begins to provide an output voltage
proportional to the magnitude of the I, signal. The output of
the amplifier 180 1s connected to supply another potentiom-
cter 184 which sets the slope of the curve above the motor
stability point of FIG. 4. More particularly, by adjusting
potentiometer 184, one can select the normal response
characteristic of line 36 or select another response charac-
teristic such as those 1illustrated by lines 35 and 37 to
produce higher torque with less speed or more speed with
lower torque.

The output of the amplifier 180 1s normally zero volts
until the I, signal applied to the noninverting input terminal
exceeds the voltage reference set by potentiometer 182.
During the time that the output of amplifier 180 1s at zero
volts, the field current 1s set by potentiometer 186. The
movable arm of potentiometer 186 1s connected to the
movable arm of potentiometer 184 through appropriate
resistances 188 and 190. The potentiometer 186 actually sets
the minimum field current and supplies a signal to the
amplifier 192. The output of amplifier 192 1s connected to an
OR circuit comprising the diodes 194, 196 and 198. The OR
circuit allows the highest or most positive input signal as the
control signal to supply to the field control circuit 74 as the
field duty cycle (FDC) signal. The output of amplifier 192 is
connected through diode 194 to the FDC input of field
control circuit 74.

A second 1nput terminal of amplifier 192 1s connected to
receive the field current feedback signals IF1 and IF2
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through the previously described OR circuit comprising
diodes 80 and 82, which diodes are shown 1n FIG. 5. As
previously discussed, only one of the signals IF1 and IF2
will be active at any one time. This signal 1s fed through the
corresponding diodes 80,82 and a series resistor 200 1nto the
inverting mput terminal of amplifier 192. The summation of
the minimum field current signal from potentiometer 186
and the armature current signal from potentiometer 184 1s
then summed with the field current feedback signal to
provide the field control duty cycle signal 1n the form of a
feedback control loop based on comparing armature current
to field current, although the initial control loop regulates
field current to the selected 1.,,,+- As discussed previously,
the armature current and field current are related and the
circuit described beginning with amplifier 180 and amplifier
192 provide the relationship between armature current and
field current.

The hill sensing regenerative braking circuit discussed
previously with regard to FIG. § also utilizes the armature
current signal I, to detect an overspeed condition and to
implement one of the regenerative braking control schemes
illustrated 1n FIGS. 7A, 7B and 7C. The choice of control
scheme depends upon the particular desired characteristic
response which may depend on the “hilliness™ of a course.
The signal from the selected one of the circuits of FIGS. 7A,
7B and 7C 1s coupled through the diode 196 as the field duty
cycle control. If necessary, the FDC signal can be used to
control an oscillator 94 as shown 1n FIG. 6 with the oscillator
output being coupled to the PWM field control 74. In this
regard, the I, signal 1s applied to an overspeed detection
circuit comprising a comparator 98. It will be recognized
that during normal motoring conditions, the signal 1, will
have a first polarity. During regenerative braking, the signal
I, will reverse polarity since current through the armature 1s
flowing in an opposite direction. The comparator 98 1s set to
detect the reverse polarity of the I, signal when it exceeds
a predetermined reference value set by the signal V.. It
will be appreciated that the I, signal developed by the
amplifier 96 1s a voltage signal and can be set to have any
particular value by adjustment of the amplifier 96. In an
exemplary embodiment, the I, signal 1s set to have a value
of two volts at zero amps so that if the value of I, falls below
two volts, there will be an indication that the armature
current has reversed direction and the system 1s operating 1n
a regenerative braking mode. In this example, the V.-
signal can be set at 1.9 volts so that when IA falls below 1.9
volts, the comparator 98 will change state and apply an
overspeed (OS) signal to the hill regeneration circuits of
FIGS. 7A, 7B, and 7C. In this instance, the OS signal
enables one of the hill regeneration circuits and that signal
1s then applied through the diode 196 to the field control
circuit 74. The third operating mode of the mnventive system
1s a plug mode which 1s implemented to prevent a runaway
condition on an unoccupied golf car. In this instance, the 1,
signal 1s applied to a comparator 204 where it 1s compared
to a reference signal V... The comparator 204 1s normally
disabled by a plug signal applied through diode 206 from the
programmable gate array logic 160 of FIG. 9. The logic for
generating the plug signal 1s set forth 1n Table I. If plug 1s
enabled, the programmable gate array logic 160 applies a
logic zero signal to the diode 206 thereby enabling com-
parator 204 and the armature current signal I, applied
through resistor 208 to the 1inverting input termmal becomes
the controlling signal. If the armature current signal exceeds
the value of the V.., voltage, the output of comparator 204
will become high forcing a current through diode 198 and
into the field duty cycle control mnput of field circuit 74. The
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cifect will be to drive field current to a very high value and
ogenerate large amounts of torque so as to brake the golf car
to a very low speed, such as, for example, the previously
mentioned two miles per hour. The more torque that is
required 1n order to maintain this low speed, the higher the
field current will be driven. If the speed drops down to below
the set limit of, for example, two miles per hour, the field
current may be driven excessively high in trying to create
sufficient armature current to maintain braking. Carried to
extremes, 1f the golf car comes to a stop, the field current
would be 1n a maximum current condition. In this instance,
it 1s desirable to disable the plug mode since the vehicle 1s
now stopped. One method for doing this 1s to monitor the
field current with another comparator 210 which compares
the field current from one of the diodes 80 or 82 to another
voltage reference V..., and provides a signal when the field
current exceeds the set reference value. The signal 15 1den-
tified as a plug cancel (PC) signal and is applied from
amplifier comparator 210 to the programmable gate array
logic 160. It will also be noted that a PLUG signal 1s applied
to the mput of the amplifier 192 through a diode 212. In the
plug mode, the programmable gate array logic outputs a
logic zero to indicate that the system 1s 1n plug. When this
occurs, the PLUG signal applied to the mput of amplifier
192 pulls that input down so that the output of amplifier 192
no longer affects the field duty cycle control.

As can be appreciated from a review of FIG. 10, the golt
car system has three modes of operation: (1) a normal mode
in which armature current and field current are controlled
with respect to each other by use of the accelerator on the
oolf car; a first overspeed condition 1in which the car is
occupied and the system reverts to a regenerative braking
mode to limit the maximum speed to some preselected value
such as, for example, 16 miles per hour; and (3) a protection
mode to detect a runaway ear condition when the car has
been parked and inadvertently starts to move without an
operator aboard. In this latter condition, the system detects
rotation of the motor armature and initiates a plug braking
mode which limits speed of the vehicle to a much lower
value such as, for example, two miles per hour.

One further feature which has not yet been discussed 1s
the detection of an over voltage condition which may occur
during the regenerative braking mode. In some older cars,
the battery pack may become corroded at the terminals so
that a substantial resistance appears when the system 1s 1n a
regenerative braking mode and current 1s being supplied
from the motor armature to the battery pack. Since the
control system as described above regulates on current, the
regenerative voltage of the armature can substantially
exceed the battery voltage. In some instances, this voltage
may become sufliciently high to cause damage to the control
system or to the armature 1tself. Accordingly, the signal Vg
shown as the differential amplifier output mn FIG. 8 1is
coupled to a comparator 214 where 1t 1s compared to another
voltage reference signal V,.... If the magnitude of Vg
exceeds the reference signal, an over voltage signal 1is
cgenerated which 1s applied to the programmable gate array
logic 160 to 1mitiate a shut down of the system. Still another
feature of the present mnvention 1s a mimmum field current
detection circuit which prevents operation of switch 44 (I,
control) until at least the minimum field current exists in
field winding 52. Again referring to FIG. 10, the I, signal 1s
coupled to a comparator 216 where i1t 1s compared to a
voltage reference Vprre. I 1. reaches the minimum field
current value (set by Vgzr6), comparator 216 provides an
IFM signal to gate array logic 160 which then enables
armature PWM circuit 172. This circuit prevents the appli-
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cation of battery voltage across armature 42 until minimum
field current 1s established and prevents damaging the arma-
ture winding by excess current. The armature winding 42
has very low resistance and could draw enough current to
cither damage the armature or burn out switch 44 1f field
current 1sn’t present.

While the invention has been described in what 1s pres-
ently considered to be a preferred embodiment, many varia-
fions and modifications will become apparent to those
skilled 1n the art. Accordingly, it 1s intended that the inven-
tion not be limited to the specific illustrative embodiment
but be interpreted within the full spirit and scope of the
appended claims.

What 1s claimed 1s:

1. [A golf car] An electrically powered vehicle having at
least one driven wheel [and adapted for carrying at least one
person and golf equipment on a golf course, the golf car
including] the vehicle including:

a direct current electric drive motor having a separately
excited field winding and a separately excited armature
winding;

a battery for supplying direct current electric power to
said drive motor;

[a foot operated] an accelerator for selectively establish-
ing the speed of said vehicle between zero velocity and
a preset maximum vehicle speed;

control means interconnecting said battery to said drive
motor, said control means 1ncluded:

(1) first current sensing means for sensing the magnitude
of current in said armature winding;

(ii) second current sensing means for sensing the magni-
tude of current 1n said field winding;

(ii1) switching means connected in series with each of said
armature winding and said field winding;

(iv) a logic control coupled to supply signals to said
switching means 1n response to said accelerator for
establishing a current through each of said armature
winding and said field winding at a magnitude to cause
said motor to accelerate said [golf car] vehicle to a
speed corresponding to accelerator position, said logic
control receiving signals from said first and second
current sensing means and being responsive thereto for
initiating electrical retarding of said [golf car] vehicle
when current through said armature winding reverses
direction.

2. The [golf car] vehicle of claim 1 wherein said control
means includes means for maintaining a minimum field
current for a preselected time interval after said accelerator
1s returned to a zero velocity position and for initiating
electrical retarding of said [golf car] vehicle upon detection
of armature winding current reversal during said interval.

3. The [golf car] vehicle of claim 1 wherein said control
means regulates a constant armature winding current during
electrical retarding of said [golf car] vehicle.

4. The [golf car] vehicle of claim 1 wherein said control
means regulates a constant field current during electrical
retarding of said [golf car] vehicle.

5. The [golf car] vehicle of claim 1 wherein said control
means regulates field current in direct proportion to armature
winding current during electrical retarding of said [golf car]
vehicle.

6. A method for preventing overspeed of an electrically
powered [golf car] vehicle, said [golf car] vehicle including
a shunt wound direct current electric motor having an
armature winding and a field winding, each of said armature
winding and said field winding being serially connected to
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respective switching means and to a source of on-board
direct current electric power, said [golf car] vehicle further
including control means adapted and connected to regulate
the current 1n each of said armature and field windings for
controlling the speed of said [golf car] vehicle in response to
an operator’s command, the [golf car] vehicle being subject
to overspeed when running downhill, the method compris-
ing the steps of:

sensing the magnitude of current in each of the armature
winding and the field winding;

detecting when the current in the armature winding,
reverses direction;

comparing the magnitude of the armature winding current
during reversal thereof to a preselected value and
providing an overspeed signal when the reverse current

magnitude exceeds the preselected value; and

controlling the field current, 1n response to the overspeed
signal, to limit the speed of the [golf car] vehicle to
inhibit the overspeed condition.

7. The method of claim 6 wherein the step of controlling
includes the step of regulating the field winding current to
establish a constant armature winding current.

8. The method of claim 6 wherein the step of controlling,
includes the step of regulating the field winding current to a
constant preselected value.

9. The method of claim 6 wherein the step of controlling
includes the step of regulating the field winding current to a
value directly proportional to the value of armature winding
current.

10. The method of claim 6 and including the steps of:

monitoring voltage at the motor armature winding during,
a time period when the motor 1s 1n a non-energized
condition and providing a motion signal indicative of
motor armature rotation upon detection of a motor
armature winding voltage;

energizing the motor field winding, in response to the
motion signal, with a voltage of a polarity for gener-
ating a field current to cause the motor to act as an
electric current generator; and

circulating the current generated by the motor armature
through a plugging diode and mto the motor armature
for electrically retarding rotation of the motor armature
by plug braking.

11. The method of claim 10 and including the step of
storing, for each incidence of operation of the [golf car]
vehicle, the direction of rotation of the motor for use in
determining the direction of rotation of the motor during the
non-energized time period.

12. The method of claiam 6 and wheremn the step of
controlling the field current includes the step of operating
the control means to affect regenerative electrical braking of
the [golf car] vehicle.

13. The method of claim 12 and including the steps of,
during regenerative braking, detecting a voltage at said
armature greater than a maximum allowable voltage and
disabling regenerative braking when said armature voltage
exceeds said maximum allowable voltage.

14. The method of claim 10 and including the step of,
during plug braking, terminating plug braking when motor
field current exceeds a predetermined maximum value.

15. The method of claim 8 and including the step of
establishing a minimum {field current to establish a desired
operating characteristic.

16. The method of claim 15 and including the step of
establishing a selected relationship between field current and
armature current for field current greater than the minimum
field current.
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17. The method of claim 16 and including the step of
inhibiting establishment of armature current until field cur-
rent reaches the minimum field current.

18. The method of claim 10 and including the step of
disabling plug braking when motor field current exceeds a
selected maximum magnitude.

19. A method for controlling operation of an electrically
powered [golf car] vehicle, said [golf car] vehicle having a
shunt wound separately excited electric motor having an
armature winding and a field winding and further having an
accelerator for selecting a desired speed of operation of the
[car] vehicle, the [car] vehicle being operative in one of a
motoring, a regenerative electrical braking and an electrical
plug braking mode at any one time, the method comprising,
the steps of:
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responding, by a motor control system, to accelerator
position by applying electric power to the motor to
affect motion of the [golf car] vehicle;

detecting an overspeed condition of the [golf car] vehicle
subsequent to the step of affecting motion thereof and
enabling regenerative braking of the [car] vehicle; and

detecting motion of the [car] vehicle prior to actuation of
the accelerator and the step of affecting motion thereot
and enabling plug braking of the [car] vehicle.

20. The method of claim 19 and including the step of
disabling plug braking by actuating the accelerator.
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