
-1a - reasons. For example, new EEC regulations may require forklift trucks
of the kind generally known as "walkie" trucks, as well as some small
"ride-on" trucks, to have a maximum speed of 6 kilometres per hour. Larger
fork lift trucks require their maximum speed to be reduced as the fork
height or load increases, to maintain stability. Maximum speed limits are
also required on other vehicles, such as those used on railway platforms or
at airport terminals, where speed needs to be limited for passenger safety.
Known systems for control of maximum speed usually operate by limiting the
applied motor voltage to a preset maximum. This has the disadvantage that,
with a series motor, motor speed for a given voltage decreases with
increasing load, so that if the preset maximum voltage is set to be
appropriate to the maximum speed for an unloaded vehicle, the maximum speed
of the vehicle under load will be unnecessarily low. Shunt motors
inherently provide speed control substantially independent of load, but are
not widely used as traction motors for industrial vehicles because they
require more expensive controllers and can suffer from poor starting
torque. There are also available speed control systems which employ an
external tachometer probe, for example with a sensor linked to a ground
wheel or the transmission of the vehicle to    WO 98/01941
PCT/IB97/10009 -2 - voltage which it supplies to the armature. A voltage
sensor sends measured values of armature voltage to an armature voltage
comparator for comparison with expected values thereof as read out from the
above-mentioned table. The differences are used for adjusting the field
current setpoint and thereby boosting the flux. 5             The torque
loss caused by a flux loss effectively reduces the forward loop gain and
increases the time required to respond to a speed request. The controller
of this invention compensates by using a table of armature voltage values
to determine 



an armature voltage reference point. An armature voltage sensor then
measures the average armature voltage and sends the measured value back to
the microprocessor. 10   The microprocessor compares the measured armature
voltage with the reference point and multiplies the difference by a
variable gain factor to obtain a correction term. The correction term then
is added to the field current setpoint in order to boost flux as required.
It is therefore an object of this invention to provide an efficient control
15   system for a separately excited direct current motor by adjusting the
field flux intensity in response to deviations in armature voltage from
expected values. It is another object of this invention to provide an
apparatus for controlling a direct current motor having a separately
excited field coil and an armature coil, the apparatus comprising an input
circuit for providing a required 20 speed value; a speed sensor for sensing
the rotation of the motor and generating a required torque signal in
response thereto; a control circuit for establishing separate field current
values and armature current values based on the torque value for a given
speed of the motor, a field coil driver connected for delivering field
current to said field coil at levels corresponding to said field current
values, and thereby establishing 25   a corresponding flux field; an
armature coil driver connected for delivering armature currents to said
armature coil at levels corresponding to said armature current values such
that said armature coil attempts to generate said required torque in
reaction to - said flux field; the improvement comprising establishing
expected armature voltage values in response to required torque and actual
speed values, an voltage sensor -30   connected to the armature for sensing
an armature voltage value; an armature voltage    WO 98/01941
PCT/IB97/01009 - 3 - comparator for generating armature voltage error
signals corresponding to differences between said armature voltage values
and said expected armature voltage values; and a field current
adjustment-apparatus for adjusting said field current values, and thus 



the flux field, in correspondence with said armature voltage error signals
thereby to 5   obtain from said motor the desired torque value. Other
objects and advantages of the invention will be apparent from the following
description, the accompanying drawings and the appended claims. Brief
Description of the Drawings Fig. 1 is a simplified electrical block diagram
showing the various 10   components comprising the present invention; Fig.
2 is a simplified flow chart showing the steps for creating the look-up
tables utilized in the present invention; Fig. 3 is a flow chart showing
the steps for creating look-up tables that minimize composite motor losses;
15            Fig. 4 is a chart showing the relationship between the
magnetic field of the motor and field excitation; and Figs. 5 and 6
together comprise a more detailed electrical block diagram showing the
components comprising the present invention. Description of the Preferred
Embodiment 20             Referring now to the drawings, and particularly
to Fig. 1, which is a simplified electrical block diagram showing the
present invention, a motor 10 is controlled by a microprocessor 15 and a
motor control circuit 20. An speed sensor (an encoder or tachometer) 25
provides an output on line 30 representing the actual speed ([err]) of the
motor. 25             Shown within the microprocessor 15 are several blocks
which are actually functions performed by computer algorithms or routines.
The major blocks or routines include a speed comparator function 50, a set
of two-way look up tables 60, an armature voltage-error function 70 and a
field current correction function 75.    WO 98/01941
PCT/IB97/01009 -4- The speed comparator function 50 compares a speed
command signal on 



line 35 to the actual motor speed signal on line 30 and in response thereto
provides a torque command signal 55 to the look up tables 60. Look-up table
62 contains a matrix of expected armature voltage, table 64 5   contains a
matrix of field current instructions, and table 66 contains a matrix of
armature current instructions. Based upon the actual speed and the torque
command signal 55, field current I[err] and armature current I[err]
setpoints are produced by the look- up tables 64 and 66 and applied to the
motor control circuit 20. The field current setpoint may be adjusted by the
field current correction function 75, as will be 10   explained. - A
voltage signal on line 45 from the motor's armature, from which flux level
is derived, is fed back to the microprocessor 15, and particulary to the
voltage error function 70. The field current setpoint I[err] is corrected
in the microprocessor by the output of look-up table 62 and the armature
voltage V[err] error function 70, which - 15   are combined in block 75,
the field current I[err] correction function. If the armature voltage on
line 45 is not what is expected, based on the torque command signal 55 and
actual speed of the motor represented on line 30, then field current I[err]
correction signal from block 75 will adjust or boost the field current
signal on line 42 by an amount sufficient to bring it into line. 20
The reason armature voltage will not be as expected is due to hysteresis in
the motor field poles, as illustrated by Fig. 4. The armature voltage in
table 62 is calculated based on the expected flux based on the nominal flux
characteristics of the particular motor, which is represented in Fig. 4 as
the solid line. The actual flux of the motor will be somewhat different,
due to hysteresis, as represented by the dotted 25   line. It is this
difference in flux that will be corrected by adjusting or boosting the
field current. Within the motor control circuit 20 are closed loop control
circuits for maintaining both the armature and the field current at the
desired values, namely, armature current I[err] control circuit 80 and
field current I[err] control circuit 82. The 30   outputs from these
circuits are connected to the armature A and field F of the motor   



WO 98/01941
PCT/IB97/01009 -5- 10. These circuits receive feed back inputs from current
sensors associated with the motor. The values stored in the look-up tables
60 are determined by the process represented in Figs. 2 and 3. Depending
upon the particular use of the motor, one 5   may chose either to minimize
motor losses or to minimize armature currents. Thus, in Fig. 2, block 100
represents the first choice, selecting the desired optimization routine;
block 110 represents the routine to minimize composite motor losses; block
125 represents the routine to minimize armature current losses, and block
130 represents the tables I[err], I[err], and V[err] that are compiled for
controlling the motor and 10  represented in Fig. 1 as the set of tables
60. Fig. 3 represents the routine 110 for minimizing composite motor
losses. The first step (block 111) is to specify model parameter files for
the desired motor configuration. The second step, block 112, is to specify
battery power constraints, minimum and maximum speed, minimum and maximum
torque and look-up table size. 15   The next step (block 113) is to specify
controller hardware current limits and commutation limits. Next (block
114), determine limits on field current range based on power envelope and
motor parameters. In block 115, for (i[err], j[err]) to (i[err], j[err])
range of speed and torque setpoints, determine (in block 117) the field
excitation current within the given range which results in minimum
composite motor losses 20   using a minimizing function routine.
Commutation voltage is calculated in block 118 and this data is put into
matrices (block 119). The process is then repeated (block 120) for each
element (i, j) in the tables. Finally, the tables are compiled (block 130)
and stored. Thus, the following items are calculated and stored: Armature
current I[err] (i[err]), Field current I[err] (i[err]), Armature voltage
V[err] (i[err]), Motor efficiency EFF (i[err]), and 25   Commutation
Voltage ComVolts (i[err]). In the present invention, only the first three
items are used. A routine for minimizing armature currents may also be
employed, if desired. Such a routine requires the determination of field
excitation that results in 



minimum armature currents for each pair of speed and torque setpoints. Of
course, 30   other motor characteristics could be chosen for optimization,
if desired.    WO 98/01941
PCT/IB97/01009 -6 - Table 1 is an example of a look-up table giving the
desired armature current I[err] for various values of torque T setpoints
(left vertical column) and actual speed (top row). Similarly, Table 2 is an
example of a look-up table for desired field current I[err] at specified
torques and speeds. Table 3 is an example of a look-up table 5 that
provides expected armature voltages V[err] at those specified torques and
speeds. The torque value T in newton-meters is provided by the speed
comparator function 50 of the microprocessor 15 and the actual speed value
is provided by the encoder 25. Speed is given in radians/second. It is to
be understood that the tables are only examples that are limited to a small
range of speeds. In the preferred 10  embodiment of this invention, the
torque values in each table are in 5 newton-meter increments and the speed
range from 0 to 400 radians/second. These tables are unique to a given
motor configuration or design since they are generated with reference to
such factors that include but are not limited to the size, torque and speed
of the motor and internal motor losses. Since the 15 resolution of the
table is limited, interpolation is used to determine values of I[err],
I[err] and V, for intermediate speed and torque values. Table 1 I[err] -
Armature Current T/Speed      64       80       96     112 20
80       529      479      395     290 70       529     479     395     284
60      467      468      395      247 50      393      394      395
209 40       318     319      320      172 



25                    30       243      245      246      135 20       167
170      171      96 10-      94       95       96       60 0       20
21       22       23    WO 98/01941
PCT/IB97/01009 -7- Table 2 I[err] - Field Current T/Speed    64      80
96      112 80      28.3    29.0    29.1    26.6 5                   70
28.3    29.0    29.1    29.1 60      29.4    29.5    29.1    28.6 50
28.9    29.0    29.1    29.7 40      29.1    29.2    29.3    28.9 30
29.6    28.4    28.5    28.0 10                  20       28.4    28.5
28.7    26.6 10     28.6    29.1    29.7    26.9 0       7.0     6.3
5.8     5.4    WO 98/01941
PCT/IB97/01009 -8- Table 3 V[err] - Armature Voltage T/Speed     64      80
96     112 80       15.8     17.5    18.8    20.4 5
70       15.8    17.5    18.8    19.7 



60       15.2    17.4    18.8    19.2 50       14.5    16.6    18.8
18.8 40       13.7     15.8    18.0    18.2 30       12.8     14.9    17.1
17.6 10                    20       1 1.8     13.9    16.1    16.8 10
10.6    12.7    14.9    16.8 0        6.0      6.9      7.8      8.6
Reference is now made to the more complete block diagram of the invention
contained in Figs. 5 and 6. The speed command signal 35 (s) and the actual
15   speed signal 30 ([err]) are applied to the speed comparator function
50 in the microprocessor 15, and specifically to a comparator 51, the
output of which is applied to amplifier function 52 which has a gain Kp set
to command a torque high enough for rapid response to a speed error but low
enough to avoid stability problems. Thus, the output of amplifier 52 is Tp
Kp(s-[err]). 20             Proportional plus integral control is achieved
by integrating the speed error and adding the result to the output of
amplifier 52. This is done by amplifier function 53, which integrates the
output of comparator 51. Thus, its output is Ti Ki[err] (s-[err])dt. The
outputs of amplifiers 52 and 53 are added by function 54, giving a torque
setpoint signal T = Ti + Tp on line 55. 25             The amplifier
function 52 provides the initial response to a new speed command. The
response from the integrator 53 builds up slowly and predominates as the
speed error is driven to zero. The steady state output from the integrator
WO 98/01941
PCT/IB97/01009 9 - produces torque setpoint values appropriate for handling
a steady state load with no error signal from the speed comparator 51. The
armature voltage V[err] error function 70 includes a comparator function 72
that received a signal representing battery voltage on line 71 and a signal



5   representing the voltage V[err] from the low voltage side of armature A
on line 45. Both lines 45 and 71 include analog to digital, or A-D,
converter circuits, 92 and 93. The output V[err] of comparator function 72
is compared with the output V[err] reference from look-up table 62. If the
voltage output signal V[err] of comparator 72 is less than what is called
from by the look-up table, then an output is generated and applied 10  to
amplifier 74 (along with the speed signal [err]). The output of amplifier
74 is added to the I[err] setpoint signal on line 42a in adder function 76
to produce a boosted I[err] setpoint on line 42. The back EMF E of a
motoris defined as E = K x B x S, where K is a motor design constant, B is
the flux in the air gap of the motor, and S is the rotational 15  speed of
the armature. Differentiating the equation with respect to I[err] yields dE
= K x dB/dI[err] x S x dI[err]. Rearranging the equation for dI[err] yields
dI[err] = (dE/S) x (dI[err]/dB/K). In practice, this equation is
implemented in the Field Boost Gain term G in the following form: If[err] =
V[err] x C[err] x [Variable Gain Parameterl/S 20   where the magnitude of
If[err] required for a given V[err] error is seen to be inversely
proportional to the actual speed S of the motor. C[err] is a constant which
includes motor constant K, scaling corrections, and a nominal coefficient
for dI[err]/dB, which in reality is variable over the operating range. The
Variable Gain Parameter is used for tuning of the boost feature. 25
The armature current I[err] and boosted field current I[err] setpoint
values 40 and 42 are applied to closed-loop coil driver circuits 80 and 82
(Fig. 6) after being converted to analog form by a digital-to-analog
converters 83 and 84. The two coil driver circuits include current delivery
circuits including a bridge logic arrangement which apply switching signals
to an arrangement of MOSFET devices that separately 30   regulate the flow
of current from a battery 90 to the field and armature coils F and A,    WO
98/01941
PCT/IB97/01009 - 10- 



respectively. Each driver circuit (80, 82) includes a current sensor (96,
97) which generates a feedback signal (I[err] feedback 93 and I[err]
feedback 94) proportional to the respective measured current. These
feedback signals are applied to a pair of comparators 85, 86 for comparison
with corresponding setpoint values. The 5   comparators then generate an
armature current error signal and a field current error signal. A pair of
amplifiers 87, 88 multiply the field current error signal and the armature
current error signal by gain factor K[err] and K[err] respectively. These
circuits cause a pair of pulse width modulated (PWM) drives to supply
battery current to the 10    motor coils in pulses of constant amplitude
(which varies as a function of battery state of charge) and frequency and
with duty cycles corresponding to the respective setpoint values. This
effectively sets the average field current and the average armature current
so as to develop the desired torque in the armature. It should be
appreciated that the armature voltage as represented on line 15   45 will
reflect flux losses. If there has been an unexpected loss of field flux,
the torque generated by the motor will decrease. There will also be a
concomitant decrease in the back EMF opposing the armature current driver,
so the armature driver generates less average voltage to supply the demand
for armature current. Therefore, in the present invention, actual armature
voltage is compared to a desired 20   armature voltage at a given torque
and speed and is used to adjust the nominal field current value to achieve
the desired actual torque. While the form of apparatus herein described
constitutes a preferred embodiment of this invention, it is to be
understood that the invention is not limited to this precise form of
apparatus and that changes may be made therein without 25   departing from
the scope of the invention, which is defined in the appended claims. What
is claimed is:    WO 98/01941
PCT/IB97/01009 - 11 - 



1 .       Apparatus for separately exciting a field coil and an armature
coil of a direct current motor comprising: (a) a matrix of field current
values stored in a digital memory at addresses which may be accessed by
combined torque values and speed values; 5              (b) a matrix of
armature current values stored in said digital memory at addresses which
may be accessed by said torque values and said speed values, said armature
current values being related to said field current values in such a way
that said torque values and said speed values will access optimal
combinations of field current and armature current capable of producing
torques corresponding to said 10   addresses while said motor rotates at
speed associated therewith; (c) a microprocessor programmed for generating
said addresses in response to speed signals and speed error signals and
downloading said field current values and said armature current values; (d)
a field coil driver connected for delivering field currents to said field 1
5   coil at levels corresponding to said field current values, and thereby
establishing a corresponding flux field; (e) an armature coil driver
connected for delivering armature currents to said armature coil at levels
corresponding to said armature current values, so that said armature coil
generates said torques in reaction to said flux field and rotates at said
20   speeds; (f) a speed sensor connected for sensing the speed of rotation
of the armature coil and generating said speed signals in response thereto;
and (g) an input circuit connected for receiving speed reference signals
and generating said speed error signals in accordance with differences
between said speed 25   reference signals and said speed signals. 2.
The apparatus according to Claim 1 wherein said field coil driver comprises
field current delivery circuit responsive to field current error signals
for delivering said field currents to said field coil, a field current
sensor for sensing said field currents and generating field current
feedback signals corresponding thereto, and   



WO 98/01941
PCT/IB97/01009 -12 - 5 a field current comparator for comparing said field
current values with said field current feedback signals and generating said
field current error signals in correspondence with differences
therebetween. 3.        Apparatus according to Claim 2 wherein said
armature coil driver comprises armature current delivery means responsive
to armature current error signals for delivering said armature currents to
said armature coil, an armature current sensor for sensing said armature
currents and generating armature current feedback 5   signals corresponding
thereto, and an armature current comparator for comparing said armature
current values with said armature current feedback signals and generating
said armature current error signals in correspondence with differences
therebetween. 4.        Apparatus according to Claim 3 further comprising
an voltage sensor connected to the armature for sensing an the armature
voltage value; a matrix of expected armature voltage values stored in said
digital memory 5   at addresses which may be accessed by said torque values
and said speed values, an armature voltage comparator for generating
armature voltage error signals corresponding to differences between said
armature voltage values and said expected armature voltage values; and
field current adjustment means for adjusting said field current values in
10   correspondence with said armature voltage error signals.    W0
98/01941                                                    PCT/IB97/01009
-13- 5.       An apparatus for controlling a direct current motor having a
separately excited field coil and an armature coil, said apparatus
comprising: 



an input circuit for providing a desired motor speed value; a speed sensor
for sensing the rotation of said motor, 5            a control circuit for
establishing separate field current values and armature current values
based on the torque signal for a given speed of the motor; a field coil
driver connected for delivering field current to said field coil at levels
corresponding to said field current values, and thereby establishing a
corresponding flux field; 10            an armature coil driver connected
for delivering armature currents to said armature coil at levels
corresponding to said armature current values such that said armature coil
attempts to generate said desired torque in reaction to said flux field;
the improvement comprising a circuit for providing expected armature
voltage values for any given 15    value of torque and motor speed, a
voltage sensor connected to the armature for sensing an armature voltage
value; an armature voltage comparator for generating armature voltage error
signals corresponding to differences between said armature voltage values
and said 20   expected armature voltage values; and a field current
adjustment apparatus for adjusting said field current values, and thus the
flux field, in correspondence with said armature voltage error signals
thereby to obtain from said motor the desired torque value. 6.
Apparatus of claim 5 wherein said circuit for providing expected armature
voltage values for any given value of torque and motor speed includes a
matrix of expected armature voltage values stored in a digital memory at
addresses which may be accessed by said torque values and said speed
values.    


