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(54) Method for determining of the velocity of an electric motor

(57)  An electric power steering system (12) of a ve-
hicle includes a controller (14) for controlling an electric
motor (10) connected to a steering column or other steer-
ing mechanism. The velocity of the motor (10) must be
determined to maintain the proper current to the motor
(10). A method of estimating the velocity includes obtain-
ing a first and second velocity signals from one or more
sensors (16) monitoring the motor (10). The firstand sec-
ond signals have different characteristics, e.g., the first
signal may have a higher resolution than the second sig-
nal. An acceleration (or deceleration) of the velocity of

the electric motor (10) is computed based on the different
representations of the velocity supplied by the different
signals. An estimate of the velocity of the motor (10) is
then determined based on a switching decision based
on the acceleration/deceleration based on the decision
criteria, the output is switched between, or composed
from a combination of the different representations of the
velocity. The electric current provided to the electric mo-
tor (10) is then adjusted based on the estimated velocity
to meet the desired output of the motor (10) (i.e., torque
and/or velocity).
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Description
TECHNICAL FIELD
[0001] The invention relates to electric power steering systems for vehicles.
BACKGROUND OF THE INVENTION

[0002] Traditionally, power steering systems have utilized hydraulics to provide assist to the driver of the vehicle.
These hydraulic power steering systems typically include a hydraulic pump operatively connected to and driven by the
vehicle engine. The hydraulic pump is in fluidic communication with a cylinder operatively connected to the steering
column. One drawback to hydraulic power steering systems is that the hydraulic pump is always being powered by the
engine, thus affecting overall fuel economy of the vehicle.

[0003] As such, electric power steering (EPS) systems have been developed and introduced into vehicles. A typical
EPS system utilizes an electric motor operatively connected to the steering column or steering gear assembly to provide
the assist to the driver. The electric motor is typically controlled by a controller including power circuitry (e.g., power
MOSFETSs). The motor assist torque is controlled by the controller based on a variety of vehicle and system inputs.
These inputs may include vehicle speed, handwheel torque, steering angle, etc. Additionally, the motor toque may be
controlled as a function of system voltage, motor position, and motor velocity. Since motor velocity is a resultant of the
controlled motor torque and the vehicle operation condition, the motor velocity is not directly controlled. Therefore, the
motor velocity needsto be measuredifitis used as part of the overall control strategy. Unfortunately, velocity measurement
errors (due to accuracy or signal latency), may lead to an incorrect amount of electrical current being applied to the
motor. Furthermore, direct measurement of velocity can be cost prohibitive. Therefore, other velocity measurement
techniques are often used to calculate (or estimate) the motor velocity.

[0004] The invention of the subject application solves this and other problems.

SUMMARY OF THE INVENTION

[0005] The subject invention discloses a method of estimating velocity of an electric motor implemented in an electric
power steering system. The method utilizes a computer and includes the step of obtaining a first representation of the
velocity of the electric motor from a first velocity signal having a first set of characteristics. The method also includes the
step of obtaining a second representation of the velocity of the electric motor from a second velocity signal having a
second set of characteristics. The second set of characteristics is different from the first set of characteristics. A rate of
change of the velocity of the electric motor is computed based on the first and second representations of the velocity.
The method also includes the step of determining the velocity of the electric motor based on the rate of change of the
velocity of the electric motor, the first representation of the velocity of the electric motor, and the second representation
of the velocity of the electric motor to produce the estimated velocity of the electric motor.

[0006] Furthermore, the desired output of the electric motor, which is based at least in part on the speed of the vehicle,
may be maintained by adjusting the electric current provided to the electric motor based on the estimated velocity of the
electric motor and the desired output of the electric motor.

[0007] As such, the proper amount of current is sent to the electric motor based on the desired velocity of the electric
motor. This ensures that current handling capabilities of a controller and/or associated power circuits are not exceeded.
Furthremore, the controller, power circuits, and other components are protected from over heating and Electromagnetic
compatability issues.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Other advantages of the present invention will be readily appreciated, as the same becomes better understood
by reference to the following detailed description when considered in connection with the accompanying drawings
wherein:

[0009] Figure 1 is a block schematic diagram of an electric power steering (EPS) system utilizing a single electric
motor sensor;

[0010] Figure 2 is a block schematic diagram of the EPS system utilizing a plurality of electric motor sensors;

[0011] Figure 3 is a chart showing steps of a method of the present invention;

[0012] Figure 4 is aflowchart showing details of steps of a first embodiment of the method of the present invention; and
[0013] Figure 5is aflowchart showing details of steps of a second embodiment of the method of the present invention.
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DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0014] Referring to the Figures, a method 100 of estimating velocity of an electric motor 10 operated by an electric
power steering (EPS) system 12 is shown herein.

[0015] The EPS system 12 is used to provide assistance in the turning of the wheels (not shown) of a vehicle (not
shown). This is typically accomplished by connection of the electric motor 10 to a steering mechanism (not shown) of
the vehicle. A desired output (i.e., torque and velocity) of the electric motor 10 is based on a variety of vehicle factors,
including, but not limited to, the speed of the vehicle, the angle and torque of a steering column, and the gear ratio
between the electric motor 10 and the steering mechanism. As shown in Figure 1, the EPS system 12 includes at least
one controller 14 to operate the system 12. The atleast one controller 14 may be a single microprocessor, microcontroller,
application specific integrated circuit, other electrical device capable of computing as known to those skilled in the art.
Furthermore, the at least one controller 14 may be implemented with multiple microprocessors, etc. However, for the
purposes of clarity, the at least one controller 14 will be referred to hereafter simply as the controller 14.

[0016] In the illustrated embodiment, the vehicle includes a battery 18 used as an electric power source. Of course,
in other embodiments (not shown), other power sources may supplement and/or substitute for the battery 18. The battery
18 is electrically connected to the controller 14 and the motor 10 for providing electrical power thereto. In the illustrated
embodiments, the system 12 includes at least one power circuit 20 electrically connected to the battery 18, the controller
14, and the motor 10, such that controller 14 and the power circuit 20 can control the amount of electrical power that is
delivered to the motor 10.

[0017] The controller 14 may be in communication with various vehicle speed sensors (not shown) and steering
mechanism sensors (not shown) to produce the speed of the vehicle and the angle and torque of the steering column
mentioned above. The controller 14 also receives an input from at least one electric motor sensor 16. The at least one
electric motor sensor 16 may be a position sensor, a tachometer, or other device known to those skilled in the art for
sensing the rotational position and/or speed of the motor 10. The at least one electric motor sensor 16 produces at least
one electric motor sensor signal that is communicated to the controller 14.

[0018] Inthe embodiment illustrated in Figure 1, a single sensor 16 is utilized. The use of only one sensor 16 is often
necessitated by cost concerns. However, in other embodiments, as illustrated in Figure 2, multiple sensors 16a, 16b
may be utilized, such that a plurality of electric motor sensor signals is produced.

[0019] The electric current running through the electric motor 10 can be calculated with the equation

[ . (VApplied — Eg) (1)
motor
R )

where I is the current running through the motor 10 (i.e., the motor current), V,,eq is the voltage applied to the
motor 10, R is the resistance of the motor 10, and Eg is generated voltage of the motor 10, also referred to as the back
EMF of the motor 10.

[0020] The generated voltage (Eg) of the motor 10 can be calculated with the equation

Eg:Ke-(l), @

where K, is the back EMF constant of the motor 10 and w is the rotational speed of the motor 10. The torque (T ot0r)
of the motor 10 can be calculated with the equation

T =Ki. 1 G)

motor motor ,

where K; is the torque constant of the motor 10.
[0021] The amount of current that must be applied to operate the motor 10 at a certain speed can be calculated by
combining equations (1) and (2) to produce the equation
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(VApplied - K e (D) (4)
/ motor — R

[0022] Assuch, itis critical to have an accurate estimate of the actual rotational speed of the motor 10, i.e., the actual
velocity of the motor 10, in order to determine the current that is actually flowing through the motor 10, i.e., the actual
current. If this actual current is less than the desired current, then reduced output of the motor 10 will occur, resulting in
decreased motor torque and/or decreased motor speed. Conversely, if the actual current is greater than the desired
current, then increased motor torque and/or increased motor speed will occur. Furthermore, this increased transient
current will require additional current handling capability by the controller 14 and/or the at least one power circuit 20.
Moreover, this high transient current may cause other problems such as, but not limited to, durability of the various
components, over heating of the components, and electromagnetic compatibility (EMC) issues due to electromagnetic
emissions.

[0023] The controller 14 employs a plurality of velocity signal processing algorithms to process the at least one electric
motor sensor signal received by the controller 14. In the embodiment illustrated in Figure 3, the processor 14 utilizes a
first velocity signal processing algorithm to generate a first velocity signal and a second velocity signal processing
algorithm to generate a second velocity signal from a single electric motor sensor signal. That is, the first and second
velocity signals are obtained from a single sensor 16 monitoring rotational position of the electric motor 10. However,
the controller 14 may employ more than two signal processing algorithms and, as stated above, more than one electric
motor sensor signal may be utilized. For example, the first velocity signal is obtained from a first sensor 16a monitoring
rotational position of the electric motor 10 and the second velocity signal is obtained from a second sensor 16b monitoring
rotational position of the electric motor 10.

[0024] Each velocity signal has a set of characteristics. The characteristics of each signal may include, but are not
limited to, resolution, bandwidth (i.e., signal lag or update speed), range, and accuracy. In the illustrated embodiment,
the first velocity signal has a first set of characteristics and the second velocity signal has second set of characteristics
that are different from the first set of characteristics.

[0025] Intheillustrated embodiment, the characteristics of the velocity signals each have an update speed. Specifically,
the first set of characteristics has a first update speed and the second set of characteristics has a second update speed.
More specifically, the first update speed is slower than the second update speed. That is, the first velocity signal is slower
than second velocity signal. Said another way, there exists more lag in the first velocity signal than the second velocity
signal. At the same time, the first velocity signal has higher resolution than the second velocity signal.

[0026] Turning now to the method 100 of the subject invention, and with references to Figure 3, the method includes
the steps 102, 104 of obtaining a first representation of the velocity of the electric motor from the first velocity signal and
obtaining a second representation of the velocity of the electric motor from a second velocity signal. The first and second
representations of the velocity are single data points obtained from the respective first and second velocity signals. In
the illustrated embodiment, these representations of the velocity are generated by examination of the first and second
velocity signals by the velocity estimation algorithm of the controller 14.

[0027] The method further includes the step 106 of computing a rate of change of the velocity of the electric motor
based on the first and second representations of the velocity. The rate of change of the velocity is also commonly referred
to as either acceleration or deceleration, depending on the whether the rate of change of the velocity is positive or
negative. Accordingly, the method 100 also may include the step (not shown) of ascertaining whether the rate of change
of the velocity of the electric motor represents an acceleration of the electric motor or a deceleration of the electric motor.
[0028] Inthe illustrated embodiments, the step 106 of computing the rate of change of the velocity of the electric motor
is further defined as subtracting one of the first and second representations of the velocity from the other of the first and
second representations of velocity. With reference to Figures 4 and 5, if the first representation of velocity is greater
than zero, then the rate of change equals the second representation of velocity minus the first representation of velocity.
If the first representation of velocity is less than or equal to zero, then the rate of change equals the first representation
of velocity minus the second representation of velocity.

[0029] The method 100 also includes the step 108 of determining the velocity of the electric motor based on the rate
of change of the velocity of the electric motor, the first representation of the velocity of the electric motor, and the second
representation of the velocity of the electric motor to produce the estimated velocity of the electric motor. The subject
invention illustrates two embodiments to accomplishing this step 110.

[0030] In a first embodiment, as shown in Figure 4, the step 108 of determining the velocity of the electric motor is
further defined as selecting either the first representation of velocity or the second representation of velocity to be the
estimated velocity of the electric motor based on the computed rate of change of velocity. More specifically, the rate of
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change is compared firstto an acceleration threshold value. This acceleration threshold value is a predetermined constant.
If the rate of change is greater than the acceleration threshold value, then the estimated velocity is set to be equal to
the second representation of velocity. If the rate of change is not greater than the acceleration threshold value, then the
rate of change is compared to a deceleration threshold value. Likewise, this deceleration threshold value is a predeter-
mined constant. If the rate of change is less than the deceleration threshold value, then the estimated velocity is set to
be equal to the second representation of velocity. Otherwise, the estimated velocity is set to be equal to the first repre-
sentation of velocity.

[0031] In a second embodiment, as shown in Figure 5, the step 108 of determining the velocity of the electric motor
is further defined as blending the first and second representations of the velocity of the electric motor based on the rate
of change of the electric motor to calculate the estimated velocity of the electric motor. Said another way, the estimated
velocity in the second embodiment, the first and second representations of the velocity are each weighted then summed
together.

[0032] Specifically, the step 108 of determining the velocity in the second embodiment begins with computing a ratio
(R) of the rate of change (i.e., acceleration or deceleration) to a predetermined constant. The step 108 then limits the
computed ratio (R) to a value between 1 and -1 by setting the ratio (R) to 1 if it is computed higher than 1 or to -1 if itis
computed less than -1. A relative weight value (Wg) is then computed using the equation

Wy :‘RP‘,

where P is a constant exponent value that is limited to even positive values greater or equal to 1.0. The estimated velocity
(Vesy) is then calculated using the equation

Ve =W (L=W3) +v, W,

where v, is the first representation of velocity and v, is the second representation of velocity.

[0033] The method 100 may also include further iterations to more accurately calculate the estimated velocity of the
motor 10. The method 100 may include the step (not shown) of obtaining a third representation of the velocity of the
electric motor 10 from a third velocity signal. The third velocity signal has a third set of characteristics different from the
first and/or second set of characteristics. The method 100 may then also include the step (not shown) of computing a
revised rate of change of the velocity of the electric motor. The revised rate of change of the velocity of the electric motor
10 is based on the estimated velocity and the third representation of the velocity.

[0034] The method 100 may then further include the step (not shown) of determining the velocity of the electric motor
10 based on the revised rate of change, the third representation, and the estimated velocity to produce a revised estimate
of velocity of the electric motor 10. As with step 108 described above, this step may be performed using multiple
techniques. In a first technique, analogous to the first embodiment of step 108 described above, the revised estimate
of velocity is set to be equal to either the third representation of velocity or the estimated velocity, based on how the
revised rate of change compares to the acceleration threshold or the deceleration threshold. In a second technique,
analogous to the second embodiment of step 108 described above, the revised estimated velocity (Vo) iS calculated
using the equation

v :Vest(l_WR)-I_vSWR

est2

where v is the third representation of velocity. Of course, these further iterations can be repeated times with additional
representations of the velocity to more accurately determine the actual velocity of the electric motor 10.

[0035] Once the estimated velocity (or revised estimated velocity) is determined, the electric current provided to the
electric motor may be adjusted. This adjustment is based on the estimated velocity of the electric motor and the desired
output of the electric motor. For instance, if a rapid deceleration (i.e., negative rate of change) is indicated, the estimated
velocity will switch (or blend) to the faster of the representations of velocity. The effect of the faster (less lag) representation
of velocity will be to reduce the motor current as compared to the motor current that would have been produced if the
slower representation of velocity had been used. Likewise, if a rapid acceleration (i.e., positive rate of change) of the
motor 10 is indicated, the estimated velocity will switch (or blend) to the faster of the representations of velocity. The
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effect of the faster (less lag) representation of velocity will be to increase the motor current as compared to the motor
current that would have been produce if the slower representation of velocity had been used..

[0036] The present invention has been described herein in an illustrative manner, and it is to be understood that the
terminology which has been used is intended to be in the nature of words of description rather than of limitation. Obviously,
many modifications and variations of the invention are possible in light of the above teachings. The invention may be
practiced otherwise than as specifically described within the scope of the appended claims.

Claims

1. A method (100) of estimating velocity of an electric motor (10) implemented in an electric power steering system
(12) utilizing a computer (14), said method (100) comprising the steps of:

obtaining a first representation of the velocity of the electric motor (10) from a first velocity signal having a first
set of characteristics;

obtaining a second representation of the velocity of the electric motor (10) from a second velocity signal having
a second set of characteristics different from the first set of characteristics;

computing a rate of change of the velocity of the electric motor (10) based on the first and second representations
of the velocity; and

determining the velocity of the electric motor (10) based on the rate of change of the velocity of the electric
motor (10), the first representation of the velocity of the electric motor (10), and the second representation of
the velocity of the electric motor (10) to produce the estimated velocity of the electric motor (10).

2. A method (100) as set forth in claim 1 wherein said step of determining the velocity of the electric motor (10) is
further defined as selecting either the first representation of velocity or the second representation of velocity to be
the estimated velocity of the electric motor (10) based on the computed rate of change of velocity.

3. A method (100) as set forth in claim 1 wherein said step of determining the velocity of the electric motor (10) is
further defined as blending the first and second representations of the velocity of the electric motor (10) based on
the rate of change of the electric motor (10) to calculate the estimated velocity of the electric motor (10).

4. A method (100) as set forth in claim 3 further comprising the step of determining the relative weight of each of the
first and second representations of velocity based on the computed rate of change of the velocity.

5. A method (100) as set forth in claim 1 wherein said method (100) further includes the step of ascertaining whether
the rate of change of the velocity of the electric motor (10) represents an acceleration of the electric motor (10) or
a deceleration of the electric motor (10).

6. A method (100) as set forth in claim 1 wherein said step of computing a rate of change of the velocity of the electric
motor (10) is further defined as subtracting one of the first and second representations of the velocity from the other
of the first and second representations of velocity to determine the rate of change of the velocity.

7. A method (100) as set forth in claim 1 wherein the first and second velocity signals are obtained from a single sensor
(16) monitoring rotational position of the electric motor (10).

8. A method (100) as set forth in claim 1 wherein the first velocity signal is obtained from a first sensor (16a) monitoring
rotational position of the electric motor (10) and the second velocity signal is obtained from a second sensor (16b)
monitoring rotational position of the electric motor (10).

9. A method (100) as set forth in claim 1 wherein the first set of characteristics of the first signal includes a first update
speed and the second set of characteristics of the second signal includes a second update speed.

10. A method (100) as set forth in claim 8 wherein the first update speed is slower than the second update speed.

11. A method (100) as set forth in claim 1 further comprising the steps of: obtaining a third representation of the velocity
of the electric motor (10) from a third velocity signal having a third set of characteristics different from the first and
second set of characteristics; and
computing a revised rate of change of the velocity of the electric motor (10) based on the estimated velocity and
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the third representation of the velocity.

A method (100) as set forth in claim 11 further comprising the step of determining the velocity of the electric motor
(10) based on the revised rate of change, the third representation, and the estimated velocity to produce a revised
estimate of velocity of the electric motor (10).

A method (100) as claimed in any one of claims 1 to 3, comprising the further steps of:

determining a desired velocity of the electric motor (10) based at least in part on the speed of the vehicle; and
adjusting the electric current provided to the electric motor (10) based on the estimated velocity of the electric
motor (10) and the desired output of the electric motor (10).

A method (100) as set forth in claim 13 wherein said step of adjusting the electric current is further defined as
reducing the electric current provided to the electric motor (10) in response to a rapid deceleration of the electric
motor (10) as indicated by the estimated velocity of the electric motor (10).

A method (100) as set forth in claim 13 wherein said step of adjusting the electric current is further defined as
increasing the electric current provided to the electric motor (10) in response to a rapid acceleration of the electric
motor (10) as indicated by the estimated velocity of the electric motor (10).
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