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TITLE

SYSTEM AND METHOD FOR ROBUST ACTIVE DISTURBANCE
REJECTION IN ELECTRIC POWER STEERING

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to, and the benefit of, U.S.
Provisional Application Serial No. 62/022,694, filed July 10, 2014, the full

disclosure of which is incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] This invention relates in general to vehicle power steering and in
particular to a system and method for robust active disturbance rejection in an
electric power steering (EPS) assembly.

[0003] The EPS assembly for a vehicle may experience an undesirable
disturbance. For example, the disturbance may be a harmonic disturbance that
comes from steering wheel shake or nibble. The steering wheel shake or nibble
may be due to mass imbalances on steerable wheels of the vehicle or brake disc
thickness variation caused by warping or bearing/caliper alignment. Known
methods of providing an active disturbance rejection capability include
feedforward cancellation and attenuate system gain.

[0004] Implementing the disturbance rejection via feedforward cancellation
typically involves two steps: detecting the disturbance and generating a
command for an actuator to counteract an effect of the disturbance. However,
accurately detecting the disturbance usually requires a certain amount of
transient time. Feedforward cancellation may not be applicable in scenarios
such as brake pulsations where a frequency of the disturbance is both

proportional to a wheel speed and changing during braking as the wheel speed
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changes.

[0005] The disturbance is typically detected via different types of filters.
For the EPS assembly, the filter will also filter out a same frequency
component present in an original torque produced by an EPS motor. This will
affect steering feel and require an iterative calibration process to balance
steering feel and the active disturbance rejection capability. As a result, a
detected disturbance includes not only an actual disturbance but also signals
from the original motor torque. Therefore, it is not possible to reject the entire
actual disturbance without also rejecting the signals from the original motor
torque. The disturbance rejection can be increased by high gain, but doing so
will make the feedforward cancellation more unstable and sensitive to
parameter uncertainties. Finally, feedforward cancellation is computationally
intensive and requires significant computational resources and memory for
trigonometric calculations. Feedforward cancellation also introduces
complexity in analyzing performance of an implementation in terms of stability
and effectiveness because the implementation is inherently a non-linear system.
[0006] The disturbance rejection is achieved via attenuating system gain
within a disturbance frequency range by lowering the system gain such that
energy from the disturbance is less perceivable to a driver of the vehicle as the
driver manipulates a steering wheel. Attenuating system gain is a real time
strategy that will respond instantaneously to the disturbance. This makes
attenuating system applicable to scenarios such as brake pulsation
compensation. However, attenuating system gain also cannot reject all of the
disturbance, not even theoretically. Attenuating system gain also has a
significant effect on steering feel and requires retuning the EPS assembly.
[0007] The disturbance is not available for direct measurement at a rack of
the EPS assembly. Instead, the disturbance is indirectly measured at a steering

column where gain and phase changes due to a mechanical path from the rack
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to the steering column also need to be compensated for. Compensating for the
gain and phase changes requires a dynamic model. Often, the dynamic model
itself is not obtained accurately and causes improper gain and phase
compensation.

[0008] Thus, it would be desirable to reject disturbances to the EPS
assembly such that baseline performance of the EPS assembly is maintained
and effects due to system parameter changes are corrected by inherent feedback

mechanisms.

SUMMARY OF INVENTION

[0009] This invention relates to an improved system and method for active
disturbance rejection in an electric power steering assembly.

According to one embodiment, a method for active wheel disturbance
rejection in an electric power steering assembly may comprise, individually
and/or in combination, one or more of the following features: An electric
motor is activated in response to a response signal. The response signal
includes a baseline control torque signal generated by a baseline controller and
an auxiliary control torque signal generated by a disturbance rejection
controller. At least one operating parameter of the electric power steering
assembly is estimated as a function of the baseline control torque signal. The
at least one operating parameter is also measured. An error amount is
determined as a function of the at least one measured operating parameter and
the at least one estimated operating parameter. The disturbance rejection
controller refines the at least one estimated operating parameter as a function of
the error amount. The auxiliary control torque signal is generated to minimize
the error amount.

[0010] According to another embodiment, a method for active wheel

disturbance rejection in an electric power steering assembly may comprise,
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individually and/or in combination, one or more of the following features: An
electric motor is activated in response to a baseline control torque signal
generated by a baseline controller. At least one operating parameter of the
electric power steering assembly is measured after the motor is activated. The
activated motor is controlled as a function of both the baseline control torque
signal and an auxiliary control torque signal generated by a disturbance
rejection controller. The auxiliary control torque signal is a function of the
baseline control torque and the at least one measured operating parameter. The
auxiliary control torque signal is generated to minimize an error amount
between the measured at least one operating parameter and an estimate of the at
least one operating parameter generated by the disturbance rejection controller.
[0011] According to another embodiment, an electric power steering
assembly may comprise, individually and/or in combination, one or more of the
following features: A baseline controller receives a torque signal from a torque
sensor and generates a baseline control torque signal. An electric motor is
activated by a response signal that includes the baseline control torque signal
and an auxiliary control torque signal. A disturbance rejection controller
receives the baseline control torque signal. The disturbance rejection controller
generates the auxiliary control torque signal as a function of the baseline
control torque signal. The auxiliary control signal is generated to minimize an
error amount between at least one estimated operating parameter and at least
one measured operating parameter of the electric power steering system.

[0012] An advantage of an embodiment is automatic computation of a
desired harmonic correction torque such that baseline performance of an
electric power steering controller is maintained and effects due to system
parameter changes are corrected by an inherent feedback mechanism. Other
advantages of this invention will become apparent to those skilled in the art

from the following detailed description of the preferred embodiments, when
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read in light of the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0013] FIG. 1 is a partial sectional view of a prior art vehicle power
steering assembly.

[0014] FIG. 2 is a schematic diagram of an embodiment of a system for
robust active disturbance rejection in an electric power steering assembly in
accordance with the present invention.

[0015] FIGS. 3A-3C are graphs of a first example of the system for robust
active disturbance rejection illustrated in FIG. 2.

[0016] FIGS. 4A-4C are graphs of the first example of the system for
robust active disturbance rejection illustrated in FIG. 2.

[0017] FIGS. 5A-5C are graphs of the first example of the system for
robust active disturbance rejection illustrated in FIG. 2.

[0018] FIG. 6 is a graph of the first example of the system for robust active
disturbance rejection illustrated in FIG. 2.

[0019] FIGS. 7A-7C are graphs of a second example of the system for
robust active disturbance rejection illustrated in FIG. 2.

[0020] FIGS. 8A-8C are graphs of the second example of the system for
robust active disturbance rejection illustrated in FIG. 2.

[0021] FIGS. 9A-9C are graphs of the second example of the system for
robust active disturbance rejection illustrated in FIG. 2.

[0022] FIG. 10 is a graph of the second example of the system for robust

active disturbance rejection illustrated in FIG. 2.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0023] Referring now to FIG. 1, there is illustrated a portion of a prior art

vehicle electric power steering (EPS) assembly, indicated generally at 10. The
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general structure and operation of the EPS assembly 10 is conventional in the
art. Thus, only those portions of the EPS assembly 10 which are necessary for
a full understanding of this invention will be explained and illustrated in detail.
As illustrated in FIG. 1, the EPS assembly 10 includes a vehicle electric belt
driven rack drive steering assembly and is coupled with the front driven wheels
(not shown) of the vehicle. Also, although this invention will be described and
illustrated in connection with the particular EPS assembly 10 disclosed herein,
it will be appreciated that this invention may be used in connection with other
vehicle power steering assemblies known to those skilled in the art.

[0024] The illustrated vehicle power steering assembly 10 includes a
vehicle steering wheel 12 and a rotatable input shaft 14 which is operatively
coupled (in a manner not shown) to the steering wheel 12 for rotation therewith
about a steering axis X1. A torque sensor 16 is located inside a pinion housing
18 and encircles the input shaft 14. The torque sensor 16 includes coils (not
shown) which respond to a rotation of the input shaft 14. The torque sensor 16
generates an electrical torque signal over electrical lines 20 indicative of the
direction and magnitude of applied steering torque.

[0025] A torsion bar 22 is provided to connect the input shaft 14 to a pinion
24 located inside the pinion housing 18. The torsion bar 22 twists in response
to the steering torque applied to the steering wheel 12. When the torsion bar 22
twists, relative rotation occurs between the input shaft 14 and the pinion 24.
[0026] The pinion housing 18 is attached to a rack housing, indicated
generally at 30. A linearly movable steering member 32 extends axially
through the rack housing 30. The steering member 32 is linearly (or axially)
movable along a rack axis X2. A rack portion 34 of the steering member 32 is
provided with a series of rack teeth (not shown) which meshingly engage gear
teeth (not shown) provided on the pinion 24. The steering member 32 further

includes a screw portion 40 having an external screw thread convolution 42.
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The steering member 32 is connected with steerable wheels (not shown) of the
vehicle through tie rods (not shown) located at the distal ends of the steering
member 32. Linear movement of the steering member 32 along the rack axis
X2 results in steering movement of the steerable wheels in a known manner.
[0027] The rack housing 30 has a generally cylindrical configuration and
includes a first section 50, a second section 52 and a third section 54. The first
section 50 is connected to the second section 52 by suitable means, such as for
example by a plurality of bolts and nuts (not shown). Similarly, the second
section 52 is connected to the third section 54 by suitable means, such as for
example by a plurality of bolts and nuts (only the bolts are shown in FIG. 1 by
reference number 170). The first section 50 is provided with a radially
enlarged end 50A, and the third section 54 is provided with a radially enlarged
end 54A. The enlarged ends S0A and 54A of the respective first and third
sections 50 and 54, respectively, cooperate with the second section 52 to define
an annular chamber 56. Alternatively, as known to those skilled in the art, the
structure of the rack housing 30 can be other than illustrated. For example, the
rack housing 30 can include less than three sections or more than three sections
if so desired.

[0028] The power steering assembly 10 further includes an electric motor
60, which is drivably connected to a ball nut assembly, indicated generally at
70. The ball nut assembly 70 effects axial movement of the steering member
32 along axis X2 upon rotation of the steering wheel 12. In the event of the
inability of the electric motor 60 to effect axial movement of the steering
member 32, the mechanical connection between the gear teeth on the pinion 24
and the rack teeth on the rack portion 34 of the steering member 32 permits
manual steering of the vehicle. The ball nut assembly 70 is located in the
chamber 56 of the rack housing 30 and encircles the screw portion 40 of the

steering member 32.
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[0029] The electric motor 60 is supported relative to the rack housing 30 by
suitable means. The electric motor 60 includes an output shaft 162 which is
connected to a member 164 for rotation therewith. For example, the member
164 may be a timing belt. The timing belt 164 is operatively connected to a
pulley assembly 82. Thus, when the electric motor 60 is actuated, the timing
belt 164 is rotated via the output shaft 162 so as to rotate the pulley assembly
82. The rotation of the pulley assembly 82 causes the ball nut assembly 70 to
be rotated and thereby produce axial movement of the steering member 32 via
balls 160.

[0030] The steering assembly 10 further includes an electronic baseline
control unit or controller 180. The baseline controller 180 is preferably secured
to the rack housing 30 in a manner not shown. The controller 180 is
electrically connected to the electric motor 60 by electrical lines 182 and is
electrically connected by the electrical lines 20 to the torque sensor 16. The
controller 180 is operable to receive electrical signals from the torque sensor 16
and to control the electric motor 60 in accordance with the received electrical
signals. When steering torque is applied to the vehicle steering wheel 12, the
input shaft 14 rotates about the axis X1. The direction and magnitude of the
applied steering torque are sensed by the torque sensor 16. The torque sensor
16 outputs the torque signal to the controller 180. The electric motor 60 is
activated by a response signal U[k] and the output shaft 162 of the electric
motor 60 is caused to rotate about a power source axis X3. The response signal
U[k] includes a baseline control torque signal U,on[k] generated by the
controller 180 as a function of the torque signal.

[0031] The rotating motor shaft 162 rotates the pulley assembly 82 via the
belt 164 which in turn transmits the drive force of the electric motor 60 to the
ball nut assembly 70. The rotation of the ball nut assembly 70 results in linear

movement of the steering member 32. The balls 160 transmit the rotation force
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to the rack portion 34 of the steering member 32 along axis X2. Since the ball
nut assembly 70 is axially fixed in position, the steering member 32 is driven to
move axially in response to rotation of the ball nut assembly 70 to effect
steering movement of the steerable wheels of the vehicle. The electric motor
60 thus provides steering assist in response to the applied steering torque.
[0032] Referring now to FIG. 2, there is illustrated a schematic diagram of
an embodiment of a system for robust active disturbance rejection, indicated
generally at 100. While the disturbance rejection system 100 will be described
and illustrated in conjunction with the particular prior art EPS assembly 10
disclosed herein, it will be appreciated that the disturbance rejection system
100 may be used in conjunction with other types or kinds of vehicle power
steering assemblies. The disturbance rejection system 100 may be used with
the prior art EPS assembly 10 without altering any baseline tuning of the prior
art EPS assembly 10.

[0033] The disturbance rejection system 100 includes a disturbance
rejection controller 102. The disturbance rejection controller 102 subtracts an
auxiliary control torque signal U..[k] from the baseline control torque signal
Unomlk]. The auxiliary control torque signal U...[k] compensates for a
disturbance 118 to the EPS assembly 10. The disturbance rejection controller
102 may be incorporated into the baseline controller 180 or a plug-in
component separate from the controller 180. The disturbance rejection
controller 102 includes an EPS state estimator module 104, a robust damping
module 106, a parameter gradient seeking module 108, an auxiliary control
module 110, an auxiliary control gain module 112, and a gain assignment
module 114, all of which will be discussed in detail.

[0034] Dynamics of the EPS assembly 10, without a disturbance 118, is

represented as follows:

X[k+1]= AX[k]+ BU[k], EQ. (1)
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where X[k] is a measurable operating parameter of the EPS assembly 10 and
U[k] is the response signal to activate and control the motor 60. As a non-
limiting example, the operating parameter X[k] may include a position of the
electric motor 60, a velocity of the electric motor 60, or a position of the input
shaft 14, a rotational velocity of the input shaft 14, or torque applied to the
input shaft 14. The response signal U[k] is typically a commanded torque for
the motor 60. EQ. (1) is a general equation and applies to all EPS assemblies,
systems, and/or platforms with different configurations of components, such as
for example, column drive or belt drive.

[0035] For a chosen output of the EPS assembly 10, an output equation is

generally represented as follows:

Ylk]=CX[k]. EQ. (2)

Typically the chosen output of the EPS assembly 10 is torque at the input shaft
14.

[0036] The disturbance 118 to the EPS assembly 10 is typically a harmonic
disturbance with a frequency Nw. The disturbance 118 for a single harmonic is

represented as follows:

dlk]= D, cos[NwkT1+ D, sin[NwkT1, EQ. (3)

where 7'is a sampling time, and D; and D; are coefficients of the harmonics.
For a more general disturbance, a polynomial approximation may be utilized
where polynomial coefficients are determined. For higher order harmonics, the

disturbance 118 is represented as follows:

dlk]= i(DW cos|[NakT 1+ D,,, sin[NakT1) . EQ. (4)

N=1
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[0037] The disturbance equation EQ. (3) may be added to the EPS

assembly dynamic equation EQ. (1), and is represented as follows:

X[k +1]1= AX[k]+ BU[k]+ Bd[k]= AX[k]1+ B, [k1+ U, [k])+ Bd[k]. EQ. (5)

Rom

[0038] As can be observed from EQ. (5), the response signal U[k] has two
components: the baseline control torque signal U,.»[k] and the auxiliary control
torque signal Uax[k]. The baseline control torque signal U,on[k] is generated
by the controller 180 and the auxiliary control torque signal Uax[k] is generated
by the disturbance rejection controller 102 to offset effects of the disturbance
118. When the disturbance 118 is the harmonic disturbance, the auxiliary
control torque signal Uax[k] is @ harmonic correction torque.

[0039] The EPS state estimator module 104 constructs a nominal model of
the EPS assembly 10 as a function of the baseline control torque signal Unom[k]
and a feedback mechanism 128, which will be discussed in detail subsequently.
The nominal model is used to calculate estimated parameter values 116 for the
operating parameters. The estimated parameters 116 are compared, at a point
122, against actual, true measured parameter values 120 of the operating
parameters. The measured parameters 120 are measured by a sensor 121. An
error amount 124 is determined as a result of comparing the estimated and
measured parameters 116 and 120, respectively. The error amount 124 reflects
an effect of the disturbance 118 on the EPS assembly 10 because the measured
parameters 120 are measured after the disturbance 118 occurs. The disturbance
rejection controller 102 seeks to minimize the error amount 124.

[0040] As illustrated, the estimated and measured parameters 116 and 120,
respectively, comprise torque applied to the input shaft 14, a position of the
motor 60, and a velocity of the motor 60. Alternatively, the estimated and

measured parameters 116 and 120, respectively, may be comprised of
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additional, fewer, or different parameters of the EPS assembly 10.

[0041] The EPS state estimator module 104 refines the nominal model
during construction using feedback provided by the feedback mechanism 128
when constructing the nominal model. Refinement of the nominal model
reduces the error amount. The feedback mechanism 128 has two components:
a first feedback correction component 130 that is the error amount 124 without
damping and a second component 132 that is the error amount 124 further
damped via the robust damping module 106. Damping by the robust damping
module 106 compensates for inaccuracy from the nominal model. The robust
damping module 106 introduces a strong damping term to the nominal model.
The strong damping term indicates the error amount is present. If there is a
difference between the estimated parameters 116 and the measured parameters
120 due to inaccuracy in the nominal model, then the robust damping module
106 minimizes the error amount such that the EPS assembly 10 will behave as
if there were no disturbance 118 despite uncertainties in the nominal model.

[0042] Construction of the model with feedback is represented as follows:

)A([k +1]=A XEk]+ BU, |k]+ L(Y[k]-C )A([k]) + Ksgn(Y[k]-C )A([k]) ,  EQ. (6)

nom

where X[k]is the estimated parameter 116, L(Y[k]-C X[k]) is the feedback

correction first component 130 without damping, Ksgn(Y[k]-C X[k]) is the

robust damping feedback second component 132, and U,  [k] is the baseline

control torque signal.
[0043] The parameter gradient seeking module 108 searches for and finds a

gradient of coefficients that minimizes the error amount 124. For example, as

will be discussed, the gradient of coefficients may include D: and D: in EQ.
(8). Once the gradient of coefficients is found, the auxiliary control torque

signal Uun[k] is defined and known.
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[0044] A number of optimization methods can be utilized by the parameter
gradient seeking module 108 to iteratively adjust the gradient of coefficients in
real time such that the error amount 124 is minimized. For the parameter

gradient seeking module 108, the error amount 124 is represented as follows:

el = X[kl X[k = (A= LC)elk+ BU . [k1+ dlk])
= (A= LC)elk]+ B(U,, [k]+ D, cos(N&kT) + D, sin( NakT)) EQ. (7)

elk]

where is the error amount and A~ LC is a stable matrix that ensures

stability for error dynamics when there is no disturbance.
[0045] An auxiliary control law U, can also be defined in a number of
ways such that it can further minimize the error amount e[k] via gradient based

seeking. This may be implemented by defining the auxiliary control torque

signal Uaun[k] as:
U, lkl=- D1 cos(N&K) — D sin(NaK)) . EQ. (8)

where Di[k] and D:[k] are constructed such that the error amount e[k] is

minimized. An optimization method that can iteratively adjust the gradient of

coefficients is represented as follows:

Dilk+11| _| Dilk] {CéS(kaT)}T[k]B’ EQ. (9)
Dilk+1]| | Dafk]| LSIM(NXT)

where the gradient coefficients are changed iteratively to minimize the error
amount.

[0046] With the gradient of coefficients found by the parameter gradient
seeking module 108, the auxiliary control module 110 generates the auxiliary

control torque signal as a function of the gradient of coefficients. The auxiliary
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control torque signal Uu.[k] will compensate for the disturbance 118.

[0047] However, it is not always desirable that the disturbance 118 be
compensated for. For example, compensation is undesirable or unsuitable
when a necessary signal input to the system is not qualified for use —i.e., the
necessary signal input may be a wrong value or an invalid signal — or the
vehicle is running at conditions where compensation is not appreciated. The
gain assignment module 112 generates a gain value, as a function of whether
compensation is desirable, to either enable or disable compensation. The
auxiliary control gain module 114 multiples the auxiliary control torque signal
Uu[k] by the gain value. When compensation is not desired, the gain value is
ramped down to zero by the gain assignment module 112 to effectively avoid
compensation.

[0048] Lastly, the auxiliary torque control signal U...[k], after
multiplication by the gain value, is subtracted from the baseline control torque
signal Unom[k] (at a point 126) to generate the response signal U[k] for the
motor 60 that includes compensation for the disturbance 118.

[0049] Referring now to FIGS. 3A-6, there is illustrated a first example of a
disturbance compensation using the disturbance rejection system. For the first

example, the disturbance into the EPS system is represented as follows:

dlk]=5sin(10kT +0.5) . EQ. (10)

[0050] In the first example, the nominal model produced by the EPS state
estimator module is assumed to be accurate. Therefore, the nominal response
has very high confidence.

[0051] A first graph, indicated generally at 202, illustrates a first plot 204
of the nominal baseline control torque signal U.om[k] with the disturbance and
no compensation. A second graph, indicated generally at 206, illustrates a

second plot 208 of the nominal baseline control torque signal U,om[k] without
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the disturbance and no compensation. A third graph, indicated generally at
210, illustrates a third plot 212 that is a difference between the first plot 204
and the second plot 208. The third plot 212 remains non-zero with time, which
indicates that the disturbance remains.

[0052] A fourth graph, , indicated generally at 214, illustrates a fourth plot
216 of the response single including the nominal baseline control torque signal
Unomlk] and the auxiliary control torque signal Ua.[k] — 1.€., compensation
produced by the disturbance rejection system — with the disturbance. A fifth
graph, indicated generally at 218, illustrates a fifth plot 220 of the nominal
baseline control torque signal U.om[k] without the disturbance and no
compensation. A sixth graph, indicated generally at 222, illustrates a sixth plot
224 that is a difference between the fourth plot 216 and the fifth plot 220. In
contrast to the third graph 210, a magnitude of the sixth plot 224 decreases with
time.

[0053] A seventh graph, indicated generally at 226, illustrates a seventh
plot 228 of the disturbance. An eighth graph, indicated generally at 230,
illustrates an eighth plot 232 of the auxiliary control torque signal Uaux[k]. A
ninth graph, indicated generally at 234, illustrates a ninth plot 236 of a
difference between the seventh plot 228 and the eighth plot 232. After a
transient period, indicated generally at 238, the auxiliary control torque signal
Uax[k] matches the disturbance.

[0054] A tenth graph, indicated generally at 240, illustrates a time evolution
of the coefficients D; and D: by the parameter gradient seeking module —i.e.,
the unknown parameters found by the parameter gradient seeking module. It is
readily apparent from the tenth graph 240 that the coefficients D; and D:
converge to their true values.

[0055] Referring now to FIGS 7A-10, there is illustrated a second example

of a disturbance compensation using the disturbance rejection system. For the
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second example, the disturbance uses EQ. (10), but with system parameters
(stiffness and steering system damping) perturbed by 10% from the nominal
model to test robustness of the feedback mechanism.

[0056] A first graph, indicated generally at 302, illustrates a first plot 304
of the nominal baseline control torque signal U,.m[k] with the disturbance and
no compensation. A second graph, indicated generally at 306, illustrates a
second plot 308 of the nominal baseline control torque signal Unon[k] without
the disturbance and no compensation. A third graph, indicated generally at
310, illustrates a third plot 312 that is a difference between the first plot 304
and the second plot 308. The third plot 312 remains non-zero with time, which
indicates that the disturbance remains.

[0057] A fourth graph, indicated generally at 314, illustrates a fourth plot
316 of the response signal including the nominal baseline control torque signal
Unomlk] and the auxiliary control torque signal Ua.[k] — 1.€., compensation
produced by the disturbance rejection system — with the disturbance. A fifth
graph, indicated generally at 318, illustrates a fifth plot 320 of the nominal
baseline control torque signal U.om[k] without the disturbance and no
compensation. A sixth graph, indicated generally at 322, illustrates a sixth plot
324 that is a difference between the fourth plot 316 and the fifth plot 320. In
contrast to the third graph 310, a magnitude of the sixth plot 324 decreases with
time.

[0058] A seventh graph, indicated generally at 326, illustrates a seventh
plot 328 of the disturbance. An eighth graph, indicated generally at 330,
illustrates an eighth plot 332 of the auxiliary control torque signal Uaux[k]. A
ninth graph, indicated generally at 334, illustrates a ninth plot 336 of a
difference between the seventh plot 328 and the eighth plot 332. After a
transient period 338, the auxiliary control torque signal U...[k] matches the

disturbance.
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[0059] A tenth graph, indicated generally at 340, illustrates a time evolution
of the coefficients D; and D: by the parameter gradient seeking module —i.e.,
the unknown parameters found by the parameter gradient seeking module. It is
readily apparent from the tenth graph 340 that the coefficients D; and D:
converge to their true values.

[0060] In accordance with the provisions of the patent statutes, the principle
and mode of operation of this invention have been described and illustrated in
its preferred embodiments. However, it must be understood that this invention
may be practiced otherwise than as specifically explained and illustrated

without departing from its spirit or scope.
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What is claimed is:

1. A method for active wheel disturbance rejection in an electric power
steering assembly comprising the steps of:

activating an electric motor in response to a response signal, the
response signal including a baseline control torque signal generated by a
baseline controller and an auxiliary control torque signal generated by a
disturbance rejection controller;

estimating at least one operating parameter of the electric power steering
assembly as a function of the baseline control torque signal;

measuring the at least one operating parameter;

determining an error amount as a function of the at least one measured
operating parameter and the at least one estimated operating parameter,
wherein the disturbance rejection controller refines the at least one estimated
operating parameter as a function of the error amount; and

generating the auxiliary control torque signal to minimize the error

amount.

2. The method of Claim 1 wherein the error amount is determined by
comparing the at least one estimated operating parameter to the at least one

measured operating parameter.

3. The method of Claim 1 wherein the at least one operating parameter
is estimated using a nominal model constructed by the disturbance rejection

controller.

4. The method of Claim 3 wherein the at least one estimated operating

parameter is refined during construction of the nominal model as a function of
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the error amount.

5. The method of Claim 4 wherein the error amount is used without

damping to refine the nominal model.

6. The method of Claim 4 wherein the error amount is used with

damping to refine the nominal model.

7. The method of Claim 1 wherein the at least one operating parameter

is measured after a disturbance affecting the power steering assembly.

8. The method of Claim 7 wherein the disturbance includes a harmonic

disturbance inputted to the electric power steering assembly.

9. The method of Claim 1 further comprising:
adjusting a gain of the auxiliary control torque signal to reduce the
auxiliary control torque signal when conditions are unsuitable for

compensation of a disturbance to the electric power steering assembly.

10. The method of Claim 1 wherein the at least one operating parameter
includes at least one of a torque of an input shaft, a position of the motor, or a

velocity of the motor.

11. The method of Claim 1 further comprising the step of:
determining a gradient of coefficients to minimize the error amount,
wherein the auxiliary control torque signal is a function of the gradient of

coefficients.
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12. A method for active wheel disturbance rejection in an electric power
steering assembly comprising the steps of:

activating an electric motor in response to a baseline control torque
signal generated by a baseline controller;

measuring at least one operating parameter of the electric power steering
assembly after the motor is activated and after a disturbance to the electric
power steering assembly;

controlling the activated motor as a function of both the baseline control
torque signal and an auxiliary control torque signal generated by a disturbance
rejection controller, wherein the auxiliary control torque signal is a function of
the baseline control torque and the at least one measured operating parameter,
and wherein the auxiliary control torque signal is generated to minimize an
error amount between the measured at least one operating parameter and an
estimate of the at least one operating parameter generated by the disturbance

rejection controller.
13. The method of Claim 12 further comprising the step of:
constructing a nominal model as a function of the baseline control
torque signal, wherein the at least one operating parameter is estimated using

the nominal model.

14. The method of Claim 13 further comprising the step of:

refining the nominal model to minimize the error amount.

15. The method of Claim 14 wherein the error amount is not damped.

16. The method of Claim 14 wherein the error amount is damped.
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17. The method of Claim 12 further comprising the step of:
determining a gradient of coefficients to minimize the error amount,
wherein the auxiliary control torque signal is a function of the gradient of

coefficients.

18. The method of Claim 12 further comprising the step of:
ramping a gain value to zero to avoid compensation for a disturbance to
the electric power steering assembly;

multiplying the auxiliary control torque signal by the gain value.

19. The method of Claim 12 wherein the at least one operating
parameter includes at least one of a torque of an input shaft, a position of the

motor, or a velocity of the motor.

20. An electric power steering assembly comprising:

an electric motor;

a baseline controller receiving a torque signal from a torque sensor and
generating a baseline control torque signal, wherein the motor is activated by a
response signal including the baseline control torque signal and an auxiliary
control torque signal;

a disturbance rejection controller receiving the baseline control torque
signal, wherein the disturbance rejection controller generates the auxiliary
control torque signal as a function of the baseline control torque signal,
wherein the auxiliary control torque signal is generated to minimize an error
amount between at least one estimated operating parameter and at least one

measured operating parameter of the electric power steering system.



WO 2016/007705 PCT/US2015/039674
-2

21. The electric power steering assembly of Claim 20 further
comprising:

an electric power steering state estimator module constructing a nominal
model as a function of the baseline control torque signal, wherein the nominal

model generates the at least one estimated operating parameter.

22. The electric power steering assembly of Claim 21 wherein the error

amount is used to refine the nominal model.

23. The electric power steering assembly of Claim 22 wherein the error

amount is not damped.

24. The electric power steering assembly of Claim 22 wherein the error

amount is damped.

25. The electric power steering assembly of Claim 21 further
comprising:
a feedback mechanism generating the error amount that is provided as

feedback to the state estimator module.

26. The electric power steering assembly of Claim 20 further
comprising:
an auxiliary control module generating the auxiliary control torque

signal.

27. The electric power steering assembly of Claim 26 further
comprising:

a parameter gradient seeking module determining a gradient of
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coefficients to minimize the error amount, wherein the auxiliary control
module generates the auxiliary control torque signal as a function of the

gradient of coefficients.

28. The electric power steering assembly of Claim 20 further
comprising:

a gain assignment module generating a gain for the auxiliary control
torque signal when conditions are unsuitable for compensation of a disturbance
to the electric power steering assembly; and

an auxiliary control gain module adjusting the auxiliary control torque

signal as a function of the gain generated by the gain assignment module.

29. The electric power steering assembly of Claim 20 further
comprising:

a steering member disposed in a rack housing, wherein the steering
member has a rack portion operatively connected to a vehicle steering wheel
and a screw portion;

a ball nut assembly operatively connected to the screw portion for
effecting axial movement of the steering member upon rotation of the vehicle
steering wheel,

a pulley assembly coupling the rotor shaft and the electric motor.
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