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Vehicle Plant Active Suspension Control Based on Vehicle Position

BACKGROUND
[0001] This disclosure relates to active suspension of a plant in a moving vehicle.

[0002]In actively suspended vehicle seats it is typically not possible to have the control system
control the seat top to have no acceleration at all frequencies. Normally the control systems are
operated so as to limit the low frequency bandwidth that is controlled such that zero acceleration
is not maintained at very low frequencies. Rather, at low frequencies the seat top is allowed to

follow the truck floor. However, when the seat top follows the floor there is no vibration

isolation.

SUMMARY

[0003] All examples and features mentioned below can be combined in any technically possible
way.
[0004]In one aspect, a method includes establishing a confidence in a vehicle position

determined by a vehicle position determination system and using the established confidence to

change a behavior of an active suspension system of a plant in the vehicle.

[0005] Embodiments may include one of the following features, or any combination thereof. The
active suspension system may have a controller that outputs commands to an actuator to control
motion of the plant. The established confidence may be used to weight the controller commands,
so as to weight plant motion. The controller may comprise a feed-forward architecture. The
controller may further comprise a feedback architecture. The established confidence may be used
to weight the relative contribution to the controller commands from the feed-forward and
feedback architectures. In one non-limiting example, when the confidence is high the weight

from the feed-forward contribution to the controller is higher than it is when the confidence is

low.

[0006] Embodiments may include one of the following features, or any combination thereof. The
vehicle position determination system may determine an initial vehicle position estimate based

on GPS data, record a sequence of sensor data from a sensor located with the vehicle, and refine
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the initial vehicle position estimate by performing pattern matching that looks for the presence of
a known sequence of data obtained from the measured data, in the recorded sequence of sensor
data. Pattern matching may be performed by multiplying a sequence consisting of n numbers
obtained from the known sequence of data by a corresponding sequence of n numbers obtained
from the recorded sequence of sensor data, summing the results of the n multiplications, and
determining when the sequences match by identifying when the sum of the n multiplications has
a peak. The controller commands can be based on the GPS data and the recorded sensor data.
The controller may comprise both a feed-forward architecture and a feedback architecture, both
of which are involved in creating the controller commands, and when the confidence is high the
weight from the feed-forward input to the controller is higher than it is when the confidence is

low. The plant may comprise a vehicle seat.

[0007]In another aspect a method includes establishing a confidence in a vehicle position along
a path that is determined by a vehicle position determination system, and using the established
confidence to change a behavior of an active suspension system of a seat in the vehicle. The
active suspension system comprises a controller that outputs commands to an actuator to control
motion of the plant. The controller comprises both a feed-forward architecture and a feedback

architecture, both of which are involved in creating the controller commands.

[0008]In another aspect a system that suspends a plant relative to a floor of a vehicle that is
adapted to travel along a road includes an active suspension, a sensor that senses at least one of
motion or position of the plant relative to the floor, where the sensor has an output, a memory
that holds road trajectory information, a vehicle position determination system, and a controller
that is input with the sensor output, road trajectory information from the memory, and vehicle
position information from the vehicle position determination system. The controller has first and
second feed-forward variable weighting determinators and a feedback variable weighting
determinator. The road trajectory information is provided to the first and second feed-forward
variable weighting determinators, and the vehicle position information is provided to the first and
second feed-forward variable weighting determinators and the feedback variable weighting

determinator. When there is high confidence that the road trajectory information is correct, the
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weights for the feed-forward inputs and the feedback input are higher than they are when the

confidence is low.

[0009] Embodiments may include one of the following features, or any combination thereof.
Outputs of the first feed-forward determinator and the feedback determinator may be summed
and provided to the active suspension. The output of the second feed-forward determinator and
the output of the sensor may be differenced and inputted to the feedback determinator. The road
trajectory information may comprise low frequency content of the road contour. The road
trajectory information may be obtained by filtering measured road signals using a zero-phase
filter to maintain the trajectory in phase with the road. The system may operate as both as a
reactive active suspension system and as a feed-forward based active suspension system, wherein
a behavior of the system is changed based on a confidence in the vehicle position that is

determined by the vehicle position determination system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010]Fig. 1 is schematic diagram of a vehicle plant active suspension control system that can

be used to accomplish the methods of the present disclosure.

[0011]Fig. 2 is a more detailed schematic diagram showing components of an example of the

controller.

[0012]Fig. 3 shows an example alignment of measured and stored data to produce a confidence.

DETAILED DESCRIPTION

[0013] Vehicles can include active suspension systems for a plant that is part of or is carried by
the vehicle. Different types of vehicles and plants, and plant active suspension systems (e.g.,
actively-suspended motor vehicle seats) are known in the field, for example as disclosed in U.S.
Patents 7,195,250, 8,095,268 and 8,725,351, the disclosures of which are incorporated herein by
reference. The referenced patents also disclose vehicle position determination and the storage

and use of vehicle trajectory plans.

[0014]In actively suspended vehicle seats it is typically not possible to have the control system

control the seat top (i.e., the part of the seat that a user sits on) to have zero acceleration at all
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frequencies. For example, if the seat top were to have zero acceleration at DC, as the vehicle
would start up a hill the seat top would not move inertially. At some point, the seat top would
move to the bottom of its permitted range of travel and would sit against the end stops. This issue
can be ameliorated by limiting the low frequency bandwidth that is controlled. That is, zero
acceleration is not commanded at very low frequencies. Rather, at low frequencies the seat top is
allowed to follow the truck floor. However, when the seat top follows the floor there is no

vibration isolation.

[0015] Another problem is that the more the seat top is isolated, the more it seems to “float.” For
example, when zero acceleration is commanded at very low frequencies, the distance between
the seat and the floor seems to change or “float” in an unnatural way. Furthermore, a
consequence of limiting the low frequency bandwidth is that it introduces a phase offset between
the truck floor and seat top at the frequencies where the commands transition to no isolation.
This phase offset contributes to the “floating” sensation. The phase offSet can be reduced by

increasing the low frequency bandwidth, at the expense of vibration isolation.

[0016]Figure 1 schematically depicts system 10 that actively suspends plant 14 (e.g., the seat
top in a motor vehicle such as a truck) relative to vehicle floor/platform 16, using active
suspension 12 under control of controller 18 that is input with data from sensor 20. Sensor 20
may be an accelerometer that detects accelerations of the top of a motor vehicle seat, or may bea
position sensor that senses the relative position of the seat top with respect to the suspension
base, as two non-limiting examples. System 10 can be used to remove or reduce the effect on a
person sitting in the seat from vibrations and other motions of a truck floor. Vehicle plant active
suspension control is known in the art, for example as described in the patents incorporated

herein by reference.

[0017] The unnatural floating movement of the seat top described above can be addressed in the
present disclosure in a manner that reduces or eliminates this floating yet still maintains
isolation. In the present disclosure road contour information is provided to controller 18 by
trajectory plans held in memory 24. The road trajectory may be comprised of the low frequency
content of the road contour. Road trajectory information can be obtained by filtering the
measured road signals using a zero-phase filter to maintain the trajectory in phase with the road.

Trajectory information of the road contour along a path to be traveled by the vehicle is provided
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to controller 18 before the vehicle encounters the contours. The seat top is then commanded by
controller 18 to follow the road trajectory that it has received. The control loop is controlling seat
top motion to follow the road, rather than just having the passive seat suspension support the seat
at low frequencies. A result is that vibration isolation is maintained, while the seat top floating

problem is reduced or eliminated.

[0018] Advance information about road contour is fed into the active seat controller 18. The
active suspension system is thus able to operate both as a reactive active suspension system and
as a feed-forward based active suspension system. A behavior of the system is changed based on
a confidence in the vehicle position that is determined by a vehicle position determination system
22. When there is high confidence that the advance road data from trajectory plans 24 is correct,
the weight for the feed-forward input(s) from controller 18 is higher than it is when the
confidence is low. Similarly the weight for the feedback input(s) may be lower when the
confidence is low. The weightings can individually affect the gain and frequency content for
both feed-forward inputs as well as the feedback input, including a gain of zero. This varies

dynamically as the vehicle travels along a path.

[0019] Figure 2 is a more detailed schematic diagram of a system 10a that suspends plant 14
relative to floor 16. System 10a differs from system 10, figure 1, only as to the detail of
controller 18a, which is a non-limiting example of a controller that can be used in the subject
system. Trajectory plans 24 and vehicle position 22 are provided to feed-forward variable
weighting determinators 41 and 42. Vehicle position 22 is also provided to feedback variable
weighting determinator 43. The outputs of determinators 41 and 43 are summed and provided to
active suspension 12. The outputs of determinator 42 and sensor 20 are differenced and inputted
to determinator 43. When there is high confidence that the advance road data from trajectory
plans 24 is correct, the weight for the feed-forward inputs 41 and 42 is higher than it is when the
confidence is low. Similarly the weight for the feedback input 43 may be higher when the
confidence is low. The weightings 40 can individually affect the gain and frequency content for
both feed-forward inputs 41 and 42 as well as the feedback input 43, including a gain of zero.

This varies dynamically as the vehicle travels along a path.

[0020] The vehicle position on the path can be determined by position determination 22 in a

desired, known fashion (e.g., using GPS data), for example as set forth in the prior art that is
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incorporated by reference herein. The confidence is determined in one non-limiting example by
performing a cross cotrelation between position data being measured in real time by position
determination module 22, and stored data describing the road contour. Note that it is possible to
use some other data that can be correlated with road data without ever back calculating the actual
road contour. For example, vehicle floor acceleration could be used, such as might be measured
by an accelerometer (not shown) coupled to the floor. In each case there is stored data that is
location tagged (e.g., a trajectory plan), and the measured data is compared to the stored

data. The measured data stream is aligned with the stored data stream by doing a correlation
measurement, and when the correlation spikes the data sets are aligned. Location can then be
determined based on the stored data set. The higher the correlation measure the more confidence
there can be in the location determination, and this correlation can be used as the confidence

measure.

[0021] As an example of confidence determination let’s consider a single bump as shown in the
top subplot of fig. 3, which illustrates bump height versus position along a path that has been
travelled and recorded; the signal named “Measured” represents a measured bump. The middle
subplot shows the stored recording of the bump height versus position along the path, at three
different alignment offsets. The bottom subplot shows the confidence of the alignments versus
position along the path. For the alignment offset] the stored data and measured data are out of
alignment and thus produce a low confidence shown by the square marker in the bottom subplot.
For this condition the location of the bump is essentially unknown and the feed forward
command signals 41 and 42 are weighted low while the feedback signals 43 are weighted high
for the system to react to the bump. For alignment offset3 the stored data and measured data are
in alignment perfectly and thus produce the highest confidence shown by the circle marker in the
bottom subplot. For this condition the location of the bump is precisely known and the feed
forward commands are weighted high to follow a desired trajectory and the feedback commands
can be weighted low. For alignment offset2 the stored data and measured data are in partial
alignment and produce a medium confidence shown by the triangle marker in the bottom
subplot. For this condition the location of the bump is known with some uncertainty and the feed
forward commands are weighted at a mid-level to influence the desired trajectory but also rely

on the feedback commands to react to the difference in the expected bump and the measured
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bump. Also shown in the bottom subplot for completeness is the range of alignment confidence

for all alignment offsets between the stored and measured bump (named Confidence

Continuum).

[0022] A goal of the command weighting is to leverage the available information of the
trajectory plan to augment the performance of the feedback controller. This strategy allows for
maximum leverage of the stored information. Consider a partial alignment without weighting,
depending on the amount of alignment error it could be possible to amplify road inputs from the
truck floor to the seat top if the feed forward inputs produced the dominant command. With
weighting, the same situation uses some of the trajectory to influence the motion of the seat top

while maintaining a strong reliance on the feedback controller to react instantly to errors.

[0023] Embodiments of the systems and methods described above comprise computer
components and computer-implemented steps that will be apparent to those skilled in the art. For
example, it should be understood by one of skill in the art that the computer-implemented steps
may be stored as computer-executable instructions on a computer-readable medium such as, for
example, floppy disks, hard disks, optical disks, Flash ROMS, nonvolatile ROM, and RAM.
Furthermore, it should be understood by one of skill in the art that the computer-executable
instructions may be executed on a variety of processors such as, for example, microprocessors,
digital signal processors, gate arrays, etc. For ease of exposition, not every step or element of the
systems and methods described above is described herein as part of a computer system, but those
skilled in the art will recognize that each step or element may have a corresponding computer
system or software component. Such computer system and/or software components are therefore
enabled by describing their corresponding steps or elements (that is, their functionality), and are

within the scope of the disclosure.

[0024] A number of implementations have been described. Nevertheless, it will be understood
that additional modifications may be made without departing from the scope of the inventive
concepts described herein, and, accordingly, other embodiments are within the scope of the

following claims.
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What is claimed is:

1. A method, comprising:
establishing a confidence in a vehicle position determined by a vehicle position

determination system; and

using the established confidence to change a behavior of an active suspension system of a

plant in the vehicle.

2. The method of claim 1 wherein the active suspension system comprises a controller that

outputs commands to an actuator to control motion of the plant.

3. The method of claim 2 wherein the established confidence is used to weight the controller

commands, so as to weight plant motion.

4. The method of claim 2 wherein the controller comprises a feed-forward architecture.
5. The method of claim 4 wherein the controller further comprises a feedback architecture.
6. The method of claim 5 wherein the established confidence is used to weight the relative

contribution to the controller commands from the feed-forward and feedback architectures.

7. The method of claim 6 wherein when the confidence is high the weight from the feed-

forward contribution to the controller is higher than it is when the confidence is low.

8. The method of claim 2 wherein the controller comprises both a feed-forward architecture

and a feedback architecture, both of which are involved in creating the controller commands.

9. The method of claim 2 wherein the vehicle position determination system determines an
initial vehicle position estimate based on GPS data, records a sequence of sensor data from a
sensor located with the vehicle, and refines the initial vehicle position estimate by performing
pattern matching that looks for the presence of a known sequence of data obtained from the

measured data, in the recorded sequence of sensor data.

10.  The method of claim 9 wherein the pattern matching is performed by multiplying a
sequence consisting of n numbers obtained from the known sequence of data by a corresponding
sequence of n numbers obtained from the recorded sequence of sensor data, summing the results
of the n multiplications, and determining when the sequences match by identifying when the sum

of the n multiplications has a peak.
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11. The method of claim 9 wherein the controller commands can be based on the GPS data

and the recorded sensor data.

12.  The method of claim 9 wherein the controller comprises both a feed-forward architecture
and a feedback architecture, both of which are involved in creating the controller commands, and
wherein when the confidence is high the weight from the feed-forward input to the controller is

higher than it is when the confidence is low.
13.  The method of claim 1 wherein the plant comprises a vehicle seat.

14. A method, comprising:

establishing a confidence in a vehicle position along a path that is determined by a
vehicle position determination system; and

using the established confidence to change a behavior of an active suspension system ofa
seat in the vehicle;

wherein the active suspension system comprises a controller that outputs commands to an
actuator to control motion of the plant;

wherein the controller comprises both a feed-forward architecture and a feedback

architecture, both of which are involved in creating the controller commands.

15. A system that suspends a plant relative to a floor of a vehicle that is adapted to travel
along a road, comprising:

an active suspension;

a sensor that senses at least one of motion or position of the plant relative to the floor,
where the sensor has an output;

a memory that holds road trajectory information;

a vehicle position determination system; and

a controller that is input with the sensor output, road trajectory information from the
memory, and vehicle position information from the vehicle position determination system, the
controller comprising first and second feed-forward variable weighting determinators and a
feedback variable weighting determinator, wherein the road trajectory information is provided to

the first and second feed-forward variable weighting determinators, and the vehicle position
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information is provided to the first and second feed-forward variable weighting determinators
and the feedback variable weighting determinator;

wherein when there is high confidence that the road trajectory information is correct, the
weights for the feed-forward inputs and the feedback input are higher than they are when the

confidence is low.

16.  The system of claim 15 wherein outputs of the first feed-forward determinator and the

feedback determinator are summed and provided to the active suspension.

17.  The system of claim 16 wherein the output of the second feed-forward determinator and

the output of the sensor are differenced and inputted to the feedback determinator.

18.  The system of claim 15 wherein the road trajectory information comprises low frequency

content of the road contour.

19.  The system of claim 18 wherein road trajectory information is obtained by filtering

measured road signals using a zero-phase filter to maintain the trajectory in phase with the road.

20.  The system of claim 15 that operates as both as a reactive active suspension system and
as a feed-forward based active suspension system, wherein a behavior of the system is changed
based on a confidence in the vehicle position that is determined by the vehicle position

determination system.

10
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