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(57) Abstract: A system for tuning a control system uses a simplitied tuning procedure to generate robustly stabilizing tuning para-
meters that reduce or eliminate undesired system oscillations in the presence of long system dead times or phase lag. A control meth-
od is used to establish a relationship between the plant parameters of a controlled system and the tuning parameters of a parameter -
ized active disturbance rejection controller determined to be optimal or substantially optimal for the control system. The plant para -
meters include the system gain, time constant, and dead time. Corresponding tuning parameters include the controller bandwidth and
a system gain estimate. Using the system gain estimate as a tuning parameter can alleviate the influence of large dead times or phase
lags on system response. Once established, these fixed relationships can be used to determine suitable tuning parameters for specitic
motion or process control applications based on the system gain and dominant constraints of the system.



WO 2016/018704 PCT/US2015/041670

OPTIMIZED PARAMETERIZATION OF ACTIVE DISTURBANCE
REJECTION CONTROL

TECHNICAL FIELD
[0001] This disclosure generally relates to motion control, and
specifically to automatic determination of tuning parameters for a control

~ system given a system gain and dominant constraints of the system.

BACKGROUND

[0002] Many automation applications employ motion control systems to
control machine position and speed. Such motion control systems typically
include one or more motors or other motion devices operating under the
guidance of a controller, which sends position or speed control instructions to
the motor in accordance with a user-defined control algorithm. Some motion
control systems operate in a closed-loop configuration, whereby the controller
instructs the motor to move to a target position or to transition to a target
velocity (a desired state) and receives feedback information indicating an
actual state of the motor. The controller monitors the feedback information to
determine whether the motor has reached the target position or velocity, and
adjusts the control signal to correct errors between the actual state and the
desired state. Similar control techniques are also used in process control
applications. In such applications, the control signal generated by the
controller regulates one or more process variables in accordance with a
control algorithm, and a measured value of the process variable is provided to
the controller as feedback, allowing the controller to adjust the control signal
as needed based on the actual value of the process variable relative to a
desired setpoint.

[0003] Designers of motion control and process control systems seek
to achieve an optimal trade-off between performance and system stability.
For example, an aggressively tuned controller may result in a system that
tracks a desired position with high accuracy and a fast response time, but
may be rendered unstable in the presence of system noise and uncertainties.
Alternatively, tuning the controller more conservatively will improve system

stability, but at the expense of performance. Ideally, the controller gain
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coefficients should be selected to optimize this trade-off between performance
and system stability. The process of selecting suitable gain coefficients for
the controller is known as tuning. |
[0004] Turning the gain coefficients for a controller determines the
controller's bandwidth, which is a measure of responsiveness of the controlled
system to changes in the control signal. The response of the controlled
system to a signal from a controller is partially a function of the controller's
bandwidth and the physical characteristics of the controlled system (e.g.,
inertia, damping, friction, coupling stiffness, phase lag, etc.). In general,
higher controller bandwidths will result in faster output response to control
signals, better disturbance rejection, and smaller tracking error. However,
setting the bandwidth too high can introduce system instability by rendering
the system more sensitive to noise and reducing closed-loop robustness (the
ability of the system to remain stable over a range of reasonable system
uncertainties and disturbances), particularly in the presence of inherently
uncértain motor-load dynamics- For example, for lightly damped motion
systems, excessively high controller bandwidth can over-excite the system
resulting in undesirable oscillations, which in turn may cause controller
saturation as the controller attempts to stabilize the resulting oscillations. The
system can be rendered more stable by reducing the controller bandwidth, but
at the expense of performance. For at least these reasons, tuning parameters
for a given motion control system must be carefully selected to achieve robust
performance and robust stability.

[0005] Adding to these difficulties in achieving optimal controller tuning,
some mechanical systems or processes are designed such that there is a
considerable delay — known as dead time - between issuance of a control
command by the controller and a corresponding system response. Systems
with high dead time or phase lag often experience undesirable oscillations in
response to disturbances or setpoint changes, resulting in degraded

performance and rendering the tuning of such systems more difficult.

SUMMARY
[0006] One or more embodiments of the present disclosure relate to

systems and methods for automatically determining suitable tuning
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parameters for a control system given a known or estimated system dead
time. The system is configured to generate substantially optimized tuning
parameters that reduce or mitigate oscillations and other performance issues
associated with large dead times or phase lags, while simplifying the tuning
process by reducing the number of tuning parameters required to be set. To
these and other ends, robust stability analysis is used to model a relationship
between the tuning parameters and plant parameters, which can be obtained
through calculation or system identification. Using this model, a suitable
controller bandwidth and system gain estimate for a given motion or process
control system can be determined automatically by providing the identified
system parameters (e.g., system gain, dead time, and time constant) for the
motion control system to the model, thereby providing substantially optimized

tuning parameters more quickly relative to trial-and-error methods.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] FIG. 1 is a block diagram of a simplified closed-loop motion
control architecture. _
[0008] FIG. 2 is a graph depicting motor speed over time for an
example sensorless motor control application.
[0009] FIG. 3 is a pair of graphs depicting system output and control
signal over time for a process control application.
[0010] FIG. 4 is a block diagram of an example tuning parameter
estimation system capable of determining robustly stabilizing tuning
parameters for systems having high dead times based on a system’s gain and
one or more dominant constraints.
[0011] FIG. 5 is a block diagram illustrating example inputs and outputs
associated with a tuning parameter determination component.
[0012] FIG. 6 is a representation of a A-M interconnection representing
a closed-loop system in a robust control framework. ’
[0013] FIG. 7 is a block diagram illustrating derivation of robustly
stabilizing tuning parameters using a tuning parameter estimation system.
[0014] FIG. 8 is a pair of graphs comparing performance of a normal

parameterized ADRC controller and an optimized parameterized ADRC
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controller tuned using a tuning parameter estimation system for a motion
control application.

[0015] FIG. 9 is a pair of graphs comparing normal parameterized
ADRC control with an optimized parameterized ADRC controller for a process
control application.

[0016] FIG. 10 is a block diagram of an example motion control tuning
application that utilizes robustly stabilizing tuning parameters generated by a
tuning parameter estimation system.

[0017] FIG. 11 is a flowchart of an example methodology for
determining robustly stabilizing tuning parameters given only values of the

system gain and dominant system constraints of a controlled system.

[0018] FIG. 12 is a flowchart of an example methodology for
determining robustly stabilizing tuning parameters as a function of system
dead time.

[0019] FIG. 13 is a block diagram representing an exemplary

networked or distributed computing environment for implementing one or
more embodiments described herein.

[0020] FIG. 14 is a block diagram representing an exemplary
computing system or operating environment for implementing one or more
embodiments described herein.

DETAILED DESCRIPTION
[0021] Systems and methods described herein relate to techniques for
reducing or eliminating undesired oscillations in a controlled mechanical
system using a simplified tuning procedure. According to one or more
embodiments, a control method is used to establish a relationship between
the plant parameters of a controlled system and tuning parameters of a
parameterized active disturbance rejection controller determined to be optimal
or substantially optimal for the controlled system. The plant parameters can
include the system gain, time constant, and dead time of the system, such
that identified system dead time is taken into account when establishing these
relationships. The corresponding tuning parameters can include the controller
bandwidth and a system gain estimate. Using the system gain estimate as a

tuning parameter as described herein can alleviate the influence of dead time
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or phase lag on systems that are controlled using parameterized active
disturbance rejection control principles.

[0022] Once established, these fixed relationships can be used to
determine tuning parameters for specific motion control applications given the
system parameters of the system. The techniques described herein can
mitigate the need to tune the controller manually using trial-and-error
methods, while enhancing performance by determining tuning parameters that
mitigate undesired oscillations due to dead time or phase lag.

[0023] FIG. 1 depicts a simplified closed-loop motion control
architecture. Although FIG. 1 illustrates an example motion control system, it
is to be appreciated that the techniques described herein are also suitable for
process control systems. Controller 102 is programmed to control motor 104,
which drives mechanical load 106. Controller 102, motor 104, and load 106
comprise the primary components of an example motion control system. In
an example application, load 106 can represent an axis of a robot or
positioning system. In such applications, controller 102 sends control signal
108 instructing the motor 104 to move the load 106 to a desired position at a
desired speed. The control signal 108 can be provided directly to the motor
104, or to a motor drive (not shown) that controls the power delivered to the
motor 104 (and consequently the speed or position and direction of the
motor). Feedback signal 110 indicates a current state (e.g., position, velocity,
efc.) of the motor 104 and/or load 106 in real-time. In servo-driven systems,
feedback signal 110 can be generated, for example, by an encoder or
resolver (not shown) that tracks an absolute or relative position of the motor.
In other types of systems, feedback signal 110 may originate from the load
(e.g., via measurement of the load’s position or speed). In sensorless
systems lacking a position/velocity sensor, the feedback signal can be
provided by a speed/position estimator. During a move operation, the
controller monitors feedback signal 110 to ensure that the load 106 has
accurately reached the target position. The controller 102 compares the
actual position of the load as indicated by the feedback signal 110 with the
target position, and adjusts the control signal 108 as needed to reduce or

eliminate error between the actual and target positions.
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[0024] In another example application, load 106 can represent a
spinning load (e.g., a pump, spin dryer, a washing machine, a centrifuge, efc.)
driven by motor 104, in which controller 102 controls the rotational velocity of
the load. In this example, controller 102 provides an instruction to motor 104
(via control signal 108) to transition from a first velocity to a second velocity,
and makes necessary adjustments to the control signal 108 based on
feedback signal 110.

[0025] It is to be appreciated that the control tuning techniques
described herein are not limited to use in the example types of motion control
systems described above, but rather are applicable to substantially any type
of motion control application, including but not limited to conveyor control,
material handling (e.g., pick-and-place systems and the like), palletizer
systems, web tension control, and other types of motion systems. The tuning
techniques described herein are also applicable in process control systems, in
which controller 102 regulates one or more process variables (e.g.,
temperature., pressure, flow, tank levels, etc.). Applicable process control
applications include, but are not limited to, batch control applications (e.g.,
plastics, glass, paper, etc.), power control, waste water processing, oil
refinement, etc.

[0026] The control signal output generated by the controller 102 in
response to an error between the desired position or velocity and the target
position or velocity (as reported by the feedback signal 110) depends on the
controller bandwidth, which determines the gain coefficients for the control
loop. In general, higher bandwidths result in better system performance (e.g.,
faster controller tracking and less sensitivity to external disturbances acting on
the closed loop system). However, depending on the mechanical
characteristics of the controlled mechanical system, setting the controller
bandwidth too high can render the system unstable by, for example, resulting
in undesirable system oscillations. Such oscillations can introduce instability,
cause system delays, and consume excessive power as a result of the
additional work required to bring the system to a stable state. Systems with a
relatively high dead time (the time delay between issuance of a control
command from controller 102 and observance of a response by the controlled

system or process) are particularly susceptible to unwanted system
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oscillations. Examples of systems with high dead time include motor
sensorless speed control applications in which a sensorless speed estimator
introduces dead time, or process control applications in which certain process
variables have an inherent high degree of dead time between receipt of a
control signal and process variable response. Systems with large phase lags
are also prone to system instability.
[0027] To address these and other issues, one or more embodiments
of the present disclosure extend parameterized advanced disturbance
rejection control (ADRC) principles to deal with systems having a high dead
time or phase lag. To this end, a system gain estimate bo which reﬂects an
actual value system gain b in a parameterized ADRC controller, is used as a
tuning parameter to alleviate the influence of dead time or phase lag on
systems controlled using parameterized ADRC. Conventionally, ba is used
only as a system parameter. However, tuning techniques described herein
are based on an observation that using ba as a tuning parameter can reduce
undesired system oscillations due in part to relatively large dead times or
phase lags. In order to facilitate fast and simple identification of a suitable
system gain estimate ba as well as controller bandwidth ., for a given
system with a high degree of time delay or phase lag, a relationship between
optimal tuning parameters (boand @,) and system parameters is determined
using robust stability analysis. This relationship is stored as a model (e.g., as
an expression or lookup table) so that suitable tuning parameters that provide
both accurate and stable performance can be generated given only the
system gain and system parameters (including system dead time) of a given

- control application.
[0028] Formulation of parameterized ADRC control for an example 1
order system is now described. Although parameterized ADRC control is
described below in connection with an example 1% order system, it is to be

appreciated that embodiments of this disclosure are applicable to systems of

any order.

[0029] A 1% order system can be described as the following transfer
function:

[0030] k=oax+bu (1)
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[0031] y=x (2)

[0032] where a and b are system parameters; and x, y, and u are
system state, output, and input, respectively. The 1% order system can be
alternately described in transfer function form as follows:

G ¥ k _
[0033] sy = U(s) T s+ 1 3)
b
[0034] where s is a Laplace Transform operator, = @ is a system gain,
1
and ° ~ & is a time constant.
[0035] A parameterized ADRC control is designed to control the 1%
order system with the Extended State Observer (ESO):
[0036] Z=Az | Bu1 Ly Cz) (4)
[0037] and the Control Law:
1
[0038] u= B;(P(r —2Z3)— Z3) (5)
[0039] where * 7 [Zfl ] is an ESO state vector, matrix 4= [g 3] matrix

boE 20,8
=] a2 =L s || matix ¢ = 01, P = w,, by is the identified
value of b, and w, and w. are the observer and controller bandwidths,
respectively. In accordance with ADRC, @, and w. are the tuning
parameters of the ESO and the Control Law, respectively. In some
embodiments, @, is configured to be equal to w.. However, scenarios in
which @, is not equal to @ are also within the scope of one or more

embodiments of this disclosure.

[0040] As an alternative, the Control Law can also be represented by:
1
L = _(P( - )"’ 2)
[0041] oY (6)
[0042] In order to take dead time or phase lag of the system into
account, a 1% order system plus dead time (FOPDT) can be described as the

following transfer function:

G(s) = g~ Tas
[0043] s+ 1 7)
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[0044] where Tq is the dead time of the system, representing the delay
between issuance of a control command and a corresponding system
response.

[0045] Systems having a relatively large Ta (long delay times) may
experience undesirable oscillation behavior and degraded performance in
some scenarios for certain ranges of 7 when normal parameterized ARDC is
used to control the system. FIG. 2 is a graph 202 depicting motor speed over
time for an example sensorless motor control application. In this example, a
normal parameterized ADRC controller is used with a sensorless estimator to
control a permanent magnet sensorless motor (PMSM). The sensorless
estimator introduces a large phase lag (that is, equivalent to a high value of
Ta) on the system. At the two-second mark 204, a step disturbance is applied
to the motor shaft, causing a momentary drop in rhotor speed that is quickly
corrected for by the controller — e.g., by adjust‘ing the torque control signal to
the motor — to maintain the target speed of 2000 RPM. At the five-second
mark 206, the step disturbance is removed from the motor. The sudden
removal of the disturbance causes the motor speed to spike due to the
increased torque control command that had been issued by the controller to
compensate for the addition of the disturbance at the two-second mark.
Although the controller is tuned for small speed errors, fast recovery time, and
small oscillation, oscillations in motor speed are nevertheless observed as the
controller attempts to recover from the sudden removal of the step
disturbance. These oscillations are due in part to the system’s relatively long
dead time.

[0046] Some process control applications are also susceptible to
undesired oscillations due to excessive dead time or phase lag. FIG. 3is a
pair of graphs depicting system output and control signal over time for a
‘process control application. The system output (represented by the dotted
line of the output graph 302) may correspond, for example, to a process
variable contfolled by the control signal (represented by the dotted line in
control graph 304). Graphs 302 and 304 plot data that was captured during a

process control simulation of a.1%t order plant with the time constant = and

dead time Tz both equal to five seconds. In this example, a setpoint of 0.5 pu
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(per-unit) is set by the controller at the 0 second mark as shown in output
graph 302. At the 100 second mark 308, the setpoint is increased to 0.6 pu,
causing the control signal issued by the controller to increase as shown in
control graph 304. As shown in output graph 302, the system output
experiences oscillations 308 during the transition to the new setpoint value
under normal parameterized ADRC control.

[0047] At the 180 second mark, a step disturbance 310 is applied on
the system, and is removed at the 205 second mark. As with the setpoint
change, oscillations 312 are induced on the system output as the normal
parameterized ADRC controller attempts to return the process variable to the
setpoint.

[0048] Embodiments of the present disclosure address the issue of
oscillations due to relatively long dead times or phase lags based on an
observation that adjusting the system gain estimate by used in the ADRC
control law (see equations (5) and (6) above) can influence these oscillations

and improve performance. These principles are implemented by identifying
and modeling a relationship between system parameters (system gain % ,

time constant 7, and dead time T« ) and suitable tuning parameters that result
in robust stable performance, where the tuning parameters comprise the
observer bandwidth @, and system gain estimate ba. The relationship can be
determined by applying robust control technique with the ratio between
observer bandwidth @, and controller bandwidth %. kept constant. Curve-
fitting methods can be applied to obtain a model (e.g., an expression or look-

up table) of tuning parameter values for @, and bs with respect to arguments

k,7,and Tz. This model can then be stored and leveraged during operation
to obtain suitable tuning parameters for a given control system by inputting
system parameter values for the system.

[0049] FIG. 4 is a block diagram of én example tuning parameter
estimation system capable of determining robustly stabilizing tuning
parameters for systems having long dead times based on a system’s gain and
one or more system parameters. Tuning parameter estimation system 402
can comprise a tuning parameter determination component 404, an interface
component 406, one or more processors 408, and memory 410. Memory 410

10
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can store a pre-computed tuning parameter model 412 that defines a

functional relationship between tuning parameters (@.and bs) and system

parameters (% , ¢ , Ta). In various embodiments, one or more of the tuning
parameter determination component 404, interface component 406, the one
or more processors 408, and memory 410 can be electrically and/or
communicatively coupled to one another to perform one or more of the
functions of the controller bandwidth estimator 402. In some embodiments,
components 404 and 406 can comprise software instructions stored on
memory 410 and executed by processor(s) 408. The tuning parameter
estimation system 402 may also interact with other hardware and/or software
components not depicted in FIG. 4. For example, processor(s) 408 may
interact with one or more external user interface device, such as a keyboard,
a mouse, a display monitor, a touchscreen, or other such interface devices.
[0050] Interface component 406 can be configured to receive user input
and to render output to the user in any suitable format (e.g., visual, audio,

tactile, efc.). User input can be, for example, manually provided values of a

system gain & , time constant 7, and dead time T« for a system or process to
be controlled . These system parameters can be used by the tuning
parameter estimation system 402 to determine suitable tuning parameters
(bandwidth w.and estimated system gain bs). Tuning parameter

determination component 404 can receive values of the system parameters -

system gain %, time constant 7 , and dead time Tz - and reference tuning

parameter model 412 to determine a suitable bandwidth and system gain
estimate given the provided system parameters. The system parameters & ,

7, and Te¢ can be provided manually via interface component 404 or
determined automatically and provided to the tuning parameter estimation
system 402.

[0051] The one or more processors 408 can perform one or more of the
functions described herein with reference to the systems and/or methods
disclosed. Memory 410 can be a computer-readable storage medium storing
cofnputer-executable instructions and/or information for performing the
functions described herein with reference to the systems and/or methods
disclosed.

11
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[0052] FIG. 5 is a block diagram illustrating example inputs and outputs
associated with tuning parameter determination component 404. According to
one or more embodiments, a tuning parameter model 412 can be derived that
models a relationship between robustly stabilizing tuning parameter values for
a controller and dominant system parameters for the system to be controlled
using the controller. The relationship defined by tuning parameter model 412
can be derived using any suitable stability analysis method, including but not

limited to robust stability analysis and optimization. Since the defined
relationship is applicable over a range of respective values for system gain & ,

time constant 7 , and dead time T«, tuning parameter model 412 can be used
to determine suitable controller tuning parameters for a large number of
control systems (e.g., motion control system, process control systems, efc.)
having different degrees of dead time. Given the fixed relationships embodied
by tuning parameter model 412, tuning parameter determination component
404 requires only estimated values of the system parameters 502 to
determine suitable tuning parameters 506 for a given motion control or
process control application. These tuning parameters 506 can then be used
to tune the controller for robust stable performance given the system’s long
dead time or phase lag.

[0053] Since adjustment of the system gain estimate ba used in the
ADRC control law can influence undesired oscillations in systems having
large dead times or phase lags, tuning parameter determination component
404 can be configured to generate, as the tuning parameters, a system gain

estimate bo and controller bandwidth @, as a function of system gain &

b
(where o= ), time constant 7 , and dead time Tz (see the FOPDT system

represented by equation (7)). To this end, the relationshipé represented by
tuning parameter model 412 ce:n be established by applying a robust control
framework.

[0054] As noted above, a 1% order system including a dead time can be
described using transfer function (7). Using a robust control framework and
maintaining a constant ration between @, and @., the closed-loop can be

represented by A-M interconnection 600 illustrated in FIG. 6, where M

12
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represents the closed-loop system as a function of the controller bandwidth
wo and estimated system gain %o (the design parameters), and A is the
uncertainty due to variations inherent in the estimation of the parameters #
and Tz.
[0055] Given the above, a functional approximation of achievable
controller bandwidths w.and system gain estimates bo for a range of & , 7 |
and Tz values can be derived. This functional approximation forms the basis
for tuning parameter model 412. For example, for a given range of system
parameter values ¥ , T | and T4, an iterative search algorithm can be
developed to find values of the controller bandwidth «.and system gain
estimate ba that satisfy a robust stability constraint. In one or more
embodiments, the stability criteria can be given by the structured singular
value (S8SV), known as mu-analysis, such that robust stability is guaranteed if:
peh <1 (8)
[0056] In an example system, the iterative search algorithm can
determine robustly stabilizing values of the controller bandwidth ®»and
system gain estimate bo over a range of system parameter values for k | T |
and Ta to satisfy an optimization criterion. The range of (¢ , T, Tz) over
which the iterative search algorithm is performed can be selected to generally
conform to the range of reasonable uncertainties for the type of motion
system or process being examined. Once the iterative search algorithm has
yielded a set of achievable controller bandwidths @w,and system gain
estimates ba for a range of system p'arameters, curve fitting techniques (e.g.,
least squares or other such techniques) can be applied to the resulting set of
values to obtain an approximate functional relationship between system
parameters (% , 7, Ts) and robustly stabilizing tuning parameters (ba, w,).
[0057] Using these techniques, a generalized function for robustly
stabilizing tuning parameters (ba, @;) is derived as a function of only three
system parameters — system gain % , time constant 7 , and dead time Ta - as

represented by the following functional form:

[0058] [bo, wo] =f(k, 7, Te) 9)

13
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[0059] Once a functional relationship between achievable robustly
stabilizing tuning parameters and the system'’s dominant parameters is
obtained (as exemplified by relationship (9)), this relationship forms the basis
of bandwidth model 412. That is, the derived relationship can be stored as
bandwidth model 412 and subsequently accessed by the tuning parameter
determination component 404 to determine suitable robustly stabilizing tuning
parameters for a given motion or process control application given only the
system gain and dominant constraints. FIG. 7 illustrates an example
derivation of robustly stabilizing tuning parameters according to one or more
embodiments. FolIoWing from the previous example, tuning parameter model

412 encodes functional relationship (9) derived above, which defines robustly
stabilizing tuning parameters (bs, w:) as a function of system gain & , time

constant 7 , and dead time Tz. Tuning parameter model 412 can be stored in

any suitable format for access by tuning parameter determination component

404 (e.g., a lookup table that cross-references values of ¥ | 7 , and Ta values
of tuning parameters bs and ,; a formula that can be fed values of the
system parameters to facilitate calculation of the tuning parameters, efc.).
[0060] A system designer can feed estimated or measured values for a
given systém’s gain 702, time constant 704, and dead time 706 to the tuning
parameter estimation system 402. Given these system parameter values,
tuning parameter determination component 404 can reference tuning
parameter model 412 to determine a suitable controller bandwidth 708 and
system gain estimate 710 corresponding to the estimated values 702, 704,
and 706. Controller bandwidth 708 and system gain estimate 710 represent
suitable tuning parameters defined by tuning parameter model 412 as
providing robust stability for the system given system parameters 702, 704,
and 706. These tuning parameters 708 and 710 can be used by the system
designer to tune the controller for robust performance and stability. For
example, the values of @, and bo can be used to tune a controller with an
ESO and control law represented by equations (4) and (5), respectively.
[0061] In some scenarios, the tuning parameter estimation system 402
may output the determined values of W, and bo to a display (e.g., via

interface component 406) so that the tuning parameter values can be viewed

14
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and entered into a separate motion control or tuning application. In some
embodiments, the tuning parameter estimation system 402 may provide the
prescribed tuning parameter values directly to a motion or process controller
for tuning.
[0062] By leveraging the techniques described above, embodiments of
the tuning parameter estimation system can eliminate manual trial-and-error
tuning and enhance closed loop performance for systems with a relatively
long dead time or phase lag. Moreover, since the tuning parameter
estimation system simplifies the robustness functional form by describing
robustly. stabilizing tuning parameters as a function of the system parameters,
system designers need not tune a controller to a conservatively low bandwidth
in order to guarantee robust stability. The functional relationship between
“tuning parameters and system parameters given by functional relationship (9)
is relatively static across the range of reasonable uncertainties. Hence,
bandwidth model 412 can be easily implemented in a range of embedded
control applications to facilitate robust and simplified controller design.
[0063] FIG. 8 is a pair of graphs comparing performance of a normal
parameterized ADRC controller and an optimized parameterized ADRC |
controller tuned using the techniques described above. The graphs of FIG. 8
represent a scenario similar to that of FIG. 2, in which step disturbance is first
applied to a motor shaft in a sensorless motor control application at the two-
second mark, and is then removed at the five-second mark. The dashed line
in graph 802 represents the motor speed in the normal parameterized ADRC
case (similar to the plot of FIG. 2), while the solid line represents the motor
speed when the controller has been tuned using, as the tuning parameters,
the controller bandwidth @, and system gain estimate bo prescribed by the
tuning parameter estimation system 402 based on the relationships defined
by tuning parameter model 412. As shown in graph 802, the optimized
parameterized ADRC scenario eliminates most of the oscillation associated
with removal of the disturbance at the five-second mark relative to the normal
parameterized ADRC scenario. The optimized parameterized ADRC scenario
also yields a smoother control signal during disturbance transitions, as shown
in graph 804.
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[0064] FIG. 9 is a pair of graphs comparing normal parameterized
ADRC control with the optimized parameterization of ADRC for the process
control scenario described above in connection with FIG. 3. As shown on
these graphs, both the controlled process variable (plotted on graph 902) and
the control signal (plotted on graph 904) are less oscillatory in response to
setpoint changes and step disturbances when the controller is tuned using the
controller bandwidth «@. and system gain estimate bo generated by the tuning
parameter estimation system 402.

[0065] FIG. 10 illustrates an example motion control tuning application
that utilizes the robustly stabilizing tuning parameters generated by the
subject tuning parameter estimation system. In this example, a tuning
application 1004 is used to tune controller gains for controller 1002, where the
controller 1002 controls operation of a motor-driven motion system or a
process control system (not shown). Tuning parameter estimation system
402 can determine a suitable controller bandwidth (w.) 708 and system gain
estimate (ko) 710 for controller 1002 according to the techniques described

above. For example, tuning parameter estimation system 402 can be

provided with estimates of the system gain (% ) 702, time constant (7 ) 704,
and dead time (T:) 706 of the controlled mechanical system. In one or more
embodiments, these estimated system parameters can be determined
independently by the system designer and fed to tuning parameter estimation

system 402 manually. In other embodiments, one or more of the system

parameters £ , 7, and T: can be estimated automatically or semi-
automatically using any suitable system parameter measurement system and
subsequently provided to the tuning parameter estimation system 402.
[0066] Tuning parameter estimation system 402 can then determine a
suitable controller bandwidth 708 and system gain estimate 710 for the
system characterized by system gain 702, time constant 704, and dead time
706 by referencing tuning parameter model 412, which has been derived a
priori (e.g., using techniques described above) and which defines a functional

relationship between robustly stabilizing tuning parameters («s and be) and

system parameters & , 7 and Tu.
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[0067] Once a suitable controller bandwidth 708 and system gain
estimate 710 have been determined, tuning parameter estimation system 402
can provide these values to the tuning application 1004. Alternatively, tuning
parameter estimation system 402 can render the estimated controller
bandwidth 708 and system gain estimate 710 on a user interface, allowing a
user to manually enter these values into the tuning application 1104. Tuning
application 1104 can then set one or more controller gains 1106 based on the
provided values for the controller bandwidth 708 and system gain estimate
710. For ADRC controllers, only the controller bandwidth «w. and system gain
estimate bo need to be optimized to facilitate tuning the controller 1002 for
robust stable control, thereby simplifying the process of tuning of the control
loop.

[0068] In some applications, the tuning parameter estimation system
described herein can be used to determine robustly stabilizing tuning
parameters during initial deployment of the motion or process control system,
prior to normal operation. Specifically, the tuning parameter estimation
system can be used in connection with configuring and tuning the controller
prior to runtime. Once set, the bandwidth and system gain estimate typically
remain fixed after system startup unless it is decided to re-tune the system at
a later time. However, in some embodiments, the tuning parameter
estimation system can be configured to automatically re-calculate suitable
tuning parameters periodically or continuously during runtime. Using such
configurations, controller parameters that are based on the controller
bandwidth and system gain estimate values can be dynamically adjusted
during normal operation, substantially in real-time, to compensate for gradual
changes to the motion system’s mechanical properties (e.g., as a result of
mechanical wear and tear, changes to the load seen by a motor, efc.), which
may result in changes in the system’s overall dead time or other performance
characteristics. \

[0069] In various embodiments, the tuning parameter estimation
system may be embodied as a stand-alone system, or may be an integrated
component of a control device (e.g., an industrial controller, a microcontroller,
a motor drive, a system-on-chip, etc.). The tuning parameter estimation

system may also be embodied as a component of a controller program

17



WO 2016/018704 PCT/US2015/041670

development platform; e.g., as a functional plug-in component of the
development platform, as an instruction block included in a library of available
function blocks for selection by a program developer, etc.

[0070] FIGS. 11-12 illustrate various methodologies in accordance with
certain disclosed aspects. While, for purposes of simplicity of explanation, the
methodologies are shown and described as a series of acts, it is to be
understood and appreciated that the disclosed aspects are not limited by the
order of acts, as some acts may occur in different orders and/or concurrently
with other acts from that shown and described herein. For example, those
skilled in the art will understand and appreciate that a methodology can
alternatively be represented as a series of interrelated states or events, such
as in a state diagram. Moreover, not all illustrated acts may be required to
implement a methodology in accordance with certain disclosed aspects.
Additionally, it is to be further appreciated that the methodologies disclosed
hereinafter and throughout this disclosure are capable of being stored on an
article of manufacture to facilitate transporting and transferring such
methodologies to computers.

[0071] FIG. 11 illustrates an example methodology 1100 for
determining robustly stabilizing tuning parameters given values of the system
parameters of a controlled system (e.g., a motion control or process control
system). Initially, at 1102, a relationship between robustly stabilizing tuning
parameters and one or more dominant system parameters, which constrain
the tuning parameters, is modeled for a range of reasonable uncertainties. At
1104, system parameters (e.g., a system gain, a system dead time, a time
constant, etc.) for a given motion control system or process control system
are received. The system parameters may be received via manual input, or
may be received from an estimation system that generates estimates of the
system parameters based on observed system response. At 1106, robustly
stabilizing tuning parameters for the control system characterized by the
system parameters received at step 1104 are determined using the modeled
relationship created at step 1102. In particular, the tuning parameters are
obtained by providing only the estimated or measured system parameters.
The tuning parameters include at least a system gain estimate bo. Although

by is typically only considered as.a system parameter, methodology 1100
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uses bo as a tuning parameter to at least partially alleviate performance
problems (e.g., excessive system oscillations) due to long system dead times
or phase lags.

[0072] FIG. 12 illustrates an example methodology 1200 for
determining robustly stabilizing tuning parameters as a function of system
dead time. Initially, at 1202, a relationship between robustly stabilizing tuning

parameters is modeled as a function of system parameters, including system

gain &, time constant 7 , and dead time Tz. The tuning parameters comprise _
controller bandwidth w. and system gain estimate ba. At 1204, the model
generated at step 1202 is stored in association with a tuning parameter
estimation system (e.g., as an expression or lookup table).

[0073] At 1206, values for a system gain & , time constant 7 , and dead
time Ta of a closed-loop system are provided to the tuning parameter
estimation system. In one or more embodiments, these system parameters
can be obtained independently by a system designer by any suitable means.
Alternatively, the system parameters can be automatically or semi-
automatically determined based on a measured response of the motion
control or process control system to one or more test control signals. At 1208,

system gain estimate bs and controller bandwidth @. for the motion control or

process control system are determined using the modeled relationship

derived at step 1202 based on the values of k , 7 , and T provided at step
1206.

[0074] One of ordinary skill in the art can appreciate that the various
embodiments described here'in can be implemented in connection with any
computer or other client or server device, which can be deployed as part of a
computer network or in a distributed computing environment, and can be
connected to any kind of data store where media may be found. In this regard,
the various embodiments of the video editing system described herein can be
implemented in any computer system or environment having any number of
memory or storage units (e.g., memory 410 of FIG. 4), and any number of
applications and processes occurring across any number of storage units.
This includes, but is not limited to, an environment with server computers and

client computers deployed in a network environment or a distributed
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computing environment, having remote or local storage. For example, with
reference to FIG. 4, the tuning parameter estimation component 404 and
interface component 406 can be stored on a single memory 410 associated
with a single device, or can be distributed among multiple memories
associated with respective multiple devices. Similarly, tuning parameter
estimation component 404 and interface component 406 can be executed by
a single processor 408, or by multiple distributed processors associated with
multiple devices.

[0075] Distributed computing provides sharing of computer resources
and services by communicative exchange among computing devices and
systems. These resources and services include the exchange of information,
cache storage and disk storage for objects. These resources and services
can also include the sharing of processing power across multiple processing
units for load balancing, expansion of resources, specialization of processing,
and the like. Distributed computing takes advantage of network connectivity,
allowing clients to leverage their collective power to benefit the entire
enterprise. In this regard, a variety of devices may have applications, objects
or resources that may participate in the various embodiments of this
disclosure.

[0076] FIG. 13 provides a schematic diagram of an exemplary
networked or distributed computing environment. The distributed computing
environment includes computing objects 1310, 1312, efc. and computing
objects or devices 1320, 1322, 1324, 1326, 1328, efc., which may include
programs, methods, data stores, programmable logic, efc., as represented by
applications 1330, 1332, 1334, 1336, 1338. It can be appreciated that
computing objects 1310, 1312, efc. and computing objects or devices 1320,
1322, 1324, 1326, 1328, efc. may comprise different devices, such as
personal digital assistants (PDAs), audio/video devices, mobile phones, MP3
players, personal computers, laptops, tablets, efc., where embodiments of the
controller bandwidth estimator described herein may reside on or interact with
such devices.

[0077] Each computing object 1310, 1312, efc. and computing objects
or devices 1320, 1322, 1324, 1326, 1328, etc. can communicate with one or

more other compuﬁng objects 1310, 1312, efc. and computing objects or
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devices 1320, 1322, 1324, 1326, 1328, efc. by way of the communications
network 1340, either directly or indirectly. Even though illustrated as a single
element in FIG. 13, communications network 1340 may comprise other
computing objects and computing devices that provide services to the system
of FIG. 13, and/or may represent multiple interconnected networks, which are
not shown. Each computing object 1310, 1312, efc. or computing objects or
devices 1320, 1322, 1324, 1326, 1328, efc. can also contain an application,
such as applications 1330, 1332, 1334, 1336, 1338 (e.g., tuning parameter
estimation system 402 or components thereof), that might make use of an
API, or other object, software, firmware and/or hardware, suitable for
communication with or implementation of various embodiments of this
disclosure.

[0078] There are a variety of systems, components, and network
configurations that support distributed computing environments. For example,
computing systems can be connected together by wired or wireless systems,
by local networks or widely distributed networks. Currently, many networks
are coupled to the Internet, which provides an infrastructure for widely
distributed computing and encompasses many different networks, though any
suitable network infrastructure can be used for exemplary communications
made incident to the systems as described in various embodiments herein.
[0079] Thus, a host of network topologies and network infrastructures,
such as client/server, peer-to-peer, or hybrid architectures, can be utilized.
The “client” is a member of a class or group that uses the services of another
class or group. A client can be a computer process, e.g., roughly a set of
instructions or tasks, that requests a service provided by another program or
process. A client process may utilize the requested service without having to
“know” all working details about the other program or the service itself.

[0080] In a client/server architecture, particularly a networked system, a
client can be a computer that accesses shared network resources provided by
another computer, e.g., a server. In the illustration of FIG. 13, as a non-
limiting example, computing objects or devices 1320, 1322, 1324, 1326, 1328,
efc. can be thought of as clients and computing objects 1310, 1312, etc. can
be thought of as servers where computing objects 1310, 1312, efc. provide

data services, such as receiving data from client computing objects or devices
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1320, 1322, 1324, 1326, 1328, efc., storing of data, processing of data,
transmitting data to client computing objects or devices 1320, 1322, 1324,
1326, 1328, efc., although any computer can be considered a client, a server,
or both, depending on the circumstances. Any of these computing devices
may be processing data, or requesting transaction services or tasks that may
implicate the techniques for systems as described herein for one or more
embodiments.

[0081] A server is typically a remote computer system accessible over
a remote or local network, such as the Internet or wireless network
infrastructures. The client process may be active in a first computer system,
and the server process may be active in a second computer system,
communicating with one another over a communications medium, thus
providing distributed functionality and allowing multiple clients to take
advantage of the information-gathering capabilities of the server. Any software
objects utilized pursuant to the techniques described herein can be provided
standalone, or distributed across multiple computing devices or objects.
[0082] In a network environment in which the communications network
1340 is the Internet, for example, the computing objects 1310, 1312, efc. can
be Web servers, file servers, media servers, efc. with which the client
computing objects or devices 1320, 1322, 1324, 1326, 1328, efc. ‘
communicate via any of a number of known protocols, such as the hypertext
transfer protocol (HTTP). Computing objects 1310, 1312, etc. may also serve
as client computing objects or devices 1320, 1322, 1324, 1326, 1328, efc., as
may be characteristic of a distributed computing environment.

[0083] As mentioned, advantageously, the techniques described herein
can be applied to any suitable device. It is to be understood, therefore, that
handheld, portable and other computing devices and computing objects of all
kinds are contemplated for use in connection with the various embodiments.
Accordingly, the below computer described below in FIG. 14 is but one

one or more aspects of the below computer, such as a media server or other
media management server components.

[0084] Although not required, embodiments can partly be implemented

via an operating system, for use by a developer of services for a device or
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object, and/or included within application software that operates to perform
one or more functional aspects of the various embodiments described herein.
Software may be described in the general context of computer executable
instructions, such as program modules, being executed by one or more |
computers, such as client workstations, servers or other devices. Those
skilled in the art will appreciate that computer systems have a variety of
configurations and protocols that can be used to communicate data, and thus,
no particular configuration or protocol is to be considered limiting.

[0085] FIG. 14 thus illustrates an example of a suitable computing
system environment 1400 in which one or aspects of the embodiments
described herein can be implemented, although as made clear above, the
computing system environment 1400 is only one example of a suitable
computing environment and is not intended to suggest any limitation as to
scope of use or functionality. Neither is the computing system environment
1400 be interpreted as having any dependency or requirement relating to any
one or combination of components illustrated in the exemplary computing
system environment 1400.

[0086] With reference to FIG. 14, an exemplary computing device for
implementing one or more embodiments in the form of a computer 1410 is
depicted. Components of computer 1410 may include, but are not limited to,
a processing unit 1420, a system memory 1430, and a system bus 1422 that
couples various system components including the system memory to the
processing unit 1420. Processing unit 1420 may, for example, perform
functions associated with processor(s) 408 of tuning parameter estimation
system 402, while system memory 1430 may perform functions associated
with memory 410. \
[0087] Computer 1410 typically includes a variety of computer readable
media and can be any available media that can be accessed by computer
1410. The system memory 1430 may include computer storage media in the
form of volatile and/or nonvolatile memory such as read only memory (ROM)
and/or random access memory (RAM). By way of example, and not limitation,
system memory 1430 may also include an operating system, application

programs, other program modules, and program data.
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[0088] A user can enter commands and information into the computer
1410 through input devices 1440, non-limiting examples of which can include
a keyboard, keypad, a pointing device, a mouse, stylus, touchpad,
touchscreen, trackball, motion detector, camera, microphone, joystick, game
pad, scanner, or any other device that allows the user to interact with
computer 1410. A monitor or other type of display device is also connected to
the system bus 1422 via an interface, such as output interface 1450. In
addition to a monitor, computers can also include other peripheral output
devices such as speakers and a printer, which may be connected through
output interface 1450. In one or more embodiments, input devices 1440 can
provide user input to interface component 406, while output interface 1450
can receive information relating to operations of tuning parameter estimation
system 402 from interface component 406.

[0089] The computer 1410 may operate in a networked or distributed
environment using logical connections to one or more other remote
computers, such as remote computer 1470. The remote computer 1470 may
be a personal computer, a server, a router, a network PC, a peer device or
other common network node, or any other remote media consumption or
transmission device, and may include any or all of the elements described
above relative to the computer 1410. The logical connections depicted in FIG.
14 include a network 1472, such local area network (LAN) or a wide area
network (WAN), but may also include other networks/buses e.g., cellular
networks.

[0090] As mentioned above, while exemplary embodiments have been
described in connection with various computing devices and network
architectures, the underlying concepts may be applied to any network system
and any computing device or system in which it is desirable to publish or
consume media in a flexible way.

[0091] Also, there are multiple ways to implement the same or similar
functionality, e.g., an appropriate API, tool kit, driver code, operating system,
control, standalone or downloadable software object, etc. which enables
applications and services to take advantage of the techniques described
herein. Thus, embodiments herein are contemplated from the standpoint of an

API (or other software object), as well as from a software or hardware object
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that implements one or more aspects described herein. Thus, various
embodiments described herein can have aspects that are wholly in hardware,
partly in hardware and partly in software, as well as in software.

[0092] The word “exemplary” is used herein to mean serving as an
example, instance, or illustration. For the avoidance of doubt, the aspects
disclosed herein are not limited by such examples. In addition, any aspect or
design described herein as “exemplary” is not necessarily to be construed as
preferred or advantageous over other aspects or designs, nor is it meant to
preclude equivalent exemplary structures and techniques known to those of
ordinary skill in the art. Furthermore, to the extent that the terms “includes,”

nu

‘has,” “contains,” and other similar words are used in either the detailed
description or the claims, for the avoidance of doubt, such terms are intended
to be inclusive in a manner similar to the term “comprising” as an open
transition word without precluding any additional or other elements.

[0093] Computing devices typically include a variety of media, which
can include computer-readable storage media (e.g., memory 410) and/or
communications media, in which these two terms are used herein differently
from one another as follows. Computer-readable storage media can be any
available storage media that can be accessed by the computer, is typically of
a non-transitory nature, and can include both volatile and nonvolatile media,
removable and non-removable media. By way of example, and not limitation,
computer-readable storage media can be implemented in connection with any
method or technology for storage of information such as computer-readable
instructions, program modules, structured data, or unstructured data.
Computer-readable storage media can include, but are not limited to, RAM,
ROM, EEPROM, flash memory or other memory technology, CD-ROM, digital
versatile disk (DVD) or other optical disk storage, magnetic cassettes,
magnetic tape, magnetic disk storage or other magnetic storage devices, or
other tangible and/or non-transitory media which can be used to store desired
information. Computer-readable storage media can be accessed by one or
more local or remote computing devicés, e.g., via access requests, queries or
other data retrieval protocols, for a variety of operations with respect to the

information stored by the medium.
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[0094] On the other hand, communications media typically embody
computer-readable instructions, data structures, program modules or other
structured or unstructured data in a data signal such as a modulated data
signal, e.g., a carrier wave or other transport mechanism, and includes any
information delivery or transport media. The term “modulated data signal” or
signals refers to a signal that has one or more of its characteristics set or
changed in such a manner as to encode information in one or more signals.
By way of example, and not limitation, communication media include wired
media, such as a wired network or direct-wired connection, and wireless
media such as acoustic, RF, infrared and other wireless media.

[0095] As mentioned, the various techniques described herein may be
implemented in connection with hardware or software or, where appropriate,
with a combination of both. As used herein, the terms “component,” “system”
and the like are likewise intended to refer to a computer-related entity, either
hardware, a combination of hardware and software, software, or software in
execution. For example, a component may be, but is not limited to being, a
process running on a processor, a processor, an object, an executable, a
thread of execution, a program, and/or a computer. By way of illustration,
both an application running on computer and the computer can be a
component. One or more components may reside within a process and/or
thread of execution and a component may be localized on one computer
and/or distributed between two or more computers. Further, a “device” can
come in the form of specially designed hardware; generalized hardware made
specialized by the execution of software thereon that enables the hardware to
perform specific function (e.g., coding and/or decoding); software stored on a
computer readable medium; or a combination thereof.

[0096] The aforementioned systems have been described with respect
to interaction between several components. It can be appreciated that such
systems and components can include those components or specified sub-
components, some of the specified components or sub-components, and/or
additional components, and according to various permutations and
combinations of the foregoing. Sub-components can also be implemented as
components communicatively coupled to other components rather than

included within parent components (hierarchical). Additionally, it is to be
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noted that one or more components may be combined into a single
component providing aggregate functionality or divided into several separate
sub-components, and that any one or more middle layers, such as a
management layer, may be provided to communicatively couple to such sub-
components in order to provide integrated functionality. Any components
described herein may also interact with one or more other components not
specifically described herein but generally known by those of skill in the art.
[0097] In order to provide for or aid in the numerous inferences
described herein, components described herein can examine the entirety

or a subset of the data to which it is granted access and can provide for
reasoning about or infer states of the system, environment, efc. from a set

of observations as captured via events and/or data. Inference can be
employed to identify a specific context or action, or can generate a
probability distribution over states, for example. The inference can be
probabilistic - that is, the computation of a probability distribution over

states of interest based on a consideration of data and events. Inference
can also refer to techniques employed for composing higher-level events
from a set of events and/or data.

[0098] Such inference can result in the construction of new events or
actions from a set of observed events and/or stored event data, whether or
not the events are correlated in close temporal proximity, and whether the
events and data come from one or several event and data sources. Various
classification (explicitly and/or implicitly trained) schemes and/or systems
(e.g., support vector machines, neural networks, expert systems, Bayesian
belief networks, fuzzy logic, data fusion engines, efc.) can be employed in
connection with performing automatic and/or inferred action in connection with
the claimed subject matter.

[0099] A classifier can map an input attribute vector, x = (x1, x2, x3, x4,
xn), to a confidence that the input belongs to a class, as by f(x) =
confidence(class). Such classification can employ a probabilistic and/or
statistical-based analysis (e.g., factoring into the analysis utilities and costs) to
prognose or infer an action that a user desires to be automatically performed.
A support vector machine (SVM) is an example of a classifier that can be

employed. The SVM operates by finding a hyper-surface in the space of
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possible inputs, where the hyper-surface attempts to split the triggering
criteria from the non-triggering events. Intuitively, this makes the classification
correct for testing data that is near, but not identical to training data. Other
directed and undirected model classification approaches include, e.g., naive
Bayes, Bayesian networks, decision trees, neural networks, fuzzy logic
models, and probabilistic classification models providing different patterns of
independence can be employed. Classification as used herein also is
inclusive of statistical regression that is utilized to develop models of priority.
[00100] In view of the exemplary systems described above,
methodologies that may be implemented in accordance with the described
subject matter will be better appreciated with reference to the flowcharts of the
various figures (e.g., FIGs. 11 and 12). While for purposes of simplicity of
explanation, the methodologies are shown and described as a series of
blocks, it is to be understood and appreciated that the claimed subject matter
is not limited by the order of the blocks, as some blocks may occur in different
orders and/or concurrently with other blocks from what is depicted and
described herein. Where non-sequential, or branched, flow is illustrated via
flowchart, it can be appreciated that various other branches, flow paths, and
orders of the blocks, may be implemented which achieve the same or a
similar result. Moreover, not all illustrated blocks may be required to
implement the methodologies described hereinafter.

[00101] In addition to the various embodiments described heréin, itis to
be understood that other similar embodiments can be used or modifications
and additions can be made to the described embodiment(s) for performing the
same or equivalent function of the corresponding embodiment(s) without
deviating therefrom. Still further, multiple processing chips or multiple devices
can share the performance of one or more functions described herein, and
similarly, storage can be effected across a plurality of devices. Accordingly,
the invention is not to be limited to any single embodiment, but rather can be
construed in breadth, spirit and scope in accordance with the appended

claims.
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CLAIMS

What is claimed is:

1. A method for determining tuning parameters for a control system,
comprising:

receiving, by the system, one or more system parameter values for the
control system; and

determining, by the system, one or more tuning parameters for the
control system based on the value of the system gain £ and the one or more
system parameter values, wherein the one or more tuning parameters
comprise at least a system gain estimate ba.

2. The method of claim 1, wherein the receiving the one or more
system parameter values comprises receiving values of a system gain  , a

time constant 7 , and a dead time T« of the control system.

3. The method of claim 2, wherein the generating the one or more
tuning parameters comprises referencing a tuning parameter model that
defines a relationship between robustly stabilizing tuning parameters and
system parameters comprising the system gain ¥ | the time constant = , and
the dead time Ta.

4. The method of claim 3, wherein the one or more tuning parameters
further comprise a controller bandwidth .

5. The method of claim 4, further comprising tuning, using the system
gain estimate bo and the a controller bandwidth ©» determined by the
system, a controller having an Extended State Observer (ESO) represented
by

Z=Az+Bu+Lly—Cz)

and a control law represented by at least one of

1
u=—{Fr—z,)-z;}
by

or
i !
u=—{PG —1y)—z.)
99

_ [Zcu-oir]]
is an ESO state vector, matrix ~ L «Z 1 matrix

0 1 B H
A=[n 0],matrix =[ 0 ],matrixC=L1 0l and P =,

z B
Where?;:[;z]
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8. The method of claim 4, further comprising deriving the tuning
parameter model, wherein the deriving comprises:
determining,‘ using an iterative search algorithm, a set of values of the
controller bandwidth @, and the system gain estimate bo for a range of
values of the syétem parameters that satisfy a robust stability constraint; and
applying a curve-fitting method to the set of values to yield the tuning
parameter model.
7. A system for determining robustly stabilizing tuning parameters for a
control system, comprising:
a memory;
a processor configured to execute computer-executable components
stored on the memory, the computer-executable components comprising:
an interface component configured to receive one or more
system parameter values for the control system; and
a tuning parameter determination component configured to
determine one or more tuning parameters for the control system as a function
of the one or more system parameter valués, wherein the one or more tuning
parameters comprise at least a system gain estimate ba .

8. The system of claim 7, wherein the one or more system parameter

values comprise at least values of a system gain % , a time constant T and a
dead time Tz of the control system.

9. The system of claim 8, wherein the tuning parameter determination
component is configured to determine the one or more tuning‘parameters
based on a tuning parameter model stored in the memory that models
robustly stabilizing tuning parameters as a function of system parameters
comprising the system gain % , the time constant 7 , and the dead time Ta.

10. The system of claim 9, wherein the one or more tuning parameters
further comprise at least a controller bandwidth ..

11. The system of claim 10, wherein the tuning parameter model
comprises at least one of an expression or a look-up table data structure that
defines values of the controller bandwidth @. and the system gain estimate
by as a function of the system gain ¥ , the time constant 7 , and the dead
time Ta.
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12. The system of claim 10, wherein the tuning parameter model
defines a relationship between a set of values of the controller bandwidth @,
and the system gain estimate o for a range of values of ¥ , ¢ , and Tz
determined, based on an iterative search algorithm, to satisfy a robust stability
constraint.

13. The system of claim 10, wherein the control system conforms to a
transfer function represented by:

k T
als) = s+ 18 ¢

where s is a Laplace transform operator.

14. The system of claim 10, wherein the computer-executable
components further comprise a tuning component configured to set at least
one controller gain coefficient for a controller using the system gain estimate
by and the controller bandwidth @, as tuning parameters.

15. A non-transitory computer-readable medium having stored thereon
computer-executable instructions that, in response to execution, cause a
computer system to perform operations, comprising:

receiving one or more system parameter values for a control system;
and

generating one or more tuning parameters for the control system based
on the one or more system parameter values, wherein the one or more tuning

parameters comprise at least a system gain estimate %o .
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