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Method for Controlling Operation of Machine and Control System for Controlling
Iteratively Operation of Machine

Field of the Invention

This invention relates generally to controlling an operation of a machine,
and more particularly to controlling the operation using a model predictive control

(MPC) over a receding horizon.

Background of the Invention

In machine control, a controller, which can be implemented using one or
combination of software or hardware, generates commands values for input to a
machine based on measurements obtained, e.g., from sensors and/or estimators, or
from outputs of the machine. The controller selects the input so that the machine
operates as desired, for instance, the operation follows a desired reference profile,
or regulates the outputs to a specific value. In several cases, the controller enforces
constraints on the inputs and outputs of the machine, for instance, ensuring the
corresponding variables are in some predetermined ranges to ensure safe machine
operation from a physical, specitfication. In order to enforce such constraints, the
controller often uses a model of the machine to predict what behavior the machine
produce when a command, ie., a control input, is applied. One example of a
process in a controller that is capable of achieving control of a machine while
enforcing constraints on the machine inputs and outputs is model predictive control

(MPC).
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The MPC is based on an iterative, finite horizon optimization of a model of a
machine and has the ability to anticipate future events to take appropriate control
actions. This is achieved by optimizing the operation of the machine over a future
finite time-horizon subject to constraints, and only implementing the control over
the current timeslot. For example, the constraints can represent physical limitation
of the machine, safety limitations on the operation of the machine, and
performance limitations on a trajectory. A control strategy for the machine is
admissible when the motion generated by the machine for such a control strategy
satisfies all the constraints. For example, at time ¢, the current state of the machine
is sampled and an admissible cost minimizing control strategy is determined for a
relatively short time horizon in the future. Specifically, an online or real-time
calculation determines a cost-minimizing control strategy until time ¢+7. After the
step of the control is implemented, the state 1s sampled again and the calculations
are repeated starting from the now current state, yielding a new control and new
predicted state path. The prediction horizon shifts forward, and for this reason

MPC is also called receding horizon control.

The MPC can be used to generate the actual trajectory of the motion of the
machine based on a model of the system and the desired reference trajectory by
solving an optimal control problem over a finite future time subject to various
physical and specification constraints of the system. The MPC aims for minimizing
performance indices of the motion of the machine, such as an error between a
reference and an actual motion of the machine, the machine energy consumption,

and induced system vibration.

Because the MPC is a model-based framework, the performance of the MPC

inevitably depends on the quality of the prediction model used in the optimal
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control computation. However, in most cases, the model for the machine dynamics
i1s unknown a priori, as some parameters are not measured precisely. Thus, the
controller may need to estimate unknown parameters of the model of the machine,
during already operation of the machine, and thus, also enforce constraints while
the parameters are estimated. The conventional approaches to handle such
problems include adaptive or learning-based MPC, where an MPC control problem
is augmented with a closed-loop identification scheme in order to learn the
unknown machine parameters. By learning the unknown parameters, the operation

of the machine achieved by the controller is improved.

However, current approaches of adaptive and learning based MPC are
limited for multiple reasons. First, while estimating the unknown parameters,
constraints can be violated or the control performance may be excessively reduced
in order to conservatively enforce the constraints. In fact, several existing methods,
such as a method described in U.S. 2011/0022193, simply ignore the constraints
and thus are incapable of producing admissible control strategies for machines

subject to constraints.

Second, simply including a closed-loop identification method in the MPC
controller can generate a slow convergence of the estimated unknown parameters
to the desired values. This reflects the general problem in adaptive control, as the
controller limits the excitation of the machine while the identification requires
strong excitation of the machine to estimate the parameters. Also, conservative
methods that enforce constraints with unknown parameters often avoid large
excitation to prevent violating the constraints, thus obtaining an even slower
convergence of the estimate. Finally, several methods for adaptive MPC require a

significant amount of computation and can be executed only in expensive
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processors at a slow rate, enabling only machines with low response bandwidth to

be controlled.

Accordingly, there is a need for a method for controiling an operation of a
machine using the MPC that includes uncertainty, wherein the operation of the

machine is subject to the constraints.

Summary of the Invention

Some embodiments of the invention are based on the realization that it 1s
possible to provide a model predictive control (MPC) method with enforcement of
the constraints on the operation of a machine and fast convergence to a value of a
parameter of a model of the machine by using constraints on values of control
inputs that can be applied to each state of the machine while guaranteeing that the
constrainis on the operation of the machine are not violated for any admissible
value of the parameters of the model. In some embodiments, the control strategy of
the MPC is to jointly optimize a performance of the control and a rate of the

estimation of the parameters.

Some embodiments are based on the realization that it is possible to enforce
constraints on a family of models defined based on an admissible range for the
uncertain values of the machine parameters. The family of models provides a set of
feasible states. For example, a special subset of these feasible states can be
designed such that, for all states in this subset, there is a feasible control input that
maintains the states in that subset for all values of the unknown machine

parameters within their known ranges.



(33) JP 2016-100009 A 2016.5.30

It is further realized that it is possible to control the system using MPC such
that the optimized input maintains the state in the special subset. This guarantees
that the system controlled by the MPC always satisfies all the constraints including

the case when the parameters are uncertain.

It is an additional realization that among the inputs that maintain the state in
the special subset, an input that optimizes the trade-off between control and
identification performance could be chosen. By construction, this input also
guarantees constraint satisfaction regardless of the true values of the unknown

parameters.

It is also realized that the MPC prediction model and the trade-off between
control and identification can be updated online based on the identification of the
unknown parameters and that the tradeoff between the control and identification

performance can be adjusted based on the residual uncertainty.

Accordingly, one embodiment of the invention discloses a method for
controlling an operation of a machine according to a model of the machine. The
method includes controlling iteratively the operation of the machine with control
inputs determined using the model based on an optimization of a cost function
subject to constraints on the control inputs, wherein at least one current iteration
comprises: determining a current state of the machine after the controlling with a
previous control input determined for a previous iteration by optimizing a previous
cost function using a previous model of the machine; determining a current model
of the machine to reduce a difference between the current state and a state
estimated using the previous model of the machine; updating the cost function

based on a difference between the previous model and the current model to
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produce a current cost function; and determining a current control input for the
controlling at the current iteration using the current model and the current cost
function, wherein steps of the methods are performed by a processor of a controller

controlling the operation of the machine.

Another embodiment discloses a method for controlling an operation of a
machine according to a model of the machine including a nominal model defining
relationships among parameters of the model and an uncertainty model defining a
range of values for at least one parameter of the model. The method includes
controlling iteratively the operation of the machine with control inputs determined
using the model of the machine based on an optimization of a cost function,
wherein the optimization is subject to control-invariant constraints on the control
inputs selected such that any value of the control input satisfying the control-
invariant constraints maintains a state of the machine in a control-invariant subset
of states satisfying constraints on the operation of the machine, wherein for any
state of the machine within the control-invariant subset there is an admissible
control input satisfying the control-invariant constraints and maintaining the state
of the machine within the control-invariant subset for all values of the parameters
of the model within the range defined by the uncertainty model, wherein at least
one cutrent iteration comprises: determining a current state of the machine resulted
from the controlling with a previous control input determined for a previous
iteration by optimizing a previous cost function using a previous model of the
machine; determining a current model of the machine to reduce a difference
between the measured current state and a state estimated using the previous model
of the machine, such that a current value of the parameter of the current model is
within the range of values; updating the cost function based on a difference

between the previous and the current models, wherein the cost function includes a
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first term for determining a first value for the control input according to an
objective of the operation and includes a second term for determining a second
value for the control input for reducing the difference between the current state of
the machine and a state estimated with a model of the machine, such that the
optimization optimizes a combination of the first term and the second term,
wherein the updating the cost function includes changing a weight of the second
term in the combination; and determining a current control input for the controlling
at the current iteration using the current model and the current cost function,
wherein steps of the methods are performed by a processor of a controller

controlling the operation of the machine.

Yet another embodiment discloses a control system for controlling
iteratively an operation of a machine according to a model of the machine. The
system includes a memory storing the model of the machine including a nominal
model defining relationships among parameters of the model and an uncertainty
model defining a range of values for at least one parameter of the model, and the
constraints on the machine; and at least one processor for executing modules of the
controller comprising:  a control input module for determining a current control
input for the controlling during a current iteration by optimizing a current cost
function subject to constraints on the current control input using a current model of
the machine; a model learning module for determining the current model of the
machine, such that a current value of the parameter of the current model is with the
range of values and reduces a difference between a current state of the machine
resulted from the controlling with a previous control input determined for a
previous iteration by optimizing a previous cost function using a previous model of
the machine and an estimated state estimated using the previous model of the

machine; and a cost function module updating the previous cost function using a
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difference between the current state of the machine and the state of the machine
estimated using the current machine model from a previous machine state and a

previous machine control input.

Brief Description of the Drawings

Figure 1A is a block diagram of a controller for controlling an operation of a

machine according to one embodiment of the invention;

Figure 1B is a block diagram of a general structure of the coniroller of

Figure 1A according to one embodiment of the invention;

Figure 2A is a block diagram of various modules of the controller according

to one embodiment of the invention;

Figure 2B is a block diagram of a method executed by the modules of the

controller according to one embodiment of the invention;

Figure 3A is a schematic of an exemplar polytope arranged in the coordinate

system visualizing the principles of some embodiments of the invention;

Figure 3B is a schematic of effect of the uncertainties of the parameters of

the model on a state of the machine;

Figure 4A is a schematic of an example of a two-dimensional projection of
the control-invariant subset of states defined by various constraints on the

operation of the machine according to some embodiments of the invention;
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Figure 4B is a schematic showing the relation between the feasible region of
the states of the machine and control invariant subsets determined according to

some embodiments of the invention;

Figure 5 is a block diagram of a backward-reachable region computation for
determining the control invariant subset according to one embodiment of the

invention;

Figure 6 is a block diagram of an exemplar implementation of determining

the previous set of states according to one embodiment of the invention;

Figure 7 is a block diagram of a method for determining the couples of

states-inputs according to one embodiment of the 1nvention;

Figure 8 is a block diagram of a method for determining a control invariant

Lyapunov according to one embodiment of the invention;

Figure 9 is a block diagram of a method for determining the subset of states

for a candidate Lyapunov function according to one embodiment of the invention;

Figures 10A and 10B are schematics of the test for determining valid and

non-valid control invariant Lyapunov function; and

Figure 11 is a block diagram of a method for updating the model of the

machine according to one embodiment of the invention.
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Detailed Description of the preferred embodiment

Figure 1A shows a block diagram of a control system 101 for controlling an
operation of a machine 102. The machine 102 is a device whose operation changes
quantities such as positions, velocities, currents, temperatures, numerical values, in
response to commands. As used herein, the operation of the machine determines a
motion of the machine that changes such quantities. The control system receives a
desired motion 103 for the machine, such as a desired trajectory or target point for
some of the quantities, and controls the machine via control inputs 104. The
control inputs can include commands to change parameters of the operation of the
machine or can include actual values of the parameters such as voltages, pressures,
torques, forces that affect the machine motion resulting in the generation of

quantities 105 for the machine.

The control system 101 receives information 106 about the machine motion,
from sensors, hardware, or software connected directly or remotely to the machine.
The information 106 includes a state of the machine. The machine uses the state
for the selection of the control inputs 104. The information 106 can include some
or all of the motion quantities 105 and can also include additional information
about the machine. The quantities 105, the control inputs 104 or a combination
thereof, can be requested to remain in some pre-defined ranges according to

constraints 114 on the operation of the machine.

Figure 1B shows a general structure of the control system 101 according to
one embodiment of the invention. The control system 101 includes at least one
processor 130 for executing modules of the controller. The processor 130 is

operatively connected to a memory 120 for storing the model 112 and the
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constraints 114. It is an objective of some embodiments of the invention to
determine the control inputs 104 using a model of the machine 112 subject to the
constraints 114. It is another objective of some embodiments to update 116 the
model of the machine during the operation such that the constraints 114 are

satisfied during the update.

Figure 2A shows a block diagram of various modules of the control system
101 according to one embodiment of the invention. In some embodiments of the
invention, MPC or the model of the machine includes at least one parameter of
uncertainty. For example, a model of an arm of a robot can include an uncertainty
about a mass of the arm caring an object. A model for the movement of a train can
include an uncertainty about a friction of the wheels with the rails in current
weather conditions. In some embodiments, the control system 101 is used to

determine the uncertainties of the control.

In some embodiments, the model of the machine includes a nominal model
202 defining relationships among parameters of the model 112 and an uncertainty
mode] 203 defining a range of values for at least one parameter of the model 112
and/or the nominal model 202. For example, the parameters of the nominal model
can use default values of the parameters. For example, the nominal model 202 can
describes the motion of the machine in ideal conditions. However, the machine is
subject to external effects, such as wear, external actions, variations due to time
and weather, inexactly known physical quantities due to imperfections in the
manufacturing process or measurement errors and hence the actual motion of the
machine is not exactly the same as the one of the nominal model. For example, one

embodiment, starting from a nominal model, update the current model iteratively
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until the current model is in line with the observed machine motion, in terms of the

sequence of the machine state values.

Some of the machine quantities need to remain in desired ranges defined by
constraints 205 on the operation of the machine. Some embodiments of the
invention are based on the additional realization that constraints 206 on the control
inputs can be determined from constraints 205 on the operation of the machine
considering the uncertainty model 203. For example, the constraints 206 on the
control inputs are determined such that the machine 102 controlled by the control
inputs 104 satisfying the constraints 206 are guaranteed to satisfy the constraints
206 for all variations of the values of the parameters of the model within the

admissible range defined by the uncertainty model 203.

In some embodiments, the constraints 206 are determined offline and the
constraint 205 are not used for the controlling of the machine. In some
embodiments, the constraints 206 are used in combination with at least some

constraints 205 for controlling the machine.

In some embodiments, the control inputs 104 are determined based on an
optimization of a cost function 209 subject to constraints 206 on the control inputs.
Because the constraints 206 guaranties the feasibility of the conftrol, some
embodiments include different terms in the cost function for a trade-off between
the control to achieve the objective of the operation of the machine and the control
to increase a rate of reducing the uncertainties of the parameters of the model of

the machine.
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For example, the cost function can include a first term for determining a first
value for the control input according to an objective of the operation and includes a
second term for determining a second value for the control input for reducing the
difference between the current state of the machine and a state estimated with the
model of the machine, such that the optimization optimizes a combination of the
first term and the second term, wherein the updating the cost function includes

changing a weight of the second term in the combination.

Accordingly, in some embodiments, various modules of the control system
101 achieve the control of the machine satisfying the objectives of the operation of
the machine while updating the parameters of the model of the machine within the
range of values defined by the nominal model and the uncertainty model of the
machine using the optimization of the cost function including different terms for

different objectives of the control.

The control system includes a memory 120 for storing the model of the
machine and the processor 130 for executing modules of the controller. The
modules include a control input module 208 for determining a current control input
104 for the controlling during a current iteration by optimizing a current cost
function 209. The control input module optimizes the current cost function using a
current model 201 of the machine subject to constraints 206 on the current control

input.

The control system also includes a model learning module 204 for
determining the current model 201 of the machine, such that a current value of the
parameter of the current model is with the range of values defined by the nominal

model 202 and the uncertainty model 203 and reduces a difference between a
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current state 106 of the machine resulted from the controlling with a previous
control input determined for a previous iteration by optimizing a previous cost
function using a previous model of the machine and an estimated state 216

estimated using the previous model of the machine.

The controller also includes a cost function module 207 for determining the
current cost function 209. For example, the cost function module updates the
previous cost function using a difference between the previous model and the
current model to produce the current cost function. Because the steps of the control
are performed iteratively, the current model and the current cost function become
previous model and previous cost function for subsequent iteration. For example,
the previous model, the previous cost function and the previous control input are
determined at a previous iteration as the current model, the current cost function

and the current control input.

Figure 2B shows a block diagram of a method executed by the modules of
the control system 101. The method controls iteratively 270 the operation of the
machine with control inputs determined using the model of the machine based on
an optimization of a cost function. The method determines 210 a current state of
the machine resulted from the controlling with a previous control input determined
for a previous iteration by optimizing a previous cost function using a previous

model of the machine.

The method adjusts 220 a current model of the machine to reduce a
difference between the measured current state and a state estimated using the
previous model of the machine, such that a current value of the parameter of the

current model is with the range of values, and updates 230 the cost function based
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on a difference between the previous and the current models. The update 230
provides a trade-off between the control to achieve the objective of the operation of
the machine and the control to increase a rate of reducing the uncertainties of the

parameters of the model of the machine.

In some embodiments, the cost function includes a first term for determining
a first value for the control input according to an objective of the operation and
includes a second term for determining a second value for the control input for
reducing the difference between the current state of the machine and a state
estimated with the model of the machine, such that the optimization optimizes a
combination of the first term and the second term. In those embodiments, the cost
function is updated by changing a weight of the second term in the combination.
For example, a smaller difference between the previous and the current models

reduces the weight of the second term in the combination.

Next, the method determines 280 a current control input for the controlling
at the current iteration using the current model and the current cost function. For
example, the method uses the updated current cost function and current machine
model to determine 240 a sequence of future inputs, from current time instant for a
fixed amount of time in the future, at least as long as to obtain a new machine state
measurement, such that the predicted future machine states and inputs satisfies the
constraints on the control inputs. The first part of the input sequence, for duration
equal to the amount of time needed to obtain a new measurement of the state of the
machine, is applied 250 as current control input to the machine. Based on the
current state of the machine, current model of the machine, and current control
input to the machine, the next state of the machine is determined 260, and the

controller waits 270 until a new state measurement is received.
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Uncertainty Modeling

Some embodiments of the invention are based on the realization that even if
the true values of the parameters of the models are uncertain, the uncertainties of
the parameters of the model are within the known range. For example, the mass of
the train can be within a range of values for an empty train and fully loaded train.
Similarly, the disturbances on the values of the parameters of the model can be
bounded. The uncertainty model 203 represents the ranges for the possible values
of at least one parameter of the model, such that a combination of the nominal
model and the uncertainty model can be used to determine a current model of the

machine for the MPC.

Figure 3A shows an exemplar polytope 310 arranged in a coordinate system
320 visualizing the principles of the above realization. The coordinate system 320
is usually a low-dimensional system of parameters of the model having the
uncertainties. For example, if the model includes four parameters with
uncertainties, the coordinate system 320 is four dimensional and have one
dimension 322, 324, 326, and 328 for each of the parameters such that new values
of the combination of parameters, e.g., values 333, 335, 337 are selected within the

polytope 310.

For example, a function that describes the motion of the machine at equally
time-spaced sampling instants by a system of difference equations for a given
machine state, input, and disturbance ¢, which represents the combined effects of

uncertainties is
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w(k+1) = flalk),ulk),d(k))

y(ky = Calk) , )
where k& is the index of the sampling instant, fis a generic function, C 1s a matrix, x
is the machine state 106, « is the machine input 104 and y is the machine output
105. It is realized that the number of situations in the disturbances are bounded
within the range D, the states are bounded within the range X, and the control

inputs are bounded within the range U

reX, ueld,deD )

For instance the range of values D can be determined by the minimum and
maximum value of the machine mass, the minimum and maximum value of the
external forces. Similarly, the ranges of the inputs and states can be determined by

minimum and maximum values of velocities, positions, voltages, or torques.

Some embodiments, based on f and D, construct a set of matrices, an

additive linear disturbance matrix and a polyhedral set for additive disturbance

g Ll
{(4:, Bi)Yizqs Buw, W 3)
respectively, that results in the polytopic difference inclusion
1y ,
co{A;z + Biu};_; @ co{B,w;}]_q. @)

such that for any given x and #,

co{Aiz + Biu}i_y ® co{ Byw; by 2 f(z,u,d), Vd € Dys

— Yy . “ -
where W= Co{w%}izl , 50 that w; are the vertices of W and " co’’ indicates

the convex hull of the set.
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The linear models in Equation (4) can be determined, for instance, by taking
the maximum and minimum of the parameters that form vector d allowed by D,

and/or of their combinations.

Figure 3B shows a schematic of effect of the uncertainties of the parameters
of the model determined by Equation (4) in estimating the state of the machine.
Given the current state x 301 of the machine and a control input, the next state of
the machine can vary within a set 302 for different possible values of d of the
parameters of the model of the machine. For instance, depending on specific values
of the vector d, the state 301 can transition to different states 310 within the set 302

for the same value of the control input.

In some embodiments of the invention, the uncertainty model is extended
such that a combination of the nominal model and the uncertainty model is
included into a convex combination 303 of linear models with a convex
combination of additive disturbances. For example, when W = 0, the model of
Equation (4) over-approximates the set 302 by set 303 which 1s a bounded
polyhedron, or polytope, where the vertices 304 are determined from

UL‘:Aiﬂ'J‘FBi’LL??J:l...g, (6)
wherein £, (4i; Bi), 1 =1,...,€ are the number and the matrices, respectively,

defined in Equation (3). In embodiments with /7 # 0, the set 303 is the sum of the

set obtained from the convex hull of the set co{ By wi}?:; .

Based on Equation (4} an input « in the range {A that satisfies all

A/L'Zii“{“Bz"u“FwajE/Y,i:l....(?,jL““l...?} (7)
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makes the set 303 entirely in the range of admissible states , 320, and hence also
the possible next state of the machine 302 according to (1) is within 320. Thus,
enforcing constraints on Equation (4) guarantees enforcement of the constraints on
Equation (1). The embodiments that use the model determined by Equation (4) are
computationally advantageous, because the model determined by Equation (4)
includes a set of linear models, rather than uncertain nonlinear models described in

Equation (1).
Constraints on Control Inputs to the Machine

Some embodiments of the invention are based on realization that in order to
guarantee that the constraints on the machine motion are satisfied during the
operation of the machine for all variation of the values of the parameters of the
model within the predetermined range, a subset of the feasible region A of the
states can be determined, such that whenever the state of the machine is in such a
subset, there exists at least one admissible control input such that the state remains
in the subset for all possible values of the parameters and the disturbances. By
remaining in the subset, all the machine motion constraints are satisfied since the

subset 1s included in the feasible region X.

Some embodiments of the invention determines and use such constraints on
the control inputs, referred to herein as control-invariant constraints on the control
inputs, to determine a control input that maintains the state of the machine in such
a subset of the feasible region X of the states, referred to herein as a control-
invariant subset of states. By the construction, a control input satisfying the

control-invariant constraints maintains a state of the machine in a control-invariant
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subset of states satisfying constraints on the operation of the machine for all values

of the parameter of the model within the range defined by the uncertainty model.

Figure 4A shows an example of a two-dimensional projection of the control-
invariant subset of states 410 defined by various constraints on the operation of the
machine according to embodiments of the invention. Typically, the feasible region
is a multi-dimensional polytope determined by hyperplanes, which are represented
by linear inequalities, along multiple dimensions corresponding to the constraints

on the operation.

Due to the nature of receding horizon control, the existence of a solution for
a certain horizon does not by itself guarantees the existence of the solution for a
subsequent horizon. For example, the state of the machine and a state of the
reference trajectory 420 can be optimal and feasible for one iteration, but all
control actions 421-424 that controller is allowed to take during the next iteration

can bring a state of the machine outside of the feasible region 410.

Some embodiments of the invention are based on yet another realization that
it is possible to select a control-invariant subset 415 of the feasible region, such
that from any state of the machine within that control-invariant subset, there 1s a
control input maintaining the state of the machine within the subset for the known
future states of the reference trajectory or for all admissible future states of the
reference trajectory. For example, for any state such as a state 430 within the
subset 415 and within all possible control inputs 431-434 that the controller can
execute, there is at least one control input 434 that maintains the state of the
machine and reference within the subset 415. In this case, the subset 415 is a

control invariant subset.
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Some embodiments determine the control invariant subset of state for the
model of Equation (4), such that for each state within the control invariant subset
there is at least one control action maintaining the state of the machine within the

control invariant subset for all possible states values according to Equation (5).

Figure 4B shows the relation between the feasible region 401 of the states of
the machine, and the largest robust control invariant subset 402 of the state for the
model with uncertainties according to Equation (1) within X . In some
embodiments the control invariant subset 402 1s reduced to form control invariant
403, which is less than the subset 402, but has a simpler shape formed by linear
equations. Because the subset 402 is determined by nonlinear equations, the shape
of the subset 402 can be non-convex. Thus, computation of 403 is simpler, more

efficient and advantageous for control purposes.

Figure 5 shows a block diagram of a backward-reachable region
computation for determining the robust control mvariant subset 403 starting from
the feasible region X, 401 according to one embodiment of the invention. The
backward-reachable region computation determines the robust confrol mvariant
subset Cz and also the control invariant set Cu.(z), which determines for any x
within Cx the set of inputs u in {/ that can be applied so that all possible next states

according to (4) are inside Ce .

The backward-reachable region computation initializes 501 a current set X,
to the feasible set A and determines 502 a previous set of states Ay as a subset of

the current set - such that for all states x in < there exists an input « in U such



(50) JP 2016-100009 A 2016.5.30

that for all the possible values of the parameters p in P, the updated state is in the

current set .

If at 503 the previous set Xy is empty 504, correct operation of the controller
cannot be guaranteed, which means that the set P of possible values of the
parameters should be reduced in size, possibly by changing the design or objective
of the operation of the machine. If at 505 the current set and the previous set are
equal, that is also at 506 the set Cx is computed otherwise, the previous set is
assigned 507 to be the current set and the computation iterates 508 again. When the
set Cz is found the last computed set of state-input couples is the robust admissible

input set Cu (%) for all x within Ca.

Figure 6 shows a block diagram of an exemplar implementation of
determining 502 the previous set of states according to one embodiment. The
embodiment identifies 601 the state-input couple that generates an updated state
that is in the current set for all the values of the parameters, and projects 602 the
state input couples into state values, i.e., the embodiment identifies the states that

belongs to at least one of such state-input couples.

Figure 7 shows a block diagram of a method for computation of the couples
of states-inputs 601 when linear inequalities describe the sets X and U The
method considers the current set as

HC oy < Ko (8)
and determines 701 the worst case effects of the additive disturbance w on the

current set,

;= /Bw iy = 1 vevy (e]
[5] Eaéaﬁé[ﬂ(c) w) i= 1.1y

9)
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wherein H'® is a matrix describing the current set defined in (8), ¢ ~ is the

number of rows of the matrix H'© of the current set.

Next, the method reduces 702 the current set by the worst case disturbance
effects to produce a reduced current set As described by

HYz <K€ -5, (10)
and then determines 703 the couples (x, #) such that the updated state is inside the
current set for all the vertex systems in (18), i.e., 4z + Biu € A, Vi=1,... ¢,

Stability Constraints

In some embodiments of the invention, the constraints on the control inputs
include stability constraints for converging the state of the machine to a target
value for all values of the parameters of the model of the machine defined by the
nominal and the uncertainty models. In one embodiment, the stability constraints
include a control Lyapunov function of the machine. For example, the control
Lyapunov function (CLF) for the model of Equation (4) is a function V that

satisfies the feasible value reduction
3
V(flz,uw)) < pV(z) (1)
where fis the model of Equation (4) , V is a function that is 0 at the desired target

and positive everywhere else, P is a value between 0 and 1.

In some embodiments the control Lyapunov function V is a control
invariant. As defined herein, the valid invariant control Lyapunov function is such
a control Lyapunov function that for all x inside the control invariant subset Cs,

e.g., determined for the model of Equation (4), there exists the control input u
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inside Cu(2), i.e., satisfying the control invariant constraints, such that Equation

(11) 1s satisfied.

Figure & shows a method for determining the invariant control Lyapunov
function for the control system according to one embodiment of the invention. The
method generates 801 a candidate CLF, and determines the subset of states 802 of
the candidate CLT as the subset of Cx such that there exists a u inside {/ such that
Equation (11) hold. Next, the method verifies 803 whether the subset 802 is equal
to the subset Cu. If this is the case 804, the candidate CLF Vis the control
invariant Lyapunov function, otherwise 805 a different candidate CLF is

generated.

Figure 9 shows a block diagram of a method for determining the subset of
states 802 for the candidate Lyapunov function according to one embodiment
wherein Y(T) = [T where P is a matrix describing an infinity-norm control
Lyapunov function with 5, rows. The embodiment selects 901 a previously not
selected row 911 of the matrix P, and determines 902, the convex component of
the subset related to the row 911 for positive condition o= +1 by computing the

set of x such that there exists # and £ such that the inequalities

> |P(Aix + Byu)ly, V9=1,...,np,Vi=1, ... ¢
€ > ~ IP(Asz+ By, Vi=1,...,np,¥i=1,... ¢
£ = pl Pz}
ol Pzl > [Pzln, Yh=1,... ng,
ol Pz, > — [Pxlp, Yh=1,... n,, (12)

holds true for o= +1, where n, is the number of rows of the matrix P.
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Next, the embodiment determines 903, for negative condition o = -1, the
convex component of the subset related to the row 911 and -1 is computed as the
set of x such that there exists u and £ such that (12) is satisfied with now o= -1.
When all the rows have been selected, the union of all the convex components

form the subset 802.

Figures 10A and 10B show an illustration of the test for determining valid
and non-valid control invariant Lyapunov function. The subset 1002 within the
control invariant subset 1001 is valid where subset 1003 is a union of multiple
convex components 1003 of the candidate CLF. In the Figure 10A, the CLF is not
control invariant because subsets 1002 and 1001 are different. In Figure 10B, the
CLF is control invariant, because a candidate CLF that has valid subset 1004, is
valid for the subset 1001 since the subset 1004 covers the entire area of the subset

1001.

For example, in one embodiment of the invention, the control Lyapunov
function is an infinity-norm control Lyapunov function that satisfies a feasible
value reduction test for all states of the machine satisfying the control-invariant
constraints. The test can include selecting rows of a matrix describing the infinity-
norm control Lyapunov function and determining convex components of the states
of the machine that satisfy, for positive and negative conditions, a feasible value
reduction on the rows of the matrix describing the infinity-norm control Lyapunov
function for at least one input of the machine satisfying the control-invariant
constraints. Next, the embodiment determines a union of the convex components
and verify that all the states of the machine in the the céntroiuinvariant subset of

the states of the machine are contained in the union of the convex components.
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Model Learning

In one embodiment, the current model of the machine 201 is initialized

based on the nominal model 202 where a pair of estimated system matrices (A, B)

is selected from the convex hull of the set of matrices in Equation (3),
A1 T £
(4, B) € co{(As, Bi) by (13)
and an additive disturbance estimate 20 is selected from the polyhedral set for

additive disturbance in Equation (3),

wew., (14)

The current model in Equations (13) - (14) is updated within its respective
set at each time step, using the input 104, and the state 106, until the current model
is in line with the observed machine motion, in terms of the sequence of the

machine state values.

In one embodiment, the implementation of the model update considers the
model in (13) and (14) to be linear combinations of the vertices of Equation (6) and

of the vertices of W
£ b4

Az + Bu+ Byt =Y _[0](Aw + Biu) + > [0} Byw
i=1 i==1 , (15)

where ¢ is the combination vector of the linear models, and 7 1s the combination

vector of the additive disturbances

OeR, 0<[0, <1, > [ =1

neERP, 0< [l <1, > [ff =1
7 \ (15b)
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so that a linear regression model can be formed for the joint parameter vector

=[0 n' (16)

The linear regression model takes the form

¢
ymE:M(A$+Bu+§: Byw; + €,
i=1 i==]
= I'(x,u)f + Tn 4+ ¢,
= MT(I’,U)A“%“E, (17)

where € represents measurement noise,
[(z,u) = [A1z + Biu, ..., Aix + B
T = [Bw’wl, Cee BW’LUP}
andMT(ﬂ?a’Uf) = [['(z,u) 7] (18)

The linear regression (17) can then be solved by several methods. For

example, one embodiment uses a recursive least squares (RLS) method, modified

— oo
to ensure that the output of the regression A= [‘9 77} is in its allowed range

according to (15b).

For example, the RLS method can include the solution of

Wt + 1) = (I~ Kros(t + DM (z(t),u(t))) (1)
Kres(t + 1) = Wt + 1) M{z(t), ult}),

(
@+U*Am%KmM#HJ(@+UAMWM&u®ﬁ@}
A(t+1) = proj, (At + 1)) (18b)
wherein K'R1S is an estimate correction gain, Wis an estimate covariance matrix

and Projy is the operator that projects its argument into the domain of A
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Figure 11 shows a block diagram of updating the model of the machine
using modified RLS according to one embodiment of the invention to produce the
current model of the machine. The modified RLS at each step uses the previous
input and the previous state to form 1101 the regressor matrix M, as well as the
current time-step’s state as the measurement . The modified RLS updates 1102

the prediction error covariance matrix ¥, and updates 1103 the estimation gain o

Next, the modified RLS determines 1104 a first estimate of the parameters

Alt + 1), and determines 1105 a second estimate of the parameters ;\(f +1) by

projecting the first estimate of the parameters onto the admissible range of

T
A= [9 77] as determined by (15b). Then, the modifted RLS waits 1106 until

the next measurement.

The second parameter estimates can be determined 1105 in a number of

ways. For example, one embodiment determine the second parameter by first

. . X S B &, T
saturating each component of the first estimate of the parameters A=10 1

between 0 and 1, and then normalizing each component of 0 and 7] in the first

estimate of the parameters, by dividing them by the sum of the saturated

components of 5 and TQ} in the first estimate of the parameters. This results in the
estimate of parameter vector (16) at the current time step, thereby giving an
updated estimate of the current model in (13) and (14). In other embodiments,
other regression models and/or estimation algorithms are used for updating the

current model of the machine 201 based on (13) and (14).
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Cost Function

In some embodiments of the invention, the cost function module 207
initialize the current cost function 209 based on a nominal cost function. In one
embodiment, the nominal cost function is multifaceted and includes conflicting
objectives. For example, the cost function can include a first term for determining a
first value for a control input according to an objective of the operation and
includes a second term for determining a second value for the control input for
reducing the difference between the current state of the machine and the state
estimated with the model of the machine, such that the optimization optimizes a
combination of the first term and the second term, wherein the updating the cost

function includes changing a weight of the second term in the combination.

In one embodiment, the cost function takes the form

N
Filxn) + ZLt(kaa Uk, Pr)
k=1 : (19)

where F t and L are functions of their arguments that bias the machine’s states

and inputs to values that reflect the multifaceted objective, and P, k is the predicted

parameter error covariance matrix from the RLS algorithm. In one embodiment,

the Lt includes a dual objective trading regulation of the states of the machine and
objectives of the learning the parameters of the model. For example, the first term
of the cost function is related to a performance of the machine, and the second term
is related to improving estimation of the parameters of the model, wherein the
second term is weighted by reliability of the current model of the machine
measured as a nonnegative, nondecreasing function of a prediction error of the

current model].
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In one embodiment the function ]Jf; is

Le(xk, ug, Pe) =z, Quy + uy Rug + 7 (y(t) — MY (z(t = 1),ut — 1)A(t — 1)) P(Fr)

where 7 1s a function of the residual error between the state predicted by the

current model 20! and the actual measured state 106, and w(P k) is an

information functional of the predicted parameter error covariance matrix.

The information functional is a measure of the information associated with
the unknown parameter vector (16), examples of which include trace, determinant,

and maximum eigenvalue. If the information functional is given priority in the cost

function, i.e. ’7 is large, then the machine’s states and inputs are biased towards
values that improve model learning; otherwise, the states and inputs are biased

towards the regulation of the machine’s states.

The current cost function (19) is updated at each time step with the state
predicted by the current model and the actual measured state, so that the cost
function only attempts to improve the model learning when the residual error is
large. For example, the second term of the cost function includes a function of the
difference between the previous and the current models and the updating
determines the difference between the previous and the current models and updates

the second term of the cost function with the determined difference.

In another embodiment, the cost function is separated into two cost functions

that are used for input computation 208, where the first cost functions is only

concerned with model learning, i.e. F t — 0 and L t — ID(P k ), and the second
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cost function forms a dual objective, trading regulation of the machine’s states and
penalizing deviations from the input sequence generated by application of the first

cost function.
Input Computation

In some embodiments, the input computation 208 takes the form of a finite

horizon numerical optimization problem,

N
mbirn Fi(xn) + Z Li(xg, ug, Py),
k=1

st @pan = MT(zr, ur) A1),
T = :c(t),
Py = P(1),
ug € C5°(xr), (20)

which is formed from the current cost function (F t and Lt) 207, the machine

model with current parameter estimate A 201 that predicts the evolution of the
: O (xy)
state over the horizon, the robust constraints ~"u k/ 206, and the state at the

current time step ZC(f) The problem (20) is solved using a numerical solver,

e F‘i‘ - - -
which finds the input sequence U = [u1...un]" that minimizes the current cost

function subject to the problem constraints. The first input UT in the input

sequence is considered as the output of the input computation 208 and is applied to

the machine 102. At the next time step,t ~+ 1 the model and cost function are
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updated, the state is updated, and the numerical optimization problem is solved

again.

In alternative embodiment, the problem (20} is separated into two phases:

1) a model learning phase, e.g., Ly = w(P k ), which is only concerned with
generating an input sequence that minimizes the information functional of
the predicted parameter error covariance matrix, and

ii) a control phase, which is only concerned with generating an input sequence

that regulates the machine to the origin, e.g.,

T T
Ly =z, Qug + uy Ruyg

The switch from the model learning phase to the control phase is based on
the residual error between the state predicted by the current model 201 and the
actual measured state 106, that is, when the error is below a set threshold, model
learning is no longer necessary and a switch to the control phase is enacted. A

switch back to the model-learning phase is enacted if the error grows beyond a set

threshold.

The above-described embodiments of the present invention can be
implemented in any of numerous ways. For example, the embodiments may be
implemented using hardware, software or a combination thereof. When
implemented in software, the software code can be executed on any suitable
processor or collection of processors, whether provided in a single computer or
distributed among multiple computers. Such processors may be implemented as
integrated circuits, with one or more processors in an integrated circuit component.

Though, a processor may be implemented using circuitry in any suitable format.
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Further, it should be appreciated that a computer may be embodied in any of
a number of forms, such as a rack-mounted computer, a desktop computer, a laptop
computer, minicomputer, or a tablet computer. Such computers may be
interconnected by one or more networks in any suitable form, including a local
area network or a wide area network, such as an enterprise network or the Internet.
Such networks may be based on any suitable technology and may operate
according to any suitable protocol and may include wireless networks, wired

networks or fiber optic networks.

Also, the various methods or processes outlined herein may be coded as
software that is executable on one or more processors that employ any one of a
variety of operating systems or platforms. Additionally, such software may be
written using any of a number of suitable programming languages and/or

programming or scripting tools.

Also, the embodiments of the invention may be embodied as a method, of
which an example has been provided. The steps performed as part of the method
may be ordered in any suitable way. Accordingly, embodiments may be
constructed in which acts are performed in an order different than illustrated,
which may include performing some acts simultaneously, even though shown as

sequential acts in illustrative embodiments.
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1. A method for controlling an operation of a machine according to a model of the
machine, comprising:

controlling iteratively the operation of the machine with control inputs
determined using the model based on an optimization of a cost function subject to
constraints on the control inputs, wherein at least one current iteration comprises:

determining a current state of the machine after the controlling with a
previous control input determined for a previous iteration by optimizing a previous
cost function using a previous model of the machine;

determining a current model of the machine to reduce a difference between
the current state and a state estimated using the previous model of the machine;

updating the cost function based on a difference between the previous model
and the current model to produce a current cost function; and

determining a current control input for the controlling at the current iteration
using the current model and the current cost function, wherein steps of the methods
are performed by a processor of a controller controlling the operation of the

machine.

2. The method of claim 1, wherein the cost function includes a first term for
determining a first value for a control input according to an objective of the
operation and includes a second term for determining a second value for the
control input for reducing the difference between a future state of the machine and
a future state estimated with the current model of the machine, such that the
optimization optimizes a combination of the first term and the second term,
wherein the updating the cost function includes changing a weight of the second

term in the combination.
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3. The method of claim 2, wherein the second term of the cost function includes a
function of the difference between the current state of the machine and a state of
the machine estimated using the current machine model from a previous machine
state and a previous machine control input, wherein the updating comprises:
determining the difference between the previous and the current models; and
updating the second term of the cost function with the determined

difference.

4. The method of claim 2, wherein the first term of the cost function is related to a
performance of the machine, and the second term is related to improving
estimation of the parameters of the model of the machine, wherein the second term
is weighted by reliability of the current model of the machine measured as a
nonnegative, nondecreasing function of a prediction error of the current model of
the machine determined from the previous machine state, the previous machine

control input and the current machine state.

5. The method of claim 1, wherein the model of the machine includes a nominal
model defining relationships among parameters of the model and an uncertainty
model defining a range of values for at least one parameter of the model, and
wherein the current model is determined such that a current value of the parameter

of the current model is within the range of values.

6. The method of claim 5, wherein the uncertainty model is extended such that a
combination of the nominal model and the uncertainty model is included into a
convex combination of linear models with a convex combinations of additive

disturbances.
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7. The method of claim 6, wherein the current model of the machine is determined
recursively such that the parameters of the current model are within the convex
combination of linear models and the convex combinations of additive

disturbances.

8. The method of claim 6, wherein the determining the current model comprises:

determining a combination vector of the linear models and a combination
vector of the additive disturbances;

projecting the combination vector of the linear models in the convex
combination of the linear models; and

projecting the combination vector of the additive disturbances in the convex

combination of the additive disturbances.

9. The method of claim 3, wherein the constraints on the control inputs include
control-invariant constraints on the control inputs selected such that any value of a
control input satisfying the control-invariant constraints maintains a state of the
machine in a control-invariant subset of states satisfying constraints on the
operation of the machine, wherein for any state of the machine within the control-
invariant subset there is an admissible control input satisfying the control-invariant
constraints and maintaining the state of the machine within the control-invariant
subset for all values of the parameter of the model within the range detined by the

uncertainty model.

10. The method of claim 6, wherein the constraints on the control inputs include
control-invariant constraints determined from the convex combination of the linear

models and the convex combination of the additive disturbances by backward
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reachability iterations that guarantee that for any state into a control-invariant
subset of states satisfying constraints on the operation of the machine, there exists
a control input such that the control-invariant constraints are satisfied during the
operation for all values of the parameters of the model of the machine defined by

the nominal and the uncertainty models.

11. The method of claim 5, wherein the constraints on the control inputs include
stability constraints converging the state of the machine to a target value for all
values of the parameters of the model of the machine defined by the nominal and

the uncertainty models.

12. The method of claim 11, wherein the stability constraints include a control

Lyapunov function of the machine.

13. The method of claim 12, wherein the control Lyapunov function is an infinity-
norm control Lyapunov function that satisfies a feasible value reduction test for all
states of the machine satisfying the control-invariant constraints comprising of’

selecting rows of a matrix describing the infinity-norm control Lyapunov
function;

determining convex components of the states of the machine that satisfy, for
positive and negative conditions, a feasible value reduction on the rows of the
matrix describing the infinity-norm control Lyapunov function for at least one
input of the machine satisfying the control-invariant constraints;

determining a union of the convex components;

verifying that all the states of the machine in the control-invariant subset of

the states of the machine are contained in the union of the convex components.
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14. The method of claim 1, wherein the optimization is solved by numerical

optimization algorithms.

15. A method for controlling an operation of a machine according to a model of the
machine including a nominal model defining relationships among parameters of
the model and an uncertainty model defining a range of values for at least one
parameter of the model, comprising:

controlling iteratively the operation of the machine with control inputs
determined using the model of the machine based on an optimization of a cost
function, wherein the optimization is subject to control-invariant constraints on the
control inputs selected such that any value of the control input satisfying the
control-invariant constraints maintains a state of the machine in a control-invariant
subset of states satisfying constraints on the operation of the machine, wherein for
any state of the machine within the control-invariant subset there is an admissible
control input satisfying the control-invariant constraints and maintaining the state
of the machine within the control-invariant subset for all values of the parameters
of the model within the range defined by the uncertainty model, wherein at least
one current iteration comprises:

determining a current state of the machine resulted from the controlling with
a previous control input determined for a previous iteration by optimizing a
previous cost function using a previous model of the machine;

determining a current model of the machine to reduce a difference between
the measured current state and a state estimated using the previous mode] of the
machine, such that a current value of the parameter of the current model is within
the range of values;

updating the cost function based on a difference between the previous and

the current models, wherein the cost function includes a first term for determining
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a first value for the control input according to an objective of the operation and
includes a second term for determining a second value for the control input for
reducing the difference between the current state of the machine and a state
estimated with a model of the machine, such that the optimization optimizes a
combination of the first term and the second term, wherein the updating the cost
function includes changing a weight of the second term in the combination; and
determining a current control input for the controlling at the current iteration
using the current model and the current cost function, wherein steps of the methods
are performed by a processor of a controller controlling the operation of the

machine.

16. The method of claim 15, wherein the second term of the cost function includes
a function of the difference of the current state of the machine and the state of the
machine estimated using the current machine model from a previous machine state
and a previous machine control input, wherein the updating comprises:
determining the difference between the previous and the current models; and
updating the second term of the cost function with the determined

difference.

17. A control system for controlling iteratively an operation of a machine
according to a model of the machine, comprising;:

a memory storing the model of the machine including a nominal model
defining relationships among parameters of the model and an uncertainty model
defining a range of values for at least one parameter of the model, and the
constraints on the machine; and

at least one processor for executing modules of the controller comprising:
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a control input module for determining a current control input for the
controlling during a current iteration by optimizing a current cost function subject
to constraints on the current control input using a current model of the machine;

a model learning module for determining the current model of the
machine, such that a current value of the parameter of the current model 1s with the
range of values and reduces a difference between a current state of the machine
resulted from the controlling with a previous control input determined for a
previous iteration by optimizing a previous cost function using a previous model of
the machine and an estimated state estimated using the previous model of the
machine; and

a cost function module updating the previous cost function using a
difference between the current state of the machine and the state of the machine
estimated using the current machine model from a previous machine state and a

previous machine control input.

18. The control system of claim 17, wherein the current cost function includes a
first term for determining a first value for the current control input according to an
objective of the operation and includes a second term for determining a second
value for the current control input for reducing the difference between the current
state and the state estimated according to the current model of the machine, such
that the optimization optimizes a combination of the first term and the second term,
wherein the updating the cost function includes changing a weight of the second

term in the combination.

19. The control system of claim 18, wherein the second term of the cost function is

updated using a function of the difference between the current state of the machine
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and the state of the machine estimated using the current machine model from a

previous machine state and a previous machine control input.

20. The control system of claim 17, wherein the constraints on the control inputs
include control-invariant constraints on the control inputs selected such that any
value of a control input satisfying the control-invariant constraints maintains a state
of the machine in a control-invariant subset of states satisfying constraints on the
operation of the machine, wherein for any state of the machine within the control-
invariant subset there is an admissible control input satisfying the control-invariant
constraints and maintaining the state of the machine within the control-invariant
subset for all values of the parameter of the model within the range defined by the

uncertainty model.

Abstract

A method controls iteratively the operation of the machine with control
inputs determined using the model of the machine based on an optimization of a
cost function subject to constraints on the control inputs. A current iteration of the
method includes determining a current state of the machine after the controlling
with a previous control input determined for a previous iteration by optimizing a
previous cost function using a previous model of the machme and determining a
current model of the machine to reduce a difference between the current state and a
state cstimated using the previous model of the machine. The cost function is
updated during the current iteration based on a difference between the previous
model and the current model to produce a current cost function. A current control
input for the controlling at the current iteration is determined using the current

model and the current cost function.

Representative Drawing

Fig. 1A
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