Adaptive Control in STEP-NC

Adaptive control is a term used in machining to mean the automatic adjustment of nominal parameters such as spindle speed or cutting feed rate based on sensed or modeled changes in the cutting process in order to minimize cutting time or maximize part quality. For STEP-NC the issue is how to convey information required by the CNC for adaptive control. This includes the selection of the type of adaptive control and associated parameters but not the programming of the adaptive control algorithms or modeling to be used. These algorithms and models would be provided by the CNC vendor separately from the STEP-NC process plan ahead of time. 

The current definition of adaptive control for milling in ISO 14649 Part 11 is an entity with no associated attributes. It is used only as an optional attribute of milling_technology: 

ENTITY adaptive_control;

END_ENTITY;

ENTITY milling_technology


SUBTYPE OF (technology);


cutspeed: 




OPTIONAL speed_measure;


spindle: 




OPTIONAL rot_speed_measure;


feedrate_per_tooth: 


OPTIONAL length_measure;


synchronize_spindle_with_feed: 
BOOLEAN;


inhibit_feedrate_override: 

BOOLEAN;


inhibit_spindle_override: 

BOOLEAN;


its_adaptive_control: 


OPTIONAL adaptive_control;


WHERE


WR1: (EXISTS(cutspeed) AND NOT EXISTS(spindle))



OR (EXISTS(spindle) AND NOT EXISTS(cutspeed))



OR (EXISTS(its_adaptive_control));


WR2: (EXISTS(SELF.feedrate) AND NOT EXISTS(feedrate_per_tooth))



OR (EXISTS(feedrate_per_tooth) AND NOT EXISTS(SELF.feedrate))



OR (EXISTS(its_adaptive_control));

END_ENTITY;

The adaptive_control entity is a generic supertype for the vendor-specific adaptive control strategy. According to ISO 14649-11, “At a later time, the specific nature of the adaptive control algorithm and further parameters can be specified in appropriate subtypes.” This leaves room for vendors to define their own adaptive control algorithms and their parameters, but without interoperability between vendors. Customers could call out for one of these types of adaptive control in their STEP-NC programs, but these would only run on that particular vendor's machine. 

The current definition of adaptive control is clearly inadequate. Tom Kramer of NIST submitted comments on ISO 14649 adaptive control in preparation of the second edition. He made the following suggestions: 

The milling_technology entity should be redefined so that it does not allow conflicting information about feeds and speeds. When this is done, the two WHERE rules may be removed. It is desirable, also, to allow adaptive control in such a way that machines which have it can use it and machines that do not have it are provided with explicit values. This might be done as follows.

(i) Remove feedrate from the technology entity (in Part 10).

(ii) Define speed_spec with a Boolean attribute named adaptive_allowed. If adaptive_allowed is true, machines with adaptive control may vary the speed while machines without adaptive control must use the programmed value of the speed. If adaptive_allowed is false all machines must use the programmed value of the speed.

ENTITY speed_spec


ABSTRACT SUPERTYPE OF (ONEOF (cutspeed, spindle_speed));


adaptive_allowed: BOOLEAN;

END_ENTITY;

(iii) Define cutspeed.

ENTITY cutspeed


SUBTYPE OF (speed_spec);


speed_val: speed_measure;

END_ENTITY;

(iv) Define spindle_speed,

ENTITY spindle_speed


SUBTYPE OF (speed_spec);


speed_val: rot_speed_measure;

END_ENTITY;

(v) Define feed_spec with a Boolean attribute named adaptive_allowed. If adaptive_allowed is true, machines with adaptive control may vary the feed while machines without adaptive control must use the programmed value of the feed. If adaptive_allowed is false all machines must use the programmed value of the feed.

ENTITY feed_spec


ABSTRACT SUPERTYPE OF (ONEOF (feedrate_tcp, feedrate_per_tooth));


adaptive_allowed: BOOLEAN;

END_ENTITY;

(vi) Define feedrate_tcp,

ENTITY feedrate_tcp


SUBTYPE OF (feed_spec);


feed_val: speed_measure;

END_ENTITY;

(vii) Define feedrate_per_tooth,

ENTITY feedrate_per_tooth


SUBTYPE OF (feed_spec);


feed_val: positive_length_measure;

END_ENTITY;

(viii) Redefine milling_technology,

ENTITY milling_technology


SUBTYPE OF (technology);


its_speed:




speed_spec;


its_feed:




feed_spec;


synchronize_spindle_with_feed:
BOOLEAN;


inhibit_feedrate_override:

BOOLEAN;


inhibit_spindle_override:

BOOLEAN;

END_ENTITY;

(ix) Delete the adaptive_control entity.

Kramer's suggestions resolve the conflict between the specification of speed and feed. His suggestion to remove the adaptive_control entity originated with his observation that this proposed supertype of vendor-specific adaptive control subtypes had no attributes and served no purpose other than to collect (non-existent) subtypes. It can be retained if it defines a unifying adaptive control data model. 

Defining a unifying adaptive control data model is difficult due to the many algorithms and cutting process models that could be used. Galip Ulsoy and Yoram Koren of the University of Michigan published a review of various techniques, with an emphasis on the measurement and modeling of tool wear [1]. These models are heavily parameterized and rely on coefficients for contributions from various wear components. Some of these components can be automatically measured using observers built in to the CNC. Others can be determined from a knowledge of the tooling and material, at least in principle. Parameters such as these do not properly belong in a STEP-NC file, whose purpose is to convey what type of adaptive control is to be used and their associated objectives such as force or power, not to parameterize models internal to the CNC. For example, adaptive control could be defined objectively like these: 

ENTITY constant_power_adaptive_control


SUBTYPE OF (adaptive_control);


power:
power_measure; (* spindle cutting power to be maintained *)

END_ENTITY;

ENTITY constant_force_adaptive_control


SUBTYPE OF (adaptive_control);


force:
force_measure; (* spindle cutting force to be maintained *)

END_ENTITY;

ENTITY surface_finish_adaptive_control


SUBTYPE OF (adaptive_control);


surface_finish:
surface_finish_measure; (* surface finish to achieve, 



e.g., RMS number *)

END_ENTITY;

ENTITY minimum_cut_time_adaptive_control


SUBTYPE OF (adaptive_control);


(* used to signify roughing cuts *)

END_ENTITY;

ENTITY maximum_accuracy_adaptive_control


SUBTYPE OF (adaptive_control);


(* used to signify finishing cuts *)

END_ENTITY;

ENTITY safe_cut_adaptive_control


SUBTYPE OF (adaptive_control);


(* used to move away from chatter regions or avoid heat *)

END_ENTITY;

Within the CNC, the adaptive controller would run process models driven by data from other sources to monitor the process and adjust machining parameters to track the objectives. The issue for the standards community is how to convey the objectives. Much of the information is outside the scope of STEP-NC, for example, attributes of the actual cutting tool. The table below summarizes the information requirements for some types of adaptive control. 

type of information
example
standards

machine tool
maximum spindle power, speed, torque
ASME B5.59-1,2; proposed for ISO 14649-110 second edition

cutting tool
geometry, coating
ISO 13399

part material
6061 aluminum
ISO 10303-45

cut geometry
contact area
ISO 10303 AP-203

adaptive control objectives
power, force, surface finish
proposed for STEP-NC

adaptive control costs
time, energy
proposed for STEP-NC

adaptive control parameters
various coefficients
none; not STEP-NC

Rob Ivester, Herb Bandy and John Michaloski of NIST demonstrated how STEP-NC data can drive the optimization of speeds and feeds for a turning application. In this demonstration, the nominal speed- and feed values in a STEP-NC program were extracted and loaded into a Matlab optimization program, which used supplemental information about the machine tool, cutting tool, part material and cut geometry to determine optimal speed- and feed values that were written back into the STEP-NC file. The objective was surface finish, with machining time as the cost to be minimized. In an adaptive control scenario, the optimizer would be embedded in the CNC and the optimal speed- and feed values would be used automatically. 

A feature of the NIST optimizer was its consideration of parameter uncertainties that yielded two optimum speed-feed points. The conservative optimum was that resulting from parameters whose actual values were at their least favorable limits. The target optimum was that resulting from parameters at their favorable limits. In general, values of attributes provided to an adaptive control algorithm should have uncertainties associated with them. 
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