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ABSTRACT

A method 1s described for acquiring data for relay-

based controller tuning of a controller controlling a system.

The method includes determining, based on controller.output

constraint, a relay amplitude representing an amplitude of a
relay signal to be added to steady state controller output to
obtain a sum signal to be fed to the system as system 1lnput
during the acquiring data for relay-based controller tuning;
and starting acquiring controller output data and system output

data when detecting a steady state of system output while con-

troller output 1s fed to the system as system input.

CA 2980489 2018-01-31



840068485

METHOD AND ARRANGEMENT FOR AUTOMATIC TUNING OF A

CONTROLLER
Prioritz Statement
[0001] This application 1s the national phase of PCT

International Application No. PCT/EP2016/055550 which has an

International filing date of March 15, 2016, which designated

the Canada and which c¢laims priority to European patent

application number EP15160327.1 filed March 23, 2015.

Field

[0002] An embodiment of present 1invention generally relates

to a method and to an arrangement for acquiring data for relay-

based controller tuning of a controller controlling a system,
wherein an automatic relay-based controller tuning method 1is

enabled.

Background

[0003] A controller, such as a PID controller (Proportilonal-

Integral-Derivative controller) 1s a control loop feedback

mechanism widely used 1n industrial control systems. Thereby,

typically, a controller, in particular a PID controller, may

calculate an error value as the difference between a measured

process variable (also referred to as system variable) and a

desired set-point of the process variable. The controller then

attempts to minimize the error by adjusting the process

P

variable through use of a manipulated wvariable, 1in particular

py feeding or supplying a controller output to the process or

system.
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[0004] The PID controller i1s characterized by three separate
controller parameters, also known as PID-controller parameters.

In order to control the system or process appropriately, the

PID-controller parameters need to be known 1n advance.

Determining the controller parameters may also be referred to

as tuning the three or less controller parameters.

[0005] In conventional methods and applications, a manual
tuning has Dbeen applied or a so-called Ziegler-Nichols method

has been applied. However, 1t has Dbeen observed that

conventional methods and arrangements for enabling to tune

controller parameters may require operator/engineer

intervention for a relay tuning test. Often a priorili knowledge
of relay parameters may be required. Thereby, conventional

tuning methods are very cumbersome and time-consuming and may

require human intervention.

[0006] EP 0530170 (Al) discloses a system for tuning at

least one control parameter of a controller i1n a control loop

wherein the system includes an oscillation function not in

series with the controller for selectively causing the control

loop to oscillate at a tuning frequency, while the controller

1is 1n controeol of the process. While oscillating at the tuning

frequency, a tuner 1is responsive to the tuning gain of the

control loop and its tuning frequency for determining control

parameters for tuning the controller.

[0007] US 5453925 A discloses a system and method for
automatically tuning a process controller used to control an
industrial process, or the 1like, wherein the controller 1s
removed from closed-loop control of a process under control,

and a signal 1s applied to the process under control to cause

2
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the process to undergo controlled self-oscillation. A first

portion of the self-oscillation procedure 1s used to determine
a Time Delay characteristic of the process under control, and a

subsequent portion of the self-oscillation procedure as used Lo

calculate an Ultimate Galn characteristic and an Ultimate

Period characteristic of the process under control. These three

characteristics are then used to calculate control parameters

which are used to tune the controller.

[0008] WO 8300753 Al discloses a method and apparatus 1in

tuning a PID regulator, where the process and the regulator has

a transfer function G(s) 1in common, a method 1s proposed for

bringing the system 1into self-oscillation for measuring the

amplitude and frequency of the oscillation and tuning the

requlator in dependence of the measurements obtained. A circuit

function (NL) having non-linear characteristic and a describing

function N{(A) 1s introduced into the system in series to the

process for acting on the regulator signal. Self-oscillation 1s

F
—

-1 for at least one value ot

1

obtained 1f (G(1 omega ).N(A)

the angular frequency omega and the amplitude A of the

regulator signal.

[0009] The publication “Relav-based PID tuning” by David T.

Wilson, Automation and Control, February/March 2005 discloses a

method to tune parameters of a PID controller. Thereby, a relay

with amplitude d 1s replaced for the PID controller usually

controlling a plant or process. The system 1s then started and

the plant output amplitude “a” and period “P” 1s recorded. From
the recorded or measured amplitude Ya” and period “P”
eventually, the ultimate gain 1s calculated and the ultimate

period 1s obtained. From the ultimate gain and period, the PID

CA 2980489 2018-01-31
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tuning parameters are found. This method may require user 1input

of particular operational parameters.

SUMMARY

[0010] The 1nventors have discovered that there may be a
need for a method and arrangement for acquiring data for relay-
based controller tuning that 1s performable in a simple manner
and results 1n an accurate determination of the tuning
parameters. Further, the 1nventors have discovered that there
"may be a need for a method for preparing to acquire the data
for the relay-based controller tuning, 1.e. 1in a simple and

resource effective manner to set up or determine operational

parameters requlired for performing a relay-based controller

tuning procedure.

[0011]

[0012] According to an embodiment of the present invention,
there 1s provided a method of determining a relay parameter
usable during acquiliring of data for relay-based controller
tuning of a controller, usable to control a system, comprising:
starting acquiring of controller output data from a controller
output and system output data from a system output 1n response
to detecting a steady state of the system output data while the
controller output 1s fed to the system as system 1input; and
determining, based on a controller output constraint and on the

acquired controller output data and the acquired system output

data, a relay parameter representing an amplitude of a relay
signal to be added to steady state controller output to obtain
a sum signal to pbe fed to the system as the system input during

the acguiring of the data for relay-based controller tuning.

CA 2980489 2018-06-27
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[0013] According to an embodiment of the present 1nvention,
there 1s provided an arrangement for determining a relay
carameter usable during acquiring of data for relay-based
controller tuning of a controller to control a system,
comprising: a processor configured to start acquiring of
controller output data from the contoller output and system
output data from a system output 1n response to detecting a
steady state of the system output whilile the controller output
is fed to the system as system 1nput; and determine, based on a
controller output constraint and on the acquired controller
output data and the acquired system output data, a relay
parameter representing an amplitude of a relay signal to be
added to steady state controller output to obtain a sum signal
to be fed to the system as the system 1nput during the

acquiring of the data for relay-based controller tuning.

[0014] According to an embodiment of the present 1nvention,
a method is provided for estimating relay parameter for
acquiring data for relay-based —controller tuning of a

controller controlling a system, comprilsing: starting acquiring

controller output data and system output data when detecting a
steady state of system output while controller output is fed to
the system as system 1input; determining, based on controller
output constraint and on the acqulred controller output data
and system output data, a relay amplitude representing an
amplitude of a relay signal to be added to steady state
controller output to obtain a sum signal to be fed to the

system as system 1nput during the acquiring data for relay-

based controller tuning.
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[0015] The method may be suitable for a PID controller. The
method does not need to necessarily actually acquire the data

for the relay-based controller tuning, but may primarily

prepare for acquiring the data for the relay-based controller

tuning. Optionally, the method may also comprise to acquire the

data for relay-based controller tuning, in particular based on

the relay amplitude. The method may for example be performed by
an electronic processor, by a software module, by a hardware
unit or a combination of aforementioned entities. The method

may - not require any 1nteraction by a human user besides

starting the method.

[0016] However, the method may regulre or access one oOr more

system varilables, such as data regarding or ©parameters
regarding controller output constraint. The method may further

access system input and/or output constraint parameters.

[0017] According to embodiments of the present invention, a

fully automatlic tuning procedure may be established, whereln a

number of sub-procedures may be 1ncluded. For example, an

existence of a consistent steady-state behavior i1n a loop may

g
-

be detected. Furthermore, a steady-state offset may be
detected. Additionally, use of a pseudo set-point 1instead of

the external set-point may be applied, 1f an offset 1s

detected. Further, the relay hysteresis and a safe but

r-
asaad

sufficient amplitude for relays may be estimated or determined.

[0018] The relay amplitude may represent the amplitude of a

rectangular signal which 1s fed, during the acquisition of data
for tuning, 1n a sum with the controller output, to the
system/plant or process which 1s to be controlled by the

controller. Thereby, the relay amplitude 1s determined 1n an

0
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automatic manner, without requiring intervention or 1input by
the user. Thereby, the controller output constraint may

comprise one or more threshold values or the like.

[0019] In at least one embodiment, the 1nventors have found

a delicate procedure to determine the relay amplitude based on

controller output constraint that results 1n a safe but
sufficiently large relay amplitude so that the relay-based

controller tuning may be performed, using the determined relay

amplitude, 1n a successful manner to eventually determlne the

controller parameters.

[0020] Embodiments of the present invention may have at

F

least one of the followlng advantages: The method may be fully

automated and operator/engineer interference may not |Dbe

required. The method may ensure safety of the process when the

relay test 1s actually performed, since the controller output

constraint and further safety constraints may be met. The
method may be implemented for a large-scale i1ndustrial process

Or processes.

[0021] According to an embodiment, a first step relay

amplitude (RAMP1l) 1s set as follows:

RAMP1 = f1 * ABS(Y WIN),

wherein fl1 i1s between 0.08 and 0.12, in particular 0.1,

Y WIN is a controller output averaged over a moving window

having fixed width,

wherein the relay amplitude (RAMP) 1s based on the first step
relay amplitude (RAMP1).

CA 2980489 2018-01-31
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[0022] The controller output may in general be referred to

“Y”, while the system output or process output may 1n general

be referred to as “X”. Measurement values such as X-values or

Y-values may be acquired digitally, 1n a sampled fashion. Thus,

P

subsequent samples o0of the wvariable wvalues may be acquilred

having a particular time interval 1n-between. The moving window

il

may span or cover a number of sample points, wherein the moving
window moves when time passes but may have constant width
(including constant number of samples). Considering the first
step relay amplitude may ensure that the relay amplitude 1s not

p—

too large, to reduce the risk of damaging of components, when

the relay-based controller tuning procedure 1s actually

performed.

gy

[0023] According to an embodiment of the present 1nvention,

a second step relay amplitude (RAMPZ) 1s set as follows:
RAMP2 = MAX (RAMP1, ABS(f2*X MU* G™)),

whereiln

T

X MU 1s a system output averaged over 1ncreasing number of sam-

ples,
G' is an inverse of the gain of the controller,

f2 is between 0.08 and 0.12, in particular 0.1,

wherein the relay amplitude (RAMP) 1s based on the second step

relay amplitude (RAMPZ).

[0024] The consideration of a second step relay amplitude

may ensure that the relay amplitude 1is sufficiently large

CA 2980489 2018-01-31
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-

without introducing the risk of damage of components when the

actual relay-based controller tuning 1s performed on the real

system.

[0025] According to an embodiment of the present 1nvention,

the determining the relay amplitude (RAMP) 1s further based on

a relay hysteresis (HYS), as given by:
HYS = £f4 * X STD
whereiln

f4 1s between 4 and 6, 1n particular 5,

|

X STD sgrt (Var X)

Var X 1s recursive mean of VX or low pass filtered mean of VX

VX = 5qr (X - X WIN)

X WIN is windowed mean of system output (X), 1n particular

NWindow = 64,

[0026] The relay hysteresis may account for nolse which may

be comprised in the system output data. During performiling the
relay—-based controller tuning, the system output X may Dbe

monitored and when the system output X crosses from below or

above the reference value of the system output, the relay
signal may switch from high to low or low to high. However, the
system output X may comprise nolse which may 1involve strong

fluctuations or splkes which «c¢ould result 1n an erroneous

detection of the crossing of the reference system output value.

—
et

In order to reduce an erroneous detection of the crossing of

the reference system output value, the relay hysteresis 1s

S
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calculated and is determined as proportional to the standard
deviation of the system output X. Thereby, the tuning method

may be improved.

g

[0027] According to an embodiment of the present invention,

1f ABS(X - XR) 1s larger than relay hysteresis (HYS), then the

relay signal switches from low to high or from high to low.

[0028] If, for example, the system output X approaches from

above the reference system output value, a switching of the

F

relay signal may only be effected, i1f the system output X 1is

more than the value of the relay hysteresis below the reference

F

system output value. Thereby, erroneous detection of a crossing

of X through the reference value line may be reduced or even

avoided.

[0029] According to an embodiment of the present 1invention,

the controller output constraint comprises an upper limit

controller output (PHOUT) and a lower limit controller output

(PLOUT), wherein a third step relay amplitude (RAMP3) 1s set as

follows:
RAMP3 = MAX (RAMPZ, PRAMPWMIN),

whereiln

PRAMP MIN = 5*HYS*MAX(Gﬂy ABS(YMAX)/ABS(X_MU)),
HYS 1s relay hysteresis,

YMAX = f3*MIN(Yss - PLOUT, PHOUT- Yss),

f3 1s between 0.85 and 0.95, in particular 0.9,

10
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Yss 1s a steady state controller output,

wherein the relay amplitude (RAMP) 1s based on the third step
relay amplitude (RAMP3).

[0030] Satisfying the controller output constraint may

reduce risk of damage of the controller and/or the system. The

heuristic found by the inventors may allow to safely perform

the actual relay-based controller tuning.

_

[0031] According to an embodiment of the present 1nvention,

the relay amplitude (RAMP) is obtalined according to:

RAMP = MIN (RAMP3, ABS(YMAX)).

ro032] Thereby, an additional safety measure may Dbe
achieved.
[0033] According to an embodiment of the present invention,

steady state of system output 1s detected,
1f X WIN 1is between X UL and X LL, setting Index = 1,

whereiln

X UL = X MU + 0.5*X STD

X LL

X MU - 0.5*X_STD.

[0034] The relay amplitude may be 1n a more accurate manner
be determined, if 1mmediately before starting the relay-based

controller tuning, the system output 1s 1n a steady-state.

Thereby, erroneous or misleading oscillations or drifts of the

11
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N

system output which may be due to erroneous determination of

relay hysteresis may be reduced or even avoided.

[0035] In other embodiments, another factor of instead of

"0.5"” may be set 1in front of X STD, such as between 0.4 and

0.6.

[0036] According to an embodiment of the present invention,

the methed further comprises detecting a steady-state offset

comprising performing:

If ABS(X WIN-XR) 1s greater than 2*X STD,

then setting BOFS = 1,

else seting BOFS = 0,

wherein

XR 1s a system output reference value,

N

BOFS 1s an o:

fset flag.

[0037] Ideally, the steady-state should result 1n the system

output belng equal to the reference system output. However, due

to disturbances or misadjustments or the like, the steady-state

system output may be different from the intended system output

reference. In this case, a detection of the occurrence of the

P

steady-state offset may be advantageous for adjusting for

example the previous output reference value to a new system

output reference value according to setting a new system output

reference value (SETPOINT) by performing:

10038] If (Index=1 and BOFS=1),

12
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then set SetPoint = X MU;
else set SetPoint = XR.
[0039] The new system output reference value may be used 1in

the subsequent relay-based controller tuning, 1n order to more

accurately determine the controller parameters.

v

[0040] According to an embodiment of the present invention,

the method further comprises determining a 1inverse galn (G™H)

of the controller by:

estimating windowed maximum

estimating windowed minimum

estimating windowed maximum

estimating windowed minimum

setting INVGtemp = (Y MAX-Y

of controller output, Y MAX

cf controller output, Y MIN

of process output, X MAX

of process output, X MIN

MIN) /(X MAX-X MIN) ;

LB

Setting G' = Recursive mean of INVGtemp.

[0041] In this manner, the gain and also the inverse of the

gain may be determined in an accurate and simple manner. The

galn or 1nverse galn may be

used 1n further method steps.

0042] According to an embodiment of the present invention,

for performing relay-based controller tuning, controller output

data (Y) and system output data (X) are acguired, while the sum

signal (Y+/-RAMP) is fed to the system as system 1input data

using relay amplitude as determined previously.

CA 2980489 2018-01-31
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[0043] Thereby, actually, the relay-based controller tuning

is performed. Thereby, controller output data and system output

data may be collected, stored and analyzed, to eventually
determine an amplitude of the system output and also to
determine the period (in particular repetition period) o©of the
system output. The calculations and analyses may be done 1n a
similar way as 1s disclosed in the above-mentioned publication

“Relay-based PID tuning” by David I. Wilson. Further, the PID

tuning constants or PID parameters may be determined based on
the analysis of the experimental data, 1.e. the system output X

and the controller output Y as described by David I. Wilson.

[0044] The method may first prepare or determine operational

parameters (e.g. relay amplitude) for later conducting the

relay-based controller tuning without actually performing the
relay-based controller tuning procedure. For determining the
relay amplitude including further steps as described above, the

controller may supply 1its controller output to the system as

system 1input.

[0045] According to an embodiment of the present invention,

for performing relay-based controller tuning, controller output

data (Y) and system output data (X)) may be acquired over

several cycles of the relay signal switching from low to high

or from high to low.

[0046] The relay system may alternate between two levels, a

low level and a high level.

[0047] According to an embodiment of the present 1nvention,

the acquiring controller output data (Y) and system output data

(X) 1s stopped, 1if several cycles are performed a maximum

14
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number of times or 1f the controller output is outside [PLOUT,

PHOUT]. Thereby, an additional safety measure 1is provided.

[0048] It should be noted that features that have been
1ndividually or 1n any combination disclosed, described or
explained with respect to a method for acquiring data for

relay-based controller tuning may also be applied to an

arrangement for acquiring data for relay-based controller

tuning of a controller controlling a system according to an

g

embodiment of the present invention and vice versa.

[0049] According to an embodiment of the present invention,

an arrangement 1s provided. The arrangement is for estimating

relay parameter for acquiring data for relay-based controller
tuning of a controller controlling a system, comprising: a
processor adapted to start acquiring controller output data and

F

system output data when detecting a steady state of system

output while controller output is fed to the system as system

input; to determine, based on controller output constraint and

on the acquired controller output data and system output data,

a relay amplitude representing an amplitude of a relay signal

to be added to steady state controller output to obtain a sum

signal to be fed to the system as system input during the

acgulring data for relay-based controller  tuning. The

arrangement may be implemented in hardware and/or software. The

arrangement may comprise input and/or output devices for user

interaction.

[0050] It has to be noted that embodiments of the invention

have Dbeen described with reference to different subject

matters. In particular, some embodiments have been described

with reference to method type claims whereas other embodiments

15
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have been described with reference to apparatus type claims.

However, a person skilled 1n the art will gather from the above

and the following description that, unless other notifilied, 1in

addition to any combination of features belonging to one type

of subject matter also any combilnation between features

arere
—

relating to different subject matters, in particular between

features o0of the method type <c¢laims and features of the

apparatus type claims 1s considered as to be disclosed with

this document.

(0051] The aspects defined above and further aspects of the

present invention are apparent from the examples of embodlment

to be described herelnafter and are explained with reference to

the examples of embodiment. The invention will be described 1in

#
p—

more detall Thereinafter with reference to examples 0f

embodiment but to which the invention 1s not limited.

BRIEF DESCRIPTION OF THE DRAWINGS

H

[0052] Embodiments of the present invention are now

described by reference to the accompanyling drawings. The

invention 1s not restricted to the i1llustrated or described

embodiments.

[0053] I'ig. 1 schematically 1i1llustrates a control system

which may be set up for performing a relay-based tuning

procedure according to embodiments of the present invention;

[0054] Fig. 2 1llustrates graphs of input and output values

of the system i1illustrated in Fig. 1 during methods accordiling to

embodiments of the present i1nvention;

16
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F0055] Fig. 3 schematically 1llustrates a flow-chart for a

relay algorithm according to an embodiment of the present

1nvention; and

[0056] Fig. 4 schematically i1llustrates a function block

used to automate relay-based tuning tests according to an

embodiment of the present invention.

DETAILED DESCRIPTION OF THE EXAMPLE EMBODIMENTS

[0057] The 1llustration 1n the drawings 1s 1n schematic
form.
[0058] The system 100 illustrated in Fig. 1 comprises a

controller 101, a relay module 103, a system or plant 105 and
an addition element 107. The system 105 outputs system output

data X, the controller 101, 1in particular a PID controller,
outputs controller output data Y. The relay 103 outputs a relay

signal 109 which may oscillate according to a rectangular

pattern which may be added to the steady state controller

output Y0 of the controller 101 and may be fed to the system
105 during a relay-based controller tuning procedure. During
estimation of a relay parameter (and during normal operation
after having tuned the controller 101) the switching element
112 connects the controller output Y with the Input T of the
system 105. The system output X 1s fed back and supplied to the
addition element 107 where its negative 1s added to a set-polint

XR representing a desired system output.

[0059] The system 100 further comprises an arrangement 113

o=

for acquiring data/estimation of relay parameters for relay-

based controller tuning of the controller 101 controlling the

17
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system 105 according to an embodiment of the present invention.
Thereby, the arrangement 113 comprises a processor which 1s
adapted to determine, based on controller output constraint,
such as PLOUT and PHOUT, a relay amplitude RAMP, such as
illustrated in Fig. 2, graph 203 and adapted to start acquiring
controller output data (Y) and system output data (X) when a

F

steady-state of the system output (X) 1s detected, while the

controller output Y 1s fed to the system 105 as system input
111.

[0060] The arrangement 113 1s adapted to perform a method

for acguiring data for relay-based controller tuning /

estimating relay parameters according to an embodiment of the

present invention.

[0061] During the relay-based tuning procedure, system
output data X (graph 201) and controller output data Y (graph

203), as 1llustrated in Fig. 2, are acquired and analyzed. The

graph 203 depicts input data 111 (I) that are supplied to the
system 105, wherein the input data I are obtained by adding a
steady-state controller output YO0 and the relay signal 108
output by the relay 103, wherein the relay signal 109 1s 1in

fact a rectangular system alternating between positive and

negative values, wherein the amplitude of the rectangular input
signal 111 amounts to 2*RAMP. The system output data X

oscillates with the same period P as the system i1nput data 111

(I). From the amplitude RAMP and also the period P and further
the amplitude a of the system output data X, the ultlimate gain
can be calculated to be 1nversely proportional to the observed

amplitude a: K,=4*RAMP/Pi*a.

18
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[0062] From Ky and P, the controller parameters of the con-
troller 101 may be determined according to the Ziegler-Nichols

Or simillar equations.

[0063] In order to perform the relay-based tuning procedure,

the wvalue for the variable RAMP, 1.e. the relay amplitude,

needs to be determined. Determination of RAMP 1s performed

according to a method according to an embodiment of the present

invention.
[0064] A flow-chart 1s 1llustrated in Fig. 3. The method 300
starts at 301. In a function block 303, the steady-state

conditions are checked, 1n particular 1t 1s checked the

variable BSS, as 1s referred to below.

[0065] In the function block 305, the relay parameters such
as the relay hysteresis HYS and the relay amplitude (RAMP) are

estimated.

[0066] In the decision block 307, the wvariable BSS 1is

checked and 1t 1s checked whether a user using a user 1nput

device 309 has 1nputted a start signal. If BSS as well as Start

are true, it is switched to the function block 311, wherein the
current controller output, 1.e. the controller output at

steady-state 1s stored as YO0. In the function block 313, the
relay algorithm 1s 1terated. In the decision block 315 1t 1s
checked whether the duration 1s larger than PMAXCYCL or whether
Y>PHOUT or Y<PLOUT or whether a stop signal has been given by

the user using the input device 309. If these conditions are

met, the relay 1s stopped in the function step 317 and 1n a

function step 319, the controller 1s initialized with Y0 and 1t

1s returned to functional step 303. If the declsion step 315
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results in a false value, it 1is cycled back to the function

block 313.

[0067] The operator may enable a relay test mode when there
exists steady-state conditions (STST=1) 1in the function block

303 in a control loop. The relay parameters may be estimated by

the logic in the function block 305 or, optionally, may be set

by the operator. The controller output Y just before enabling

the relay test mode 1is stored as YO0. During performing the
relay algorithm (block 313), the experimental data, 1.e.
controller output data (Y) and system output data (X) may be
monitored, stored and later on analyzed. The relay test may be
stopped, once a maximum tuning duration, for example 15 cycles,
is reached or a user-defined number of cycles 1s reached, as

may be set in the procedural step 315. The test may further Dbe

automatically disabled, 1if there 1s a controller output
constraint violation (Y>PHOUT or Y<PLOUT) or a timeout occurs,

as may be checked in method step 315.

[0068] In the following, the main algorithms of the method

g~

for fully automatic relay test are explalned:

[0069] A) Detection of consistent steady-state

1. Estimate recursive mean of X (or low pass filer) =2 X MU

2. Estimate windowed mean of X (NWindow = 64) =2 X WIN

3. Calculate VX = Sqgr (X - X WIN)

P

4. Estimate recursive mean of VX (or low pass filter) (mean 1s

not recursive) =» Var X
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5. Calculate sqrt (Var X) = X STD

6. Calculate X UL = X MU + 0.5*X STD

|

/. Calculate X LL = X MU - 0.5*X STD

8. Compare X WIN with X UL and X LL

9. If X WIN is between X UL and X LL =» Index =1 otherwise BSS

|
-

10. Calculate abs(Derivate of Index) =2 TempIndex

P

11. Calculate Windowed Integral of TempIndex. =2 SumIndex

1

12. If SumIndex = 0 and Index = 1 =2 BSS

0

13. If not, =9 BSS

14. End.

[0070] B) Detection of steady-state offset:

[0071] BOFS 1s the offset flag and we set 1t if the windowed

average X WIN (process output) 1s far away from the external

set-point XR.

If ABS (X WIN-XR) 1s greater than 2*X STD, then set BOFS = 1;
else set BOFS = 0.

[0072] C) Choosing set-point for relay test:

[0073] If both the first steady-state 1Index (step 9 of

section A) and the offset flag are set as 1, we use recursive
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mean of process output (X MU) as the pseudo set-point for the

relay-test:

[0074] If (Index=1 and BOFS=1), then set SetPoint = X MU;

else set SetPoint = XR.
[0075] D) Estimation of relay hysteresis (HYS):

[0076] Relay hystereslis 1s used to prevent the effect of

measurement nolse on the behavior of relay output. When the

gro—

process 1s at steady state, standard deviation of process

r“ﬁ

output 1s equal to standard deviation of the nolse. The relay

P

hysteresis must be chosen based on strength of the noise. From

our experience, 1t 1s set as

[0077] HYS = 5* X STD

[0078] F) Estimation of inverseGain (G-1):

[0079] Estimate windowed maximum of controller output,
Y MAX

[0080] Estimate windowed minimum of c¢ontroller output,
Y MIN

[0081] Estimate windowed maximum of process output, X MAX
[0082] Estimate windowed minimum of process output, X MIN
[0083] INVGtemp = (Y MAX-Y MIN) /(X MAX-X MIN);

[0084] G-1 = Recursive mean of INVGtemp
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[0085] F') Estimation of Relay Amplitude (RAMP)

[0086] Maximum deviation of controller output from Yss

(steady state value) 1s found by taking into account PHOUT and

PLOUT from PID controller block (FB1407). The safe operation 1s

ensured by this.

[0087] 1. YMAX = 0.9*MIN(Yss - PLOUT, PHOUT- Yss)

[0088] Default value of the relay amplitude 1s 10% of the

controller output

[0089] 2. RAMP1 = 0.1*ABS(Y WIN);

[0090] Process response to the relay signal should be 10% of

1ts steady-state value, X MU.

[0091] 3. RAMP2 = MAX (RAMP1l, ABS(0.1*X MU* G-1));

[0092] To make sure that the relay amplitude 1s sufficient

P

to take the process output out of the relay hysteresis.

[0093] 4. PRAMP MIN = 5*HYS*MAX(G-1, ABS(YMAX)/ABS(X MU));
[0084] RAMP3 = MAX (RAMPZ2, PRAMP MIN);

[0095] Saturate the relay amplitude to the safe wvalue

[0096] 5. RAMP = MIN(RAMP3, ABS (YMAX)):;

[0097] RAMP1, RAMPZ2, RAMP3 being also referred to as first,

second, third step relay amplitude, respectively.

[0098] Embodiments of the present 1nvention may also be

applied to control systems set up 1n a cascade configuration.
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Thereby, two or more controllers may be connected in cascade
configuration. At such configuration, the output SLV INF

(slave INF) on the slave controller may be always connected to

input master INF (MST INF) on the master controller. Saturation

of the controller output 1n the slave controller may be
expected, when the tune mode 1in the master controller 1is
enabled. When the slave controller 1is put in the tuning mode,
function 1input X1 1in master controller may take the current

value and force tracking 1s enabled 1n master controller until

the tune mode 1n slave controller i1s disabled. When the tuning
mode 1s disabled 1n the slave controller, force tracking mode

1n both master and slave controllers may be disabled.

[0099] Fi1g. 4 schematically illustrates a function block

#
p—

representing an 1implementation of one or more method steps

according to embodiments of the present invention.

[00100] The followling notation is used:

XRT A structure that receives necessary values from PID
Function Block (FB1407)

X Process output

PTIMEOUT Time out for stopping the relay test (Maximum time

to finish three cycles)

PRAMP Relay amplitude

PHYS Relay hysteresis

PTINT Integral time for disturbance rejection
PMAXCYCLE Maximum tuning duration in number of cycles
Y Controller output

YR Chosen setpoint

Y SS Value of controller output at steady state
YX SS Value of process output at steady state
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ACTIVE Status of relay activation mode

DUR Tuning duration in number of cycles

ElapsedT Elapsed time of relay test

[00101] The function block 400 i1llustrated in Fig. 4 is to be

used 1n series with the PID function block (for example the

controller 101 i1illustrated in Fig. 1) to induce oscillations 1n

a closed loop under highly controlled conditions for obtaining

sultable data, such as system output data X, controller output

data Y or system input data 111 (see Fig. 1l). The RTFB (Relay

Tuning Function Block that 1implements relay based tuning

experiment 1in a control 1loop) maintains both controller and
process outputs between user-specific or default low and high

levels (PLOUT and PHOUT).

[00102] It should be noted that the term “comprising” does

W

not exclude other elements or steps and m“a” or “an” does not

exclude a plurality. Also elements described 1n association

with different embodiments may be combined. It should also Dbe

noted that reference signs 1n the c¢laims should not be

P

construed as limiting the scope of the claims.
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CLAIMS:

1. A method of determining a relay parameter usable during
acquiring of data for relay-based controller tuning of a

controller, usable to control a system, comprlsing:

starting acqguiring of controller output data from a

controller output and system output data from a system output

in response to detecting a steady state of the system ocutput
data while the controller output 1s fed to the system as system

input; and

determining, based on a controller output constraint and

output data, a relay parameter representing an amplitude of a
relay signal to be added to steady state controller output to
obtain a sum signal to be fed to the system as the system 1nput
during the acquiring of the data for relay-based controller

tuning.

2 . The method of claim 1, wherein a first step relay

amplitude (RAMP1l) 1s set as follows:

RAMP1 = f1 * ABS(Y WIN),

wherelin
f1l 18 between 0.08 and 0.12,

Y WIN 1s a controller output averaged over a moving

window 1in time having a fixed width, and

the relay parameter representing an amplitude of the
relay signal 1s based on the first step relay amplitude

(RAMP1) .
20
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3. The method of c¢claim 1, wherein a second step relay

amplitude (RAMPZ) 1s set as follows:

RAMP2 = MAX (RAMP1, ABS (f2*X MU* G-1)),

whereiln

X MU is a system output averaged over 1ncreasing number

of samples,

G-1 1s an 1inverse of a gain of the controller,

f?2 1s between 0.08 and 0.12, and

the relay parameter representing an amplitude of the

relay signal 1s based on the second step relay amplitude

(RAMPZ) .

4, The method of claim 1, wherein the determining of the

relay parameter 1s further based on a relay hysteresis (HYS),

as given by:
HYS = £4 * X 5TD
wherein
f4 1s between 4 and o,
X STD = sqgrt (Var X),

Var X 1s a recursive mean of VX or low pass filtered

mean of VX,
VX = Sgqr (X — X WIN), and

X WIN 1s windowed mean of system output (X).

2]
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5. The method of claim 4, wherein, the relay signal
- switches from low to high or from high to low 1n response to
ABS (X - XR) being larger than the relay hysteresis (HYS),

wherein XR 1s a system output reference value.

6. The method of claim 3, wherein the controller output
constralint comprises an upper limit controller output (PHOUT)
and a lower limit controller output (PLOUT), wherein a third

step relay amplitude (RAMP3) 1s set as follows:
RAMP3 = MAX (RAMPZ, PRAMP MIN),
whereln

PRAMP MIN = 5*HYS*MAX (G-1, ABS (YMAX)/ABS (X MU)),

HYS 1s relay hysteresis,

YMAX = f£3*MIN(Yss - PLOUT, PHOUT- Yss),

f3 is between 0.85 and 0.95,

Yss 1s a steady state controller output, and

whereln the relay parameter representlng an amplitude of

the relay is based on the third step relay amplitude (RAMP3).

7. The methcd of claim 6, wherein the relay parameter
representing an amplitude of the relay (RAMP) 1s obtained

according to:
RAMP = MIN (RAMP3, ABS (YMAX)).
3. The method of claim 1, wherein

steady state of system output 1s detected,
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1f X WIN 1s between X UL and X LL,

whereiln

X UL = X MU + 0.5*X STD, and

Pt

X LL

1

9. The method of claim 1,

X MU - 0.5*X STD.

setting Index = 1,

further comprising:

detecting a steady-state offset comprising performing:

If ABS (X WIN-XR) 1s greater than 2*X STD,

then setting BOFS

else setting BOFS

whereln

L

0,

XR 1s a system output reference value, and

10. The method of claim 1,

BOKFS 1s an offset flag.

further comprising:

settlng a new system cutput reference value (SETPOINT)

If (Index=1 and BOFS=1),

MU ;

then set SetPoint = X
else set SetPoint = XR.
11. The method of claim 1,

determining an 1nverse gain

CA 2980489 2018-06-27
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estimating windowed maximum of controller output, Y MAX

estimating windowed minimum of controller output, Y MIN

estimating windowed maximum of process output, X MAX

estimating windowed minimum of process output, X MIN

setting INVGtemp = (Y MAX-Y MIN)/ (X MAX-X MIN); and

setting G-1 Recursive mean of INVGtemp.

12. The method of claim 1, wherein, for performing relay-
based controller tuning, controller output data and system
output data are acquired, while the sum signal 1s fed to the
system as system i1nput data using relay amplitude as determined

previously.

13. The method of claim 1, wherein, for performing relay-
based controller tuning, controller output data and system
output data are acquired over several cycles of the relay

signal switching from low to high or from high to low.

14, The method of claim 1, wherein the acguiring of the

controller output data and the system output data 1s stopped,
1n response to several cycles belng performed a maximum number

of times or i1f the controller output 1s outside a specific

15, An arrangement for determining a relay parameter usable

1)

during acquiring of data for relay-based controller tuning of a

controller to control a system, comprising:

a processor configured to
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start acguliring of controller output data from a
controller output and system output data from a system output

in response to detecting a steady state of the system output

while the controller output 1s fed to the system as system

input; and

determine, based on a controller output constraint and
on the acquired controller output data and the acquired system
output data, a relay parameter representing an amplitude of a
relay signal to be added to steady state controller output to
obtain a sum signal to be fed to the system as the system input

during the acquiring of the data for relay-based controller

" funing.
16. The method of claim 2, wherein fl1 is 0.1.
17. The method of claim 2, wherelin a second step relay

amplitude (RAMPZ) 1s set as follows:

RAMP2 = MAX (RAMP1, ABRS(f2*X MU* G-1)),

wherein

X MU 1s a system output averaged over 1ncreasing number

of samples,
G-1 1s an 1nverse of a gain of the controller,
f2 138 between 0.08 and 0.12, and

the relay parameter representing an amplitude of the

relay signal 1s based on the second step relay amplitude

(RAMPZ2) .

18. The method of claim 3, wherein f1 1s 0.1.
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19, The method of claim 4, wherein f£4 is 5.
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