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Abstract: Experimental identification is an alternative to more frequently used analytical identification for
determining the parameters of an identified system. In this article, an off-line experimental identification
method is descri}ljaed, with its principles and used structures of stochastic regressive models ARX and
ARMAX agplied in real experiment of linear model parameter identification. Examined laboratory model is
also introduced with its features and implementation in distributed control system of Department of
Cybernetics and Artificial Intelligence at Faculty of Electrical Engineering and Informatics. The main topic of
this article is methodology and procedure to carry out an experimental identification of a given model while
focusing also on data used for identification. To validate the results of the identification usedin the design of
feedback control, pole-placement controller synthesis is used and results of laboratory model control based
experimentally gained parameters are shown as graphs.

Keywords: experimental identification, laboratory hydraulic system, stochastic regressive model, pole
placement method, feedback control

1. INTRODUCTION
This article focuses on methodology of real laboratory hydraulic system model experimental
identification, which is located at Department of Cybernetics and Artificial Intelligence at Faculty
of Electrical Engineering and Informatics of Technical University in Kosice. It follows up the article
on control of this model [9], where the synthesis of control design was based on hydraulic system
deterministic model obtained using analytical identification. Furthermore, this article presents an
alternative procedure for determining the parameters of a linear model and the implementation of
the results of experimental identification in control design. At the same time, a modified approach
to the control of the laboratory model [9] and communication-based DDE / OPC between the
model and the workstation [10] is also presented. Results of control experiments in articles [9] and
[10] are suitable for qualitative comparison of similar control algorithms for model obtained from
experimental data.

2. STOCHASTIC REGRESSIVE MODELS WITH LINEAR STRUCTURE

Experimental identification uses the combination of deterministic and stochastic model of the
system [12],[13] in a single structure referred as a stochastic regression model, shown in Figure 1,
where the output y(k) is the sum of outputs yu(k)

of the deterministic and y:(z) stochastic part at V) STOCHATIC vk
—e
constant sampling period k. PART
Deterministic part of the regressive model can be
described as a discrete transfer function for linear
dynamic system and its input is theexcitation u(k K) k
.y 1 u(k yS hasti fph deld b 0 DETERMINISTIC %, Yt
signal u(k). Stochastic part of the modeldescribes — PART >
the dynamic properties of the filter, with the

white noise as input - not measurable random Figure 1: Stochastic regressive model of system
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signal (k) [2]. These transfer functions can be written in the general form
B(z™) c(z™

B TES RTE e

u(k)+ v(k) , (1)

where thez“is transport delay, A(z?)and B(z')are polynomials of the deterministic
part,polynomialC(z") is nominatorand product of polynomials A(z") andD(z?) isdenominator of
the stochastic part, u(k) is excitation input signal and v(k)is vector of white noise.
The type of regressive model is determined by selected stochastic part of its transfer function.
Model of an ARX (Auto-Regressive with eXogenous variable) type have nominator of stochastic
partequal to 1 and the ARMAX(Auto-Regressive Moving Average with eXogenous variable)
model type have nominator defined as polynomialC(z?).The ARMAX models are more suitable for
modelling of systems with stochastic influences compared to ARX model type. Modifying the
general stochastic model equation (1), it is possible to obtain equations of model outputs yax
and Yarmax
L Bz
A(z™)

C(z™
Az

— B(Z_l)

Vo (k) =2 )

u(k)+ V) Yamas (F) u(k)+ v(k), )

Az
but in this case, for simplificationthe transport delaydis not taken into account for experimental
identification. ARMAX model difference equations are expressed from model output equation (2):
Vormae K) == y(k =) —a,y(k=2)—...—a,y(k—n)+
+ bk —v)+ bk —v =1+ bu(k—v—2) +...+ b, u(k —v —m) +v(k) + 3)
+cv(k)+evk—D+c,v(k=2)+...c,v(k—n).
Calculation of linear structure model parameters is realized using the Least Square method, that
belongs to regressive analysis methods group while the orders of stochastic regressive model
polynomials depends on the order of identified system.
2.1. Laboratory model of hydraulic system construction and its properties
Laboratory model of hydraulic system is located at the Department of Cybernetics and Artificial
Intelligence in Laboratory of Mechatronic Systems and it is suitable for experimental identification
and real control experiments with fluids.

h,(t)

Figure 2: Laborator model of Hydraulic system workstation and model concept scheme

Model is incorporated into the Distributed Control System of department as independent
workstation connected into department’s industrial network. It is model of two opened cylindrical
tanks, which are connected in series without interaction; workplace and conceptual scheme of the
model are shown on Figure 2.
Fiand F: are tank sections, fo1and f.2 are sections of drain holes, hi(t) is fluid level in first tank, h2(t)
is fluid level in second tank, Um«(t) is voltage to the motor. Real laboratory model features the
following properties:
v" water serves as fluid, on the bottom of the model is water reservoir,
v' water is pumped from the reservoir through the vane pump,
v water is pumped into top tank, from which it flows into lower through the valve, and then it

flows back to reservoir
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v tanks have four valves with different sections, that enable model configuration changes and
adds options for simulating errors

v" water level is scanned by capacitance sensors,
v pump motor is controlled via frequency converter,
v" both tanks are same in size.
Vane pump [1] is implemented with an engine that is connected to the frequency convertor, which
enables to achieve constant water flow at a constant voltage Umt. The ratio of flow and voltage is
linear and minimum flow without excitation voltage respectively the maximum possible flow into
the first tankcan be adjusted, for the tank dimensions F: and Fu: that make sense.The capacitive
fluid level sensors Dinel [7] are placed in the tank top, and because of that the water levels hi(t)
and hz(t) on the bottom of the tank are unmeasurable, but this error does not affect the regulation,
since it is outside the operating area. Capacitive sensors Su1, Sz and frequency convertorare
connected on input/outputcard 1762 IF20F2 of Allen-Bradley [14] programmable logic controller
(PLC). This PLCcan be programmed using personal computer (PC), which is a part of the
workplace through the Ethernet connection RS Logix 500 programming environmentvia service
program RS linx, which provides visibility of model’s PLC in thedepartment Ethernet network.
2.2. Laboratory model and workstation capabilities
Matlab simulation language is used for the tasks of Experimental identification, as well as the RS
Linx program that serves as DDE interface for communication and connection to model’s PLC. The
entire mechanism for collecting, storing and visualizing data as well as programs for the
management and control is realized in the form of scripts and functions in Matlab.The PLC is
operated by basic program that ensures the safety management as overflow checking, limiting of
motor input voltage and so.This basic program in the PLC can be monitored respectively
controlled in real time independently thought RS Logix 500 program, which among other things
enables tracking variables in the graphical interface.

Part of the PLC and Matlab interconnection solution contains also the graphical user interface in

Matlab realized as simple 2D plot, which enables plotting values of excitation signal Umo(t)

andwater levelshi(t), hz(t) in real time, as well for measuring the values or for control and it

refreshes it’s data in each sampling period. Presented model features slow dynamics and sampling
period T+=1s is sufficient for model control. This communication subsystem is described in details
in article[5]and[6].

3. METHODOLOGY OF EXPERIMENTAL IDENTIFICATION

v Step 1: a specific operating point is selected, against which the deviation of water level occurs,
for example the water level in the middle of water tank.

v Step 2: the shape of excitation signal is determined by chosen operating point.

v" Step 3: based on the physical construction of investigated device it is possible to estimate order
of the stochastic regressive model used in identification and optimize the approximation of
parameters for chosen model structure.

v Step 4: measurement of laboratory model response to excitation signal.

v" Step 5: off-line experimental identification is based on measured data set, which is substantial in
size to cover a wide behavior range of model in the operating area. In the calculation of
dynamic system linear structure parameters are required both input and output data sampled
with appropriate chosen sampling period.

v' Step 6: identification, respectively calculation of parameters should be followed by verification
of acquired deterministic model of linear structure to the investigated system. Appropriate
method of validation is to compare the response of the original model and the approximated
model for the same excitation signal, but for the part of the response data, which has not been
used to determine the parameters of the approximated model.
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In general, the deviation between the real and the approximated model should converge to a

minimum. In case that the deviation of responses does not converge or is too large, model

parameters of obtained approximation can be inaccurately estimated due to:

v insufficient order of system — order of real system was not adequately estimated,

v’ wrong type of regression model — the real system is affected by immeasurable signal that
chosen type of regression model cannot filter out,

v' data set was not large enough — parameters of obtained model and are not sufficiently robust to
cover the whole working area,

v" sampling period is too large — changes of values between the samples are too large.

4. TARGETS OF LABORATORY MODEL EXPERIMENTAL IDENTIFICATION

From the perspective of systemparameters experimental identification, the most important is its

input, the excitation voltage uin(t) and its output, water level in second tank h:(t), because our task

is to control it, illustrated at Fig.3. However,

. . hi(t)
the water level in the first tank has to be w® ] e O 4 ank ,
taken into account in preparation of ' ha(t)
. gD |
experiments. EREREE > 2 TANK | gat)

Experimental identification objective is to
estimate the parameters in polynomials A(z-
1) and B(z) of the delta model Gaeita(z1)in
specific operating point.

Figure 3: Block diagram of the laboratory
model of hydraulic system

AH,(z") _ B(z")

Goona(27) = AU, (Z_,) A(Z'I)

4)

Obtained linear delta transferGue(z?) represents the behaviour of investigated system against this
specific operating point.

4.1. The procedure for obtaining suitable working data for experimental identification
The first step for the identification of model is to determine the operating point and the operating
area around this point. If there is a nonlinear model of system available [4], it is possible to
mathematically determine the steady-state water h» in second tank at a given steady flow
respectively voltage using the differential equations of that model [8]. As mentioned above, the
selectedoperating point is the water level at the center of the second tank, and from of excitation
signal is derived from this value. This procedure is not necessary; it is possible to replace it with
experiment of gradualvoltage increasesto estimate the operating point.

After selection of operating point, in which the experimental identification will be carried out, the
generating of excitation signal follows. Suitable type for such excitation signal is pseudo-random
binary signal, composed of random changes between maximum and minimum, and this
randomness has Gaussian probability distribution. The offset to the operating point have always
the same value with changingsign and the magnitude of the offsetis within the operating area. The
duration of maxima and minima may not be very short, since the dynamics of the identified model
is slow and change in excitation is therefore reflected slower. It is also necessary to take into
account the maximum safe period in which there is no leakage of the first tank, but it is possible to
avoid this problem by choosing a smaller offset magnitude.

In presented experiment for obtaining the data suitable for experimental identification is assumed,
that on the beginning of experiment there is no excitation to the pump motor and both tanks are
empty. It is practical to add a constant step excitation with operating point voltage and for
necessary long time, after which is model in steady-state at operating point.

The next step is the actual measurement of data on the model and storing them for further
processing. After starting the experiment, the communication subsystem captures the data from
water level sensors via PLC. If there was no water leak in first tank and water level in second tank
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was moving within operational area,
captured data should be suitable for
experimental identification.

Experiment for measuring and saving

Motor input signal

o

Motor input [V]

laboratory =~ model  experimental
identification data will provide a

| | ‘ | ‘
| | | | |

dataset consisting of an excitation 0 200 200 o0 500 1000 1200 1400 1600 1800

data and adequate response data. e

The first necessary adjustment to data

sets is the removal of rise to the

Figure 6: Pseudo-binary signal with constant

0.25 Water level response - ARMAX model aproximation
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is still possible to use it in comparison
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Figure 6: Water level in second tank — model response data
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Figure 6: Preprocessed data set for experimental
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identification

approximated linear structure model.

Dataset after splitting is depicted.

4.2. Software tools for laboratory model experimental identification

For experimental identification purposes, a simulation language Matlab is used with its System
Identification Toolbox that offers three approaches to experimental identification [11], which will
be briefly presented:

From the perspective of a new System Identification Toolbox user, a dedicated graphics interface
IDDENT tool, illustrated in Figure 7 is the best choice. Its main advantage is that it includes data
preprocessing options as well as all toolbox functionality in one tool. However, this tool cannot be
fully integrated into the master systemof laboratory model control.

Another specific procedure for an experimental identification is possible in Simulink, where the
System Identification Toolbox has a special blockset for estimating the model parameters at the
chosen structure, which can be adjusted as needed. On-lineexperimental identification algorithm is
used and therefore it does not have applicationin this article.

Given that the main aim is to link the experimental identification with the control system of the
laboratory model, the most appropriate way is to work directly with single Matlab functions, what
eliminates the limitations of predefined objects. Functions for model parameters calculation
require dataset of measured excitation and response signal along with selected orders of model
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approximation. For easier working with the datasets there is also an IDDATA object, which may
contain important data and additional information such as physical variables or comments,

making it easier to manage multiple datasets.

B System Identification Tool - Untitled [=[E] &7
File Options Window Help [ B tinear Parametric Mmgk-@ﬂg

import data - import models
Operations SETE ARMAX: [na nb nc k]

Orders: 2221
an221 |[amx2221 || ancddi Equation: Ay=BusCe

Method: Prediction error method

‘

Name: 221

nital state: [zro

Simulation ™
Estimate Covariance: [yone

imats —»
o S eration Fit

ewer | (7] uodelouput [ Transient resp o

isplay

7] Data spectra [moseiresios [ Frequency resp

[T Frequency function [ Zeros and poles eration Options.
TestData 8

Validation Data
Select orders and press the Estimate button

Figure 7: Experimental identification task using the IDENT tool
4.3. Experimental identification of laboratory model results and summary
After calculating the laboratory model of hydraulic system linear structure parameters, a model
polynomials A(z?) andB(z”) are obtained for delta transfer function (5)
_ AH,(z") _B,,.(z")
AU Ay (27

G o (27) (5)

The resulting delta transfer approximation model is linear and can be used in the synthesis of the
controller. However, it is important to verify that the transfer function with the estimated
parameters corresponds to real model of the hydraulic system; it is possible to use the previously
mentioned testing data. In general,
the model with the estimated
parameters should have the same
response to the same excitation signal
as investigated hydraulic system.
Figure 8 demonstrates the results of
an ARX (na = 2, nb = 2, nc = 1)
and ARMAX (na =2, nb =2, nc=2, nk
= 1) model approximations. It is
obvious that the ARX model is not
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because it is unable to sufficiently Figure 8: Comparison of ARX and ARMAX models response

approximate the laboratory hydraulic model to response of laboratory HS

system. On the other hand, the

ARMAX model can sufficiently minimize the deviation of water level in the second tank and
therefore it can be used in the design of feedback control algorithms [3].

4.4. Practical feedback control experiments on laboratory model

Results of laboratory model of hydraulic systemexperimental identification are used in the design
of feedback control, which concept is illustrated in the block diagram, wherey(k) is the process

value, w(k) is desired process value, 2
e(k) is difference between actual and Wik 4 e(k) wk) 4 YK

. . Feedback Controlled >
desired process value, z(k) is controller System

unmeasurable  errorand u(k) is
control action.The role of the
regulator is to minimize e(k) by
control actioncalculated according to the law defined by controller parameters at each sampling
period. Chosen feedback controller is the polynomial controller based on pole-placement method,

Figure 9: Basic feedback control loop
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where selected poles define the behaviour of system in closed loop [2]. Transfer function of
controlled system (6) is defined by polynomials A(z") and B(z?), that were obtained by estimation.
Yz B(z') bz '+bz”

G,(z")= = =
AS Uiz")y A(z") 1+az'+a,z” ©)
andcontroller (7) is defined by polynomialsQ(z") a P(z?) can be written in the form
- Uiz" 0" gq,+qz' +q,z°
G 1 — — — 0 1 2
K= TR T e ) @
Closed loop control transfer functionGu(z)can be defined as
-1 -1 -1
G.(2)= Yiz') _ B(z)Q(z") ®)

W) AEHPED+BEDOET
Denominator of closed loop control transfer functionGu(z) is its characteristic polynomial D(z7)
D(z) = A(z)P(z")+B(zH0(z"™) )
andrequired characteristic polynomial with chosen poles can be expressed as

D.(z™") =1+id,z"' , ng<4 . (10)
In equation (11) for polynomial equality

AP )+ B(z (") =D.(z)

D"

(11)

is given specified layout of four poles of the transfer function, which can be achieved by
appropriate choice of controller parameters (7) that are solution of equation (11). A system of
equations with four unknown variablesqo, g1, g2 and y arises and it is convenient to write them in
matrix form

b 0 0 1 5 d +1-aq,

b, b 0 a-1 | d,+a, —a, . 12)
0 b b a-a||g, a,

0 0 b -—a 4 0

For parameters of ARMAX linear structure model (6) and four chosen poles it is possible to
calculate the controller parametersqo, q142and y and obtain the control action (13)

u(k) = goe(k) + qre(k =1) + gre(k =2) + (L= yJu(k =) + yu(k =2). (13)
Designed polynomial controller
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parameters estimated using experimental identification is applicable on real laboratory model of
hydraulic system where the response of control actions can be influenced by appropriate selection
of poles.

5. CONCLUSION

As demonstrated in this article, experimental identification is applicable on real model and results
of identification can be implemented to control algorithms, what was illustrated on practical
example, because in this way it is possible to design a controller based onapproximation of real
system for appropriate type of regression model. Results and quality of laboratory model control
are comparable to results presented in article [10], where parameters of analytical model were used
the controller design.

Presented model have potential for wide spectrum of application in education process, namely in
our subjects Control and Artificial Intelligence or Optimal and Nonlinear Systems from the
viewpoint of broad range of usable methods, for example, an advanced control methods, such as

state control or predictive GPC, MPC control were successfully implemented to laboratory model.
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