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Abstract. We posed a problem and developed an algorithm for the neural net-
work parametric identification of nonlinear dynamic models of objects with a
computational experiment, the formation of training samples on its basis and the
subsequent sequential training of two neural networks. Neural networks perform
bijective mapping of object parameters into the original model to the output vari-
ables of the second neural network. Sequential training or sequential bijective
identification of a neural network consists in preliminary training of the first neu-
ral network based on experimental data and using its synaptic coefficients to train
the second neural network. An example of parametric identification of a nonlinear
dynamic model will be a 600 W high pressure sodium lamp. The computational
experiment was carried out in the MATLAB environment. The computational
experiment technique and the results of experimental studies are presented in the
article. Taking into account the good approximating ability of neural networks,
the proposed algorithm can be considered as an effective method for parametric
identification of nonlinear models.
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1 Introduction

Quite a lot of approaches and methods have been developed for the identification of
nonlinear objects [1, 2]. However, they do not allow us to directly evaluate the parameters
of anonlinear dynamic model. Modern heuristic methods for minimizing the discrepancy
between the calculated and experimental data on the parameters of the model [3] make it
possible to quickly obtain results of acceptable quality but do not guarantee the finding
of an unambiguous solution to the identification problem. The use of neural networks for
this purpose [4—19] shows that parametric identification is in principle possible. However,
in the case of nonlinear objects, an “individual” approach is required in choosing the
type, structure, composition, and algorithm for training the network which in general is
a rather complex problem.
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2 Statement of the Identification Problem

A mathematical model of a dynamic nonlinear system is given:
F(x,x,y,u,0) =0, (D

where X, (x)" are vectors of state variables and their derivatives, y, u are vectors of output
and input variables; 0 is the vector of model parameters.
Experimental waveforms of system variables are given (1)

Xe = x(1); ye = y(0); ue = u(t). ()

Using the model of a dynamic nonlinear object or system (1) and experimental data
(2), it is necessary to find the mapping

[xe»yea”e] =>éa (3)

where 0 is an estimate of the model parameters that minimizes the discrepancy E_m
parameters 6 taken relative to their nominal values 6,: 6, = 6/6,

E,, = min|0, — éo

“4)

3 Two-Dimensional Neural Network Approximation of the Inverse
Operator of Parametric Identification

The parametric identification algorithm consists in mapping a set of model parameters
0 into an estimate of these parameters ) through a particular identification procedure.
Traditionally, this procedure is carried out in three stages [20, 21]. At the first stage, an
array of input variables of the U model is formed which has statistical characteristics
close to the characteristics of white noise. This condition is necessary to improve the
convergence of the model estimates during identification. At the second stage, the initial
parameters of the model are mapped into a set of model state variables X and output
variables Y using a physical (on the object) or computational (on the model) experiment.
In the third stage, the sets of input U and output X, Y variables are mapped using the
identification procedure to the estimate of the set of model parameters 6.

Without reducing the generality of reasoning we will assume that the dynamic model
under study is completely observable, otherwise an array of state variables X should be
used as the set of output variables.

In this formulation, the identification problem is the inverse of the problem of mod-
eling the dynamic model under study. The primal problem is to find an array of output
variables Y from the given arrays of input variables U and parameters 6 of the model.
The inverse problem, the identification problem on the contrary is to find an array of
model parameter estimates (6) from the arrays of its input U and output Y variables that
can be represented by the following structures (Fig. 1).

Obviously, when solving any inverse problem questions arise about the existence,
correctness, and physical realizability of the inverse operator that provides an array of
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Fig. 1. Block diagrams of modeling and identification of dynamic models.

estimates of the parameters of the model 0. In solving such problems, the method of
regularization of A. N. Tikhonov is widely used.

In this case, to improve the accuracy and convergence of estimates it is proposed to
use the method of two-dimensional neural network approximation of the inverse operator
that implements the identification procedure.

The first neural network based on a training sample of output U, output Y variables,
and state X variables grouped into a training sample.

P, =[X,Y, U]l
T, =Y;
X=X@:; Y=Y, U=U@®, (5)

where X, Y, U are arrays of calculated data including all the model variables obtained
in each of the N experiments of the experiment plan. The resulting training arrays Py Ty
are mapped to the array of synaptic and weight coefficients of the first neural network
Wy.

Training

[Pra Tr] — Wk (6)

The second neural network based on a training sample consisting of an array of synap-
tic coefficients and an array of model parameters 6 obtained as a result of a computational
experiment (6) calculates an estimate of the model parameters ©®.

P. = Wg;

7
T.—o. )

Taking into account the powerful approximating capabilities of neural networks, we
should expect high accuracy of parametric identification.

4 Algorithm of Parametric Identification

The following algorithm is proposed for obtaining a mapping (3). On the mathematical
model (1) by varying the parameters of 0 is conducted an experiment (e.g. full factorial
experiment 2N where N is dimension of vector 6) and a sample of the parameters of the
©® model is formed and samples with an array of inputs Pr and an array of outputs Tr s
formed to build simulated models:

Pe=[X,Y, Ul
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T.=Y;
X=X@0);Y=Y():;U=U(@), ®)

where X, Y, U are arrays of calculated data that include all the model variables obtained
in each of the N experiments of the experiment plan.

On the sample Py, Ty the simulated model is constructed and the matrix of its
parameters Wy is formed. As a simulated model a neural network is used in which the
synaptic coefficients Wy play the role of identifiable parameters although any dynamic
model can be used.

A new training sample is formed for training a static neural network:

P. = Wy;
€))
T. =0,

1. The second static network is being trained and the estimation of the vector of
parameters 6 model (1) is calculated in each of the N experiments.

2. Experimental waveforms (2) hat did not participate in the training experiments are
fed to the input of the obtained simulated model (the first trained neural network)
and the vector of parameters of the simulated model (synaptic coefficients of the
dynamic network) Wy for the current state of the object is calculated.

3. The obtained coefficients are fed to the input of a static neural network and the
estimation of the vectors of model parameters for the current state of the real object
O is being calculated.

5 Forming a Model of a Nonlinear Object

As an example, the parametric identification of a high-pressure sodium lamp of the type
high-pressure sodium arc lamp with a power of 600 W is considered [8, 9, 12, 13, 15-17].

d. 1 1
% =1V~ (g5 +R)n]
2

M) g
dv, :A;ngﬁ%, (10)

Upxpx3
a3 et (Y T e (L 1) —
dt 2 3 Upxax3 1 Upxpx3 X3

where X7 is the lamp current; X is reduced conductance of lamp that takes into account
the average electron concentration; x3 is a dimensionless quantity that takes into account
the electron mobility; L, R are respectively the inductance and active resistance of the
limiting choke; Us, Uy are respectively the supply voltage and the rated voltage on the
lamp; A is a factor determined by the design of the lamp; k1 —k4 are electrical coefficients
determined for a particular type of lamp.

The lamp parameters are given in Table 3, the choke parameters R = 14 Q; L =
0.062 H [8, 10-12].

The solution of Egs. (9) was carried out in the MATLAB environment. The calculated
and experimental waveforms of the lamp voltage and current are shown in Fig. 2.

=
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Fig. 2. The calculated and experimental waveforms of the lamp voltage and current.

A close agreement between the calculated and experimental data confirms an ade-
quate description of the object by the system of Eqs. (9). Therefore, to demonstrate
the effectiveness of the proposed notification method, we will later use experimental
waveforms (Fig. 2) obtained by numerical solution of the system of Egs. (9).

6 Parametric Identification of a Nonlinear Object Model

Parametric identification was carried out in accordance with the proposed algorithm:
An experiment was conducted in which the parameters of the model (7) were
randomly changed in a limited range (Table 1).
A numerical solution of the system (7) was carried out in each experiment and a
training sample (5) was formed based on the calculated voltage U; and current /; of the
lamp, which in this example has the form:

P, = [Uy, I1];
T, =1; (11)

where Uy, I are arrays of waveforms of currents and voltages on the lamp obtained as a
result of solving system (9) in each of the experiments specified in Table 1.

Sample (10) was used to train a two-layer forward neural network with 2 neurons in
a hidden layer and with linear activation functions in each layer. Thus, the first neural
network has 2 synatic connections in the hidden layer, 1 in the output layer, and 2
shift coefficients. The network was trained using the Levenberg-Markwart method with
Bayesian regularization. The learning error in each experiment was almost zero. The
maximum error value did not exceed 2 x 10710 A,

A new training sample is formed for training the static neural network from the
obtained synaptic coefficients of the dynamic neural network. Table 2 shows the synaptic
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Table 1. An experiment plan.
Experience number/variable | U0 Al K1 K2 x 104 | K3 x 104 (K4
1 136,2374 |5,5335 | 0,6680 |1,5546 3,2885 1,5107
2 135,7986 | 5,5887 | 0,6029 |1,6960 3,0672 1,5979
3 147,5063 | 5,5083 | 0,6133 | 1,5694 3,1564 1,5831
4 145,7572 15,5269 |0,6423 |1,7191 3,3771 1,5418
5 148,1105 |5,5645 |0,6376 |1,5764 3,1713 1,5482
6 131,4503 |5,5425 |0,6313 |1,5646 3,0715 1,5423
7 139,4691 | 5,5091 |0,6266 | 1,5615 3,1124 1,5440
8 131,1343 | 5,5602 | 0,6387 | 1,8664 3,0005 1,5462
9 136,7500 |5,5091 |0,6576 |1,7733 3,2186 1,5426
10 143,2692 | 5,5582 | 0,6541 |1,8480 3,1059 1,5318

coefficients of the network obtained as a result of training a dynamic neural network
according to Table 1 and the subsequent numerical solution (7).
Table 2 was used for training a static neural network which was chosen as a three-
layer direct transmission network with linear activation functions in each layer. The
network was also trained similarly using the Levenberg-Markwart method with Bayesian
regularization. The relative learning errors in each experiment are shown in Fig. 3.

Table 2. Training sample of a static neural network (synaptic coefficients of a dynamic neural

network).
Experience 1 2 3 4 5 6 7 8 9 10 Ex.
number/coefficient
iwll 0,1766 | 0,6514 | 04177 | 0,1359 | —-0,2045 | 0,0802 | -0,0223 | -0,3555 | 0,5468 | -0,6127 | —0,0652
1,6867 | -0,6473 | -0,8001 | 1,7077 | -1,5911 | -1,2301 | 2,6223 | -2,3779 | 0,7177 | 1,5596 | 1,0806
0,0735 | -0,0824 | -0,2155 | 0,1276 | —-0,2188 | 0,2594 | -0,1059 | 0,3422 | 1,3720 | -0,0132 | 0,1374
-0,3327 | -0,3907 | 0,3008 | -0,3238 | 0,0329 | -0,5883 | 0,0777 | -0,6251 | 05716 | 0,1266 | 0,2285
0,0716 | -0,6689 | 0,3082 | -0,0062 | 0,0953 | —0,0249 | 0,0138 | -0,0822 | —0,2940 | 0,0153 | 0,6529
03149 | 0,7860 | 0,5773 | -0,4153 | 0,5312 | -0,0028 | -0,0305 | —0,0315 | 0,0006 | 0,4952 | —0,5880
iwll -0,1726 | 0,1492 | -0,8230 | 0,3497 | -0,2942 | 0,1310 | 0,1631 | 0,1926 | -0,2865 | 0,8928 | —0615
1,8399 | 1,7404 | -0,4187 | -1,2906 | 0,6604 | 04250 | -0,4964 | -1,0430 | 1,0078 | 0,3248 | —1,3381
-0,0719 | —-0,0189 | 04246 | 03284 | -0,3147 | 0,4235| 0,7739 | —0,1854 | -0,7189 | 0,0193 | 0,1297
0,3252 | -0,0895 | -0,5926 | —0,8332 | 0,0473 | —0,9608 | —-0,5675 | 0,3386 | —0,2995 | —0,1845 | 0,2156
-0,0699 | —0,1532 | -0,6072 | -0,0159 | 0,1370 | -0,0406 | —0,1005 | 0,0445 | 0,1540 | -0,0224 | 0,6162
-0,3077 | 0,1800 | -0,1375 | —1,0687 | 0,7640 | -0,0046 | 0,2226 | 0,0171 | -0,0003 | —-0,7217 | -0,5549
w2 0,7162 | -0,1006 | -0,3167 | 0,7157 | -0,9204 | 0,8455 | -0,8275 | 0,4559 | 0,4969 | —0,8803 | 0,4002
0,7329 | 0,4394 | —0,6683 | -0,2781 | 0,6400 | -0,5178 | -0,1132 | 0,8415 | 0,9483 | -0,6041 | 0,4241
bl —-0,0740 | -0,7109 | -0,5874 | 0,1046 | -0,2845 | 0,7231 | -0,8304 | 0,3004 | 0,3473 | -0,7435 | -0,3563
0,7870 | 03743 | -0,1682 | 0,7948 | 0,1287 | 04130 | -0,4933 | -0,6826 | 0,4390 | —0,7484 | —0,5076
b2 0,3909 | 0,3720 | -0,8988 | -0,3189 | 0,7151 | -0,2607 | 0,6461 | 0,9997 | -0,5413 | -0,1565 | -0,0727
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Fig. 3. The errors in calculating the parameters of the analytical model (7) obtained after training.

The experimental values of the lamp current and voltage were fed to the input of the
first neural network and the vector of its parameters was calculated (the last column of

Table 2).

Calculated vector of parameters of the dynamic neural network was fed to the input
of the trained neural static, and calculated estimation of the model parameter vector 6
of the real object (Table 3) [20-22].

Table 3. Estimates of the nonlinear model parameters obtained as a result of identification.

Characteristics | U0 Al k1 k2 k3 k4 Rms 18[0)
deviation
Unit \" 1/J - 1/s 1/s - \" A
Calculated data | 4.38 5.5 0.6 1.5 x 104 |3 x 104 1.5 10.44 0.697
Identification 126.72 548 |0.53 |1.5907 x |2.3676 x |1.42 |4.38 0.659
104 104

We can note a good agreement between the calculated data of the model (7) and the
data obtained as a result of identification. In addition, the root-mean-square deviation
from the experimental values of current and voltage is less during identification.

7 Summary

1. The problem of parametric identification of nonlinear models of an object is posed,
which consists in obtaining the mapping of experimental data of an object in the

parameters of its model in its parameters using neural networks.

2. The algorithm of parametric identification is developed. It consists of carrying a
computational experiment on a given nonlinear model, forming training samples
based on the results of the experiment, then training dynamic and static neural net-
works, and calculating estimates of the parameters of the nonlinear model based on
experimental data using trained networks.
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A combination of two neural networks is proposed in which, during training and
subsequent work, the synaptic coefficients of the first neural network are fed to the
input of the second neural network.

In such a network the experimental data is displayed in the model parameters sequen-
tially. The experimental data is first displayed in the synaptic coefficients of the first
neural network. Then the synaptic coefficients of this network are fed to the inputs
of the second neural network the output of which is the required parameter of the
nonlinear model.

Experimental validation of the proposed method of neural network parametric iden-
tification on the example of a high-pressure sodium lamp model showed that the
root-mean-square deviation of current and voltage from the nominal values does not
exceed 4% for voltage and 10% for current.

Taking into account the good approximating ability of neural networks the pro-
posed algorithm and neural networks can be considered as an effective identification
method.
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