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Abstract: The features of building a control system for a moving platform based on an adaptive controller with a PID structure,
whose parameters are tuned using a method derived from ANN learning algorithms, are considered. A proportional-integral-
differential control law was selected, as it best meets the needs of mobile platform control. The input circuit of the controller
was selected using a discrete representation of the selected control law and the reference equation, which provides the re-
quired speed of the control system. Simulation of the system for stabilizing the position of a moving platform in the Simulink
environment allows us to determine ways of its further improvement.
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Streszczenie: Rozwazono cechy budowy uktadu sterowania platformg ruchomg opartego na regulatorze adaptacyjnym ze
strukturg PID, ktdrego parametry sg dostrajane za pomocg metody wywodzacej sie z algorytmdw uczenia sieci neuronowych.
Wybrano proporcjonalno-catkujaco-réiniczkowe prawo sterowania, jak najlepiej spetniajace wymagania sterowania platforma.
Obwdd wejsciowy neurokontrolera wybrano, wykorzystujac dyskretng reprezentacje wybranego prawa i réwnanie odniesie-
nia, ktére zapewnia wymagana predkos¢ uktadu sterowania. Symulacja ukfadu stabilizacji potozenia platformy ruchome;j
w srodowisku Simulink pozwala na okreslenie sposobdw jego dalszego udoskonalenia.

Stowa kluczowe: ruchoma platforma, sterowanie, system, struktura PID, symulacja, modelowanie, Simulink

Introduction

The study of the dynamics of ground robotic com-
plexes is a topical task [1], [2] related, in particular,
to the problem of digitalization of society [3], and to
intelligent autonomous mobile platforms [4] — [5],
which are an important element in various sectors of
the world economy [6], [7]. Mobile platforms are ac-

B s

tively used in testing and training unmanned aerial ve-
hicles [8] —[10].

Let us consider the features of building a mobile
platform control system, which allows it to be kept
in a given position and prevent deviation from a giv-
en state of equilibrium in the event of external influ-
ence or load change. Using the Simulink package [11],
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we will build a structural diagram of the platform con-
trol system and conduct its simulation.

The algorithm for stabilizing a mobile platform con-
sists in maintaining its given position when a distur-
bance acts on it or when its weight changes. The range
of angles in which the platform position is stabilized in
the range of 0°+ 90° (Fig. 1).

The given position of the platform is achieved by
balancing the engine thrust, which is directed in the
direction of the air flow and the projection of the plat-
form gravity, directed in the opposite direction to the
air flow (Fig. 1, a). In the case when the projection of
the platform gravity on the longitudinal axis is great-
er than the engine thrust, the speed of rotation of the
engine shaft increases and the platform begins to rise
(Fig. 1, b). When the engine thrust is greater than the
platform gravity, the speed of the engine shaft de-
creases and the platform begins to descend (Fig. 1, c).
The platform gains equilibrium when the projection of
the platform gravity is balanced by the engine thrust.
The external forces applied to the platform, we will
highlight the main ones: the lifting force of the engine
thrust F (or, if it is negative, the braking force), which
is transmitted through the moving screw and the pro-
jection of the gravitational force P, directed in the op-
posite direction to the engine thrust.

The equation of the platform motion has the form
as follows:

d*0  ,do .

——+ f—+ Psinf = aU

dr2 dt

where P is the force of gravity of the platform, O is the an-
gular displacement of the platform, £ is the coefficient of
viscous friction (damping coefficient), a is the conversion

(D

coefficient of the actuator, U is the control signal at the input
of the actuator (voltage at the motor input).

The static state of the platform is described by an
equation of the form as follows:

6 = arcsin(« E)
P
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Remark that correspondence between the platform
arm / and angle 0 is as follows:

) y=1Isin®,

where y is platform displacement at the vertical axis.

As can be seen from the expression (1), the plat-
form motion is governed by a nonlinear second-order
differential equation, which indicates the impossibility
of conducting research related to the use of methods of
linear theory of automatic control [12]. In the process
of operation of the system for controlling the move-
ment of a moving platform, the following require-
ments must be met:

1. ensure that the moving platform reaches the speci-
fied angular position with minimal overshoot;
2. achieve the desired system performance.

Since the dynamics of the processes occurring in
the mobile platform control system depends on the
type and parameters of the selected controller, to en-
sure the specified performance indicators of the sys-
tem, we synthesize a proportional-integral-differential
(PID —) controller [12].

According to the scheme of the mobile platform
control system, the specified angle is compared with the
angle at the output of the object. There is supplied by
the feedback channel to the comparison element and the
resulting difference signal is fed to the input of the PID
— controller, in which, in accordance with the selected
control law, the value of the control variable is calculat-
ed, which is supplied to the control object. In the pro-
cess of synthesizing the controller, three parameters are
to be determined: the proportionality coefficient — K,
the coefficient at the integral component K., and the co-
efficient at the derivative component K. In a particular
case, any of these coefficients can be equal to zero.

The proportional component provides signal am-
plification, the integral component provides its phase
lag, and the differential causes its lead. Therefore, the
integral component forms the controller characteris-

(]
4 I

0

Fig. 1. Model of a moving platform
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tics in the low-frequency range, and the differential —
in the high-frequency range.

Principles of constructing controllers

based on dynamic neural networks

The use of digital controllers [13], [14] has a num-
ber of advantages over analog ones: changing the con-
troller parameters can be easily done by reprogram-
ming it. Information processing occurs in digital form,
which allows implementing complex data processing
algorithms, in the process of digital information pro-
cessing; the calculation results do not depend on the
drift of the circuit parameters and the presence of noise.

Since the differential equation of the object (mo-
bile platform) is nonlinear, when constructing a neural
network, it is necessary to take into account both the
dynamics of the model and the influence of the nonlin-
earities present in it. These nonlinearities can be taken
into account by introducing nonlinear activation func-
tions into the neural network and increasing the num-
ber of its layers.

To control processes in nonlinear dynamic ob-
jects, it is advisable to use controllers based on dy-
namic neural networks, in which, taking into account
the main dynamic characteristics of the object, one or
another control law is implemented [15].

The main advantage of a neural network is its abil-
ity to learn, which allows you to adapt a neural con-
troller to a specific controlled object. Since in this case
the controller is synthesized based on experimentally
obtained sequences. The real controlled object has cer-
tain ranges of permissible values of input and output
signals, the coefficients of the neural controller cannot
acquire random values, they must either be pre-calcu-
lated on the basis of certain assumptions, or obtained
by preliminary training using a mathematical model
of the object. To accomplish the tasks set, a number of
important steps must be taken as follows [16]:

1. First of all, it is necessary to have a specific non-
linear object or its mathematical model. In accord-
ance with the selected control law, it is necessary
to form the structure of the controller input circuit.

2. Select a mathematical model of the standard, based
on the desired process dynamics, which sets the du-
ration of the transient process, possible overshoots
as the necessary indicators of the control law. This
standard ensures the creation of an appropriate se-
quence that is used when training the controller.
The goal of training is to select such weight coeffi-
cients of all controller neurons that ensure the min-
imum possible discrepancy between the output sig-
nals of the object and the standard. Due to the serial
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connection of the primary neural network and the

object, these coefficients take into account the non-

linear features of the object during training.

3. After completing the training procedure, the result-
ing structure, the values of the weight coefficients,
the set of delay elements and their durations are
transferred to the Simulink environment. The con-
vergence of the signals from the outputs of the ref-
erence and the object controlled by the synthesized
controller is compared.

4. The controller is combined with the object and the
duration of the transient process, the duration of de-
lays, the quality of response to disturbances (train-
ing) and the stability of control are monitored.

The number of delay lines and their introduction
into the input and feedback circuits determines the dy-
namic properties of the neural network. Thus, to build
a neural controller taking into account the specified
properties of the system, it is necessary to choose the
number of introduced delay lines so that these proper-
ties can be implemented.

Since our task is to create a dynamic neural net-
work that should perform the functions of a controller,
it is advisable to take the proportional-integral-differ-
ential law (PID law) as the basis for its implementa-
tion, as one of the most universal control laws [12],
[17], [18]. A dynamic neural network functions as
a discrete system, so this law must be presented in
a discrete form [19].

Dynamic neural networks creation

A linear controller is used to control a nonlinear
object; and the features of the nonlinear object are tak-
en into account by choosing the corresponding weight
coefficients of the neural network during its training
(we see a similar use in other authors [11]. That is,
a nonlinear system is not considered as linearized lin-
ear, and nonlinearity is taken into account by the neu-
ral network itself. The structure of the controller input
circuit is given by the selected control law (in our case,
proportional-integral-differential).

The dependence between the input and output sig-
nals for a continuous PID controller has the form as
follows [17]:

dny(t) ’
3) ult)=K, o K,Av(0)+ K, [ Ay(t)at
0
where
Ay(t) — the difference signal at the controller input,
u(t) — the controller output signal,
K, K, K;— the coefficients for the differential, proportional

and integral components, respectively.
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Having presented equation (3) in operator form as
follows (X — the input signal):

(4) Y(s)= (de +K,+ %)X(s)

Let’s write the transfer function of the PID control-
ler in the following form:

(5) W(s)=Kys+K, K
S

We use the relation [19], which connects the op-
erators of the continuous and discrete z transforma-
tions, namely: s = (l—z’l)/A t, due to which we obtain
the given control law (5) in discrete form as follows:

(1-z7h KAt
© WE)=K K

Reducing the right side of the resulting expression
to a common denominator as follows:

K
A—d(l—z*‘)2+1<ﬁ(1—z*1)+1<,.m
(M) W(z)=-= 5 =
(1-z
K, K K
Sd _p2d 2 2 KKz + KA
_ A At At ror

(1-z7

and grouping the terms at negative powers of argu-
ment z, we obtain as follows:

K K K
TdJer +KiAt—[2A”+Kp)z‘1 +sz"2

t t t
®) W(z)= =

1z

-1 -2
_ Wit Wz +wiz

1- w14271
where the proper weight coefficients are as follows:

2
K, +K,At+ K;At

W; =
11 AL
2K, + KAt
Wip = T AL
K
Wiz =—=- wiy =1
At

The corresponding difference equation, which cor-
responds to expression (8), will have the form as fol-
lows:

9w =w Ay + WAV + WAV + Wity
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A certain scheme of a neural network corresponds
to equation (9) is presented at Fig. 2. It is based on one
neuron with purelin activation function.

Training a neural controller using
a neural model of an object

Taking the scheme (Fig. 2) as a basis and supple-
menting it with a standard, we obtain a system structure
that allows us to synthesize a controller based on a dis-
crete representation of the PID control law (Fig. 3).

Ay k Wi,
I
1/z
A w
Vi1 s 12y, i u,
1/z )3
Ay k-2 Wis
I
1/z
uk-l W14 >

Fig. 2. Discrete representation of a PID controller based on the rela-
tion (8)
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Fig. 3. Structural diagram of an automatic control system using a neu-
ral controller, which is implemented on the basis of the relation (8)

The model of a nonlinear object is given by a dif-
ferential equation of the form (1). To implement the
training procedure, we introduce a standard to which
it is necessary to bring the system (object with a con-
troller) as close as possible. That is, we select the co-
efficients w,,, w,,, w3, w,, so that when any the same
signal simultaneously enters the inputs of the system
and the standard, the values of their output signals are
as close as possible. Taking into account the require-
ments for ensuring a given system operating speed,
the equation of the standard is chosen in the follow-
ing form, i.e., with following values of coefficients
alfa=1,beta=6and P=9:

59 [l



2
AV 6D gy,

=9r
dr? dt '

(10)

The neural controller is introduced into the auto-
matic control system (Fig. 4). We assume that the non-
linear object is given by equation (1), the standard is
given by equation (9), the architecture of the neural
controller is already known (Fig. 2). In the learning
process, it is only necessary to determine its weight
coefficients of the controller (remark, that in the equa-
tion (1) there are taken the following values of coeffi-
cients alfa=1, beta=6 1 P=10).

Input |, Reference Va
Signal Model
rk
v Neural u, | Nonlinear Yoo
F’;’ Controller Object

Fig. 4. Scheme of introducing a neural controller into an automatic
control system

In this case, the neural controller complements the
nonlinear object so that when any actually permissible
sequence 7, is received, the resulting system approach-
es the standard as closely as possible (ideally y, =y,).

The peculiarity of this approach is that when im-
plementing the learning process, only two numeri-
cal sequences out of three given ones are used [16].
In this case, based on the sequences obtained when
measuring the values of the signals at the input and
output of the object (u,, and y, ), a neural model of
the object is formed through training the neural net-
work, which is supplemented by a neural controller
and closed by feedback, which corresponds to the real
system. The formed neural network reproduces the
model of the combination of the controller and the
object. Since it is necessary that this model be equiv-
alent to the standard, the controller coefficients can
be obtained by training this combined network. There
is realized with sequences from the input and output
of the standard (7, and y,), while the values of those
coefficients that correspond to the subnet of the ob-
ject must be fixed, i.e., only the controller coefficients
must change during the learning process. In other
words, the neural model of the object (Fig. 5) is used
so that the error “reversely propagates” to the control-
ler network through it [15].

After training from the combined network, you can
select the part that corresponds to the controller and
use it to control a real object. The described method
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has the advantage that the controller is trained only on
the sequences 7, and y, without using the sequence u,.
but in this case there is feedback inside the network,
and training such networks is not an easy task.

’ Test Signal WNonlinear Object}ﬂ’»
u,

i Yio
X aE
i
u,(,,—b{ Neural Model of the Object i
1
S |

Test Signal Reference Mathematical | y,

Model
i

L Ye 4>
Neural Model =

I

I

u I

y.—» Neural Controller T i
I

I

 ;

of the Object

A ~ 3

e e

ReferenceSignaI}—»’ u | NeuralModel | y
Neural Controller

of the Object
|—>

Fig. 5. Generalized scheme of training a neural controller using a neu-
ral model of an object

Dynamics of a neural controller using a neural mod-
el of an object training is presented (Fig. 6) as well.

100 L

10—1 L

|
|
|

10—2 =

1073

0 2 4 6 8 10 12 14 16
Number of Epochs

Fig. 6. Dynamics of training a neural controller using a neural model
of an object

After completing the general network training pro-
cess, we will select the controller and export it to the
SIMULINK system. The quality of the constructed
controller can be assessed using the time character-
istics (Fig. 7), using the step excitation function. Ac-
cording to the simulation results, the root mean square
error between the output signals of the object and the
standard was equal to 0.009, which indicates high con-
trol accuracy.
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Fig. 7. Comparison of signals at the outputs of the reference (1) and
the object (2) controlled by the synthesized neural controller

Conclusions
1. A control system for a moving platform based on
an adaptive controller with a PID structure, whose

parameters are tuned using a method derived from
ANN learning algorithms, is justified.

2. It is established that in the simplest case, the pro-

portional-integral-differential (PID) control law
can be implemented on the basis of one neuron
with a linear activation function and two delay
lines at one input and one delay line from the out-
put of the neuron to its second input

3. The learning duration is somewhat too large (tens
of epochs).

4. The implementation of the control system has

some difficulties due to problems with the selec-
tion of an appropriate element base.
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