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Abstract. The questions of complex designing of electromagnetic
actuators, with increased resistance to external mechanical influences and
low vibration activity, focused on the use of transport systems in
mechatronic devices are considered. As a determining direction for
creating actuators with increased vibration resistance and low vibration
activity, the direction of realization of electromagnetic mechanisms with an
adaptive control system that controls external mechanical influences and
vibronoise parameters of the device is proposed. A complex mathematical
model describing electromechanical processes in an electromagnetic
actuator, that takes into account the influence of external factors, is
considered. Based on the studies, three adaptive control algorithms are
proposed, differing in the way they determine the current value of the
speed and position of the lifter. The proposed algorithms are implemented
experimentally, have shown good stability and efficiency.

1 Introduction

When designing the mechatronic modules of power-plants of autonomous transport
systems, including robotic underwater and surface devices, special attention is paid to
solving two problems. The first of them is related to the influence of external mechanical
influences on the parameters and characteristics of electromagnetic actuators and other
electromechanical converters on the performance of the system as a whole. The second
problem arises in connection with the increased noise level produced by electromechanical
converters and, in many ways, determines and limits the possibility of using the equipment.
These problems are particularly acute in the automotive and shipbuilding industries. The
autonomous transport systems created in these industries are subject to high requirements
not only in terms of comfort, but also the possibility of detecting them at an increased level
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of noise. The noise and vibration of the devices form the underwater noise of ships and
submarines of the Navy, worsening their secrecy. The works on creating electromechanical
converters with increased vibration resistance and low vibration activity is being carried out
in many countries around the world in two developing directions: the development of new
actuator designs and the creation of new design methods that take into account the
conditions of their operation. Some high-tech designs of electromechanical converters
created by scientists and engineers from Germany, the United States, Korea, China and
other countries are known [1-4]. Basically, these are the actuators of various automotive
mechatronic devices and systems. The second direction of work is presented to a lesser
degree and, mainly, by German scientists and engineers [5-9]. In many publications related
to the development of design methods, the damping effect of eddy currents in solid
magnetic conductors and the nonlinearity of the magnetization characteristics of steels are
to some extent taken into account. All studies differ in the formulation of the problem and
in the hypotheses made in its solution. In studies [10-14] questions of the design of
electromagnetic actuators of valves of air and gas exchange systems and fuel supply of
internal combustion engines of vehicles more exposed to external vibrations and, on the
other hand, during cyclic operation, they are sources of acoustic noise. Mathematical
models and algorithms for mathematical modeling of electromagnetic actuators, methods
and algorithms of adaptive control of electromagnetic mechanisms are proposed in the
articles. The influence of external mechanical influencing factors and the vibration activity
of devices during design are practically not taken into account and determined
experimentally.

2 Adoptive control algorithms

In this study, the direction of realization of electromagnetic mechanisms with an adaptive
control system that controls the vibration parameters of the device is proposed as the
determining direction for the creation of actuators with low vibration activity. The basis of
the technique is the synthesis of signals controlling the electromagnetic mechanism,
providing low vibration activity and stability of the dynamic parameters of devices at given
vibration levels and other types of disturbing effects in real time. To control valves in fuel
supply systems and air and gas exchange of power plants of autonomous transport systems
[10], which are an interconnected electromechanical system consisting of two
electromagnets and armature general, with two spring-loaded on both sides. It is advisable
to consider the main ratios of the design methodology on the example of such an actuator.
In such a mechanism, the electromagnetic force is used only to compensate the resistance
forces and to retain the lifter in the extreme positions.

In this case, the movement of the lifter is due to the energy stored in the springs. To
reduce the power consumption at low switching frequencies, the design is supplemented by
permanent magnets (Fig. 1) [15]. One of the main tasks in the design of the actuator is to
ensure shock-free operation and, accordingly, to reduce acoustic noise. The solution of this
problem requires an integrated approach to the design of the actuator structure in
conjunction with the adaptive control system. To form the control actions, the adaptive
control system needs information about the current state of the process, which can be
obtained by calculation. Therefore, the main design stage after choosing the configuration
of the magnetic system and determining the geometric dimensions is mathematical
modeling, determination of characteristics and parameters of the actuator, carried out in real
time. A complex mathematical model is formed on the basis of the equalization of electrical
circuits, the kinematics of the mechanism, the use of relationships previously obtained in
the calculation of the electromagnetic field. The kinematic scheme of the electromagnetic
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actuator (EMA), focused on control of the valve of the gas distribution mechanism (GDM),
is presented in Fig.2.
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Fig. 1. Drawing of design of electromagnet: 1 — Fig. 2. Kinematic scheme of actuator.

body; 2 — magnetic circuit; 3 — permanent
magnet; 4 — effective air gap; 5 — lifter; 6 —rod; 7
— spring; 8 — lock ring; 9 — control winding.

Electromechanical processes in the actuator are described by a system of equations:
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Here: m — total mass of moving parts of the actuator; a, v, x — acceleration, speed and
lifter stroke; F.n and Fep — forces generated by electromagnets; F,1 and Fj.» — forces
created by permanent magnets; U, Ri, R», i1, i» — supply voltage, active resistances and
currents in the windings of electromagnets; ¥ and ¥, — flux linkages of windings; F, and
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Fp,2 — spring forces; ¢ and ¢» — spring rate; F, — viscous friction force; b — coefficient of
viscous friction; P — force of gravity; g — acceleration of gravity; F,s — force that
characterizes the impact; #,s — duration of impact; v,s — speed of lifter at the moment of
impact; k — recovery coefficient; x,, — extreme position of lifter. The correspondences
Y =i, x) and F.; = f{i, x) are determined from the results of the magnetic field calculation
and are subsequently used in the complex model to determine the dynamic characteristics
of the resonant electromagnetic mechanism. For convenience of calculations, the
correspondence of the flux linkage with the current and gap ¥ = f{i, x) is converted into a
current correspondence with flux linkage and gap i = (Y, x).

The system of equations describing the influence of external factors affecting the
actuator that controls the GDM valve, can be represented in the form:
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Here: Ry — active resistance of windings at 0°C; 7} and 7, — temperatures of windings;
E — elasticity modulus; Sy and / — cross-sectional area of wire and length of spring; p and po
— values of dynamic coefficient of viscosity at temperature 7 and 7, degrees; o, — exponent,
depending on the kind of fluid; avip, Avie, ®vin, Gviv — acceleration, range, frequency and
phase of source of vibration; Ap — pressure difference on valve; Sy — cross-sectional area of
valve; & — coefficient of local resistance; p — gas density; u — rate of outflow of gases in
valve, di — the diameter of the valve.

The joint solution of the above-mentioned systems of equations allows one to evaluate
the effect of changes in ambient temperature, susceptibility to vibrations, and the effect of
the pressure difference acting on the GDM valve, on the dynamic characteristics of the
actuator. In this case, the speed of the moving element, the impact force and the level of
acoustic noise produced can be determined, respectively. The model is implemented in the
on-board computer in conjunction with a control algorithm that provides shock-free
operation and specified dynamic characteristics of the EMA.

The authors of this article proposed three adaptive control algorithms [16-18], differing
in the way of determining the current value of speed and position of the lifter.

The first method and the control algorithm [16] are based on the indirect determination
of the spatial position and speed of the lifter at the moment of approach to the pole in real
time mode by the nature of the current variation in the windings and the voltage on them.
The control method is based on the fact that when the magnitude of the magnetic flux
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changes in the magnetic circuit during the movement of the lifter, an EMF of self-induction
occurs in the winding of the electromagnet, causing change in the current. This change
represents a "failure" on the dynamic characteristic of the current at the time the lifter
approaches the pole, and the larger the value, the greater the speed at the end of the lifter
stroke. By controlling the value of the current "failure" in real time, it is possible to vary the
lifter speed in a significant range, including at the end of its stroke, by adjusting the time
parameters of the control pulses (PWM).

Another adaptive algorithm [17] is based on measuring the rate of change in the current
in the EMA winding while moving the lifter. This control algorithm can also be used to
construct a control system for electromagnetic actuators that provide compensation for
external disturbances, such as external load variables on the actuator of the actuator,
regulate the speed of the moving element during movement and at the end of the stroke, the
ambient temperature. The advantage of the proposed method is to compensate slowly
changing from one switching to another, external influences (ambient temperature, heating
of the electromagnetic actuator elements) and accidental mechanical action on the movable
actuator element (vibration, etc.) during the current switching. The method is based on the
interconnection of the electrical processes taking place in the winding of the
electromagnetic actuator with mechanical processes caused by the movement of the
movable element of the magnetic system. When the lifter moves, the magnetic conductivity
of the air gap changes and, consequently, the amount of air flow in it too, which leads to a
change in the winding current at constant voltage. When moving the lifter, in the coil of the
electromagnet, along with the EMF-self-induction, there is an EMF movement whose
magnitude depends on the speed of the lifter of the electromagnet, leading to a change in
the current, respectively, to a change in the force developed by the electromagnet. Both
algorithms are implemented experimentally [11] and showed good stability and efficiency.

A promising method for controlling EMF, which provides a condition for landing the
lifter with a minimum speed in the mode of switching, is that the control action is formed
depending on the change in the current value of the kinetic energy of the lifter [18]. Part of
the potential energy is spent on overcoming the forces of frictional resistance, gas pressure
on the valve of the gas distribution mechanism, vibrations. The distribution of energy when
moving the lifter will correspond to the energy distribution in the ideal (conservative)
mechanical actuator system provided that the energy cost is compensated for overcoming
the resistance forces W,. In this case, the movable element of the actuator will move to the
position x,s with the specified travel time and zero speed at the moment of valve landing.
The equation of the energy balance of the mechanical system of the electromagnet can be
written in the following form:

We =W, + W + Wy + Wy +W,, 3)

Here W, — potential energy of the system; W, — kinetic energy; W, — energy spent on
overcoming the forces of resistance; W, and W,, — energies supplied by electromagnets
and permanent magnets.

Compensation of energy costs to overcome the forces of resistance W, is possible only
due to the energies W, and W,,,, which are converted during the movement of the lifter into
mechanical energy. Taking into account the fact that the action of permanent magnets at the
stage of acceleration impedes the movement of the lifter, in order to ensure the switching of
the actuator with the set operating time and the minimum speed of the lifter, it is necessary
to fulfill the condition We = Wa+ W,,. Thus, the essence of the proposed control method is
to ensure the fulfillment of this condition by regulating the amount of energy supplied by
the electromagnets. At the same time, the mechanical system achieves the properties
inherent in an ideal system — providing the set operating time and the minimum landing
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speed of the lifter. The algorithm of the control method is implemented in accordance with
the following sequence:

* based on the current values of the position of the lifter x(#) and the speed v(¢), the
values of the potential ,(¢) and the kinetic energies of the system W(¢) are calculated.

+ the required value of the kinetic energy of the lifter is calculated from the current
value W,,(f) and the maximum value of the potential energy Wx(?), Wi () = Ws(t) — Wy(?).

* based on the current values of the real Wi(f)and the required W, ’'(¢) kinetic energy of
the lifter, actuating error AWi(f) = Wi’ (t) — Wi(¢) is calculated.

* the current value of the position of the lifter x(#) determines the energy derivative
AW(f) in terms of the air gap 5(¢), i.e. value of the electromagnetic force Fe/(f).

» the value of the current i(7), formed in the corresponding control windings, is
calculated from the value of the electromagnetic force F./(f), which must be created to
compensate AW(?).

The magnitude of the electromagnetic force F,;, nonlinearly depends on the values of
the current i, air gap 6, eddy currents, saturation of the magnetic core steel and other
factors, therefore it is rather difficult to obtain its analytical description. In connection with
this, for the implementation of the control algorithm, the fuzzy logic device is used, which
has proved itself in the absence of an accurate mathematical description of the control
object. At the same time, the EMA control system consists of two circuits — an internal
current control loop in the windings of electromagnets and an external control loop for the
kinetic energy of the lifter. Current regulation in the windings of the electromagnetic
actuator is carried out using various widely known control laws. Synthesis of the fuzzy
model of the lifter kinetic energy regulating unit includes two stages.

At the first stage — stage of structural identification — an approximate model of the
regulation unit is formed and its coarse adjustment is carried out. The fuzzy model is based
on the Mamdani model, whose input variables are the magnitude of the force F,; and the
current position of the lifter x, and the output variable is the current i that must be formed in
the windings of the electromagnets. As a method of defuzzification, the method of center of
gravity is used. The range of input and output variables is divided into several terms and in
accordance with the grammar of linguistic variables, the rule base is built. The stage is
completed by defining the form of membership functions, which are chosen as the
membership functions of the triangular form. The initial information for constructing the
rule base and determining the form of the membership functions is the function i = f{F, x).
At the parametric identification stage, to increase the accuracy, the fuzzy model of the
kinetic energy regulation unit of lifter is trained, i.e. its parameters are selected by iterations
in order to minimize the deviation of the logical output results from the initial data. The
teaching of the fuzzy Mamdani model is a task of nonlinear optimization, which can be
solved by using various optimization algorithms.

3 Conclusions

The effectiveness of the proposed methods and control algorithms in conjunction with the
complex mathematical model is confirmed experimentally [19]. The test results showed
that the application of the proposed control method makes it possible to provide a final
valve landing speed of less than 0.4 m/s and a switching time of about 6 ms under the
influence of external disturbances. The proposed tools can be used in designing
electromagnetic actuators with increased vibration resistance and low vibration activity.

The research was performed funded with the Russian Science Foundation grant (project Ne 17-79-
10055).
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