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Abstract

The improvement of existing electromechanical guidance systems of the armament complex of combat vehicles
should be implemented in the direction of increasing the speed and accuracy of positioning. The paper deals with the
lifting mechanism of guidance of the package of guides of the multiple rocket launcher BM-21, which is a unit of the
armament of the Armed Forces of Ukraine and is typical for many samples of weaponry. Based on the experimentally
obtained time dependencies of the coordinates of the existing electromechanical system for providing a vertical motion
of a package of guides, the parameters and the transfer functions of its elements have been identified, which have been
implemented in the mathematical and computer Simulink-model. The comparison of the processes of changes of
coordinates in the guidance process obtained by means of the created computer model and on the operating combat
machine has been carried out. The comparisons of the obtained results have shown that the sufficient accuracy of
coincidence of the time dependences of the coordinates of the electromechanical guidance systems is attained.
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1. Definition of the research problem

Modern electromechanical systems of guidance, positioning, and tracking of an armament complex (responsible
precise or powerful drives of individual weapons, etc.) are subjected to increased requirements for their performance,
static and dynamic positioning accuracy, nature of the transition process, energy characteristics, automation level, etc.
[1], [2], [3]. The mentioned indicators can be improved only on the basis of the integrated system approach [4], [5].
One of the expedient ways of obtaining the best solutions based on the specified approach is the use of mathematical
and computer simulations [6]. Being performed on computer models, the optimization procedures, taking into account
the constraints imposed on the parameters, indicators, and coordinates of the designed electromechanical system,
allow us to obtain the structural, system-technical solutions and optimal values of variational parameters for the most
complete implementation in the system of guidance of the set requirements to the indicators of its dynamics, statics,
reliability, and energy efficiency.

2. Analysis of the recent studies and publications on the problem

According to the results of research and the experience of operation of a combat vehicle of multiple rocket
launcher, the existing guidance system based on the electric drive according to the "rotary amplifier - direct current
(DC) engine" scheme used on this vehicle has exhausted its capacity to increase performance and has the boundary-
possible indicators of dynamics and statics of regulation of a package of launch for such systems. To improve the
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specified indicators, we propose to replace the rotary amplifier with a reversible pulse-width converter and to design
the control system as a three-circuit positioning system with the subordinate coordinate control. The specified
refinement approach significantly improves the electric power of the electric drive, improves its overall dimensions,
reduces inertia, and provides wider functionality with the optimal positioning control (guidance process) by the
criteria of dynamic and static positioning accuracy. At the same time, the high energy efficiency of such positioning
electric drive should be achieved, which would be ensured by the implementation of the optimal law of motion of the
package of launch from the initial position to the final one while minimizing the dynamic load and power losses in the
power elements of the electric drive.

The realization of the specified possibilities in the positioning electric drive of the mechanism of guidance of the
package of launch is complicated by the action of external influences (perturbations) and other factors, such as the
change of the moment of load at different filling of the package of launch with rockets, depending on the angle of
guidance, the changes in frictional torque, the changes in elastic moment caused by balancing (torsion type)
mechanism, the available backlashes in kinematic transmission, the changes in the moment of resistance, etc. The
effect of the specified factors and external influences is nonlinear and not regular, characterized by uncertainty [7], [8].

One of the expedient approaches to optimize the process of positioning a package of launch and obtain the high
static and dynamic guidance accuracy is to use a subordinate control system with the implementation of a fuzzy
control position, i.e., an intelligent controller or corrector operating on the basis of fuzzy logic.

Alternatively, it is advisable to use a fuzzy position controller and the PI speed controller and current in the
subordinate speed and current control circuits. For comparison, it would be expedient to track the positioning
dynamics with the classic PID-controller of a position.

All of the aforesaid confirms the relevance and expediency of creation of a methodology for computer synthesis,
optimization, adaptation, and analysis based on the use of high-precision nonlinear models of the guidance system
taking into account the constraints on the ranges of change of its coordinates and taking into account the real
parametric and coordinate perturbations with the aim of improving the existing and creating new more sophisticated
structures of electromechanical guidance systems, which would fully meet the modern rigid requirements for
indicators of dynamics, statics, energy efficiency, reliability and the requirements for overall dimensions indicators of
the electromechanical guidance system.

3. Aim of the research

The purpose of this work is to develop a high-precision nonlinear model of the existing electromechanical control
system of the guidance mechanism of an armament complex of a combat vehicle, which is under the influence of
uncertain parametric changes and to prove its verification in order to carry out with its use the analysis of the dynamics
indicators of the existing electromechanical system, and substantiation of rationality of the structure and the principles of
control in direction of improving the dynamics of movement and statics of the guidance mechanism, in particular, to
improve the accuracy of control of this system.

4. Results and their discussion

To perform the tasks outlined above, experimental investigations of the dynamics of motion and positioning of a
package of launch have been performed on the operating combat vehicle when working out various setting and
disturbing influences [9]. The main purpose of these investigations was to obtain the values of the parameters, the
transfer functions or differential equations of elements of the electromechanical system of the mechanism of vertical
guidance of the package of launch. This information is necessary for the mathematical description and construction of
a computer Simulink-model of the electromechanical system of the lifting mechanism of a combat vehicle.

The investigated electromechanical guidance system of a combat vehicle is made on the basis of the electric
drive according to the scheme "generator-engine" with potentiometric control, in which as an amplifier a rotary
amplifier serves. This system can provide a speed adjustment range of D=200:1. The main components of an
electromechanical vertical guidance system are the following devices:

1) setting (potentiometer and voltage divider);
2) amplifying (polarized relay and rotary amplifier of EMP-12PM type);
3) acting (DC engine with independent excitation of MI-22M type);
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4) stabilizing (separate winding of the polarized RP-5 relay and auxiliary EMP-12PM winding);

5) transmitting (planetary gearbox, safety clutch, lifting gear clutch, cogged cradle sector, and balancing
mechanism).

The functional block diagram of the lifting mechanism of the combat vehicle BM-21 is shown in Fig.1.
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Fig.1. Functional block diagram of the lifting mechanism of the combat vehicle BM-21.

In order to increase the stiffness of the mechanical characteristics of the system, negative feedback with respect
to the engine speed is implemented. To reduce the acceleration and deceleration time of the drive, as well as to
improve the dynamics at low speeds (mainly in modes of adjusting the positioning angle of the guides to a given one),
flexible feedback with respect to the voltage U, of the rotary amplifier was used. For the same purpose, the negative
feedback with respect to the current of the drive actuator anchor is also implemented. The circuit is open by the
position (guidance angle) of the package of launch. The control signal for moving the package of launch U, to a given
guidance angle is formed by rotating the flywheel of the control panel to the corresponding angle, which leads to the
corresponding movement of the slider of the potentiometer relative to its average position.

The direction of rotation of the flywheel of the control panel (motion of the slider relative to the midpoint)
determines the sign of the speed, and the angle determines the value of the guidance speed. A DC voltage U is applied
to the potentiometer and voltage divider that are parallel connected. The voltages Ue,, applied to the control windings
of the rotary amplifier form the total magnetic flow of the rotary amplifier and its output voltage U,, respectively. The
gearbox consists of a planetary gearbox, a safety clutch, a lifting clutch, a cogged cradle sector, and a balancing
mechanism. The latter are two identical torsion bars (sets of steel plates), the elastic actions of which are counter-
directed. This partially balances the lifting part of the combat vehicle, improves the process of damping of spring
vibrations in the process of guiding a package of launch to a given angle, and also reduces the negative impact of
backlash and gaps on the dynamics and statics of positioning of the package of launch.

The tachogram of motion of the electric drive «(t) formed in the electromechanical guidance system has a
significant influence on the parameters of the movement of the package of launch, on the accuracy of positioning of
the package of launch and on the desired position - the angle of guidance.

Fig.2 shows a composite computer Simulink-model that structurally corresponds to the electromechanical
system described above for the mechanism of vertical guidance of the BM-21 launch package. To model a drive
engine in a computer Simulink-model created, we use a typical DC engine with independent excitation. This model is
based on the following assumptions:

1) inductance of the anchor circle is unchanged (includes the inductance of the following elements: anchor L,,
windings of the additional poles L,, and compensation winding (CW) L);
2) the anchor reaction is absent.

For constant and nominal excitation, a mathematical model of a drive engine is given by a system of differential equations:

d_ia_(Ua_CCO)/Ra_ia .
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where C is the coefficient calculated as C=k®,; k=p,N/(2ra) is the engine design coefficient; U, is the voltage at the
anchor of engine; o is the angular speed of the engine shaft; M is the electromagnetic moment at the engine shaft; M,

is the moment of static load created by the mechanism of the guides, reduced to the axis of the engine shaft; J is the
moment of inertia of the anchor of the engine.
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Fig.2. Simulink-model of the mechanism of vertical guidance of the package of launch of the combat machine BM-21.

The equation (1) corresponds to the structural model shown in Fig.3. In the developed Simulink-model (see
Fig.2), this structural model is implemented by the “Motor” block, whose detailed structure is shown in Fig.4. In
addition to the model of the engine described above, the created Simulink-model of the vertical guidance mechanism
of the package of launch contains a model of rotary amplifier, which is a first-order link of chain (block EMU).
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Fig.3. Structural model of constant current and rated current flow @ = @, according to (1).
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Fig.4. Internal structure of the “Motor” block (see Fig. 2)

The system operates the nonlinear (delayed) engine anchor current feedback (Ki and NE blocks) and the flexible
(speeding up) feedback of the rotary amplifier voltage, which is implemented in the model by a proportional link (Ku
block) covered by the feedback to the integral link, which together provide a model of a real differentiator.

The engine rotation speed from the output of the “Motor” block enters the input of the “Transm” subsystem — the
model of the transmitting device, the internal structure of which is shown in Fig.5. The “Transm” block is leveling the
elastic properties of the torsion-type balancing mechanism, the shaft's compliance (“Cy,”), the effect of gaps (“Dead
Zone”) in the gearbox and the effect of the reactive load moment (“Sign”). The output signal of the “Transm”
subsystem w,(t) (second mass velocity) is integrated in the block “Int1” (¢(t) is a guidance angle in radians), and by
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the next block “rad2deg” is scaled into the guidance angle presented in degrees “fi_deg”- the angle of the vertical
guidance of the package of launch in degrees. The moment of the first mass inertia (engine rotor) is taken into
account in the model of the mechanical part of the engine (block “1/J-s” in Fig. 4).

1 1
© §—>/J_>bm O 1
w1 w2
dF Dead Zone C12 1142
Mc Sign
M12

Fig.5. Internal structure of the “Transm” block (see Fig. 2).

The main parameters of the anchor drive engine circuit with independent excitation are the active resistance R,,
inductance L,, and the time constant T,=L,/R,. The parameters R, and L, are the sum of the corresponding parameters
of all series connected components of the anchor circle of these vehicles: the windings of the anchors, the
compensation windings, the windings of the additional poles. The value of the active resistance was determined when
applying a low voltage to the winding of a stationary engine by the results of measurements of voltage and current
according to the Ohm's law. The time constant of the anchor winding was determined by the experimentally taken
responses of the anchor voltage to the input changing signal of the reduced value. An example of an experimentally
taken curve of the anchor voltage and the model response of the electric part of a DC engine with independent
excitation (block “(1/R;) / (T4-s + 1)” in Fig. 4) with the identified value of the time constant T, is shown in Fig. 6, c.
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Fig.6. Example of the reaction obtained: a — anchor current I,(t); b — voltage of the rotary amplifier; c — experimentally taken curve of
the anchor voltage and the response of the model of the electric part of the DC engine with the identified value of the time constant T,.

The rotary amplifier in the created computer model of the electromechanical system is represented by a first-
period aperiodic link. The procedure for determining the time constant of the 7y, rotary amplifier and of its static
amplification factor Kz, was similar to that described above for a DC with independent excitation engine.

A number of experiments have been carried out at the experimental equipment, which allowed us to obtain
estimates of the anchor current feedback coefficients and the parameters of the flexible feedback link on the rotary
amplifier voltage.

Subsequently, the proposed Simulink-model was tested in operating modes of control and disturbing signals
similar to those occurring in the real electromechanical system of the lifting mechanism of BM-21. The simulation
results were compared with the experimentally obtained time dependencies of the coordinates, which were presented
in digital form. This data was uploaded to the Matlab workspace and later used to verify the Simulink-model
developed (“From Workspace” blocks in Fig. 2). In particular, the output of the block “ua_exp” represented the data
experimentally obtained at the output of the voltage response amplifier, and the block “ia_exp” represented the
experimentally recorded time dependencies of the anchor current).

The next step was to verify the created digital computer model. For this purpose, the estimates of the parameters
and time dependencies of the coordinates changing of the investigated electromechanical guidance system were
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compared with the corresponding parameters and processes obtained by the created Simulink-model of the
electromechanical mechanism of the guidance system, which used the identified parameters of its constituent
elements. For some parameters of the elements, such as the moment of second mass inertia J,, the coefficient of
elasticity of the mechanical link Ci,, the friction moment M. ¢, as a component of the moment of static load of the
mechanism of vertical guidance, and others, whose values cannot be determined with the required accuracy by the
results of experimental studies. Their approximate values were obtained from the experiments performed or estimates
of their values were obtained based on the analytical calculations performed. Subsequently, these values were refined
in the course of optimization procedures with the involvement of the Matlab Optimization Toolbox software with
respect to the criterion for minimizing the standard deviation between the dependencies experimentally obtained and
the model time ones of the certain coordinates of the guidance mechanism. The parameters values obtained in this
way were implemented in the computer Simulink-model of the electromechanical system of the guidance mechanism.

As an example, in Fig. 7, the time dependences of the change in voltage at the anchor U,(t) of the drive engine
and the change in its current I,(t) at the acceleration interval of the drive, experimentally obtained at the lifting
mechanism of the MLRS of BM-21, are demonstrated in a solid line (model curves are represented in a dashed line).
In the experimental dependence there are pulsations on the curve U,(t) containing the frequencies in the range of 45-55Hz;
they are the result of operating the polarized relay in the automatic control system (ACS). In the developed computer
model, the effect of this polarized relay is not taken into account, since these pulsations are smoothed (filtered) by the
electromechanical inertia of the drive engine of the system "rotary amplifier-DC engine" and do not appear in the
time dependence of the shaft speed. In Fig. 7, b, the dependences of the anchor current of the engine Z,(t) obtained
experimentally (solid line) and obtained by the created computer model (dashed line) taken on a time interval of
acceleration of the drive to a given (steady) speed of movement of the package of launch are shown. The computer
time dependencies U,(t) and Z,(t) (Fig. 7, dashed lines) are obtained as a result of optimization procedures, using as
variant parameters the above-mentioned parameters of the EMS elements of the vertical guidance mechanism.

The analysis of both experimental and model reactions U,(t) and Z,(t), shown in Fig. 7, for a single change of the
setting signal (control effect) on the drive acceleration, confirms a sufficiently high level of coincidence of the main
integral values of the dynamics indicators (transient time, overregulation, oscillation, standard error of discrepancy, etc.).
The integral estimates of the standard deviation of experimental and model reactions U4(t) and I (t) are 10,425 B and
4,733 A for the anchor voltage and current, respectively. The values of the variational parameters obtained in these
experiments are implemented in the Simulink-model of the EMS mechanism of guidance of the package of guides.
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Fig.7. Experimental (—) and model (- - -) reactions U,(t) and I,(t) on a single change of the control signal on moving the package
of guides.

In Fig. 8, the experimental dependences obtained in the process of experimental investigations (see Fig.8, a) and
by the created computer model (see Fig. 8,b) of the EMS to ensure motion of the package of guides on the BM-21 are
shown as well as the time dependencies of the change of the guidance angle ¢(t) in displacement of the package of
guides from zero position by the angle of 60° with a short stop at 35°.

The electrical and mechanical parts of guidance of the armament of a combat vehicle are characterized by the
multicomponent and specific features of their constituent elements. Accordingly, the mathematical model of such an
electromechanical system is also complex. When synthesizing the optimal dynamics of such a system, that is, to
implement high speed and static accuracy with respect to the angle of guidance of the package of guides, as well as to
obtain the invariance of these EMS properties from parametric changes and coordinate perturbations of the control
object, it is necessary to use special techniques. These techniques should take into account the elastic elements
present in the mechanical system, in particular, the torsion bar mechanism, and nonlinearity - the backlash in the
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mechanical transmissions, the change of the parameters and the moment of inertia of the kinematic scheme under
different loads of the package of guides, the change of the total moment of static load in the process of guidance of
the package of guides at different angles and under different loading of guides with shots, etc. It is impossible to do
this based on the classic automatic control theory techniques. Moreover, difficult to solve is the task of adapting the
desired indicators of the dynamics of the guidance system to the changes of the above-mentioned factors.
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Fig.8. Experimental (a) and computer (b) time dependencies of the angle of guidance ¢(t) of the package of guides.

Therefore, for such EMS characteristics to ensure the motion of the package of guides, the expedient, in our
opinion, approach to obtain the desired (optimal) dynamics and statics is to use modern methodology and systems
engineering of intelligent control, in particular, the use of fuzzy control in the structure of the SAC of motion of the
package of guides, in particular, the use of fuzzy correctors and regulators in the structure of the control system.
Designed on the basis of this approach, the SAC will meet the conditions of obtaining the desired dynamics not only
in the vicinity of the point of the most probable angle of the positioning of the package of guides but also when
moving the package of guides into any other positions. With this, the requirements for the dynamics and statics
indicators in the complete range of changes the parameters and disturbing influences of the dynamic nonlinear system
of the mechanism of guidance of the package of guides will be observed.

The created Simulink-model of the EMS mechanism of guidance of the package of guides will be an effective
tool for performing the tasks of structural and parametric synthesis and analysis of dynamic and static properties of
such a system based on a nonlinear model of its description, which will be the subject of further research. Carrying
out the relevant mathematical experiments and performing the computer model studies allow us to fully investigate
the quality of the guidance process and obtain dynamics and statics estimates in the driving and deceleration modes of
the electric drive in the real ranges of changing the setting and disturbing effects, parametric changes in the vertical
guidance mechanism, and to perform parametric optimization of the EMS mechanism of guidance of the package of
guides of a combat machine.

5. Conclusion

In order to improve the control system of the electromechanical system of the lifting mechanism of the BM-21
combat vehicle in the direction of increasing the speed of the guidance process, the accuracy of positioning, and
reducing its overall dimensions and cost, its mathematical and computer models have been developed.

According to the results of the experimental investigations, the models of individual units and parameters of the
elements of the electrical and mechanical parts of the lifting mechanism of the BM-21 combat vehicle have been
obtained.

The expediency of performing as well as the optimization procedure in the identification of unmeasurable
parameters and characteristics of the guidance mechanism for constructing the structural Simulink-model of the
automatic control system of guidance of the package of guides using mathematical and computer simulations are
substantiated.

The analysis of estimates of the parameters and processes of the changes of coordinates of the electromechanical
system of providing the motion of a package of guides, which are obtained by means of the created computer model
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and experimentally on the operating combat machine has shown a sufficiently high accuracy of their coincidence,
which confirms the adequacy of the created computer Simulink-model of the electromechanical system of the
mechanism of guidance of the package of guides of the armament complex of a combat machine BM-21.
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Bepudikauisi komm’rorepHoi Simulink-moaesti e1ekTpoMexaHiuHOI cCHCTEMH
MeXaHi3My HaBe/IeHHSI KOMILIEKCY 030PO€HHS 00i10BOI MAIIIMHHA

SIpocnas IMapanuyk®, ITasno €okimor”, Onexciit Ky3H€HOBb, Bonoaumup Llama®

8Hayionanvnuii ynisepcumem «JIvgiscvora nonimexuixay, syi. C. bandepu, 12, Jlveis, 79013, Vrpaina
b . . . . . .
Hayionanvua axademis cyxonymuux giticok imeni ecemomana I[lempa Cazatioaunozo,
syn. I'epoie Maiioany, 32, Jlveis, 79026, Vrpaina

AHoTanis

VY 1ocKOHaNEHHS ICHYIOUHX €JIeKTPOMEXaHIYHMX CHCTEM HaBEJCHHS KOMIUIEKCY 030pOoeHHsI OOHOBHMX MallIvH
MOBUHHO BIiZOYBATUCh y HANpPSMi IiIBUIICHHS MIBUAKOAII Ta TOYHOCTI MO3HUI[IOHYBaHHA. Y pPOOOTI PO3MIISHYTO
MiIHOMHHMN MeXaHi3M HaBEJCHHS MaKeTy HAIPsIMHUX PEaKTHBHOI CHCTEMH 3ajiroBoro BorHio bM-21, mo croite Ha
030poenHi 30poitHnx Cun YKpaiHU Ta € THIIOBOIO I 0araThoX 3paskiB 030poeHHS. Ha OCHOBI omparoBaHHS
EKCIIEPUMEHTAILHO OTPUMAaHHUX YacOBHX 3aJISKHOCTEH KOOPAWMHAT iCHYIOYOI eIeKTPOMEXaHIYHOI CHCTEMHN HaJaHHs
BEPTHKAJIBHOTO PYyXy MaKeTy HampsSMHHUX IPOBEAEHO ifeHTH(IKaI[il0 mapaMeTpiB Ta mnepenaBajbHUX (YHKLIN ii
SNIEMEHTIB, SIKi peanizoBaHO y MaTeMaTH4Hiil Ta koMn toTepHiit Simulink-mozeni. BukoHaHO MOpiBHSAHHS MpoLECiB
3MiHM KOOpAMHAT Y IIPOILIECi HaBEICHHS, SIKI OTPMMaHO Ha CTBOpPEHIH 11 KOMIT'IOTepHiH Mopeni i Jitodiil OoiOBii
MammvHi. [TopiBHSHHS OTpUMaHUX PE3YNbTATIB MOKA3alld JOCSITHEHHS JAOCTATHHOI TOYHOCTI CHIiBMAIiHHS YacOBUX
3aJIe)KHOCTEH KOOPAMHAT €IEKTPOMEXaHIYHUX CHCTEM HaBEICHHS.

KaouoBi cioBa: cucreMa HaBCIACHHA O36p0€HHH; TOYHICTh HOBI/IHiOHyBaHHH; IIIBI/II[KOIIiﬂ; KOMH’IOTCpHa
MOJCIIb.



