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Abstract. A generalized mathematical model of steady dynamic processes in the turning mechanism of a tracked vehicle with a twin-cylinder diesel engine and hydrostatic transmission has been created, which takes into account disturbances not only from the engine but also from hydrodynamic processes; it allows studying the interaction of hydrodynamic and torsional vibrations. The model is presented as a system of differential equations, considering the engine, differential mechanisms, adjustable and non-adjustable hydraulic machines, and power consumers. The nature of the influence of torsional vibrations of the analyzed system on the processes in the hydro-volumetric transmission has been established. The areas of normal functioning of the mechanism at different turning resistances have been constructed. Calculational studies of dynamic processes during the turning of a vehicle have been carried out.
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Introduction
Curved motion is the most challenging mode of operation for a machine [1]. In this mode, a tracked machine operates for a significant part of the time, and its power units – the engine, transmission, and running gear are subjected to extreme loads [2]. For high-speed machines, turning can be accompanied by skidding or sliding, seriously impairing their stability and controllability [3]. Experience in testing and operating machine units with internal combustion engines and hydrostatic transmissions (HT) shows that dangerous dynamic processes in their mechanical parts and hydrostatic machines at characteristic steady and transient modes can lead to excessive wear of support surfaces [4], shoes, and separation of shoes from support surfaces, which practically leads to premature failure of the HT. When turning at high speeds, relief valves are activated (pressures reach limit values), which is accompanied by a significant increase in turning radii and, consequently, a substantial slowdown in turning processes [5].
Of all types of hydraulic volumetric machines, axial piston machines [6] (Fig. 1) have the best dimensional and weight characteristics, although their manufacture and operation are subject to relatively high technological requirements [7]. Dynamic processes in machine units with internal combustion engines and HT can have a significant mutual influence on characteristic steady and transient modes. Mathematical models that would describe the interactions of a multidimensional (in general, nonlinear) mechanical torsional system with a hydraulic drive, taking into account control influences, parameters of a moving object, and road characteristics, are practically absent or have minimal capabilities.
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FIGURE 1. Diagram of an axial piston hydraulic volumetric machine: 1 – shaft; 2 – housing; 
3 – swash plate; 4 – rotor; 5 – plunger; 6 – plate with windows; 7, 8 – windows
[bookmark: _heading=h.gjdgxs]LITERATURE REVIEW AND PROBLEM STATEMENT
Nowadays, in most works, dynamic calculations are performed separately for the transmission and turning processes; if there is a HT in the total drive, the influence of the elasticity of the connecting shafts and the servo drive on the development of dynamic processes is not taken into account. Articles [6, 8] develop models for designing and evaluating the efficiency of a tractor with a hydromechanical transmission, which includes hydraulic machines, a tilt swash plate control system, and a planetary gear; a dynamic model of a tractor is proposed that takes into account traction force, motion resistance, and power take-off. Articles [9, 10] are devoted to analyzing the features of power transmission by the hydromechanical transmission of agricultural tractors. In [11], theoretical and experimental studies of the effect of changes in the power of the HT on the torque are carried out; a method is proposed that ensures a rational law of power change. Dynamic models of multi-flow continuously variable transmissions with HT are considered in works [12, 13]. 
In article [14], the task of increasing the efficiency of hydromechanical transmission is formulated as a global optimization problem, in which the variables are the parameters of hydraulic machines and the transmission ratios of conventional and planetary transmissions. The optimization problem is solved using a particle swarm algorithm, which is effective for eliminating local minima. Papers [15, 16] are devoted to the problem of multi-objective optimization, the goal of which is not only the efficiency of the hydromechanical transmission, but also the minimization of the dimensions of the gearbox. Optimization in the Pareto set of compromises is carried out using the particle swarm algorithm.
Elements of dynamic calculations in the theory of turning tracked vehicles are considered in the monograph [17] and the article [18]. Some models of tracked vehicle turning, which allow studying dynamic processes in the engine, transmission with differential mechanisms, and HT, and the moving part as an integral system, are considered in the monograph [19] and the articles [20, 21]. In [22], a fairly universal model of a tracked vehicle turning is constructed, which allows studying the dynamic processes in the engine, transmission with differential mechanisms, and hydrostatic transmission [23], and the running gear as a single system.
The paper aims to create a mathematical model of steady dynamic processes in the turning mechanism (TM) of a tracked vehicle with a twin-cylinder diesel engine and a hydraulic transmission, which considers disturbances from the engine and hydrodynamic processes.
To achieve this goal, the following tasks must be solved: a model of turning processes must be constructed in the form of a system of differential equations that takes into account the engine, differential mechanisms, regulated and unregulated hydraulic machines, and power consumers; it must allow the interaction of hydrodynamic and torsional vibrations to be investigated; to identify frequency intervals in which oscillatory processes are described with sufficient accuracy for practical purposes, taking into account only one of the disturbing factors; to establish the nature of the influence of torsional vibrations of the analyzed system on hydrodynamic processes in the HT of the MP; to construct the regions of regular operation of the mechanism at different turning resistances; conduct computational studies of dynamic processes during vehicle turning.
MATHEMATICAL MODELS OF STEADY DYNAMIC PROCESSES
In the presence of HT in a machine unit with an internal combustion engine, the source of excitation of torsional vibrations is not only the disturbing moments of the engine, but also the uneven supply of working fluid by the hydraulic pump, and its flow from the discharge cavity into the plunger cylinders. The study of steady dynamic processes in these devices requires all of these factors to be taken into account when constructing models.




A kinematic diagram of a machine unit with a twin-shaft engine is shown in Fig. 2 without a low-frequency drive to the turbine and compressor. Its distinctive feature is the presence of a high-voltage turbine (HVT TM) and two differential gearboxes. The diagram shows the engine exhaust shaft, differential mechanisms, adjustable and non-adjustable hydraulic machines, power consumers, gears, and elastic inertia-free elements with stiffness coefficients , , , .
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FIGURE 2. Kinematic diagram of a turning mechanism with hydrostatic transmission
















Generalized coordinates are also given, which are taken as the pressure difference  in the HT lines and the angles of rotation:  – of the crankshaft, carrier and gear  (number of teeth );  and  – of the regulated and unregulated hydraulic machines; ,  and  – of the gears,  left  and right .  The definitions of , as well as the positive reference directions of the tilt angles of the swash plate of hydraulic machines are described in [19, 21], the positive reference directions of other generalized coordinates are given by the vector . The model under study is a type of two-stream hydromechanical power transmission with a differential mechanism at the output. The use of HT and two differential mechanisms allows for an antiphase smooth change in the angular velocity of epicyclic gears and the power consumers associated with them when changing  (the angle of tilt of the swash plate). 
After introducing the appropriate notations and performing standard actions to compile the Lagrange equations, the differential equations of motion of the system masses are obtained [21]:

		(1)























, , , , , , , , ,  are non-zero elements of the inertia matrix; , , , , ,  are the moments of elastic forces in connecting shafts;, are the moments acting on the hydraulic pump and hydraulic motor from the fluid side;, , ,  are the corresponding generalized forces.



Differential equations (1) are employed as the basis for developing a model aimed at the investigation of periodic regimes. Given the pronounced sensitivity of such processes to damping effects within the resonance region, it is necessary to incorporate terms accounting for energy dissipation into equation (1). Since friction in the devices under consideration is relatively small, only its integral characteristics over the oscillation cycle are of significance. This justifies the adoption of the simplest friction representation, namely viscous friction. At subsequent stages, resistance in elastic connections is considered, while the damping coefficients are identified by correlating computational results with experimental data obtained in resonant regimes. Therefore, the structures of expressions for resistance moments and elastic moments (1) will coincide. In the latter, it is only necessary to replace the stiffness coefficients  with damping coefficients   (), and the angles of rotation of masses with angular velocities. Thus, for resistance moments we have:


		(2)

The gear ratios in these formulas have the form:







;   ;   ;   ;   ;   ;   ,


 is the number of teeth,  is the gear number.
The system of motion equations of the rotation mechanism (1) taking into account expressions (2) and the continuity equation [21]


	,	(3)

will be written in the following form:


		(4)







 is bulk modulus of liquid;  is the discharge cavity volume;  is the volume of fluid passing through the hydraulic pump;  is the volume of fluid passing through the hydraulic motor;  is the volume of fluid passing through the gaps;  is the volume of fluid leaving the discharge cavity into the cylinder that enters it.
In the systems of equations (1), (4) the inertia of the fluid flow was not taken into account, since in the considered HVT the main lines are ultra-short [20, 21]. 
In the used mathematical models of the HVT (3), (4), these dependencies are approximated by piecewise linear characteristics.
When taking into account pressure pulsations [21, 24], it is necessary to assume that


	,	(5)


	,	(6)





 is the plunger cross-sectional area;  is the radius of the plunger cylinders axes location;  is the angle between the axes of two adjacent cylinders (for a nine-cylinder plunger pump ).



The rotational angles of the masses, employed as generalized coordinates, do not permit the formulation of a periodic boundary value problem for system (4), as these functions are non-periodic in the steady-state motion of the system. However, the torsion angles of elastic connections and angular velocities have the property of periodicity, therefore, as new variables, we will take the angles  (), which are indicated on the kinematic diagram of the mechanism (Fig. 2), and the angular velocity of the hydraulic motor . The torsion angles are related to the previously introduced generalized coordinates by the relations:





;                   ;                   ;                   .          (7)



Let us substitute into system (4)  the condition (), i.e., assume that the motor shaft undergoes uniform rotation. Under this assumption, the first equation of system (4) can be omitted from consideration. In terms of the new variables, the system is then expressed as follows:



		(8)








The use of the system of equations (8) for the calculation of periodic oscillations requires the transformation of some of its parameters. Since the variable coefficients  and  in expressions (5) and (6) for  and  in the general case have incommensurable periods, when studying periodic solutions (8) the coefficient  was assumed to be equal to unity. The period of the sought solution is determined by the angular velocity  and it coincides with the period of the impulse disturbance associated with the membranes , i.e. it is equal to the time of rotation of the hydraulic pump shaft per 1/9 revolution (nine plunger hydraulic machines are used in the engine under consideration)


	.	(9)

The generalized forces in this case are as follows:







;   ;   ;   ;   ;   ,         (10)






 is the engine torque;  і  are the drag torques on the epicyclic gears of the left and right differential mechanisms. The engine torque  is given by a family of torque characteristics , that are determined experimentally.
The moments of resistance of consumers should be considered proportional to the squares of the angular velocities of the epicycles:


;         ,



 і  are the proportionality coefficients found from experimental data.


The moment formulas  and  [21] for the new variables, taking into account the relations (7) and the assumptions made, take the form:



;         .

Expressions (5), (6) are transformed similarly. As a result:



,         .

Thus, the system of differential equations (8) describes the periodic modes in the HT TM during rotation, caused by hydrodynamic processes. The boundary value problem (8) should be solved together with the differential equation for the pressure in the cylinder entering the discharge cavity


	,	(11)

initial condition for which [19]


	,	(12)



is the volume of the cylinder entering the discharge cavity;  is the supply pressure.
In the analyzed power transmissions, a powerful source of disturbances is the variable component of the torque of the internal combustion engine. Creating a correct HT TM model for studying periodic modes requires taking this factor into account. Assuming that with a normally adjusted engine, the most dangerous for the power chain is the main harmonic, represent the torque on the exhaust shaft in the form:


	,	(13)





 is the torque constant component; is the order of the main harmonic (for the six-cylinder engine under consideration ); ,  are the amplitudes of cosine and sine harmonics.

Then, based on the first formula (10) for the generalized force :



.

Since the steady state is considered, then


,

therefore, in this case


	.	(14)

In addition, for the angle of rotation of the crankshaft, the following relation is valid:


	,	(15)


 is the small periodic function.



Now from the system of equations (8), neglecting the quantity  compared to  [21], we can exclude :


	,	(16)



where ;     .

For variables (7) taking into account expression (16), the system of equations (8) takes the form:


		(17)

The periodic solutions of this system of equations are found together with the integration of the differential equation (11).
The developed models of dynamic processes in the turning mechanism of a tracked vehicle allow studying the interaction of hydrodynamic and torsional vibrations, i.e., taking into account the reverse effect of torsional vibrations excited in the power transmission on the processes in the HT.




Although the dimensions of the systems of equations (8) and (17) are the same, the number of calculations required for their use is different. This is due to the fact that the period in the solutions  (9) described by the first model is determined by the plunger frequency , and the smallest period  in the second model is determined by the frequency of the engine's disturbing torque :


	.	(18)


Therefore , which requires twice the number of calculations required when using the second model. Computational experiments allowed us to determine the areas of rational use of the described models. 
COMPUTATIONAL STUDIES OF STABLE DYNAMIC PROCESSES DURING TURN





In the calculation studies, the values of the parameters of the hydraulic volumetric machines and the turning mechanism given above were used. The results of the calculations when turning the object in third gear () are given below. The amplitude values of the disturbing torque, which corresponds to the maximum power mode, have the following values: , . Damping coefficients  ().






Fig. 3, 4 show the dependences of the pressure difference in the pipelines  and the angular velocity of the hydraulic motor  on the angular velocity of the crankshaft  in the operating range of the engine . Fig. 3 shows the minimum and maximum values . Fig. 4 shows the constant component for different tilt angles of the pump swash plate. The presented graphs indicate that the maximum pressure pulsations and the maximum absolute values of  are achieved at the maximum tilt angle of the hydraulic pump washer.
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	FIGURE 3. Pressure difference in pipelines	FIGURE 4. Angular velocity of the hydraulic motor


Figures 5 and 6 show the time dependencies of the periodic motion laws of the given system at , calculated using the second model; the solution period is given by (18). The graphs demonstrate that the motion law of the first section is significantly influenced by both disturbing factors (when expanding the function into a Fourier series, the first and second harmonics are found to be comparable), whereas the law of pressure difference variation practically does not contain the first harmonic.

[image: ]

FIGURE 5. Pressure drop			 FIGURE 6. Twist angle of the first section

Numerous experiments have confirmed the significant influence of damping torque magnitudes on the intensity of torsional vibrations of the system. The use of various dampers can be an effective means of reducing dynamic loads.
Calculations performed using the developed models revealed a characteristic feature of the processes under study, namely, the weak influence of torsional vibrations of the considered system on the hydrodynamic processes in the HT TM.







The problem of estimating the magnitude of pressure pulsations arises when constructing the regions of normal functioning of the mechanism for different turning resistances. The operating mode is determined by the values of the pump swash plate tilt angle  and the gear ratio , which determines the gear number. A process is considered normal in which the pressure difference in the pipelines does not exceed the threshold value . At this value, the bypass valves are triggered. Fig. 7 shows the regions of normal functioning of the turning mechanism, constructed for two different values of the coefficient , which characterizes the turning resistance and depends on soil properties. The symbol “+” means that for the corresponding values  and  the condition of normal functioning at is fulfilled .
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				(a)					(b)



FIGURE 7. Normal operating modes of the turning mechanism: a) ; b) 
CONCLUSION
A generalized mathematical model of steady dynamic processes in power drive with an HT TM during object turning has been developed. The model accounts for disturbances not only from the engine but also from hydrodynamic processes, thus enabling the investigation of the interaction between hydrodynamic and torsional oscillations. A model of the turning processes has been constructed in the form of a system of differential equations, incorporating the engine, differential mechanisms, controllable and non-controllable hydraulic machines, and power consumers. A method has been proposed for identifying frequency intervals in which oscillatory processes can be described with sufficient accuracy for practical purposes, taking into account only one of the disturbing factors.
The nature of the influence of torsional oscillations of the analyzed system on the hydrodynamic processes in the HT TM has been established. The operating regions corresponding to normal functioning of the turning mechanism under various turning resistances have been constructed. Computational studies of dynamic processes during vehicle turning have been carried out. The proposed approach is shown to be promising for the development and improvement of a broad class of similar designs.
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