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Abstract

:

This paper deals with the problematic of the drive system of small-diameter knitting machines (hereinafter “knitting machines”). An alternative design of a new drive system is presented that addresses the effective working position of selected operating elements, i.e., a cylinder, a dial, and a roller cutter. The design is protected by patent No. 303578, and the authors of this paper also authored the patent. For the description and simulation of the drive system, mathematical models have been elaborated of the existing and new drive system, which include an additional design of a more suitable stroke for the movement of the cylinder. The output of the simulations are the courses of kinematic quantities, torque, and electric current, elucidating the benefits of the new drive system. Based on the structure of the new drive system, a test device has been designed and manufactured to verify functionality and reliability. The new drive system consumes less energy, simplifies the machine frame and reduces noise emissions. The obtained results can help in researching the issue of knitting machine frames, and in addition, the new system brings new technological possibilities for knitting.
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1. Introduction


Knitting machines are an essential part of traditional textile engineering with a rich history, though knitting technology is relatively young [1,2] compared to other areas of this industry. In addition to classic knitting technologies and their products, extensions of classic knitted fabrics with higher added value are increasingly coming to the fore [3,4,5,6,7].



Previously used in the drive systems of small-diameter knitting machines were mainly an asynchronous motor with short circuit “anchor” and graduated pulleys for changing speed [2]. The term “drive system” in this paper includes the motor, its control, and the transmission that propels the required elements, while the term “drive” includes only the motor and its control. After the development of semiconductor rectifiers, DC brush control motors were used relatively briefly. Today, frequency converters or control units for servo drives are used to change speeds in asynchronous motors [8,9]. In the past, the drive systems of small-diameter knitting machines contained relatively complex mechanisms with numerous mechanical transmissions installed in intricate, voluminous frames [10]. Mechanical transmissions set the limits of use of the operating elements forming the knitted fabric in terms of effective use throughout the entire work process [11]. Working elements mean the cylinder, dial plate (abbreviated as “dial”) and the roller cutter [12]. The dial in knitting practice is called a rotary element, used mainly to create an overhanging hem especially on socks, as well as to produce a solid beginning and in some types of machine also double-faced knit fabric [1]. An integral part of the dial is a roller cutter used for cutting yarn according to technological requirements. In the overhanging mode, i.e., the formation of an overhanging hem on the sock, it is essential to uphold the technological condition of mutual rotation between the cylinder and the dial [13]. This is due to the sliding out of the sinkers from the dial between the needles during rotation. The limit of the maximum rotation is given by the sum of the maximum plays in the gearing of the drive system given by its stiffness.



Theoretically, from the technological standpoint, the dial would be synchronized with the cylinder only for two revolutions during manufacture of the sock. The first revolution would be to catch the beginning of the knitted fabric and after knitting the hem, hanging the knitted fabric back on the needles [2]. The roller cutter is not dependent in principle on the movement of the knitting roller or the dial itself, so there is no need for synchronization [1]. In the past, there were knitting machines, especially for manufacturing delicate women’s stockings, which did not include the dial. On these machines, it was possible to create an overhanging hem even on the front side [8].



The percentage of utilization of the aforementioned operating elements (cylinder, dial and roller cutter) is significantly different during the process of creating sock goods, ranging from 5% to 100% [8]. The mentioned workload and length of the process during knitting was based on the creation of one classic sock with the top hem designed for the foot size EU 44, Figure 1. The knitting time of one sock is different and especially depends on its size, shape, material used and the variety of uses of colors and patterns required by the customer [14]. The current concepts of the drive systems do not allow flexible control of individual operating elements according to their current needs for inclusion in the technological process. This problem occurs due to the direct mechanical connection between the dial and the roller cutter; their movement is standardly derived by constant transmission by gears from the movement of the cylinder [15].



The application of controlled drives for the individual work elements mentioned above offers the possibility of increasing the efficiency of the knitting process and the associated significant savings in electricity consumption [16]. An indisputable advantage is the reduction of demands on the installation space and the overall simplification of the machine design due to the reduction of moving elements of the drive system [17]. It is worth mentioning that the gears making up the current drive system are also a key vibration exciter and noise source, so one expected benefit of using controlled drives is the reduction of noise pollution and ensuring improvement of health conditions for machine attendants [18]. Another important criterion for assessing the suitability of employing controlled drives is the demands on the dynamic properties of the machine, as their applications can bring an improvement in their properties, thanks to the possibility of a suitable choice of lift dependence [19,20].



This paper focuses on assessment of the new drive system compared to the existing one. The new drive system will respect the targeted inclusion of the cylinder, dial, and roller cutter in the technological process. The use of controlled drives in this area appears to be a possible way of increasing the degree of technical sophistication of small-diameter knitting machines. There are a number of varying structures of the drive system of small-diameter knitting machines. One of the most commonly used methods of designing the drive system of small-diameter knitting machines is shown in Figure 2 [2]. The principle of the system is based on the transmission of power to the cylinder (4) and to the dial (10) from the servo drive (M1) by a system of gears (1,2,3,5,6,7,8,9) and shafts (11,12,13).



The main movement of the knitting machine is performed by a brushless alternating servo drive (M1), a pinion (1), and a toothed rim (2), which is part of the cylinder (4). The dial drive system begins by transmission from the toothed rim (2) to the gear (3). The system continues through the shaft (11) to the gearing (5 and 6). The shaft (12) is fitted with a clutch. This clutch must ensure that its original position is precisely reset after the dial arm has been tilted (10), i.e., after disconnection of the drive system. Furthermore, the system connects the gears (7,8,9 (V)) to the shaft (13) of the dial (10), which is mounted and firmly connected to the roller cutter. The gears ensure the same angular velocity of the dial (10) and the cylinder (4). The delimitation of plays between gear teeth is realized by changing the axial distance between the gears in combination with split gears [21].




2. Mathematical Models


2.1. Existing Drive System of a Small-Diameter Knitting Machine


An analysis was performed of the existing design to assess the impact of the changes to the new drive system. The results of the analysis are compared with those obtained by analyzing the modified drive system in the following chapter.



To investigate the dynamic behavior of the drive system of a small-diameter knitting machine, a discrete model was elaborated, including the torsional compliance of all main shafts and the cylinder. The actual mathematical model of the knitting machine drive system in Figure 3 was formulated while considering the following assumptions:




	
Gears (0–7) and the dial (8) are considered as perfectly rigid bodies



	
Each of the shafts (R0, 23, 45, 78) is replaced in the model by two geometrically identical shapes whose moments of inertia are included in the moments of inertia of the corresponding gears. In the case of the shaft (78), the moment of inertia of its lower part is included in the moment of inertia of the dial (8). The relevant shapes are connected by non-material elastic elements with torsional stiffnesses and viscous damping elements.



	
The cylinder (9) is replaced in the model by two geometrically identical shapes, whereas the moment of inertia of the lower shape is included in the moment of inertia of the gear (1). Both shapes are connected by non-material elastic elements with torsional stiffnesses and viscous damping elements.



	
The moments of inertia of the needles and sinkers are included in the moment of inertia of the cylinder (9).



	
The moments of inertia of the sinkers are included at the moment of inertia of the dial (8).



	
In the calculation, plays in gears are considered, which are simply entered into the mathematical model using angular deflections of shafts R0, 19, 23, 45, 78; the play in the shaft bearing is not considered by the model.



	
The model does not consider the bending compliance of shafts and the thermal expansion of materials.



	
The model does not consider gravitational and friction forces and forces caused by the tension of the yarn.



	
The model does not consider the force required for cutting the ends of the yarn.








The required moments of inertia of the individual elements of the drive system were determined using the cad model of the drive system, see Table 1. Conversions appearing in the equations of motion are given in Table 2. The designation and position of the elements correspond to the diagram in Figure 4.



Lagrange equations of the second kind were used to elaborate the actual equations of motion of the discrete model of the drive system. This is among the most widely used methods of analytical mechanics, especially in more complex mechanical systems [22,23].



2.1.1. Form of the Lagrange Equation of the Second Kind


EK is the kinetic energy of the system, EP is the potential energy of the system, Rd is the Rayleigh dissipation function, and qi is the generalized coordinate.


   d  d t    (    ∂  E K    ∂   q ˙  i     )  −   ∂  E K    ∂  q i    +   ∂  E P    ∂  q i    = −   ∂  R d    ∂   q ˙  i     



(1)




for: i = 1, 2, …, n.



Matlab R2022a software and its Simulink module were used to solve the system of equations of motion. The individual equations were written in matrix form (1) and then solved by gradual integration in the Simulink environment, see Figure 4.


   [ I ]  ·  {  q ¨  }  +  [ B ]  ·  {  q ˙  }  +  [ K ]  ·  { q }  = 0  



(2)








2.1.2. Listing of Matrices Used in the Equation (2)


Moment of Inertia Matrix I


   [       I 0  +  I 1  ·  μ  01  2  +  I 2  ·  μ  02  2     0   0   0   0     0     I 9     0   0   0     0   0     I 3  +  I 4  ·  μ  34  2     0   0     0   0   0     I 5  +  I 6  ·  μ  56  2  +  I 7  ·  μ  57  2     0     0   0   0   0     I 8       ]   











Damping Matrix B


   [       b  R 0   +  b  19   ·  μ  01  2  +  b  23    μ  02  2      −  b  19   ·  μ  01       −  b  23   ·  μ  02       0    0      −  b  19   ·  μ  01        b  19      0   0   0      −  b  23   ·  μ  02      0     b  23   +  b  45   ·  μ  34  2      −  b  45   ·  μ  34      0     0   0    −  b  45   ·  μ  34        b  45   +  b  78   ·  μ  57  2      −  b  78   ·  μ  57        0   0   0    −  b  78   ·  μ  57        b  78        ]   











Stiffness Matrix K


   [       k  R 0   +  k  19   ·  μ  01  2  +  k  23    μ  02  2      −  k  19   ·  μ  01       −  k  23   ·  μ  02       0    0      −  k  19   ·  μ  01        k  19      0   0   0      −  k  23   ·  μ  02      0     k  23   +  k  45   ·  μ  34  2      −  k  45   ·  μ  34      0     0   0    −  k  45   ·  μ  34        k  45   +  k  78   ·  μ  57  2      −  k  78   ·  μ  57        0   0   0    −  k  78   ·  μ  57        k  78        ]   











Listing of vectors of generalized coordinates q and their derivatives


   q =  {     φ 0       φ 9       φ 3       φ 5       φ 8     }             q ˙  =  {      φ ˙  0        φ ˙  9        φ ˙  3        φ ˙  5        φ ˙  8     }             q ¨  =  {      φ ¨  0        φ ¨  9        φ ¨  3        φ ¨  5        φ ¨  8     }    








where I is the moments of inertia matrix, B is the damping matrix, K is the stiffness matrix, and q is the rotation vector of the selected elements of the drive system. The coefficients of torsional stiffness k, viscous damping b of the selected elements of the drive system were taken from a study [24]. Furthermore, in the equations of motion, conversions μ appear between the individual stages of the drive system. In the mathematical model of the drive system, the toothing plays are respected. These plays were included in the drive system using the conditions specified in the study, which replace the actual plays with angular deflections [25].



For Ange series knitting machines, a lift dependence is often used containing a polynomial of the 3rd degree describing the desired position of the cylinder in the start-up and run-out areas of the drive system. Linear sections appear in the lift dependence in which a constant velocity of the cylinder is required. The position of the cylinder is a function of a virtual cam corresponding to one of its revolutions, during which the cylinder performs a symmetrical reciprocating rotational movement between two dead centers from the start position to the end position in the range of 0–3/4 π, see Figure 4 [26].



Through the use of the elaborated solver [27] (see Figure 5) of differential equations, the gained motion Equation (2) was solved [28], and responses were observed in the relationship between the drive system and the kinematic excitation of the system, which was the desired course of acceleration of the drive system drive element during reverse motion. The reverse motion mode was selected for analysis due to the highest degree of dynamic loading of the entire knitting machine [24].



The output of the analysis are the courses of kinematic quantities of individual elements of the drive system (see Figure 6, Figure 7 and Figure 8), the designation of the elements corresponds to the diagram in Figure 3. The achieved angular velocity of the 16.8 rad·s−1 cylinder technologically corresponds to the highest recommended operating velocity of the Ange series small-diameter knitting machine in the reverse motion of the drive system using standard materials for production of sock goods [2].



The results of the analysis point to the theoretical influence of plays in the system of the knitting machine drive. These cause shock forces during their delimitation; this phenomenon can be clearly observed during the acceleration of the system in the form of maximum oscillation values (see Figure 8). Similarly, although not so significantly, delimitation of plays appears in the course of angular velocities of Figure 7, and there are evident oscillations, especially in the areas of motion dead points. In addition to play, these oscillations are also influenced by dynamic system parameters. Some of the curves overlap in the courses, and this phenomenon is particularly evident in the course of the position.





2.2. Modified Drive System of a Small-Diameter Knitting Machine


The newly designed structure (see Figure 9a) is protected by a patent [17]. The structure removes the part of the existing drive system that sets the dial with roller cutter in motion and further extends the basic driving unit (P1) by two additional controlled drives (P2) and (P3) for individual control of the dial (10) and the roller cutter (11). The functional model of the roller cutter drive system comprises a friction transmission mechanism in which the power transfer between the drive (P3) and the roller cutter is performed by a flexible shaft (13) fitted with a drive wheel (12).



The gearbox containing the gearing (0–1) and the drive (P1) were taken from the existing machine structure to control the cylinder (9 (V)). In reverse motion of the modified drive system, only the cylinder is driven. This fact corresponds to the elaborated mathematical model of the part of the modified drive system in which only the cylinder is driven, see Figure 9b. The dynamic analysis of this part of the modified drive system was carried out in a similar way, considering the same assumptions and using the same solver of differential equations as the dynamic analysis of the existing structure of the drive system (Section 3), see the following list of matrices.



Matrices moment of inertia I, damping B and stiffness K


  I =  [       I 0  +  I 1  ·  μ  01  2     0     0     I 9       ]    B =  [       b  R 0   +  b  19   ·  μ  01  2      −  b  19   ·  μ  01         −  b  19   ·  μ  01        b  19        ]    K =  [       k  R 0   +  k  19   ·  μ  01  2      −  k  19   ·  μ  01         −  k  19   ·  μ  01        k  19        ]   











Listing of vectors of generalized coordinates q and their derivatives


   q =  {     φ 0       φ 9     }         q ˙  =  {      φ ˙  0        φ ˙  9     }         q ¨  =  {      φ ¨  0        φ ¨  9     }    











The modified drive system is conceptually divided into three independent subsystems, each of which has its own drive (P1, P2 and P3). Individual subsystems are placed in service with different requirements for the prescription of movement depending on the technology being implemented. For this reason, individual theoretical movement cycles have been introduced for the cylinder, the machine and the roller cutter.



Based on the previous analysis of the existing drive system, a lift dependence was proposed containing a polynomial of the 7th degree for the system start-up and run-out areas, see Equations (3)–(5). The chosen polynomial degree appears to be a suitable means to suppress shocks in the drive system, to achieve more favorable courses of kinematic quantities, and it is also assumed that the drive is more capable of maintaining the required course.


    φ ( ψ ) =  C 0  +  C 1  · ψ +  C 2  ·  ψ 2  +  C 3  ·  ψ 3  +  C 4  ·  ψ 4  +  C 5  ·  ψ 5  +  C 6  ·  ψ 6  +     +  C 7  ·  ψ 7     



(3)






     φ ˙  ( ψ ) =  C 1  ·  ψ ˙  + 2  C 2  ·  ψ ˙  · ψ + 3  C 3  ·  ψ ˙  ·  ψ 2  + 4  C 4  ·  ψ ˙  ·  ψ 3  + 5  C 5  ·  ψ ˙  ·  ψ 4  +     6  C 6  ·  ψ ˙  ·  ψ 5  + 7  C 7  ·  ψ ˙  ·  ψ 6     



(4)






     φ ¨  ( ψ ) = 2  C 2  ·   ψ ˙  2  + 6  C 3  ·   ψ ˙  2  · ψ + 12  C 4  ·   ψ ˙  2  ·  ψ 2  + 20  C 5  ·   ψ ˙  2  ·  ψ 3  +     30  C 6  ·   ψ ˙  2  ·  ψ 4  + 42  C 7  ·   ψ ˙  2  ·  ψ 5     



(5)







Figure 10, Figure 11 and Figure 12 show the courses of the position, angular velocity and angular acceleration of the elements of the modified drive system. The dial with roller cutter and their corresponding part of the drive system are no longer in the dynamic analysis of the drive reverse motion mode, so the results do not indicate their corresponding courses. By using a polynomial of the 7th degree in the stroke, the course of kinematic quantities was smoothed. This benefit contributed to a significant reduction of the oscillation amplitudes of the modified drive structure compared to the existing structure in which a polynomial of the 3th degree was used. This decrease is best apparent on the courses of angular velocity and angular acceleration, see details in Figure 11 and Figure 12, in these courses there was a significant reduction of oscillations, especially in transition areas.



The working speed is intended for classic materials of sock goods (Cotton, Lycra, Polypropylene, Moira and others). The knitting machine would be able to work at higher speeds and therefore it would be possible to achieve higher productivity, but the classic sock materials set a limit in the form of yarn strength [1].




2.3. Modified Drive System of a Small-Diameter Knitting Machine


A reduction in the number of elements in the modified drive system caused a decrease in the moment of inertia and plays, which then led to a noticeable suppression of transient oscillating phenomena resulting from delimitation of plays Differences between drive systems are particularly pronounced in angular acceleration courses. The maximum values during acceleration decreased significantly by up to 51%, and proportionally thereby the dynamic forces generated in the drive system as well. By increasing the degree of the polynomial in the lift dependence, we achieved more favorable courses of kinematic quantities of the drive system elements, as well as enhanced the ability of the drive to maintain the desired value.



The aforementioned adjustments appeared in more favorable courses of theoretical torques and theoretical electricity consumption of the modified drive system in comparison with the existing system, see Figure 13 and Figure 14, using different lift dependences. The decrease in total electricity consumption reached 10%.





3. Experimental Verification of the Drive System


For testing purposes and verification of the modified drive system of the small diameter knitting machine, a mechatronic test dial was assembled, see Figure 15, on which the previously acquired knowledge was applied. The test equipment is primarily adapted to verify the applicability of the modified system, i.e., to simulate the overhanging mode with emphasis on meeting the requirement for the maximum position deviation between the rotation of the cylinder and dial, and for application of lift dependences to the cylinder drive. The issue of cylinder and dial deviation with the replacement of mechanical bond by electronics was addressed in the study [26]. The test equipment contains no transmissions compared to the real machine. To capture the transmission between the cylinder and its motor, the flywheel 1 representing the cylinder rotates at a six-fold angular speed. Flywheel 2 represents the machine. Using the law of conservation of (kinetic) energy, we determined their reduced moments of inertia [29]. Flywheel 1 has two geometric designs. In the case of the existing drive system, the moment of inertia is 5.09 × 10−4 kg·m2, and in the case of the modified drive system, it is 4.15 × 10−4 kg·m2. The flywheels are mounted on the output shafts of servo drives 3 and 4, which are mounted to the frame 5. Type of servo motors used CTM4-07 (Control Techniques). Another part of the measuring dial were frequency converters 6, 7 UNI1405 (Control Techniques) and a computer 8 with the corresponding control system of the MotionPerfect V4 Program, Control Techniques software, Stafford Park 4, United Kingdom, distributor for the Czech Republic Control Techniques Brno s.r.o.



The structure of the control and simultaneously measuring system is composed of two complementary parts. The lower control level contains the basic settings of motion feedback control parameters using CTSoft software. These low-level settings allow the user to control strokes, properties and speed feedback loops and current controller parameters, but are not able to ensure the generation of more complex trajectories. For that reason, the higher program platform was created for the Motion Processor Plus module using the SyPTPro (System programming toolkit for drive automation systems) development environment. The APC (Advanced Position Controller) programming tool was used to create user programs. A complex control program was created implementing the synchronization of servo drives, automated parameter setting, measuring and recording system, and the desired position generator. The basis for obtaining information for both used servo drives (CTM4-07, Control Techniques, Stafford Park 4, Telford, UK, distributor for the Czech Republic Control Techniques Brno s.r.o.) is their own integrated sin-cos encoder, the output of which is information about the position of the shaft depending on the position of the virtual cam. The sin-cos encoder has a 32-bit resolution.



A sampling step of one tenth of an angular degree was chosen as a compromise solution. One revolution of the virtual cam was thus sampled into 3600 discrete values. Programs created in the APC requiring the sampling period to be set to 500 μs so that the control unit is able to properly complete all operations related to the main control loop period with generator, synchronization, measurement and data storage. The sampling frequency during the measurement was therefore corresponding to 2 kHz or 0.5 kHz. For individual measurements, the length of the measured section was chosen for 5000 samples, which corresponds to 2.5 s or 10 s in the time domain at the given sampling frequency. The measured data was stored in the integrated memory of the module and after stopping the run, it was downloaded separately via a serial communication channel to the PC, where it was interpreted using the mathematical programming tool Matlab. In the program created in the APC interface, the only controlled quantity is the position, which is also given by the feedback.



The movement mode of reverse motion of the machine was investigated on the test equipment. During reverse motion measurement, two flywheels differing in mass were applied, which simulated the existing and modified system, as well as two different lift dependences.



Measurements were used to verify the findings of previous analyses, which confirm that a reduction in the moment of inertia of the modified roller drive system in combination with an appropriate lift dependence can pave the way for a reduction in the maximum acceleration at the limits of movement intervals during reverse motion of the drive system. These changes resulted in a 38% decrease in the maximum value of position deviation (see Figure 16) and in a 31% decrease in the value of active current (see Figure 17). The biggest differences were observed in the area of transitions at the limits of movement intervals, especially when changing the sense of rotation. Kinematic values were obtained from the data of the connected sin-cos encoder.



Figure 18 shows the courses of the position deviation in the standard velocity range during steady cylinder running conditions. The velocity range (160–200 min−1) recommended by the manufacturer [21] is used during the knitting of the tubular part of the sock, depending on the type of material used. When operating the drive in the specified velocity range, it can be concluded that the value of deviations depending on RPMs is negligible.



In a real knitting machine, a transmission is installed due to the technological and dynamic parameters of the cylinder drive system, therefore the resulting value is usually extended by the value of the play in the transmission. This play may reflect in the position control accuracy of the cylinder. The possibility of eliminating this play to achieve higher accuracy can be achieved, for example, by direct control of the position of the cylinder using appropriate position sensors, or by using a gearbox without play. It can be assumed that the obtained measurement results, in particular the deviations of the position between the cylinder and the dial, will also correspond to the real modified drive system using optimal drives, their control and adjustment.




4. Verification of the Implementation of the Individual Roller Cutter Drive System into the Existing Structure


Figure 19 shows the implementation of a functional model of an individual roller cutter drive system into the existing installation of a small-diameter knitting machine. The CAD model is comprised of several subgroups and was created in the software Creo parametric 7.0.1.0. The first structural unit is a modified dial 1 serving as a bearing for the roller cutter 2. Another subgroup is formed of the pinion 3 fitted with a rubber ring in the circumferential groove and its installation in the bearing 4 built into the defined machine space. The roller cutter and the pinion form the whole of the friction transmission. The last part is the pinion drive, which is implemented by means of a stepping motor 5 and flexible shaft 6. A flexible type of shaft was used due to the position of the motor outside the lift arm 7 on the joint. This solution led to preventing an increase in arm weight, which would mean a reduction in ergonomic comfort for the machine attendant.



The pinion placement allows vertical movement of the fork, which is influenced by the pressure of the spring 8. This design variant has been designed for two reasons. The first ensures the regulation of the normal force by pre-stressing the spring and its optimum setting, so as to avoid pinion slipping or unnecessary overload. The second reason is the function of creating a flexible element compensating for manufacturing inaccuracies, in particular the flatness of the contact surfaces of the roller cutter and the pinion.



Figure 20a shows the installation of an individual roller cutter drive system on a real machine. A small-diameter knitting machine Ange 18.1 (Uniplet Trebic a.s., Czech Republic) was selected for positioning the drive system; its drive structure corresponds to the diagram in Figure 2, Section 1. The Ange knitting machine is designed for knitting classic and sports socks. It is a single cylinder fully electronic knitting machine with several knitting systems. The option of one or several additional auxiliary knitting systems for the production of sock classic or plush goods. Pattern production is possible in all parts of the knit and the machine includes a device for knitting wrapped elastomer. The machine includes electronically controlled retraction locks with electronically selected heel and toe. The lever selection of needles for patterning is controlled electromagnetically.



The installation of the main part of the system (see Figure 20b) consisted of fitting a part of the dial 1 with a modified supporting flange 2 and a lower pan to form a bearing for the roller cutter 3. The test cutter had the same internal and external diameter and thickness defining its functional surfaces for proper placement in the bearing in the dial as a real roller cutter. Figure 20c shows a detailed view of the drive 4 and its used accessories needed to connect the flexible shaft 5.



The aim of the measurement was to verify the function of the designed individual drive system of the roller cutter at maximum velocity and the suitability of the drive used. The 103H7123-1710 stepping motor (Sanyo Denki, Tokyo, Japan) was selected to drive the cutter due to the assumption of power sufficiency and good speed control. The motor was controlled using the stepping motor drive box NDC69A (R.T.A., Düsseldorf, Germany), which is equipped with a built-in oscillator. It therefore does not require an external clock signal to determine the velocity for the constant velocity running function. The drive can then only be controlled with a start/stop signal. The driver furthermore provides start-up functions, and the drive current can also be adjusted. Another function is the automatic reduction of the drive current when stopping.



The time course of the voltage from the sidewall was recorded by the measuring control panel (HBM) and converted to the current value, see Figure 21. The outputs from the measurement of electrical values of the individual roller cutter drive system are presented in Table 3. Practical verification of the aforementioned design solution revealed that the roller cutter can move independently within the range of normal working velocities (0–320 min−1) of the considered knitting machine independently of the cylinder and the dial.




5. Conclusions


In the context of the production of classic stocking and sock goods, knitting is divided in practice into two modes. The first involves knitting the heel or toe of the sock, and the second generally involves making tubular knitted fabric. The first mode was subjected to a dynamic analysis, as the system performs rotational reverse motion within the range of the cylinder movement 0–3/4 π. This movement method of the drive system is classified as the dynamically least favorable load case of the entire machine. For a better understanding of the dynamic behavior of the drive system in reverse motion, two mathematical models have been elaborated for the existing and for the (patented) modified structure that now includes use of controlled drives. Mathematical models were created in the Matlab-Simulink programming environment. The findings of the performed dynamic analysis of the existing drive structure indicate (a) a significant influence of plays, whereas shocks occur upon their delimitation, and (b) the accompanying influence of the moment of inertia.



As a rule, a linear acceleration course cannot be achieved in the true configuration of the drive system, especially in transition areas of movement intervals due to sudden changes occurring in these areas. In the modified structure of the drive system, a reduction was achieved in the moment of inertia and the targeted use of the cylinder, dial and roller cutter according to the technological process. These adjustments appeared in more favorable courses of torques and power consumption of the modified drive system in comparison with the existing system while using more suitable lift dependences.



The use of fewer elements in the modified drive system achieved a significant suppression of the impact of plays and a decrease in dynamic effects adversely affecting not only this system, but also the entire machine and the technology performed. Another monitored parameter was the load on the drives in the individual phases of system movement and determination of the courses of their power inputs, especially in the area of rotational reverse motion. Here, the reduction of moment of inertia in the modified drive system was most evident, which significantly affected the decrease in electricity consumption during the start-up and run-out of the drive system. There was a 10% decrease in total electricity consumption in the creation of one sock in the modified drive system compared to the current one. The value of real electricity consumption will be higher due to the exclusion of certain effects; see Section 2.



In the past, the design of an individual dial drive system has been addressed by various studies, but its movement was always tied to the movement of the roller cutter, which still did not provide efficient use of the drive system of small-diameter knitting machines. For this reason, a design has been elaborated of an individual drive system of the roller cutter. The design was conceived in such a way as to influence the other construction nodes of the knitting machine as little as possible with respect to the existing installation possibilities. The result of the design is a drive system structure capable of independently driving the roller cutter and can be used modularly with possible structural modifications on the existing knitting machines of the analyzed type. Changing the structure of the drive brings the possibility of simplifying the overall concept of the knitting machine. With a reduction of rotating elements, especially gears—which generate noise, vibrations, and reduce the efficiency of power transmission from the drive to the main individual operating elements (dial, roller cutter and needle cylinder) and increase the demands on installation space and maintenance of the machine—the possibility of a conceptually completely different machine is offered. In light of the obtained results, the new concept of the knitting machine would bring, above all, a more energy-saving solution with a lower noise level on operators. Another benefit can be gained in the individual and programmable control of the mentioned operating elements and the expansion of technological possibilities in terms of production knitted products.
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Figure 1. Cylinder 1, roller cutter 2, dial 3 and their percentage load during the knitting process. 






Figure 1. Cylinder 1, roller cutter 2, dial 3 and their percentage load during the knitting process.



[image: Machines 10 00615 g001]







[image: Machines 10 00615 g002 550] 





Figure 2. Structure of the present concept of the small diameter knitting machine: (a) schematic view (b) 3D model. 
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Figure 3. Existing small-diameter knitting machine drive system-(a) Mathematical model, (b) 3D model. 
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Figure 4. Input stroke. 
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Figure 5. Schematic of the differential equation solver in Matlab R2022a-Simulink software, MathWorks, Natick, MA, USA, Humusoft s.r.o. (distributor for the Czech Republic). 
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Figure 6. Courses of positions of individual drive system elements. 
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Figure 7. Courses of angular velocities of individual drive system elements. 
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Figure 8. Courses of angular accelerations of individual drive system elements. 
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Figure 9. (a) Structure of the modified drive system of the cylinder, dial and roller cutter with controlled drives (b) considered mathematical model of the modified cylinder drive system. 
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Figure 10. Courses of positions of individual drive system elements. 
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Figure 11. Courses of angular velocities of individual drive system elements. 
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Figure 12. Courses of angular accelerations of individual drive system elements. 
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Figure 13. Course of torques during one period of reverse motion of the P1 drive of the investigated systems, application of polynomials of the 3rd and 7th degree in the lift dependences describing the position of the cylinder. 
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Figure 14. Course of power inputs during one period of reverse motion of the P1 drive of the investigated systems, application of polynomials of the 3rd and 7th degree in the lift dependences describing the position of the cylinder. 
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Figure 15. (a) Apparatus used during measurement-measuring workplace (b) CAD model of the test equipment of the modified knitting machine drive system. 
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Figure 16. Courses of needle cylinder position deviations, during reverse motion, in all designs at a velocity of 160 min−1. 
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Figure 17. Course of current in drive M1, during reverse motion, in all designs at a velocity of 160 min−1. 
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Figure 18. Courses of needle cylinder and dial position deviations after stabilization of their movement, for velocities of 160–200 min−1. 
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Figure 19. CAD-model of the installation of a functional model of the individual roller cutter drive system into the Ange 18.1 small diameter knitting machine. 
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Figure 20. Installation of the individual roller cutter drive system into the Ange 18.1 small diameter knitting machine and detailed display of the basic nodes of the individual roller cutter drive system. 
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Figure 21. Current course measurement. 
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Table 1. Moments of inertia of the considered parts of the drive system.
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	Component
	Position
	Moment of Inertia I [kg·m2]





	gear 0
	0
	9, 83 × 10−6



	gear 1
	1
	2, 13 × 10−2



	gear 2
	2
	1, 34 × 10−3



	gear 3
	3
	3, 07 × 10−4



	gear 4
	4
	2, 87 × 10−4



	gear 5
	5
	1, 86 × 10−4



	gear 6
	6
	2, 52 × 10−4



	gear 7
	7
	1, 49 × 10−4



	dial
	8
	2, 40 × 10−4



	rotor
	R
	8, 10 × 10−4



	needle roller
	9 (V)
	3, 38 × 10−2



	shaft R0
	R0
	9, 02 × 10−6



	shaft 23
	23
	7, 26 × 10−5



	shaft 45
	45
	8, 42 × 10−5



	shaft 78
	78
	1, 06 × 10−5
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Table 2. Gears appearing in equations of motion.
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	Gearing
	0–1
	0–2
	3–4
	5–6
	5–7





	Designation
	    μ  01     
	    μ  02     
	    μ  34     
	    μ  56     
	    μ  57     



	Value
	1/6
	1/3
	1/2
	1
	1
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Table 3. Outputs from the measurement of the individual cutting disc drive system.
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	Parameter
	Designation
	0–2
	3–4





	Driver supply voltage at rest Value
	Uno
	42.1
	V



	Driver supply voltage-during runnig
	Un
	40.7
	V



	Driver current consumption-off runnig
	Ino
	125
	mA



	Driver current consumption-during runnig
	In
	594
	mA



	Power input-off runnig
	Pno
	5.2
	W



	Power input-during runnig
	Pn
	24.1
	W
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