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Abstract

:

Current industrial robotics technology is often not well integrated with the enterprise’s on-site environment and actual working conditions and small and medium-sized enterprises are unable to achieve product automation due to production cost constraints. In order to meet the medium and small scale production of the slide valve body of OCV (Oil Control Valve) of a certain enterprise and its special process requirements, the automatic test system and sorting system based on the production environment of the enterprise are studied and designed. Firstly, according to the production conditions and process requirements of the enterprise, the overall design scheme of the automatic production line is put forward based on the existing automatic assembly system. Secondly, the test description is further improved by analysing and interpreting the test requirements of the products in detail and the automatic test system and test process are designed. Finally, according to the sorting process requirements, a Cartesian coordinate robot sorting system with two-terminal manipulators parallel operation is designed and its sorting motion scheme is optimized. The automatic test system and sorting system are seamlessly connected with the automatic assembly system, which can efficiently complete the automatic test and sorting of products and meet the production cycle time.
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1. Introduction


The production and testing of OCV valve are very difficult owing to its complexity and high precision. Although some international manufacturers have relatively complete production and testing systems but the technology is closed. The OCV valve test system produced by Schaeffer Group in Germany has powerful functions. It can simulate the control of the OCV valve by ECU (Electronic Control Unit), adjust the oil temperature and pressure in a wide range and monitor the parameters of the OCV valve. The system has high test accuracy and repeatability. The production of OCV valves and actuators in most countries is still in the exploratory stage and few enterprises have a complete production and testing system. An OCV valve performance test bench with higher automation and better test accuracy was studied and designed by Tang and Deng [1]. An OCV valve flow experimental platform was built by Xie to test the dynamic response characteristics of the OCV valve and verify the reliability of the experiment [2]. An OCV displacement test bench was designed and developed by Yao, Li and a Ningbo company [3,4]. The above research only provides guidance for OCV valve testing but fails to provide specific test methods and reference test indicators, which cannot meet the production needs.



Automatic production lines are usually composed of the assembly system, the test system and the sorting system, which can automatically complete all or part of the manufacturing process of the product. Adopting automation line in mass production can improve labour productivity, improve and stabilize product quality, improve labour conditions, shorten production cycle and have remarkable economic benefits [5,6,7]. Cartesian coordinate robots have been widely used in automatic production lines of various products because of their advantages such as strong load capacity, easy combination and expansion, low cost and so on [8]. They are usually used for handling and sorting. However, the mature, stable and reliable industrial robot technology on the market is often unable to combine well with the on-site environment and the actual working conditions of enterprises; in addition, many enterprises have realized automatic assembly of small and medium-sized products but the testing and sorting of products are still manual operation due to the limitation of production cost, which is not conducive to the improvement of product quality and stability. Moreover, poorly designed production lines will not only reduce the efficiency of equipment but also may make the production lines too complex. Therefore, according to the product type, production scale and actual working conditions of the enterprise, it is of practical significance to study and design the industrial robot production line suitable for the enterprise.



Because the production of OCV valve is not common, this paper takes the production of OCV slide valve body as the background, aiming at efficient testing and sorting. The main purpose of the study is to provide the actual test indicators as reference for test analysis and test description and to propose a design scheme. At the same time, the design of a new sorting system and sorting movement is emphasized and a novel application case of rectangular coordinate robot in a specific production line is provided. According to the actual situation of small and medium-sized enterprises, the sorting system of production line is reasonably designed, the cycle time is allocated and the sorting movement is optimized, so as to reduce the cost and improve the sorting efficiency.




2. Design of the Automatic Production Line


2.1. Presentation of Problems


OCV is an important part of the traditional VVT (Variable Valve Timing) system and it is the oil control valve that controls the timing of the engine intake valve. Most automotive engines use the structure of extrapolated OCV to achieve the best performance [9,10,11]. OCV is essentially an electromagnetic sliding valve which controls the direction and flow of engine oil [12], including the magnet part and the slide valve body part. The slide valve body is also an important part of a new type of intermediate VVT system.



The structure of the slide valve body of OCV is mainly composed of a centre bolt, a valve sleeve, a valve core, a reset spring and a one-way valve ball and so forth, as shown in Figure 1. The oil inlet and the oil outlet are arranged at both ends of the centre bolt and the oil inlet end is screwed into the intermediate locking phase device through the thread to connect with the oil circuit of the intake camshaft; the valve core of the oil outlet end is connected with the magnet part of OCV; four pairs of holes are evenly opened on the circumferential surface of the centre bolt and the four holes A and four holes B are respectively connected with the A cavity and the B cavity of the intermediate locking phase device [13].



The automatic production line of the slide valve body of OCV should consist of an automatic assembly system, a test system and a sorting system. The automatic assembly system mainly completes the automatic assembly of the product parts; the test system is responsible for the automatic test of the basic indicators of the product; the sorting system, also known as the loading and unloading robot, on the one hand completes the automatic loading of the test products: loading the assembled products to the test system; on the one hand, completes the automatic unloading and sorting of the tested products: unloading the qualified products to the qualified storehouse and the unqualified products to the unqualified storehouse after testing.



The automatic assembly system of the slide valve body of OCV already exists in the enterprise, as shown in Figure 2. The assembly system consists of five single-row assembly stations and a multi-station rotary automatic feeding system is set beside each station. The rotary automatic feeding system is assisted by manual feeding and the manipulators automatically feed products to the assembly line and perform the assembly work. The products are conveyed in sequence by the clamping conveying system in the direction of the arrow shown in the diagram and the products are gradually assembled from station 1 to station 5.



The automatic test system and sorting system matching with the existing assembly system of the enterprise are designed according to the production cycle time, test requirements, sorting process requirements and so on. Detailed test requirements and process requirements are shown in Section 2.3 of this article.




2.2. General Design of the Automatic Production Line


The whole production line designed in this paper based on the production scale, production environment and process requirements of the slide valve body of OCV is shown in Figure 3. It is composed of an automatic assembly system, a test system and a sorting system. It is 1.2 m wide and 1.5 m high. The automatic test system and sorting system are arranged at the exit of the assembly line; the test system is located on the ground and the sorting system is arranged above the test system and supported by it. The overall workflow of the automatic production line is as follows:

	(1)

	
The products are automatically assembled and sent to the waiting test station of the automatic test system.




	(2)

	
The product to be tested at the waiting test station is loaded to the test station of the test system and is tightened by the sorting system.




	(3)

	
The automatic test system starts testing products and reads data;




	(4)

	
The tested products are unscrewed and unloaded by the sorting system.




	(5)

	
The qualified products are unloaded to the qualified storehouse and the unqualified products to the unqualified storehouse by the sorting system.










2.3. Design of the Automatic Test System


2.3.1. Test Requirements Analysis


The automatic test system tests the force, flow, displacement and other parameters of the slide valve body of OCV delivered by the sorting system. The main test requirements are shown in Table 1.



In addition, in order to design the test system, the relevant data in Figure 4 and Figure 5 and Table 2 is added in this paper to further improve the test description by analysing and interpreting the test requirements.




2.3.2. Scheme Design of the Automatic Test System


According to the test requirements and description of the slide valve body of OCV, the test scheme of the test system is presented, as shown in Figure 6. And the automatic test system of the slide valve body of OCV is designed based on this scheme.



The inlet of the slide valve body of OCV is connected with a constant pressure source to provide a constant pressure air input; the flow sensor and controller are connected with the inlet to detect the input air flow and read data; and the valve core at the outlet is connected with a force sensor, a mechanical driver, a displacement sensor and a controller.



The automatic test system of the slide valve body of OCV is designed based on the above test scheme, as shown in Figure 7. It is mainly composed of a control cabinet and a test platform.



The control cabinet uses aluminium profile as its frame and the overall size is 1200 mm (length) × 700 mm (width) × 870 mm (height). The constant pressure source and its regulating device, power supply, main control board and valve group are arranged in the control cabinet.



The test platform is composed of a panel, several test fixtures, airflow and force detection devices, two finished product storehouses and so forth, as shown in Figure 8. The panel is 1200 mm (length) × 620 mm (width) × 10 mm (thickness), made of aluminium alloy plate, fixed on the top of the control cabinet of the system, which supports the whole test platform. The test platform can be divided into a waiting test station, a test station and a finished product station according to the product flow direction. The waiting test station consists of a product to be tested and its fixture, which is used to receive the finished product sent by the automatic assembly system. Eight identical test items and their test fixtures are arranged side by side at the test station for receiving the products sent from the waiting test station. The test fixture is made of nylon material and designed according to the configuration and installation requirements of the centre bolt; the test fixture has a test interface on it and is fixed on the panel. The airflow and force detection device is designed as a whole with compact structure and the coupling and separation of the flow test port and the force value test port are completed simultaneously by the expansion of the light cylinder piston. Each test product corresponds to a set of detection devices. The finished product station adopts two plastic containers embedded under the panel and it is divided into a qualified product storehouse and an unqualified product storehouse.



According to the actual working conditions and the requirement of production cycle time, the test process is designed as follows:

	(1)

	
Feed the product to be tested into the test fixture of the test station and tighten it.




	(2)

	
Connect the airflow and force value detection device;




	(3)

	
Ventilation, power up, start testing and reading data;




	(4)

	
Disconnect the airflow and force detection device;




	(5)

	
Unscrew and remove the tested product.











2.4. Design of the Automatic Sorting System


2.4.1. General Design Requirements of the Sorting System


On the one hand, the automatic sorting system completes the automatic loading work of the test system: loading the assembled products to the test station from the waiting test station of the test system; on the other hand, completes the automatic unloading and sorting work of the test system: unloading the tested products from the test station to the finished product station, unloading the qualified products to the qualified product storehouse, the unqualified products to the unqualified product storehouse. The whole working rhythm should meet the production cycle time of the whole production line, the design requirements of the automatic sorting system are shown in Table 3.



Combined with the automatic test system and testing process designed in this paper, sorting actions can be refined as follows:

	(1)

	
Grab, unscrew and vertically lift the product to be tested at the waiting test station;




	(2)

	
Move the product to be tested to the test station;




	(3)

	
Put the product to be tested vertically into the test fixture and tighten it;




	(4)

	
Grab, unscrew and lift the tested product vertically;




	(5)

	
Move the tested product to the corresponding product storehouse.










2.4.2. Type Selection of the Sorting Robot


A Cartesian coordinate robot is generally composed of the linear motion part, the control part, the drive part and the terminal manipulator. The most basic component of the Cartesian coordinate robot is the linear motion unit and various combinations of linear motion units can be used to form one dimensional, two-dimensional and three-dimensional robot [14,15,16]. Cartesian coordinate robots are generally supported at both ends and have higher rigid strength under the premise of fixed stroke and given structure size; three joints are independent and the kinematics solution is simple without coupling or singular state; at the same time, the accuracy and position resolution of Cartesian coordinate robots are not easily affected by external factors and it is easy to achieve very high working accuracy [17,18]. The Cartesian coordinate robot has great bearing capacity, flexible assembly and convenient operation and maintenance. It can be seen from the above that the sorting action of this production line is not complicated and the selection of the Cartesian coordinate robot can completely meet the requirements.




2.4.3. General Design of the Sorting Robot


The sorting robot designed in this paper is made up of the robot body and the support bracket, as shown in Figure 9. The support bracket is made up of four 40 mm × 80 mm aluminium profiles and is fixed on the panel of the test platform to support the robot body. The robot body includes X, Y, Z axis linear motion units and terminal manipulators, which can realize the linear motion of the terminal manipulators along X axis, Y axis and Z axis in space, as well as the rotation (R axis) around Z axis and the grabbing action. The Y axis of robot body is supported by two sides and driven unilaterally. A Y axis linear motion unit is set on the right side of the robot body and a Y axis supporting slide rail is set on the left side, which are respectively fixed at the top of the support bracket. The X axis of the robot body has two sets of parallel linear motion units, which are fixed back to back on the Y axis connecting plates. The Z axis has two sets of linear motion units, which are respectively fixed on the connecting plates of the two sets of X axis linear motion units and two sets of terminal manipulators are respectively fixed on the ends of the Z axis.




2.4.4. Scheme Design of Sorting Motion


The sorting system has two sets of terminal manipulators completing the sorting work in parallel. The linear motions along X axis, the linear motions along Z axis, the rotations around their respective Z axis and the grabbing motions of the two terminal manipulators are independent of each other, while their linear motions along Y axis are synchronous. This configuration can combine (1) and (4) of the sorting actions described in 2.4.1 and combine (2), (3) and (5) into following actions:



(1) The system detects the number of the product (assuming NO. 2 represented by ② in Figure 8 or Figure 10) that was first completed at the test station and the corresponding detection device is disconnected. The terminal manipulator 1 moves to the No. 2 test position along X axis, drops along Z axis, grabs, unscrews and lifts up the No. 2 tested product. At the same time, The terminal manipulator 2 aligns with the product to be tested at the waiting test station, then drops along Z axis, grabs, unscrews and lifts the product to be tested and moves the object along X axis to the position corresponding to the test position No. 2 according to the system instructions. As shown in Figure 10.



(2) The system judges whether the tested product No. 2 is qualified or not. The terminal manipulator 1 performs two-axis simultaneous motion according to the system instructions, that is, moving along X axis and aligning the tested product NO. 2 to the centre of the corresponding product storehouse while moving along Y axis. The paw is released when the terminal manipulator 1 reaches the top of the product storehouse and drops the product into the product storehouse. At the same time, the terminal manipulator 2 moves to the No. 2 test station along Y axis synchronously with the terminal manipulator 1 and drops the product to be tested down into the No. 2 test fixture along Z axis and screws it.



At this point, a work cycle is completed, as shown in Figure 11. You can compare Figure 11 with Figure 10 to see the position changes of the terminal manipulator 1 and the terminal manipulator 2.



The sorting system has two sets of terminal manipulators working in parallel. Two sets of X axis linear motion units are fixed back to back on the Y axis connecting plates. This design can eliminate the deflection torque of X axis horizontal motion in the Y direction and improve the stability of the system. More importantly, it can further improve the production efficiency and meet the production cycle time.




2.4.5. Design of Robot Transmission Form and Detailed Parameters


The linear motion unit is generally supported by the aluminium profile and the inner part is the transmission device and the guide rail. The linear motion is accomplished by moving the slider. The internal drive forms of linear motion unit mainly include the ball screw, the synchronous tooth belt and the gear rack, which have different characteristics [19]. The linear motion unit based on synchronous toothed belt is composed of the servo motor, the pulley bracket bearing, the pulley, the synchronous belt, the coupling and so forth. It is commonly used in high speed, high acceleration, heavy load equipment and with low cost.



(1) The X axis


The X axis is mainly used to complete the X direction movement of products. Its maximum load includes a Z axis linear motion unit, a terminal manipulator, a slide valve body of OCV and so forth. The total load of X axis is about 3.5 kg. The maximum running speed of X axis is 1.2 m/s and the maximum acceleration is 2.4 m/s2. According to the size of the test platform, the effective travel of X axis is 770 mm and the span is small. The two linear motion units of X axis adopt synchronous belt linear modules and their motors are installed in opposite directions. Detailed parameters are shown in Table 4.




(2) The Y axis


The Y-axis is mainly used to complete the Y direction movement of products. The maximum load of the Y axis includes two X axis linear motion units, two Z axis linear motion units, two terminal manipulators, two slide valve bodies and so forth. Because the Y axis is supported by two sides, a single linear motion unit only takes half of the total load, 18 kg. the maximum running speed of Y axis is 1.2 m/s and the maximum acceleration is 2.4 m/s2. According to the size of the test platform, the effective travel of Y axis is 212 mm. The synchronous belt linear module is selected and the detailed parameters are shown in Table 4.




(3) The Z axis


The Z axis is mainly used to complete the vertical lifting and dropping of products. The load of Z axis consists of a terminal manipulator and a slide valve body of OCV with a total load of about 2 kg. The maximum running speed of Z axis is 0.4 m/s and the effective travel is 60 mm, which can be realized by using the double shaft linear cylinder. The detailed parameters are shown in Table 4.




(4) The terminal manipulator


The robot terminal manipulator can be divided into clamp and suction type according to the clamping principle [20]. The terminal manipulator of this sorting system needs to complete the grabbing and rotating action of the slide valve body of OCV. The pneumatic manipulator is adopted [21,22], the rotation of the product is realized by a rotary cylinder and the product is grabbed by a finger cylinder with parallel air claws. The rotary cylinder and the finger cylinder are selected from standard type products, as shown in Table 4. At the same time, to adjust the air claw size and improve the grabbing stability, the structure of the air claw is redesigned according to the shape of the slide valve body of OCV, as shown in Figure 12. The rotary cylinder is connected with the cylinder telescopic rod of Z axis through the mounting plate of rotary cylinder and the finger cylinder is connected with the rotary cylinder through the mounting plate of finger cylinder.







3. Conclusions


In this paper, the automatic production line of the slide valve body of OCV is designed based on the existing production conditions of an enterprise. The automatic test system is designed based on the further improved test description and the sorting system is a Cartesian coordinate robot with two terminal manipulators working parallel, which can realize more reasonable and efficient testing workflow and sorting motion. The automatic test system and sorting system are seamlessly connected with the automatic assembly system and the automatic test and sorting of the products can be completed efficiently on the basis of the specified production cycle time to meet the needs of medium and small scale production. The automatic production line designed in this paper has the advantages of low cost, practicability and effectiveness and can solve the problems of low production efficiency, high labour cost and unstable product quality. In addition, the scheme design of the automatic production line can be applied to medium and small scale automatic production equipment of other valve products, especially the design of the automatic test and the sorting system.
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Figure 1. Structure of the slide valve body of OCV. 
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Figure 2. The automatic assembly system. 
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Figure 3. General structure of the automatic production line. 
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Figure 4. Stroke and force Curve. 






Figure 4. Stroke and force Curve.



[image: Machines 06 00064 g004]







[image: Machines 06 00064 g005 550]





Figure 5. Force and flow characteristic curve. 
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Figure 6. Testing scheme for the test system. 
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Figure 7. Composing of the automatic test system. 
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Figure 8. Composing of the test platform. 
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Figure 9. General configuration of the sorting robot. 
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Figure 10. Sketch map of sorting action 1. 
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Figure 11. Sketch map of sorting action 2. 
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Figure 12. Structure of Z axis and the terminal manipulator. 
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Table 1. Test requirements.
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NO.

	
Category

	
Requirements

	
Remarks






	
1

	
Test media

	
Dry air

	




	
2

	
Functional tests

	
1. Exercise (2 cycles minimum) to check centre bolt assembly integrity & friction.

Test for First Contact (initial point) and Spool Stroke.

	
See Figure 4 and Figure 5 and Table 2 for detailed test description.

Air test parameters are to be determined after the fluid-to-air correlation study.

Flow shows air flow and related oil flow in the same time.




	
2. Spring rate test (three points force tests: F1, F2, F3)




	
3. Midpoint force




	
4. Holding point force




	
5. Holding point leakage




	
6. Mid-width force




	
7. Hysteresis force




	
8. A point force




	
9. B point force




	
10. Initial (start) point flow




	
11. Full travel flow/valve core travel
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Table 2. Test description and test parameters.
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	NO.
	Test Description
	Test Parameters





	1
	Exercise (2 cycles minimum):

Tests:

First contact

Maximum travel/Spool stroke
	First contact: TBD mm

Max travel: TBD mm (maximum)



	2
	Spring rate test (3 points force tests): (F1), (F2), (F3)
	(F1) = 1.4 ± 0.8 N @ 11.6 mm

(F2) = 4.45 ± 0.95 N @ 10.1 mm,

(F3) = 7.5 ± 1.1 N @ 8.6 mm



	3
	Midpoint force (Fc)
	(Fc) = 3.2 ± 0.8 N at TBD mm



	4
	Holding point force (Fk)
	(Fk) = 4 ± 0.8 N at TBD mm



	5
	Holding point leakage (Q1)
	(Q1) < 0.2 L/min



	6
	Mid-width force (Fr)
	(Fr) = 1.6 ± 0.6 N



	7
	Hysteresis force (Fs), Hysteresis band width (FH)
	(Fs) < 0.1 N, (FH) < 2.2 N



	8
	Point A force (Fa)
	(Fa) = 0.2 ± 0.1 N



	9
	Point B force (Fb)
	(Fb) = 0.2 ± 0.1 N



	10
	Start point flow (Sst), (Q2)
	(Q2) > 4 L/min

Start Point: (S2) < (Sst) < (S3)

Force (Fst) = 0.9 ± 0.4 N

Lower Travel (S2) = 11.8 mm

Upper Travel Limit (S3) = 12.1 mm



	11
	Full travel flow and Valve core travel

Full travel (Fmax), Flow (Q3), Valve core travel (S)
	(Q3) > 4 L/min, (S) = 3.5 ± 0.2 mm,

(Fmax) > 10 N, (S1) = TBD mm
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Table 3. Design requirements of the automatic sorting system.
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	NO.
	Category
	Requirements





	1
	Part Handling
	Automatic load.

Automatic unload accept to an accept conveyor.

Automatic unload reject to the reject conveyor.



	2
	Cycle Time
	Estimated 16 s/part










[image: Table]





Table 4. Parameters of the robot body.
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Object

	
Transmission Form

	
Type

	
Effective Travel

	
Maximum Speed

	
Maximum Acceleration

	
Load Capacity






	
X axis

	
synchronous belt linear module

	
/

	
1000 mm

	
2.7 m/s

	
3 m/s2

	
30 kg




	
Y axis

	
synchronous belt linear module

	
/

	
500 mm

	
2.7 m/s

	
3 m/s2

	
30 kg




	
Z axis

	
double shaft linear cylinder

	
TN20×80-S

	
80 mm

	
0.5 m/s

	
/

	
20 kg (@0.5 MPa)




	
Terminal manipulator

	
Rotary cylinder

	
MSQB10-A

	
190°

	
0.2~1 s/90°

	
/

	
7.4 kg (radial);

0.89 N.m (@0.5 MPa)




	
Finger cylinder

	
MHZ2-16D

	
6 mm

	
/

	
/

	
4.5 kg
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