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	Hydraulic actuators are the output of electrohydraulic system that requires control to achieve effectiveness of the system’s operation. In this article, the position control of an electrohydraulic system with multiple actuators is achieved by modelling the design of the system in the FluidSim environment using design parameters to simulate the design and ensuring that the positions of the actuators are synchronized. A mathematical model of the system was developed and simulated in MATLAB with a PID controller to track the positions of the actuators. The gains of the controller obtained from the are imported into the SIMULINK model of the electrohydraulic system to view the output of the system in comparison with the input. The results obtained from the simulations show that the gains of the controller improve the system characteristics performance and the step responses of the actuators in the SIMULINK model show that the output of the actuators follows a step input in the system. 
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1. INTRODUCTION 

The application of electrohydraulic system (EHS) to create force and complex motion in the design of machineries has drawn attention to their importance in the field of manufacturing. The EHS is usually a sub-assembly compared to the entire machinery. It comprises of electrical and hydraulic components which forms a part of the machinery that provides the clamping force, lifting force, positioning and motion to other parts of the machinery as needed in operation. Examples of machineries that make use of EHSs include; heavy duty fixtures, tractors and trucks, industrial robots, numerical control machines, machine tools and actuators (Coskun and Itik, 2023; Olabanji 2015). The hydraulic components of the EHSs comprises of hydraulic actuators, control valves, pressure relief valves, flow control valves, pump, reservoir and other accessories that are not in the electrical connection. The components of the hydraulic part of the EHS are connected together by hydraulic hose which conveys the hydraulic fluid from the pumping unit to the hydraulic actuator (Li et. al., 2024). The use of EHSs has some distinctive advantages depending on the context of application. Machineries with several motions need EHSs in order to achieve compact design, active motion and force control, and reduction in set-up time for operation. In some intelligent machines, the EHS also play a vital role in repositioning of the machine elements during operation in order to achieve accuracy and tight tolerance (Coskun and Itik, 2023; Coskun and Itik, 2024). 
The hydraulic actuators are broadly classified into linear and rotary actuators. The linear actuators play an important role because of its ability to produce precise translational motion and accurate linear force in operation. Linear actuators are further classified as single or double action. The double action actuators are suitable for applications in equipment considering their precision in return action due to fluid power. There are several applications of EHSs in machineries that uses multiple linear actuators with double action depending on the task to be achieved by the machine. The tasks required from the applications of the actuators determines the mode of their connection (Meena et. al., 2023). Considering Figure 1, the framework for the layout of the EHS is such that, as the electrical system initiates the start of operation of the hydraulic system, the pumping unit supply fluid to the hydraulic components which are synchronized in order to ensure metered discharge of fluids into the actuators (Sarkar et. al., 2024). The hydraulic system synchronization adopted in this article uses a three-way flow control valve and pressure reducing valve to synchronize the motion of four actuators as described in Figure 2. The hydraulic system was simulated in the FluidSim environment in order to size the components and ensure perfect synchronization before the control system is designed (Olabanji and Mpofu, 2019; Olabanji and Mpofu, 2014). The function of control system in the EHS is to ensure that the hydraulic system provides the accurate positioning required (Olabanji et. al., 2016).   
Furthermore, in order to achieve effective synchronization of the actuators, the fluid will be dispersed continuously and equally in the hydraulic subsystem. All identical actuators receiving fluid from the same directional control valve are assumed to have similar characteristics. For instance, in the case of four actuators described in Figure 2, the hydraulic attribute of one actuator is equal to a quarter of the summative requirement of the whole actuators that are connected in parallel. In order to simplify the analysis, the following assumptions are made in the modelling (Olabanji et. al., 2020); 
1. At relaxed state of the system, the net pressure across the cylinders, spool displacements of the directional control valves and the piston displacements of all the actuators are equal to zero.
2. In order to increase the sensitivity of the actuators to the spool displacement, an underlapped land is used for the directional control valves.
3. The difference between the summation of the leakage pressure entering and leaving all identical actuators in the system is zero at equilibrium state.
4. The dimensions (such as area, volume and travel length) of all identical actuators are uniform and the total is a summation of individual dimensions.  
5.  The leakage flow between the piston and cylinder wall of all identical actuator in the system is uniform.
6. The displacement, viscous friction and acceleration force of all identical actuators are equal, since the flow and pressure of the hydraulic fluid entering and leaving each of the identical actuator is equal.
7. All identical actuators in the hydraulic subsystem are connected in parallel.  
8. The volumetric and mass flow rate of the pump is equal to the summation of the volumetric and mass flow rate in the two subsystems.
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Figure 1. Framework for the layout of the EHS
Figure 1. Framework for the layout of the EHS
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Figure 2. Synchronization modelling of the multi-hydraulic actuator system in FluidSim Environment







2. methodology 

In order to control the displacement of the actuators and check if it is equal to the actual or desired displacement, it is necessary to determine the model equations for fluid flow from the directional control valves to the piston displacements. The essence of the model equations is to create a mathematical representation of the system in state space and transfer functions. The mathematical modelling approach is based on the assumption that the hydraulic characteristics or attributes of the system at any portion in all identical actuators is uniform. The summation of pressure in each identical actuator is equal to the pressure in the subsystem supplied by the pump. Similarly, the summation of flow in each port or chamber of all identical actuators is equal to the flow supplied to the subsystem from the pump. This will ensure that, all identical actuators have an equal pressure and flow in order to achieve an excellent position tracking. In essence, the modelling ensures that the flow and pressure of hydraulic fluid entering and leaving all identical actuator is controlled and set to be constant and equal in order to obtain a perfect system. 
The spool’s displacement is as a result of the electromagnetic force created by the solenoid. (Dülk and Kovácsházy, 2013) This electromagnetic force depends on rate of change of inductance with respect to spool displacement and current through the solenoid. The dynamic equation of the spool can be represented by its acceleration (Hosseini et al., 2013). The solenoid acts as an interface between the digital output of the electronic controller and the directional control valve. Hence it is important to determine the transfer function of the solenoid. The transfer function of the solenoid is the ratio of displacement of the valve spool to the input current (). The dynamic equation of the plunger-spool assembly can be represented by equation 1; 

							  (1)
In equation 1,  is the mass of the plunger and spool;  is the displacement of the spool;  is the back e.m.f of the coil winding;  is the spring constant of the valve. This is usually the ratio of the peak force and stroke length of the spool; is the damping coefficient due to transient flow force;  is the force spring rate of the spool. In essence, the spool acceleration can be derived from equation 2. Equation 2 can be represented in Laplace form as presented in equation 3; The flow at the ports of the valves can be related to an orifice flow or restricted flow, which is govern by a nonlinear equation as expressed in equation 4.

							  (2)

							  (3)

							                          	  (4)
[bookmark: _Hlk213043914]In equation 4,  is the pressure drop across the ports of the valve;  is the flow through the ports;  is the coefficient of discharge of the oil from the port;  is the area of the uncovered portion of the valve;  is the density of the hydraulic fluid in the system. The leakage pressure in the piston sides of all the cylinders () to the supply port of the directional control valve can be represented by equation 5;  

					                          	 (5)
In equation 5,  is the supply pressure from directional control valve to the piston sides of the cylinders;
 is the pressure at the piston side of the cylinders. In this study, four cylinders are considered, it follows that ;  is the return pressure to the reservoir, which is taken as atmospheric pressure (Alaydi, 2008). Similarly, the leakage pressure in the annulus sides of all the cylinders () to the supply port of directional control valve can be represented by equation 6; 

								  (6)
 is the pressure at the annulus side of the cylinders; Following assumption three as stated in the introduction, it follows that, the difference in leakage pressure in the piston and annulus sides of all the finger cylinders can be expressed as equation 7;

			  (7)
Equations 7 can be reduced to;

										  (8)
Furthermore, equations 8 represents the net pressure across the ports of the cylinders at relaxed state. If the net pressure across the ports of the cylinders is represented by , then the net pressure across the ports of all the cylinders due to the spool displacement of directional control valve can be represented by equation 9

							  (9)
In equation 9,  and  are the pressure induced in the ports of the finger cylinders due to the spool displacement. In essence the flow of oil from the discharge port of directional control valve feeding the cylinders can be obtained by equation 6.32 (Kaddissi et. al., 2011)

							(10)
In essence, the linearized equation of flow at relaxed state ( from directional control valves A and B to the cylinders is presented in equations 11 (Li and Thurner, 2013) 

										(11)
 are the flow gain and flow pressure coefficients for directional control valve. The equation of flow in the piston and annulus chambers of all the cylinders is deduced in equation 12 and 13 

					(12)

					(13)
 and  are the flow rate of hydraulic fluid into the piston and annulus side of the cylinders respectively;  and  are the volume of fluid in the piston and annulus side of the cylinders respectively;  and are the differential pressures in the piston and annulus side of the cylinders respectively;  and  are the internal and external leakages in each cylinder;  is the bulk modulus of the hydraulic fluid. In essence, can be expressed by equations 14 and 15 respectively.

									(14)

								           (15)
 is the displacements of the cylinders;  is the area of the piston for the cylinders;  is the initial volume of hydraulic fluid in the cylinders. Substituting equations 14 and 15 into equations 12 and 13 the equation of flow in the piston and annulus sides of the cylinders is expressed as equations 16 and 17 respectively.

		(16)

	(17)
Subtracting the continuity equations of the chambers for the cylinders we obtain equation 18.

 			(18)
Considering a small perturbation about the relaxed state or equilibrium point, it is obvious that the term  is far less than. In addition, the terms  and  are opposite signs. Hence linearizing about the equilibrium state will eliminate the last term on the right-hand side of equation 18. In addition, the flow rate of hydraulic fluid from the directional control valves to the cylinders () is the mean flow rate conveyed to the pistons of the actuators which is the average of the flow rate into the piston side and out of the annulus side of the actuators. In essence;

										(19)
Hence, equation 18 reduces to; 

		(20)
In addition, if the summation of the internal and external leakage of the cylinder is represented by also, recalling the net pressure across the port of the cylinders from equation 9, then equation 20 is reduced to;

							(21)
Equations 21 is the linearized flow rate of hydraulic fluid in the chambers of the cylinders. Following assumption one, at steady state the displacement of the actuators is zero and such the terms () is equal to zero at the equilibrium state. This equation will be compared with the linearized equation of the valve to obtain the net differential pressure of the actuators. In essence equations 21 reduces to;

								(22)
Combining equations 11 and 22 we obtain;

							(23)
The Laplace form of equations 23 can be used to obtain the transfer functions from the spool displacement of the directional control valves to the net pressure across the piston of the cylinders as described in equation 24. 

								(24)
The net force on the pistons of the cylinders () is a summation of the acceleration force on the load pushed by the piston (), force due to the viscous friction of the load () and the stiffness of the load ) which can be expressed as;

								(25)
The values of these forces are expressed as;



; ; 							(26)
In essence, equation 25 can be written as;

								(27)
From which;

								(28)
is the mass of the load pushed by the cylinder;  is the coefficient of viscous friction;  is the elastic load stiffness. The Laplace form of equation 28 can be written as;

						(29)
Therefore, the transfer function from the net pressure across the piston of the cylinder to the displacement of the piston rod is represented in equation 30.

									(30)
In order to represent the system in state space, the following assumptions are made in order to simplify the analysis from directional control valve (A) to cylinders (Norman, 2011);

			(31)
Hence, 

							(32)

							(33)

								(34)
If   are the system matrix, control matrix or input matrix, output matrix and feed forward matrix respectively. The modal (or parallel) form of   are obtained from equations 31 to 34 as represented as follows.

			(35)



;		;							(36)

2.1 SIMULATION OF THE SYSTEM
The mathematical model developed for the hydraulic system was modelled in MATLAB using a PID controller. The controller will receive feedback signal from the differential transducers and track the positions of the actuators through the proportional, integral and derivative gains. The reason for using a PID is because hydraulic systems are typically nonlinear systems, with uncertain flow parameters (Madady, 2013). Also, the PID controller is effective on system behaviour for decreasing overshoot, raising damping and decreasing rise and settling time since it is a simple characteristic controller. In general, a PID controller () in parallel form is presented in equation 37 (Salem and Rashed, 2013). 

						(37)
Where;
,  and  are referred to as the proportional, integral, and derivative gain respectively, while  and  are called the integral time and derivative time respectively.  
The system was simulated in the MATLAB environment without a controller and the system response (step response) was observed before introducing a controller into the system. The values used for the system parameters were the values from the FluidSim model of the system presented in Figure 2.


3. results and discussion

The step response of the position tracking of the cylinders without a controller is shown in Figure 3. The gains of the controller was obtained by using the Nichol Ziegler ultimate sensitivity tuning method (Salem and Rashed, 2013). The values of  and   to are set to zero while  is increased gradually until the system starts to oscillates. The critical gain which is the value of  at the point of sustained oscillation while the period at this point is denoted as the ultimate period. The controller gains are set according to Nichole Ziegler tunning rule as presented in Table 1. The model was executed several times with the gains changing in order to obtain good system characteristics. Observations shows that increasing the critical gain increases the percentage overshoot of the system which may not provide a favourable system performance. The period of the system was obtained when the proportional gain is increased to the value of the critical gain. The step response of the system when the proportional gain is increased to the value of the critical gain are presented in Figure 4. The step response of the system when the controller gains are executed with the program is shown in Figure 5.   
 
[bookmark: _Toc426222024]Table 1: Determination of PID gains following Nichole Ziegler Tuning rule ( and  are referred to as; critical gain and ultimate period respectively)
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[bookmark: _Toc425364325]Figure 3: Step response of the system without a controller
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[bookmark: _Toc425364327]Figure 4: Step response of the system when the critical gain () is increased to a value of 205534385, at an oscillating period () of 0.05
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[bookmark: _Toc425364329]Figure 5: Step response of the system with controller gains ()
Considering Figure 3, it is evident that without a controller in the system it takes the system  to attain a lower steady state and peak value of. This implies that the system is not stable, since its peak value and steady state value are the equal. The output response of the system is low compared to the input.  Further, the rise time of the system without a controller is, which indicates that, it takes the system  to attain the low steady state value. In addition, even when the peak amplitude of the system is low, it still took  to settle at the steady state value. In essence the system characteristics of the system without a controller indicates that the system will not perform excellently without a controller. The introduction of controllers into the system increases their steady state value to, as shown in Figure 5. Furthermore, the use of controllers in the system increases the peak amplitude and percentage overshoot. The peak amplitude of the system is greater than the set point value which is a step input, this signifies that the systems attain values greater than the input in less time. The rise time and settling time of the systems reduces as a result of the use of controller which indicates that there is an improvement in the responsiveness of the system. The characteristics performance of the system when there is no controller and when a controller is introduced in the simulation is presented in Table 2. 
Further, it is desired that, identical actuators follow a reference command with an output displacement equal to desired input. In essence it is necessary to observe the output response of the actuators. In order to achieve this, the output of the actuators in the electrohydraulic system was tracked with the reference input using the same gains of the controllers.  The system was subjected to a step reference signal. A Simulink model of the electro-hydraulic system and the controllers is presented in Figure 6. Hence, the objective of the controller is to improve the synchronisation of identical actuators in the system. In essence, the obtained values for the proportional, integral and derivative gains were inserted into the Simulink model in order to obtain the response of each actuator in the system. The results obtained from the simulation are presented graphically in Figure 7. It is obvious from the graphs that the controller can successfully manage the process and provide a good transient response, because the response of the actuators tracks the reference input. 

[bookmark: _Toc426222025]Table 2: Result of simulation for the electrohydraulic systems.
	System Characteristic Performance
	Simulation without Controller
	Simulation with controller

	Steady State Value
	
	

	Peak Amplitude
	
	

	Percentage Overshoot
	
	

	Peak Time 
	
	

	Rise Time 
	
	

	Settling Time
	
	

	Proportional Gain
	
	

	Integral Gain
	
	

	Derivative Gain
	
	

	Critical gain
	
	

	Ultimate Period 
	
	













4. Conclusion

In this study, an electrohydraulic system to operate multiple hydraulic system was designed and modelled in the FluidSim environment in order to observe the system performance and the design values. The mathematical model of the system in the form of transfer functions and state space model was formulated in order to model the system using a PID controller. 
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Figure 6. Simulink model of the Electrohydraulic system
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Figure 7. Step response of the actuators to considering the gains of the controller in the model.




A detail analysis of the mathematical modelling for the electrohydraulic system was done considering some assumptions.  In order to obtain the response of the system to a step input and obtain the gains of the controller, the modelled system is simulated in MATLAB. The step response of the system, with and without a controller is obtained and presented graphically. The results of the controller gains and other system characteristics performance is obtained. These results shows that the controller increase the system characteristic performance. In order to further demonstrate the performance of the model, a SIMULINK model of the system was developed and the gains of the controller is used to obtain the output response of the actuators to step input. The output response of the actuators obtained from the simulation is presented graphically.  
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Step Response of Subsystem 1 (without controller)
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