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Abstract:



To reduce the energy consumption and emissions of the hydraulic excavator, a two-level idle speed control system with a hydraulic accumulator for the construction machinery is proposed to reduce the energy consumption and improve the control performance of the actuator when the idle mode is cancelled. The structure and working principle are analyzed. The hydraulic accumulator (HA) is used to store the energy, which can provide backup pressured fluid when the idle mode is cancelled. Then, a method of how to set the pressure differential between the hydraulic accumulator and the load is proposed and the control law is discussed. The test rig is built. The experimental result shows that the idle speed can be switched among the first idle speed, the second idle speed and the normal speed automatically. Though the idle speed in the novel system can be reduced more than that in the conventional automatic idle speed control system (AISCS), the proposed system can still build the actuator pressure more quickly when the idle mode is cancelled. When compared to the system without the idle speed control, the energy saving of the proposed system is about 67%. The proposed two-level idle speed control system with a HA can achieve a high energy efficiency and a good control performance.
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1. Introduction


Energy saving and environment friendly become the primary demands for the construction machinery under the environment of stringent emission regulations. Currently, there are several energy saving methods for construction machinery, for example, positive and negative flow control system [1,2], load sensing control [3,4], hybrid power system [5,6,7,8], energy regeneration [9,10,11,12] and automatic idle speed control system (AISCS) [13], are proposed and utilized in some models. Whether it is positive and negative flow control system or load sensing control, the purpose of them is to balance the output of the pump and the requirement of the load to reduce the energy loss. They do reduce the throttle loss and improve the efficiency of the machine. In hybrid power systems, the engine works at an optimal power consumption area to reduce fuel consumption and emissions via more than one power train [6,7,8]. Because there is more than one power train, the structure is complex and the cost is high, which limits its wide application. However, the above energy saving technologies mainly concentrate on the working time of the construction machinery. In fact, construction machines consume about 30% of the total energy in the idle state. AISCS is used to reduce the fuel consumption and emissions in the idle time. Commonly, the traditional AISCS is utilized to adjust the engine speed switching between the first idle speed, sometimes there is second idle speed and the normal working speed.



A lot of researches have been reported in the field of AISCS of automobiles. He et al. investigated a CNG engine and reduced the idle speed from original 800 rpm to 700 rpm [14]. Li et al. set the desired idle speed to 611 rpm instead of the normal (production) idle speed of 740 rpm, and used the sliding mode control to AISCS [15]. Though a low idle speed could reduce the fuel consumption, the cost was to increase the risk of missing fire or even stalling. That is to say, the transition to and from idle speed should be smooth and well controlled [16]. Many research devoted themselves to solving the AISCS problems with different control strategies [17,18,19,20,21].



Though some useful results have been achieved on the AISCS of automobiles and the technology is relatively mature, only a few research on the AISCS have been developed for construction machinery. Due to the different working conditions, the AISCS used in automobiles cannot be adopted to construction machinery directly. Xiong et al. analyzed the working principle and the implementation method of the AISCS in a rotary drilling rig [22]. They tested the fuel consumption under different speed and found that the speed when the minimum fuel consumption achieved was the preset idle speed. Liu designed an AISCS according to the working conditions, speed sensing, and engine power matching. The adjusting time of the engine from idle speed to the rated speed was about 2 s [23]. Hao optimized the duty ratio of the PWM, minimum ramping time, and idle speed through adapting the adaptive control method and achieved a better energy saving effect [24]. Those researches were still based on the traditional engine and the idle speed cannot be too low to avoid the misfire. Meantime, the hydraulic system still utilized the traditional pumps system. Therefore, the adjusting time of the transition from the idle speed to the normal speed of the engine cannot be very short and the pumps cannot build the pressure quickly to drive the actuator when the idle mode is cancelled. This leads to the instability of the actuator movement and a slow response to the working signal. Hydraulic accumulator (HA) is widely used in the hydraulic systems because it can be used as an auxiliary power source to supply pressured oil in a short time. When the pump cannot supply enough oil to the actuator at the moment that the AISCS is cancelled, HA is a best choice to supply the oil that the actuator needed, despite its short supply time. Though the engine using the AISCS can consume less fuel and reduce emissions, there are still emissions, especially when the idle speed cannot be set too low. While the electric motor (EM) is true zero emissions and it has a high efficiency within a wider speed range. Therefore, if the EM and HA are used in the AISCS of the construction machinery, the above problems may be avoided. This paper is to verify the feasibility of this idea.



In this research, a prototype of a two-ton hydraulic excavator that is (HE) driven by the EM for experiment has been built. The key object of this research is the novel AISCS with the HA for a two-ton HE. The remainder of this paper is organized as follows: Section 2 gives the structure and working principle of the AISCS with HAs. The control strategy of the proposed AISCS is discussed in detail in Section 3. Then, the experiment results are analyzed in Section 4. Conclusions are presented in Section 5.




2. Structure and Working Principle of the Novel AISCS


Figure 1 and Figure 2 show the configuration of the traditional and the proposed AISCS, respectively. The multi-way valves that are used in Figure 1 and Figure 2 are controlled by the pilot pressure produced by the joystick and the valve stroke is proportional to the pilot pressure. The working principle of the traditional AISCS is when the joystick returns to the middle position, the multi-way valve works at the middle position too. The output of the pump flows to the tank through the multi-way valve. When the controller detects the time that the joystick stays at the middle position is larger than a set value, the engine speed drops to a low value to reduce the fuel consumption. When the joystick leaves the middle position, the multi-way valve moves to the corresponding position and the engine accelerates to the normal speed. There is a delay when the actuator starts to move and due to the low pressure in the working chamber of the actuator, the movement of the actuator is unstable. When compared to the traditional AISCS, the proposed AISCS has the following advantages:

	
A HA is connected to the outlet of the pump via a solenoid directional valve 1. The HA is used to store energy during the first level idle mode, which can be serve as an auxiliary energy source to drive the actuator when the idle mode is cancelled.



	
There is a pressure loading unit at the bypass way of the multi-way valve. When the multi-way valve is at middle working position and the solenoid directional valve 2 is powered off, it can separate the pump from the tank by the solenoid directional valve 2 and charge the HA.



	
The EM has a faster response than the traditional engine and a high efficiency within a wider speed range. Thanks to the utilization of the EM, there is no pollution at all.







Figure 1. Schematic of the traditional automatic idle speed control system (AISCS).
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Figure 2. Schematic of the novel AISCS.
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Therefore, the pressure in the working chamber of the actuator can be built quickly to drive the load with the assistance of the HA. Meanwhile, the idle speed can be set to a low value to obtain good energy saving and decrease noise, even if the response of the EM cannot be guaranteed.




3. Control Strategy


There are two goals of the control strategy. One is to make EM speed be as low as possible to reduce energy consumption. However, the low speed should not be at the cost of control performance and pump suction capacity. As the pump suction capacity cannot be improved easily, the other goal of control strategy is to guarantee the control performance when the idle mode is cancelled, which creates a sense of the hydraulic cylinder moving at the same speed as the target velocity, which is decided by the joystick. In other words, the input pressure pp of the multi-way valve should be built up as quickly as possible. However, the EM speed cannot be increased rapidly from the idle speed to its normal speed, especially when the idle speed is low.



3.1. Optimization of Pressure Differential Δp between the HA and the Maximum Load Pressure


One case should be considered: as long as the EM starts to run, the joystick returns to its maximum position in an instant and the EM speed cannot reach to its target speed as quickly as possible. Hence, the flow rate of the pump will be too low to drive the load in time and the velocity of the load cannot be guaranteed. Meanwhile, when the HE works in a crane mode and pilot-oil discloses the multi-way valve, the output pressure of the pump is at a rather low level and the pressure in the hydraulic cylinder will drop suddenly with a big oscillation, especially in the case that the load is heavy and the load had not been lowered to the ground. As a matter of fact, one of the disadvantage of the HA is that only when the pressure of the HA is larger than the load pressure can it release the oil to drive the load. If the pressure differential Δp between the HA and the maximum load pressure is too high, though the actuator will start immediately, excess loss will be produced across the hydraulic control valve. While if the pressure differential Δp between the HA and the maximum load pressure is too low, it cannot build up the pressure quickly to drive the load. Therefore, the pressure differential Δp between the HA and the maximum load pressure should be optimized to ensure the control performance and the energy saving.



The maximum load pressure pLmax is determined from the expression
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(1)




where, pLb is the non-rod side chamber of the hydraulic cylinder, MPa. pLs is the rod side chamber of the hydraulic cylinder, MPa.



The target velocity of the actuator is given by
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(2)




where, k is the proportionality coefficient between the target velocity and the joystick pressure.



The actual velocity of the load is calculated as
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(3)




where, qp is the displacement of the pump, m3/rad. np is the speed of the pump, rad/s. Cip and Cep are the internal and external leakage coefficient of the pump, respectively, m3/(Pa∙s). pp is the output port pressure of the pump, Pa. Qbp is the bypass flow rate of the pump, m3/s. Qac is the flow rate of the HA, and m3/s. AL is the effective area of driving chamber of the cylinder, m2.



The Boyle’s law expression for this case is


[image: ]



(4)




where, pa0 is the pre-charge pressure of the HA, MPa. V0 is the gas volume under the pressure pa0, m3. pax is the pressure of the HA, MPa. ΔV is the volume change of the HA, m3. n is the polytrophic exponent, in this research, and n can be set at 1.4 because the time for releasing the flow to the multi-way valve is short, which is less than 5 s. When the HA is charged, the minus sign is chosen in Equation (4).



The flow rate of the HA can be achieved by differentiating the Equation (4) with respect to time, as follows:
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(5)







When the idle mode is cancelled, the HA is the main power device to drive the load in the initial stage, namely,
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(6)





When considering that the pressures of HA satisfies,


0.25pa2 < pa0 < 0.9pa1



(7)




where pa1 and pa2 are the minimum and maximum working pressure of HA, respectively.



Then, the pressure change rate of the HA in Equation (5) can be obtained by
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(8)





When the polytrophic exponent n is 1.4, the pressure change rate of the HA can be rewritten as,
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(9)





Seen from Figure 2, the pressure differential Δp between the HA and the load is equal to the sum of the pressure change of the HA and the pressure drop across the solenoid directional valve 1, multi-way valve, and oil pipes. Then, the pressure differential Δp between the HA and the load is developed as
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(10)




where pL is the load pressure, MPa. Δpvalve is pressure drop across the solenoid directional valve 1, multi-way valve, and oil pipes, MPa. However, the actual velocity of the load, which is decided by the joystick and the load on the next working cycle is uncertain. Hence, the maximum target velocity of the actuator is used to substitute the actual velocity. Therefore, the pressure differential Δp between the HA and the load is developed as
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(11)




where vtmax is the maximum target velocity of the actuator, m/s.



According to Equation (11), the pressure differential Δp can be divided into two parts: the first part is the drop pressure in directional valve 1, multi-way valve, and oil pipes. It can be considered as a constant. The second part is the pressure change of the HA. It can be deduced that the pressure change of the HA depends on the rated volume V0 of the HA, the pre-charge pressure pa0 of the HA, and the maximum velocity vtmax of the actuator.




3.2. Control Law


The overall control process of the AISCS of Figure 2 is illustrated in Figure 3. When the joystick returns to the middle position, the controller detects that the pressure differential of the joystick is under the preset small positive value and sends the pilot control oil to the multi-way valve to make it work at the middle position. The proposed AISCS is to control EM speed to be switched between the different values, including the switch from the normal working speed to the first idle speed, the second idle speed, and that from the two idle speeds to its normal working speed. When reducing EM speed, the main consideration is the energy saving of the system. While the set value of the idle speed is the primary factor that influences the energy consumption. When the idle mode is cancelled, the control performance is the main consideration. Therefore, the time for building up the pressure of the pump should be smooth and short. Taking the self-suction capacity of the pump into account, the first level idle speed is set to 800 rpm and the second level idle speed is set to 500 rpm, because the HA can help the pump to build up the pressure quickly. During the different process, the control strategy changes accordingly. The control strategy is based on the following principles.


Figure 3. Overall control diagram of the AISCS.



[image: Applsci 08 00496 g003]






	●

	
Mode 1: First level idle mode







When the time of the joystick backs to the middle position is longer than time T1, the controller makes the EM speed reduce to the first level idle speed n1 to reduce the energy loss. Meanwhile, the maximum load pressure pLmax is adopted to decide to charge the HA by the pump or not. When the pressure differential between the maximum load pressure and the HA is larger than the preset value ∆pac, then the solenoid directional valves 1 and 2 are powered on. Then the pump charges the HA via solenoid directional valve 1. After the pressure of the HA increases to the upper limited value, the solenoid directional valves 1 and 2 are powered off. The pump is connected to the tank through solenoid directional valve 2 and is unloaded.



	●

	
Mode 2: Second level idle mode







With an HA in AISCS, the HA had store a certain amount of energy in the first level idle mode. When the time of the joystick backs to middle position is longer than time T1 + T2 and the pressure of HA is under the threshold values, then the controller makes the EM work at the second level idle speed n2, which is lower than the first level idle speed n1 to further reduce the energy consumption.



	●

	
Mode 3: Idle mode is cancelled







When the joystick leaves its middle position, the AISCS is cancelled. In a HE, the joysticks are the most common interfaces between the drivers and the hydraulic manipulators. The target velocity of the actuator is characterized by the status of the joystick. The joystick signal gives a pressure differential. The target velocity of the actuator is the control object, which is compared with the joystick command through a conversion gain, as shown in Equation (2). When considering the dynamic response of EM, it cannot quickly reach to the normal speed which is usually about 1800 rpm. That is to say, the pump cannot build up the pressure quickly to drive the actuator. Hence, the actuator should be driven by the pump and the HA. In this case, both the solenoid directional valves 1 and 2 are powered on. The stored oil in the HA is released through solenoid directional valve 1 to the inlet of the multi-way valve to help the pump build up the pressure quickly to drive the actuator. The pressure of HA decreases with the discharging process and the load pressure changing, according to the pressure of HA. When the pump pressure is larger than the HA pressure, the solenoid directional valve 1 is powered off, and the actuator is driven by the pump only. The proportion of the flow rate supplied by the HA and the pump is scheduled to achieve a smooth and quick movement of the actuator.



During this control process, the HA pressure is the control object, which is achieved by controlling the on or off of the solenoid directional valves 1 and 2. Further, when the AISCS is cancelled, the pressure differential Δp between the HA and the load is detected and controlled by the sensor signals shown in Figure 2. Due to the pressure, the differential is proportional to the target velocity of the actuator, which is characterized by the status of the joystick shown in Equation (2), therefore, the pressures of the joysticks are the key to monitor.





4. Experiment Research


4.1. Test Rig


To investigate the effects of the control strategy of AISCS, a test rig was developed, which is shown in Figure 4. The EM consists of two coaxial motors. The pump is a triple pump, including the main pump and the pilot pump. The hydraulic cylinder of the arm is chosen as the actuator to control. A 1.6 L HA is installed and the solenoid directional valves are integrated into one block. The sensors are installed to detect the status of the key pressures. The basic parameters of the test rig are listed in Table 1. To compare and analyse conveniently, the control signal of the joystick is the same and the boom cylinder has the same start/end points and displacements when the same type experiment is carried out. Because the idle speed period and the performance when the idle speed is cancelled are the main considerations of this research, the working period of the construction machinery, including digging, swing, and other performance, which is the same to the traditional construction machinery, is not discussed. The following part discusses the period when the joystick backs to the middle position and the system works in the idle mode.


Figure 4. Layout of the test rig.
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Table 1. Key parameters used in the test rig.





	
Key Components

	
Parameter

	
Value






	
Actuator

	
Rod diameter/mm

	
35




	
Cylinder diameter/mm

	
63




	
Maximum stroke/mm

	
100




	
Electric motor

	
Power/kW

	
8




	
Rated speed/(rpm)

	
1800




	
Pump

	
Displacement/(mL·r−1)

	
16




	
Hydraulic accumulator

	
Volume/L

	
1.6




	
Pre-charge pressure/MPa

	
2











4.2. Control Performance


The control performance is used to evaluate the responsiveness of the pressure of the actuator’s cylinder to follow the signal that is produced by the joystick. If the pressure of the actuator cylinder can reach its target value quickly and smoothly, it is considered as a good control performance.



Figure 5 shows the EM speed of the AISCS and joystick pressure according to the state of the joystick. It can be seen that the EM speed changes according to the state of the joystick. The joystick backs to the middle position and the actuator stops to work at time 7 s. When the controller detects the joystick staying at middle position for 8 s, which means that the actuator stops working for 8 s, and then the controller makes the EM work at the first level idle speed (800 rpm) from time 15 s. After 20 s and if the joystick is still at the middle position, then the controller makes the EM work at the second level idle speed (500 rpm) from time 35 s to further reduce the energy consumption. When the controller detects the joystick leaves the middle position, it makes the EM accelerate to its normal working speed (1800 rpm). Hence, the EM can switch the speed among the normal speed (1800 rpm), first level idle speed (800 rpm), and the second level idle speed (500 rpm), judging by the control strategy.


Figure 5. Experimental curves of the electric motor (EM) speed and joystick pressure.
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Figure 6 describes the pressures of the HA, pump, joystick, and load during the proposed AISCS process. When the joystick backs to the middle position at time 7 s, the actuator stops, therefore, the velocity and the pressure of the actuator are close to zero and the pump is unloading. When the system works at the first level idle mode at time 15 s, the actuator still does not work, while the pump supplies the oil to the HA and both the pressures of the HA and pump rise until the pressure of the HA reaches the upper limited value. Then, the pump is unloading through the solenoid directional valve 2. When the joystick leaves the middle position at time 40 s, both the HA and the pump supply the oil to the actuator to make it work quickly. As the EM speed cannot reach its target speed as quickly as possible, the outlet pressure of the pump is less than the load pressure, while the pressure of the HA is above the load pressure. Accordingly, only the HA can drive the actuator in this working mode at the time from 40 s to 44.6 s. The pressure differential between the HA and the load pressure almost keeps constant to ensure that the HA have the capability to release the oil to the actuator. This indicates that the HA can be an auxiliary energy to build up the pressure of the actuator quickly. When the outlet pressure of the pumps reaches the pressure of the HA, the HA stops to work and only the pumps drive the actuator. Even though it takes 2–5 s for the EM’s acceleration process, the system can still build up the pressure quickly. Hence, the pressure differential control strategy can guarantee the control performance for the actuator. Both Figure 5 and Figure 6 indicate that the proposed AISCS can realize the preset goals and the control strategy works well.


Figure 6. Pressures during the proposed AISCS process.
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Figure 7 shows the pressures of the non-rod chamber of the actuator cylinder under different pressure differential in the proposed AISCS process. The pressure differential Δp may influence the dynamic response of the actuator movement. The larger the pressure differential, the more quickly the actuator pressure is built up. When the pressure differential is 0 MPa, the pressure of HA is not larger than the load pressure and HA cannot release oil to the actuator. The pressure is only built up by the pump, so the load pressure drops at the beginning when AISCS is cancelled. This can conclude that the proposed AISCS can build up the pressure quickly to drive the actuator with the suitable pressure differential. The release characteristics of the HA is the key factor to decide the pressure differential Δp, while the dynamic response of the EM is not rigorous in the proposed system.


Figure 7. Pressures of the non-rod chamber of the actuator cylinder under different pressure differential.
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4.3. Energy Saving


Energy saving is the main consideration of the modern construction machinery. It can be calculated by the energy that is consumed by the traditional construction machinery and that of the proposed construction machinery. Though the working time, which is about 20 s, is periodic, the idle time is irregular and the actual idle time depends on the driver. Hence, the idle mode for testing the energy saving in the novel automatic idle speed control system with hydraulic accumulator works only once.



The energy consumed of the system can be characterized by the output energy of the pump, as follows,


[image: ]



(12)




where, Ep is the output energy of the pump, J. ηc is the volumetric efficiency of the pump.



The AISCS with and without the HA has some influence on the energy consumption. Seen from Figure 8 and Figure 9, only at the time from 15 s to 17.6 s, the output pressure of the pump in AISCS with HA is more high than that in the traditional AISCS, because the pump consumes more energy to charge the HA at this process. However, both the EM speed and the output pressure of the pump in the idle time is less than the other systems, which means that the energy consumption of the pump can be reduced in the proposed system. It can be seen from Table 2 and Figure 10 that during the idle mode, including the first level and second level idle mode, the system without the AISCS consumes 48.23 kJ energy, the AISCS without the HA consumes 30.07 kJ energy, and the proposed AISCS with the HA consumes 25.46 kJ energy. When compared with the system without AISCS, the energy-saving efficiency of the system with the HA is 67% and that without the HA is 47%, which means that the proposed AISCS can both improve the energy saving and control performance than the traditional AISCS.


Figure 8. EM speed comparison under different control system.
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Figure 9. Pump pressure comparison under different control system.
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Figure 10. Energy consumption comparison in idle time under different control system.
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Table 2. Energy saving in different system.





	System Type
	Energy Consumed
	Energy Efficiency





	No idle speed control
	48,233 J
	-



	AISCS with HA
	15,950 J
	67%



	AISCS without HA
	25,459 J
	47%











5. Summary and Conclusions


According to the working cycle and the characteristics of the traditional AISCS of construction machinery, a novel two-level AISCS with the HA is proposed. Some useful conclusions are obtained, as follows.



	
The proposed AISCS can realize the EM speed switching among the first level idle speed, second level idle speed, and normal speed based on the control strategy. The idle speed can set to a low value, which is 500 rpm in the proposed AISCS to reduce the energy consumption.



	
The proposed AISCS with the HA can build up the load pressure quickly and make the load follow the action of the joystick rapidly when the idle mode is cancelled. This can make the actuator move more stably and smoothly.






The proposed AISCS with the HA can save 67% energy than the system without AISCS and can improve the energy saving and control performance than the traditional AISCS.
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Abbreviations




	EM
	Electric motor



	HA
	Hydraulic accumulator



	HE
	Hydraulic excavator



	AISCS
	Automatic idle speed control system



	CNG
	Compressed natural gas



	PWM
	Pulse-width modulation







Nomenclature




	AL
	effective area of drive chamber of the cylinder



	Cep
	external leakage coefficient of the pump



	Cip
	internal leakage coefficient of the pump



	k
	proportionality coefficient between the target velocity and the joystick pressure



	np
	speed of the pump



	n
	polytrophic exponent



	pa0
	pre-charge pressure of the HA



	pa1
	minimum working pressure of HA



	pa2
	maximum working pressure of HA



	pau
	upper limited pressure of the HA



	pax
	working pressure of the HA



	pjL
	left side output pressure of the joystick



	pjR
	right side output pressure of the joystick



	∆pj
	pressure differential of the two sides of the joystick



	pL
	load pressure



	pLb
	non-rod chamber pressure of the actuator



	pLs
	rod chamber pressure of the actuator



	pLmax
	maximum pressure of the load



	∆pac
	Preset pressure differential of HA



	pp
	output port pressure of the pump



	∆p
	the pressure differential between the HA and the load



	∆pvalve
	pressure drop across the solenoid directional valve 1, multi-way valve and oil pipes



	Qac
	flow rate of the HA



	qp
	displacement of the pump



	t
	time



	T1
	time that the system stay at the first level idle speed



	T2
	time that the system stay at the second level idle speed



	V0
	gas volume under the pressure p a0 of the HA



	∆V
	volume change of the HA



	v
	actual velocity of the load



	vt
	target velocity of the load



	vtmax
	maximum target velocity of the actuator



	δ
	a small positive value



	ηc
	volumetric efficiency of the pump
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