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Abstract

:

Electric construction machinery can achieve zero emissions and be pollution free in the process of construction. In an electric excavator, to make full use of the output power of the power source, the output power of the electric motor (EM) should be absorbed by a hydraulic pump on the most attainable level. Therefore, constant power control is generally employed to achieve power matching between the power source and hydraulic pump. In this paper, considering the shortcomings of a single constant power point in a traditional load sensing system of electric construction machinery, combining the discharge characteristics of the li-ion battery and the overload capability of EM, a piecewise constant power control strategy is proposed to realize the organic unity of power and safety for a novel electric construction machinery power train system. The control strategy is verified by simulations and experiments. The results show that the system can not only satisfy the large power output but also ensure the normal and stable operation of the system when the electric excavator meets the heavy load through the piecewise constant power control. The proposed control strategy improves the dynamic performance of the system on the basis of ensuring the safety of the system.
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1. Introduction


Traditional construction machinery driven by an internal combustion engine (ICE) has shortcomings of poor emission and high energy consumption [1]. The electric construction machinery uses the electric motor (EM) as a power source, which can achieve zero emission and no pollution in the process of construction [2,3]. However, the traditional electric excavator only uses the EM to replace the ICE and imitates the working mode of the traditional ICE-driven excavator, which does not give full play to the excellent speed regulation performance and strong overload capacity of the EM.



The electric power train system has been successfully applied in the automotive field. However, there are essential differences between the excavator and automobile in terms of the transmission mode, working characteristics, and working conditions. Therefore, the control of EM in an electric excavator needs to be redesigned according to the actual requirements of the excavator.



Currently, research on the electric excavator is limited [4], especially on the control of EM in an electric excavator. Some research on the EM driving technology used in hybrid power train systems has been carried out. Chen et al. studied the EM applied to the energy regeneration system for a hybrid hydraulic excavator. The EM and hydraulic accumulator were used to prolong the energy regeneration time. The torque control for EM, which realized pressure compensation for the throttle valve to ensure dynamic performance, was studied [5]. Wang et al. studied the power train control and energy flow management for a hybrid hydraulic excavator. The dynamic programming control method was used to optimize system parameters [6]. Xiao et al. studied the parameter matching method for a hybrid hydraulic excavator [7]. Chen et al. applied the dynamic programming algorithm to control the power train system [8]. In a hybrid hydraulic excavator, even though the EM is used, the engine is still the main power unit. The EM is an auxiliary power source, which compensates the load fluctuation and stabilizes working points of ICE in a high-efficiency area. The working conditions, control method, as well as control target of the EM in the electric excavator and that of a hybrid hydraulic excavator are totally different. Therefore, the EM control mode in a hybrid power system is not suitable for a pure electric system.



In an excavator, in order to ensure that the hydraulic pump can effectively absorb the power from the power source, and to avoid shutting down of the ICE in case of severe speed reduction in heavy duty [9], the power matching control strategy according to the power output characteristics of the hydraulic pump should be used. In a traditional ICE-driven excavator, due to the limited response ability of the ICE, the power matching between the power source and hydraulic pump is achieved by adjusting the working point of constant power for a variable displacement pump through a proportional reduction valve [10,11,12]. In a traditional electric excavator, the EM is used to replace the ICE and simulate the speed regulation of the ICE. The power matching control is generally based on a traditional hydraulic excavator, which did not give full play to its excellent speed regulation performance and strong overload capacity [13,14,15]. Besides, in a traditional electric excavator, the constant power setting point of the load sensing pump of the traditional pure electric drive excavator should be lower than the rated power of the EM, and there will be no system overload and shutdown failures. However, the rated power of the EM should be larger, which increases the cost of the whole machine [8,16].



In an electric excavator, the EM is the main power source. The excellent overload capability of the EM can enable the EM to work under short-term overload, when encountering heavy duty load [17,18,19], and improve the maximum output power of the power train system, so as to improve the dynamic performance of the system [20,21]. The constant power control based on variable speed EM to improve power matching between EM and the hydraulic pump needs to be further considered.



However, because of the usage of a power battery as energy storage, different states of charge (SOC) and temperatures of the battery will affect the output characteristics of EM. Therefore, in an electric excavator, through variable speed control, the maximum output power of the hydraulic pump should be set according to the discharge characteristics of the current power battery pack, the operation status of the EM, and its driver, which will be immune to overload and shutdown of the power train system and other faults [22].



Currently, studies on power matching control of an electric excavator at home and abroad are limited. In this paper, in order to improve the transmission efficiency of EM and the hydraulic pump, considering the influence of SOC and temperature on the discharge characteristics of the battery, a piecewise constant power control strategy is proposed to realize the organic unity of power and safety of the novel electric construction machinery power system. The paper is organized as follows: Section 2. System structure; Section 3. Constant power control based on discharge characteristics of power battery, Section 4. EM overload constant power control, Section 5. Simulation research; Section 6. Experimental research; Section 7. Conclusions.




2. System Structure


In this paper, an 8-ton electric excavator is taken as the research object to carry out the power system power matching research. The system structure is given in Figure 1. In this system, an EM is used to drive the hydraulic pump. A Li-ion battery is adopted to power the EM through the inverter. During the working process, variable speed control is used for the EM to satisfy the flow requirement of the system.



The system schematic diagram can be given as Figure 2. As can be seen, an EM by variable speed control is applied to a fixed displacement pump to supply oil to the hydraulic system. A load sensing system hydraulic transmission system is employed. Maximum pressure of different loads is detected for EM control. The variable speed control to maintain the pressure drop of the throttle valve constant is used.



Since the system parameter matching method is not directly related to the research carried out in this paper, this paper will not repeat, and only provides the basic parameters of the key components as follows. The parameters of EM can be given in Table 1:



The parameters of EM inverter can be given in Table 2:



The parameters of power battery can be given in Table 3:



The hydraulic pump used is an internal gear pump and its displacement is 100 cc/r.




3. Constant Power Control Based on Discharge Characteristics of the Power Battery


As can be seen in Figure 3 which is provided by the battery manufacturer, the maximum discharge power of a cell monomer varies with the SOC at different ambient temperatures. Therefore, during the working process, the maximum discharge power of the battery should be limited according to the current environmental temperature and the SOC, so as to ensure that the battery will not over discharge and the battery life will not be shortened, and the system will run reliably due to the limitation of the discharge power.



The discharge capacity of the battery pack varies from different SOC. The larger the SOC, the stronger the discharge capacity and the larger the discharge power. The maximum allowable discharge power of the power li-ion battery can be measured through an experimental platform for different SOC and is given in Figure 4.



In the traditional electric excavator, by calculating the power required by the hydraulic pump, the output power of the battery is controlled. However, the discharge capacity of the power battery pack is also an important factor that should be taken into consideration. To avoid the over discharge of the battery pack and ensure control performance, the operating power of the power train system should be less than the maximum allowable discharge power of the battery pack. Therefore, during the control process, the current status information of the battery pack, such as SOC and temperature, should also be considered. The power of the control system should be not greater than the maximum allowable discharge power of the battery pack. The output power of the power train system can be described as:


   P p  ≤  P  b max   ⋅  η b  ⋅  η  m c   ⋅  η m  ⋅  η p  ,  



(1)




where Pbmax is the maximum allowable discharge power of the current power lithium battery pack. ηb is the efficiency of the battery. ηmc is the efficiency of the EM driver. ηm is the efficiency of the EM. ηp is the efficiency of the hydraulic pump.



The total efficiency after converting to the output power of the hydraulic pump can be calculated according to:


  η =  η b  ⋅  η  m c   ⋅  η m  ⋅  η p  ,  



(2)




where, η is the total efficiency from the battery to the hydraulic pump.



As shown in Figure 5, the discharge efficiency of the power battery, which varies with different SOC, can be measured through an experimental platform and obtained according to the relationship between the discharge efficiency and the residual capacity of the battery measured during the discharge process at 23 °C from 100% to 10%.



Considering the high efficiency of the EM inverter, the loss of the EM inverter can be neglected. According to Figure 5, the maximum allowable discharge power of the li-ion battery pack at 23 °C can be described as:


   P  b max   =  {    11    ,    0 ≤ S O C ≤ 10 %         38    ,    10 % < S O C ≤ 30 % .         63    ,    30 % < S O C          



(3)







When the power of the system reaches the boundary constraint point of the output power, constant power control is needed to limit the output power of EM and to ensure the dynamic performance and the safety.



According to the current residual capacity of the power battery pack, the range of the power battery pack can be given as:


  S O  C t  ∈  (  S O  C 1  , S O  C 2   )  ,  



(4)




where SOCt is the real-time SOC. SOC1 is the lower limit SOC of the maximum discharge power. SOC2 is the upper limit SOC of the maximum discharge power.



The maximum allowable discharge power of the current power battery pack can be obtained through a battery management system (BMS). The maximum permissible output power of the current hydraulic pump can be calculated by Equation (1) and acquired as:


   P  p max t   =  P  b max t   ⋅  η b  ⋅  η  m c   ⋅  η m  ⋅  η p  ,  



(5)




where Ppmaxt is the maximum permissible output power of the current hydraulic pumps. Pbmaxt is the maximum allowable output power of the current power battery pack.



When the required hydraulic pump power exceeds the maximum allowable output power of the current hydraulic pump, which can be described as:


   P p  ≥  P  p max t   ,  



(6)




where Pp is the power of the hydraulic pump.



At this time, the current output power of the hydraulic pump should be controlled based on the maximum allowable output power of the battery, which can be described as:


   P p  =  p 1  ⋅  q p  =  P  p max t   ,  



(7)




where p1 is the output pressure of the pump. qp is the output flow of the pump.



The current mechanical power of EM can be obtained as:


   P m  =  n m  ⋅  T m  =  P  b max t   ⋅  η b  ⋅  η  m c   ⋅  η m  ,  



(8)




where Pm is the output power of EM. nm is the rotary speed of EM. Tm is the torque of EM.



The outlet pressure of the hydraulic pump can be given as:


   {     q p  = g ( k ,  p i  )      p 1  = h ( k ,  p i  ,  p  L S   )     ,  



(9)




where Pi is the pilot pressure. k is the pilot pressure adjustment coefficient. pLS is the pressure of the maximum load.



Therefore, the output power of the hydraulic pump can be deduced as:


   P p  = F ( k ,  p i  ,  p  L S   ) .  



(10)







At this time, to ensure the maneuverability, the pilot pressure pi should be adjusted to meet the demand of the speed v of the actuator and the flow qp. Therefore, the pilot pressure pi, the maximum load pressure pLS, and the current maximum allowable output power ppmaxt of the hydraulic pump can be used as input for control. The proportional coefficient k between the speed of the actuator and the pilot pressure can be obtained as:


  k = F (  P  p max t   ,  p i  ,  p  L S   ) .  



(11)








4. EM Overload Constant Power Control


When SOC of the battery pack is larger than 30%, the maximum allowable discharge power of battery is about 63 kW. The rated power of the EM is 49 kW. In order to improve the dynamic performance of the system, the EM can be operated above the rated power range in a short period of time. However, the overload operation of the EM will lead to a rapid increase of EM heat. Furthermore, the EM should also be operated within the maximum power range of EM. Therefore, in order to ensure the reliable operation of the power train system, the impact of the maximum allowable output power of the battery, the maximum power, and the temperature of the EM should be comprehensively considered in the constant power control.



The temperature curve of the stator of an EM measured with different load rates is given in Figure 6, which is provided by the EM manufacturer. As can be seen, the stator temperature of the EM increases with the increase of the load power. A permanent magnet synchronous motor (PMSM) has a higher power density, which easily leads to an excessive temperature rise in high-power operation. Excessive temperatures will lead to permanent magnet demagnetization or serious life degradation. Therefore, in the overload power mode, it is necessary to restrict the power according to the temperature of the EM.



As shown in Figure 7 and measured by an experimental platform, the temperature change of the EM driver before and after 2 min of operation at rated power is measured in the uncooled state. It can be seen that the temperature rise of the EM driver is large in case of the heavy duty load. The IGBT module is the key unit in the EM driver. Its current capacity decreases with the increase of temperature, which leads to a decrease of the driving ability of the EM driver. When the temperature rises to a certain extent, the failure rate will increase or even burst. Therefore, the working temperature of the EM driving system is another important factor affecting the dynamic performance and safety performance of the EM power train system.



The IGBT module in the EM driver and permanent magnet in PMSM have their normal working temperature range. When their temperature reaches the critical temperature, constant power control should be employed to restrict the output power of the EM.



By modifying the proportional coefficient k between the system pressure drop and the pilot pressure, the system power is restrained, so as to reduce the temperature of the IGBT module of the EM driver and the permanent magnet of EM, so that it can operate in the allowable temperature range.



The constraints boundary of the temperature in the EM driver can be described as:


   T  p m c   <  T  p m c max   ,  



(12)




where Tpmc is the working temperature of the EM driver. Tpcmax is the upper limitation of the EM driver.



The constraints boundary of the temperature in the EM can be described as:


   T  p m   <  T  p m max   ,  



(13)




where Tpm is the working temperature of the EM. Tpmmax is the upper limitation of the EM.



In order to satisfy the dynamic performance of the power system, when the temperature of the EM and its driver is within the allowable range of normal operation, the output power of the hydraulic pump is limited, so that the current power of the EM does not exceed the maximum allowable power.



The constraints of overload constant power control can be expressed as:


   {     T  p m c   <  T  p m c max        T  p m   <  T  p m max       S O C ≤  30 %      .  



(14)







When the constraints of overload power constant power control are satisfied, the output power of the control hydraulic pump can be expressed as:


   P p  ≤  P  m p   ⋅  η m  ⋅  η p  .  



(15)







The maximum allowable output power of the pump can be described as:


   P  p max t   =  P  b max t    η b  ⋅  η  m c   ⋅  η m  ⋅  η p  .  



(16)







When the required power of the hydraulic pump exceeds its maximum allowable output power, the current maximum power point substitution shown in Equation (11) and the current k can be acquired. After substituting the current k value into the closed-loop control, the EM drive system can work above the rated power under the premise of ensuring safety and improving the dynamic performance of the system.



When the temperature of the EM and its driver is detected to rise to the upper limit of the allowable temperature for its normal operation, the maximum allowable output power of the EM should be reduced by decrease the maximum allowable output power of the hydraulic pump. The maximum allowable discharge power of the battery pack can no longer be converted to the maximum allowable power of the EM as a reference standard.



The change trend of the temperature of EM and the motorist driver is the same. The driving ability of the EM driver decreases with the increase of temperature. When the temperature of the EM driver reaches the upper limit allowed by normal operation, the maximum allowable power of the EM should be reduced to the rated power at this time. The maximum allowable power of the EM cannot be pursued blindly.



The constraints of rated power constant power control can be expressed as:


   T  p m c   ≥  T  p m c max     or    T  p m   ≥  T  p m max   .  



(17)







When the constraints of constant power control of rated power are satisfied, the output power of the controlled hydraulic pump is as follows:


   P p  ≤  P  m e   ⋅  η m  ⋅  η p  .  



(18)







The maximum allowable power of the pump output can be described as:


   P  p max t   =  P  m e   ⋅  η m  ⋅  η p  .  



(19)







When the current required power of the hydraulic pump is greater than its maximum allowable output power, k can be adjusted according to Equation (11).



When the maximum allowable power of the power train system is reduced, the temperature of the EM and its driver cannot be reduced immediately. When the temperature reaches the critical point, if the maximum allowable power of the EM is rated, the power performance of the whole machine will be reduced.



Therefore, when the maximum allowable power of the EM is reduced from the peak power to the rated power, the temperature of the EM and its driver falls below a certain threshold, respectively, and can be described as:


   T  p m   ≤  T  p m b     &    T  p m c   ≥  T  p m c b   ,  



(20)




where Tpmb is the threshold of the maximum allowable power of the motor rising from rated power to peak power. Tpmcb is the maximum allowable power of the EM riseing from the rated power to the temperature threshold of the peak power.



The overload power is reset to the maximum allowable power of the EM. When the current required power of the system is greater than the maximum allowable output power, the current maximum power point can be substituted into Equation (11) to determine the current k.




5. Simulation Research


To verify the feasibility of the control method, simulation research was carried out. Based on the variable speed control of EM and the load sensing hydraulic system, a constant power simulation model of variable pressure differential control was established by using AMESim simulation software platform, as shown in Figure 8. In this system, the hydraulic oil circuit is composed of a main oil circuit and pilot circuit. The main oil circuit drives the quantitative pump to supply oil through variable speed control of EM. On this basis, a load sensing system was constructed. The load simulation was carried out by the relief valve, which connects with the outlet of the control valve. The pilot oil circuit is controlled by the movement of the spool.



The parameters of the components in the simulation model are given in Table 4.



The simulation model verifies that when the required power of the hydraulic pump is greater than its maximum allowable output power, the system pressure will be reduced, so as to make the pressure drop of the throttle valve change according to the outlet pressure of multi-way valves, the pilot pressure, and the maximum allowable output power of the hydraulic pump, which control the current output power of the hydraulic pump equal to its maximum allowable output power.



In the simulation model, the maximum allowable output power of the hydraulic pump is 20 kW and the simulation time is 20 s. The simulation curve of constant power control is given in Figure 9. The maximum load sensing pressure (LS pressure) and pilot pressure are set artificially. In the first 10 s, when the required power of the hydraulic pump does not reach the maximum allowable output power, the hydraulic pump outputs the power according to the load required power and maintains the pressure drop between the maximum load pressure and pump outlet pressure as the initial control target value. At this time, the pilot pressure and the ratio coefficient k are not limited by the maximum system power. In this paper, the initial set value of the k is 2:


  Δ p = k  p i  , k = 2 .  



(21)







While, after 10 s of simulation, the current required power of the hydraulic pump reaches the maximum allowable output power. At this time, with the increase of the pump outlet pressure, the outlet flow of the hydraulic pump decreases, and the output power of the hydraulic pump equals the maximum allowable output power.



When the constant power point is reached, the pressure drop between the pump outlet pressure and the maximum load pressure, the pilot pressure, and the relationship between the ratio coefficient k no longer conform to Equation (20). The pilot pressure, the maximum load pressure, and the maximum allowable output power of the hydraulic pump are taken as the input values. The ratio coefficient is modified to change the differential drop of the system, so that the output power of the hydraulic pump is equal to the maximum allowable output power, which will not exceed the maximum allowable working range.




6. Experimental Research


Further experimental research on the proposed control strategy was carried out. The test platform is shown in Figure 10. The temperature of the EM and its driver was collected by a positive temperature coefficient (PTC) thermistor interface. The operation state of the power battery, including the maximum allowable discharge power, was collected by a CAN communication network through EM, EM inverter, and BMS. The relief valve was used for load simulation.



The state information of each component was transmitted to the controller of the whole machine. After calculation, the proportional coefficient k between the system pressure difference and the pilot pressure was obtained. Finally, combined with the pressure drop control, the piecewise constant power control was realized when the current required power of the hydraulic pump exceeded its maximum allowable output power.



During the test, the ambient temperature was 23 C. Because of the short test time, the battery temperature was unchanged. Firstly, the SOC of power battery was discharged to 10%, 30%, and 80%, respectively. The load was simulated by the proportional relief valve. In order to study the change of the system pressure drop conveniently, the pilot pressure was set as fixed.



Combined with Equation (3), the output of the power train system for different SOC are shown in Figure 11, Figure 12 and Figure 13. The pressure–flow curves and output power curves of the hydraulic pump were obtained when the residual battery power is 10%, 30%, and 80%, respectively.



From the test results, it can be seen that when the discharge power of the power battery does not reach the maximum power at different stages of power supply, the output power increases with the increase of the load pressure, because the pressure drop and flow rate remain unchanged.



When the discharge power of the battery reaches the maximum allowable discharge power, namely, the output power of the hydraulic pump reaches the maximum allowable output power, the output power of the hydraulic pump no longer increases and remains constant. With the increase of the maximum load pressure, the flow rate of the hydraulic pump decreases and the pressure difference of the system decreases, and the output power of the hydraulic pump can be stabilized near the maximum allowable output power, so that the discharge power of the battery does not exceed the maximum allowable output power.



From the test results in Figure 12b, it can be seen that when SOC of the battery pack is more than 30% at room temperature, the latter half of the EM works in overload mode. Because the cooling effect of the water cooling system of the EM and its driver is superior, the temperature of the EM and its driver can hardly exceed the allowable working range, so the maximum power at this time is still the maximum power of the battery. The feasibility of piecewise constant power control can be further verified by the above experiments.



Compared with the constant power control of a single operation point, that is, the rated power of the li-ion battery is taken as the constant power, the piecewise constant power control strategy proposed in this paper can effectively ensure that the li-ion battery can avoid over discharge and improve the service life of the power battery. In addition, it can also avoid that when the li-ion battery has a low SOC value, due to the insufficient power of battery can be provided for EM, the EM is stalled.



The single working point constant power control of s traditional electric excavator uses s lead-acid battery for power supply, without corresponding BMS. In this study, the power battery is a lithium-ion battery, which is equipped with a corresponding BMS unit. In the process of the constant power control experiment with a single operating point, when the battery SOC is low, the overload operation will cause the BMS to alarm continuously and then shut down. Therefore, the working condition of a single constant power working point cannot be reproduced. Although the experimental comparisons of these two control strategies are provided, through the research of this paper, based on the proposed control strategy, it can effectively ensure the reliable power supply of the power battery to the EM, and improve the reliability of the system.




7. Conclusions


In this paper, a piecewise constant power control strategy was proposed. The feasibility of the proposed control strategy was verified by simulation and experiment. According to the maximum allowable discharge power of battery at different temperatures and SOC, different maximum power points were set to control the power system with constant power, which satisfied the power performance and safety performance at the same time. According to the discharge capacity of the battery pack and the temperature of the EM as well as its driver, the strong overload capacity of the EM can be brought into play. Within the current discharge capacity of the power battery pack and the allowable range of the temperature of the EM and its driver, the EM can operate above the rated power to improve the dynamic performance of the system. When the working state of the battery and EM drive system is within the constraints, the maximum power point is reduced to ensure the safe and stable operation of the system.



By adopting the proposed control strategy for an electric excavator, in the case of heavy load, the system can not only meet the high-power output but also ensure the normal and stable operation of the system.
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Abbreviations




	EM
	Electric motor



	ICE
	Internal combustion engine



	SOC
	State of charge



	BMS
	Battery management system



	PMSM
	Permanent magnet synchronous motor



	PTC
	positive temperature coefficient



	Δp
	target pressure drop of throttle valve



	pp*
	target pressure of hydraulic pump



	n
	rotary speed of EM



	Pp
	power of hydraulic pump



	p1
	output pressure of pump



	qp
	output flow of pump



	Pbmax
	maximum allowable discharge power of the current power lithium battery pack



	ηb
	efficiency of the battery



	ηmc
	efficiency of the EM driver



	ηm
	efficiency of the EM



	ηp
	efficiency of the hydraulic pump



	Pm
	output power of EM



	nm
	rotary speed of EM



	Tm
	torque of EM



	Pi
	pilot pressure



	k
	pilot pressure adjustment coefficient



	pLS
	pressure of the maximum load



	SOCt
	real time SOC



	SOC1
	lower limit SOC of Maximum Discharge Power



	SOC2
	upper limit SOC of Maximum Discharge Power



	Ppmaxt
	maximum permissible output power of the current hydraulic pumps



	Pbmaxt
	maximum allowable output power of the current power battery pack



	Tpmc
	working temperature of the EM driver



	Tpcmax
	upper limitation of the EM driver



	Tpmc
	working temperature of the EM



	Tpmmax
	upper limitation of the EM



	Tpmb
	threshold of the maximum allowable power of motor rising from rated power to peak power



	Tpmcb
	maximum allowable power of the EM rises from the rated power to the temperature threshold of the peak power
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Figure 1. System structure. 
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Figure 2. System schematic diagram. 






Figure 2. System schematic diagram.
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Figure 3. Maximum discharge power of the battery unit with SOC at different ambient temperatures. 
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Figure 4. Maximum permissible discharge power of Li-ion batteries with different SOC 23 °C. 
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Figure 5. Discharge efficiency with SOC at 23 °C. 
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Figure 6. Temperature variation of an EM stator with load change. 
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Figure 7. EM driver temperature. 
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Figure 8. AMESim simulation model of constant power control. 
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Figure 9. Simulation results. 
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Figure 10. Structure of the experimental platform. 
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Figure 11. Test curve at 10% SOC. 
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Figure 12. Test curve at 30% SOC. 
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Figure 13. Test curve at 30% SOC. 
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Table 1. Parameters of the EM.






Table 1. Parameters of the EM.





	Type
	Rated Power
	Rated Torque
	Rated Speed
	Maximum Torque
	Maxim Speed





	PMSM
	49 (kW)
	260 (N·m)
	1800 (rpm)
	450 (N·m)
	3000 (rpm)
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Table 2. Parameters of the EM inverter.






Table 2. Parameters of the EM inverter.





	Type
	Rated Power
	Rated Voltage
	Voltage Range
	Protection Level
	Cooling





	FOC
	60 (kW)
	510 (V)
	350–710 (V)
	IP67
	Water
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Table 3. Parameters of the power battery.






Table 3. Parameters of the power battery.





	Type
	Normal Energy
	Normal Capacity
	Maximum Discharge Current
	Maximum Pulse Discharge Current
	Voltage Range





	LFP
	117 (kW·h)
	202 (A·h)
	202 (A)
	300 (A)
	450–675 (V)
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Table 4. Parameters of components in the system.
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	Components
	Value





	Battery
	Quantity of electricity: 117 kW·h. Capacity: 202 Ah



	EM
	Rated power: 49 kW. Rated torque: 260 N·m



	EM driver
	Voltage: 420–750 V. Maximum power: 63 kW



	Hydraulic pump
	Displacement: 100 mL/r. Pressure: 35 MPa



	Controller
	TTC60



	Valve
	Load sensing multi-way valve



	Pilot pump
	Displacement:10 mL/r. Pressure: 35 MPa



	Pilot EM
	Rated power: 2.5 kW



	Auxiliary driver
	Rated power: 5.5 kW. Output voltage: 380 V/24 V
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