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With the increasing scarcity of energy in the world, energy has become an important part of restricting the development and application of traditional ocean profilers. The method of converting ocean thermal energy (OTE) into electrical energy through an energy conversion system is a solution. The model establishment and performance analysis of the energy conversion system are the basis of the ocean thermal profiler (OTP) design. The model and performance are affected by the coupling of multiple parameters, especially rotational speed and pressure. In this study, a universal parameterized model for multi-parameter coupling was proposed. System performance analysis based on experiments including load current, speed, mechanical efficiency and total efficiency was presented. After model parameter identification, the error of mechanical efficiency was within 5%; the total efficiency error was less than 12.8%, and the maximum efficiency point error didn’t exceed 2.21%. The results indicated that the parameterized model was satisfactory for the engineering applications and could guide the design of OTP.
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1 Introduction

Profiler used for monitoring ocean profile elements are important platforms for marine scientific research. Traditional ocean profilers, such as ARGO buoys and underwater gliders, usually include many batteries. Owing to the limitations of battery capacity, they can only perform simple and short-term missions, which greatly restricts their long-term and complex applications in the ocean. In the face of energy constraints, harnessing marine renewable energy with energy conversion system is an effective solution (Khan et al., 2017; Wilberforce et al., 2019). Considering the pattern of profile motion, wave energy and tidal energy are mainly concentrated in shallow waters (Townsend, 2016; Townsend and Shenoi, 2016; Song et al., 2018); wind energy and solar energy are limited to the ocean surface and are significantly affected by weather (Tian and Yu, 2019); ocean pressure energy is related to the working depth of the profiler, which can only compensate for energy consumption (Xue et al., 2020); however, ocean thermal energy (OTE) reserves are abundant. At present, the large-scale ocean thermal energy conversion (OTEC) technology is mature, which can be generally distinguished as closed-cycle, open-cycle and hybrid cycle (Huang et al., 2003). In the closed-cycle structure, the ejector refrigeration cycle and spray flash evaporation desalination unit realize desalination and refrigeration (Zhou et al., 2021). The OTEC has been effectively applied in the energy and freshwater supply of the island (Osorio et al., 2016). The researches of large-scale OTEC indicate that OTE is widely distributed and has a stable structure. Compared to other types of marine renewable energy sources, OTE is more suitable for ocean profilers.

An ocean thermal profiler (OTP) can capture and utilize OTE. Compared with direct driving by OTE, the method of converting OTE into electrical energy through an energy conversion system to drive is safer and more reliable. Two categories of energy conversion system can be classified according to the power generation principles. (1) Using thermoelectric generators (TEGs) to convert OTE into electrical energy directly (Buckle et al., 2013; Falcão Carneiro and Gomes de Almeida, 2018); (2) using solid-liquid phase change materials (PCMs) to capture OTE, and then convert it into electrical energy through an energy conversion system. The energy conversion system is mainly composed of a hydraulic motor and a generator. Owing to its compact structure and high energy-density ratio, it more suitable for OTP and has been widely applied. SOLO-TREC (Chao, 2016), Slocum-TREC (Haldeman et al., 2015) and SL1 (15) are equipped with energy conversion system to provide energy supply, which greatly increased the voyage and sampling frequency.

The performance study of the energy conversion system through modelling can provide important support for the design, motion control, and energy optimization of the OTP. Currently, most studies have concentrated on the conversion system of wind energy, wave energy, tidal energy, and hydraulic energy (Chen et al., 2020; He et al., 2020). Fan et al. studied the modelling and control of a hybrid wind-tidal turbine with an accumulator. A hydraulic transmission device was used to integrate and transmit the captured energy. The hydraulic accumulator balanced output power and demand by storing and releasing excess energy. Finally, they developed and integrated a mathematical model of the system (Fan et al., 2016). Walter Gil-González et al. established a dynamic model for small hydro-power plant, and designed a controller based on passivity theory which better than PI controller (Gil-González et al., 2020). Wei et al. proposed a new type of closed hydraulic wind turbine with an energy storage system and demonstrated the parametric design and modelling of a 600 kW hydraulic wind turbine using a Micon 600 kW wind turbine as an example (Wei et al., 2018). Chan Roh et al. established a mathematical model for the hydraulic system of floating wave energy converters, which included an accumulator, hydraulic motor, and generator. The proposed maximum power control algorithm based on the model increased the output power by 18% (Roh et al., 2021). Wang et al. established a mathematical model for the key components of the hydraulic energy storage and conversion system of a wave energy converter, which provided theoretical guidance for optimizing the energy conversion efficiency (Wang and Lu, 2018). Jónsdóttir et al. proposed a stochastic models of the short-term variability for wave energy and tidal energy based on the Irish system, which indicated that tidal generation leads to larger frequency variations than those that are caused by wind generation (Jónsdóttir and Milano, 2020). Zhang et al. proposed an electro-hydraulic energy collection damper for off-road vehicles, which could convert the vibration of a reciprocating suspension into one-way rotation of the generator, and they mathematically deduced the dynamic model of the system. Simultaneously, an experimental test proved the effectiveness of its energy collection capacity (Zhang et al., 2017). Ho et al. proposed a new hydraulic closed-loop hydrostatic transmission energy-saving system and developed a hydraulic pump/motor efficiency model for speed, displacement, and differential pressure. The maximum energy recovery efficiency was 66% (Ho and Ahn, 2010).

However, research on the modelling of energy conversion systems for the OTP has been scarce. Owing to the nonlinear characteristics, Xia et al. applied the neural network method to identify and model the energy conversion system of the OTP and obtained the curved surface of the efficiency on the inlet pressure of the hydraulic motor and the load current of the generator (Xia et al., 2020). Wang et al. established a comprehensive energy conversion efficiency model of the OTP, developed a system prototype OTEC, and successfully completed a sea trial. The converted energy initially met the energy requirements of the OTEC (Wang et al., 2019).

Above research has mostly ignored the actual working conditions of energy conversion systems for OTP, especially the change in the mechanical efficiency and the total efficiency with the rotation speed and pressure; thus, performance study is not comprehensive. In this paper, the factors affecting the performance of energy conversion system are analyzed according to the operation principle of OTP. A universal parameterized model of the total efficiency for the energy conversion system are proposed. The performance analysis is presented by establishing an experimental platform. Simultaneously, experimental data are used to identify parameters of the parameterized model and verify the accuracy.

The remainder of this paper is organized as follows. Section 2 introduces the operation principle of OTP, analyses the affecting factors of performance and presents an experimental platform. In Section 3, the parameterized model of the energy conversion system is established. In Section 4, performance analysis and experimental verification are presented. Section 5 provides a brief conclusion.



2 System overview and experimental platform


2.1 System overview

The OTP collects data of the ocean’s vertical profile by moving up and down while capturing OTE and generating electricity to power sensors, controllers, GPS, and other electronic equipment. The OTP is mainly composed of a thermal engine, energy conversion system, buoyancy adjustment system, data acquisition and communication systems, control system, and a pressure hull. The thermal engine, buoyancy adjustment system, and energy conversion system jointly realize OTP movement and power generation. The thermal engine was encapsulated with PCM to capture the OTE. When the OTP is in warm water, the volume of the PCM increases and external work is performed to convert OTE into potential energy and store it in the accumulator. The energy conversion system is mainly composed of a hydraulic motor, generator, and battery, which can convert the potential energy of the accumulator into electrical energy.

Figure 1 shows the energy conversion and operation principle of the OTP, which is mainly divided into four stages. (1) The water surface stage: the OTP stays on warm water, the PCM melts and expands, and the oil in the thermal engine is pumped into the accumulator to realize OTE capture. (2) The sinking stage: the buoyancy adjustment system regulates oil return from the external bladder to the internal bladder so that the buoyancy decreases and the OTP sinks. (3) The deep water stage: the OTP is located in cold water, the PCM solidifies and shrinks, and the oil in the internal bladder is sucked into the thermal engine. (4) The rising stage: the oil in the accumulator enters the external bladder through the hydraulic motor so that the buoyancy becomes larger and the OTP rises. Simultaneously, the hydraulic motor drives the generator to generate electricity and store electric energy in the battery.




Figure 1 | The principle of the operation and the energy conversion for the OTP.



The energy conversion system adopts an energy storage power generation mode. According to the operation principle of the OTP, the energy conversion system is characterized by the following. (1) In a single profile, the total amount of OTE stored by the accumulator is certain; (2) the hydraulic motor inlet pressure follows the accumulator pressure and gradually decreases; and (3) the outlet pressure of the hydraulic motor changes with the pressure of the external bladder, which is the water pressure during power generation. Therefore, the performance of energy conversion system is affected by the coupling of multiple parameters. The parameters of the hydraulic motor include inlet pressure, outlet pressure, displacement, and speed. The parameters of the generator include the power, voltage, armature resistance, speed constant, torque constant, and reducer. In practical applications, it was found that the mechanical efficiency of the hydraulic motor was significantly affected by the speed, and the traditional mechanical efficiency model was not suitable for the energy conversion system of the OTP. When the hydraulic motor and generator are determined, the performance of energy conversion system is mainly affected by the pressure, speed and load current.



2.2 Experimental platform

According to system overview of the OTP, the experimental platform for the energy conversion system is designed and shown in Figure 2. The pump station provides a pressure source for the energy conversion system and can adjust the inlet pressure of the hydraulic motor to maintain stable pressure. A relief valve was set between the outlet of the hydraulic motor and the oil return port of the pump station to form the outlet pressure and simulate the seawater pressure. The hydraulic motor and generator were connected through torque and speed sensors to monitor the changes in torque and speed during power generation. Flow meters and pressure sensors were installed at the inlet and outlet of the hydraulic motor to collect the pressure and flow. The output of the generator is connected to a programmable electronic load that adopts the constant-current mode to adjust the load current of the generator. The computer controlled the electronic load to change the load current of the generator to adjust the speed of the hydraulic motor.




Figure 2 | The experimental platform of the energy conversion system.



The component parameters used in the experimental platform of the energy conversion system are listed in Table 1. The outlet pressure of the hydraulic motor was set at 5 MPa to simulate the seawater pressure. Under each fixed pressure during the experiment, the controller controlled the speed of the hydraulic motor rising from 300 rpm to 2000 rpm while controlling and collecting data every 50 rpm.


Table 1 | The component parameters used in the experimental platform of energy conversion system.






3 Mathematical modelling


3.1 Hydraulic motor model

A hydraulic motor is a hydraulic actuator that converts hydraulic energy into rotational mechanical energy. It is one of the core components of energy conversion systems. The swashplate axial piston hydraulic motor has the advantages of a high working pressure, high working speed, and compact structure. It is suitable for the highly integrated energy conversion system of the OTP.

The working principle and force analysis of the swashplate axial piston hydraulic motor are shown in Figure 3. The high-pressure oil with an inlet pressure P1 enters the bottom of the plunger through the flow distribution window of the port plate to push the plunger outwards and cause the slippers to press against the swash plate. The acting force FN is decomposed into the axial component force Fz balanced with the hydraulic pressure of the plunger and the force Fy perpendicular to the axis of the plunger. Fy forms torque on the axis of the cylinder block and drives the cylinder block to rotate against the load. The effect of the outlet pressure P2 is similar to that of the inlet pressure, but it acts as a hindrance.




Figure 3 | The working principle and force analysis of the swashplate axial piston hydraulic motor.



The number of plungers Z of the hydraulic motor is mostly odd, which reduces the flow non-uniformity coefficient. Therefore, there are two scenarios for the number of plungers connecting the high-pressure oil of the port plate.


 

where φ is the rotation angle of the deepest plunger embedded in the cylinder block relative to the bottom dead centre and α is the angle between two adjacent plungers.

 


3.1.1 The mechanical efficiency model

Mechanical efficiency is a parameter used to evaluate the degree of mechanical loss in a hydraulic motor. The friction loss of the swashplate axial piston hydraulic motor is mainly caused by the relative motion of the friction pair between the bottom surface of the cylinder block and port plate, between the slippers and swashplate, and between the plunger and plunger cavity. The mechanical efficiency of the hydraulic motor is expressed as follows:

 

where Tt is the theoretical torque, Tp is the practical torque, and Tloss is the friction-loss torque.

According to the force analysis shown in Figure 2, Tt and Tloss can be deduced (Ke et al., 2006; Yongqiang, 2008; Tianliang and Yueying, 2012).

(1) The force of the inlet and outlet pressure oil is transmitted to the swash plate through the plunger and slipper, and the average torque is produced by the reaction force generated by the swash plate on the output shaft. The average torque is Tt.

 

where M0 is the instantaneous friction torque on the output shaft caused by the reaction force generated by the inlet and outlet pressure oil transmitted to the swash plate, A is the cross-sectional area of the plunger, γ is the inclination angle of the swash plate, r0 is the radius of the plunger distribution circle, P1 is the inlet pressure of the hydraulic motor, P2 is the outlet pressure of the hydraulic motor, ΔP is the pressure difference between the inlet and outlet of the hydraulic motor, and D is the displacement of the hydraulic motor.

(2) Average friction torque T1 of the output shaft owing to friction generated by the radial force of the bearing

 

where M1 is the instantaneous friction torque produced by the friction generated by the radial force of the bearing on the output shaft, r1 is the action radius of friction f1 , and μ1 is the friction factor of the action surface of friction f1 .

(3) The average friction torque T2 of the friction generated by the axial force of the bearing on the output shaft is

 

where M2 denotes the instantaneous friction torque produced by the friction generated by the axial force of the bearing on the output shaft, r2 denotes the action radius of friction f2 , and μ2 denotes the friction factor of the action surface of friction f2 .

(4) The average friction torque T3 of the output shaft caused by the friction between the bottom surface of the cylinder block and the port plate is given by

 

where M3 is the instantaneous friction torque transmitted to the output shaft by the friction generated between the bottom surface of the cylinder block and port plate, μ3 is the friction factor of the friction f3 action surface, and A1 is the action area of the pressure oil in the cylinder bore.

(5) The average friction torque T4 of the output shaft caused by friction between the swash plate and sliding shoe is given as follows.

 

where M4 is the instantaneous friction torque transmitted to the output shaft by the friction generated between the swash plate and slipper, μ4 is the friction factor between the swashplate and slipper, and c1 is the transmission coefficient of the friction torque generated by friction f4 to the output shaft.

(6) The average friction torque T5 of the friction generated by the centrifugal force of the plunger acting on the cylinder block to the output shaft is given by



where M5 denotes the instantaneous friction torque of the output shaft caused by the friction force generated by the centrifugal force of the plunger acting on the cylinder, μ5 denotes the friction factor of the action surface of the friction force f5 , m denotes the plunger mass, and n denotes the hydraulic motor speed.

Therefore, Tloss can be expressed as follows.

 

From equations (5)–(9), it can be seen that the friction loss of the hydraulic motor is related to the inlet pressure P1 , outlet pressure P2 , displacement D, and speed n because

 

Thus, Tloss can be rewritten as

 

where C1 , C2 , and C3 are undetermined parameters. Substituting Equations (4) and (12) into Equation (3) to obtain the mechanical efficiency model of the hydraulic motor, we obtain the following.

 



3.1.2 The volumetric efficiency model

The power loss caused by the internal and external leakage of the liquid, including the internal leakage of the working chamber volume due to the compressibility of the liquid, is expressed in terms of volumetric efficiency as follows.

 

where qV is the actual flow, qVt is the theoretical flow, and Δq is the internal leakage flow of liquid in the hydraulic motor.

 

Substituting Equation (16) into Equation (15) to obtain the volumetric efficiency model of the hydraulic motor, we obtain

 

where CV is the differential pressure leakage coefficient of the hydraulic motor and μoil is the dynamic viscosity of the hydraulic oil.




3.2 The energy conversion system model

Qt is the theoretical input flow of the hydraulic motor, and the theoretical input power Pin of the hydraulic motor is given as follows.

 

where Tdrive is the driving torque output of the hydraulic motor and is calculated using the following equation.

 

The hydraulic motor was connected to the DC generator through the reducer. The mechanical resistance torque ΔT and electromagnetic resistance torque Tem generated by the generator form a dynamic balance with the hydraulic motor driving torque. The torque balance equation is as follows:

 

 

where i is the transmission ratio of the reducer, KA is the torque coefficient of the generator, and I is the generator output current. Substituting Equation (20) into Equation (19), we obtain the output current of the generator as follows.

 

The output voltage of the DC generator U is calculated as follows.

 

where KV is the speed constant of the generator, R is the armature resistance of the generator and ΔR is the contact resistance of the generator. Therefore, the power of generator Pout is given as follows.

 

The efficiency model of energy conversion system ηtotal can be obtained as follows.

 




4 Performance analysis and parameters identification

The performance analysis of the energy conversion system based on the experiment complements the parameterized model. Due to the nonlinearity of the parameterized model, the relationships of the intermediate variables after parameter identification are difficult to obtain directly, such as the load current. However, the speed is controlled by the load current. Therefore, analyzing the performances of load current, speed, and efficiency contributes to the original design of the OTP.


4.1 Performance analysis


4.1.1 Load current and speed

Figure 4 shows the results of the load current varies with inlet pressure of hydraulic motor. The maximum and minimum load current increase with the inlet pressure. The slope of the minimum load current is much gentler than that of maximum load current, thereby narrowing the variation range of load current. More obviously, the range of load current is 0-2.26 A when the inlet pressure is 15 MPa, while it is 7.61-8.04 A when the inlet pressure is 28 MPa.




Figure 4 | Load current varies with inlet pressure of hydraulic motor.



The speed and load current are not independent. Figure 5 shows the relationship between speed and load current. The results show that the load current is inversely related to the speed under the same inlet pressure. From equation (20), it can be concluded that the larger the load current, the higher the electromagnetic resistance torque; in turn, the speed decreases. When the speed is fixed, the load current increases with the inlet pressure. The reason for the performance is the large inlet pressure makes the hydraulic motor output more torque, in order to achieve the same speed, a larger current is required to generate electromagnetic resistance torque. The initial value of the speed also shows a trend with the increase of the inlet pressure. The possible cause is insufficient electromagnetic resistance torque provided by the generator.




Figure 5 | The relationship between speed and load current.





4.1.2 Mechanical efficiency

Figure 6 shows the results of the mechanical efficiency of hydraulic motor in the energy conversion system. The results show that the larger the speed, the lower the mechanical efficiency under the same inlet pressure. The essential reason is the same as the analysis of load current and speed in the previous part. From equation (18) to equation (20), it can be concluded that the larger the speed, the lower the torque at dynamic balance; in turn, the mechanical efficiency decreases. The mechanical efficiency increases with the inlet pressure, and the improvement is more pronounced when the inlet pressure is lower. The variation range of mechanical efficiency is inversely related to the inlet pressure, which is consistent with the conclusion of load current.




Figure 6 | The mechanical efficiency of hydraulic motor in the energy conversion system.





4.1.3 Total efficiency

Figure 7 shows the total efficiency of the energy conversion system. When the inlet pressure is low, the total efficiency increases first and then decreases with the load current. As the inlet pressure increases, the total efficiency decreases with the load current, and the maximum point appears in the initial stage of power generation. The reason for the phenomenon is the limitation of the maximum speed of the generator. The maximum efficiency point of the energy conversion system also shows a rising trend with the increase of the inlet pressure. Therefore, using high-speed generator in energy conversion system can achieve maximum efficiency under high pressure.




Figure 7 | The total efficiency of the energy conversion system.






4.2 Parameters identification


4.2.1 Parameter identification of mechanical efficiency

The mathematical model of the mechanical efficiency of a hydraulic motor contains three undetermined parameters, and Equation (13) can be simplified as follows.

 

where A1 , A2 , A3 , and B1 are undetermined parameters.

The pressure difference ΔP was 10–15 MPa, and the pressure difference increment was 1 MPa. The mechanical efficiency data at different speeds under these six working conditions were obtained experimentally, and the Levenberg-Marquardt method in the nonlinear least-squares problem was used to fit Equation (25). The experimental data and fitting results are shown in Figure 8. The goodness-of-fit R2 was 0.97402, which yielded good results. The relationship between the mechanical efficiency, differential pressure, and speed is as follows.

 




Figure 8 | The experimental data and fitting results for mechanical efficiency of hydraulic motor.



Experiments with differential pressures of 19, 21, and 23 MPa were performed to verify the accuracy of Equation (26) for other pressure and speed ranges of the hydraulic motor. A comparison between the simulation and experimental results of mechanical efficiency is shown in Figure 9. Under the three verified working conditions, the average relative error between the simulated and experimental data was less than 5%, and the maximum relative error was 5.6%, verifying the effectiveness and accuracy of the mechanical efficiency parameterized model.




Figure 9 | The comparison between the simulation and experimental results of the mechanical efficiency model.



During the experiment, there was less leakage of the hydraulic motor. Therefore, to simplify the model and calculation, it is considered that the volumetric efficiency of the hydraulic motor does not change with the pressure difference and speed.



4.2.2 Parameter identification of total efficiency

The total efficiency of energy conversion system can be derived using two methods based on the mechanical efficiency model of the hydraulic motor: (1) indirect method based on the mechanical efficiency model after parameter identification and (2) direct method based on the mechanical efficiency model before parameter identification. The indirect method can identify the unknown parameters of the intermediate variables and can be applied in the fields of dynamic modeling and control algorithm design of energy conversion system. The direct method implicitly includes unknown parameters of intermediate variables and can be applied in static modeling and energy efficiency analysis of energy conversion system.

The indirect method involves substituting Equations (26) and (21) into Equation (24). Figure 10 shows the simulation and experimental comparison of indirect method. Differential pressures of 13, 15, 19, and 21 MPa were selected for model verification. From Figure 10, it is observed that the results obtained by the model are in good agreement with the experimental results at low speeds, but they are generally greater than the experimental results at high speeds. A possible reason for this is that there is a deviation between the internal parameters of the generator and the theoretical reference value, resulting in increased frictional resistance and reduced efficiency. Furthermore, it is observed that the changing trend of the simulation results is consistent with the experimental data, and the simulation average errors are 5.7%, 4%, 12.8%, and 11.3%, respectively. Therefore, the model is valid and accurate.




Figure 10 | The simulation and experimental comparison of indirect method.



The direct method involves bringing Equations (25) and (21) into Equation (24) and simplifying them to obtain a parameterized model of the total efficiency as follows.

 

where

b1, b2 and b3 should be separated by three lines. "ΔP2" is modified to "△P2".  "D2" is modified to "D2".

 

Here, k1' to k13' are undetermined parameters. When the displacement and outlet pressure of the hydraulic motor remain constant, Equation (27) can be further simplified as follows.

 

where

 

k1 to k9 in the equation are undetermined parameters.

Parameter identification in the total efficiency was similar to the mechanical efficiency of the hydraulic motor. The experimental data and fitting results are shown in Figure 11. The goodness-of-fit R2 was 0.93927, indicating a good fitting result. The parameters of Equation (29) are listed in Table 2.




Figure 11 | The experimental data and fitting results for the total efficiency of energy conversion system.




Table 2 | The parameters in parameterized model of total efficiency.



The experimental data for differential pressures of 19, 21, and 23 MPa were selected to verify the parameterized model of total efficiency established by the direct method. Figure 12 shows the simulation and experimental comparison of direct method. The experimental results show that the relative error between the simulation and experiment is relatively large at the initial speed of each pressure, the relative error at other speeds is within 10%, and the average relative error between the simulation and experiment at pressure differences of 19, 21, and 23 MPa are 9%, 0.41%, and 6.75%, respectively, which verifies the validity and accuracy of the total efficiency parameterized model.




Figure 12 | The simulation and experimental comparison of direct method.



The accuracy of maximum efficiency point prediction of energy conversion system is a significant criterion for judging the rationality of the proposed parameterized model. The maximum efficiency point is the optimal load current and optimal speed when the total efficiency is maximum. The load current in the direct method is an intermediate variable, which is difficult to obtain accurate parameters; therefore, the simulation and experimental comparison of the optimal load current only applies to the indirect method, while the direct method can be explained by the optimal speed indirectly. Figures 13, 14 show the experimental and simulation comparison of optimal load current and speed. In the prediction of optimal load current, the average relative error of the indirect method is 2.21%. In the prediction of optimal speed, the average relative error of indirect method is 0.45%, while that of direct method is 0.8%. The results indicate that the parameterized model of energy conversion system has a satisfactory prediction effect and meets the engineering application.




Figure 13 | The simulation and experimental comparison of the optimal load current.






Figure 14 | The simulation and experimental comparison of the optimal speed.







5 Conclusion

In this study, the factors affecting the performance of energy conversion system are analyzed according to the operation principle of OTP. A force analysis of a swashplate axial piston hydraulic motor was performed, and a parameterized model for establishing the mechanical efficiency of the hydraulic motor was established. Direct method and indirect method were proposed for establishing the universal parameterized model of total efficiency for energy conversion system. An experimental platform was established to study system performance and verify the accuracy of the proposed parameterized model.

In the energy conversion system of OTP, the maximum and minimum load current increased with the inlet pressure, but the variation range decreased. The load current was inversely related to the speed, while positively related to the inlet pressure. The mechanical efficiency of hydraulic motor increased with inlet pressure, but decreased with speed. The total efficiency increased with the load current, and decreased after reaching the maximum point at low inlet pressure, whereas the total efficiency decreased with the load current at high inlet pressure. The maximum efficiency point showed a rising trend with inlet pressure.

In the parameterized model identification, the average relative error between the simulation and experiment for the mechanical efficiency of the hydraulic motor was less than 5%, and the maximum relative error was 5.6%, verifying the validity and accuracy of the established mechanical efficiency parameterized model. For the total efficiency model established by the indirect method, the minimum average relative error was 4%, and the maximum average relative error was 12.8%. For the direct method, except for the large error at the initial speed, the average relative error in the other speed ranges was within 10%, the maximum was 9%, and the minimum was 0.41%. In the prediction of optimal load current, the average relative error of the indirect method was 2.21%. In predicting the optimal speed, the average relative errors of the indirect method and the direct method were 0.45% and 0.8%, respectively. The parameterized model of energy conversion system met the engineering application.
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