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Abstract. In response to improve the quality and level of hydrostatic transmission (HST) products 
for modern mobile machineries, the closed-loop transfer functions of a HST are established by 
mathematical modeling, a comprehensive testing equipment is developed employing a 
proportional relief valve for automatic program loading and fuzzy-PID oil temperature control, 
the testing equipment is capable of conducting various performance tests for various models of 
HST integrated pump-motor products, including factory and type tests, especially continuous 
impact and endurance performance tests under high temperature and high-speed conditions. 
Comprehensive performance test of the above test sample is carried out using the developed 
equipment, that the test results agree well with the previous simulation results verifies the 
correctness of the established theoretical analysis model. The obtained theory and equipment from 
this work provide theoretical and experimental technical support for improving design and 
development of high-end fluid components for modern mobile machinery HST.  
Keywords: fluid power control, hydrostatic transmission, transfer function, testing equipment 
development, endurance test. 

1. Introduction 

Hydrostatic transmission systems (HST) are widely used in the moving or steering drive of 
mobile machineries [1-3] for their compact structure, high energy density and volumetric 
efficiency, as well as their ability to provide continuous variable speed transmission, thus, the 
study of HST characteristics and comprehensive testing technology is of significance for 
improving the quality and level of the HST system. 

In previous studies, Cheng et al. [4] studied the speed control technology of HST under load 
disturbance, Bhola et al. [5] designed a new type of dual-pump drive motor system in HST, 
removing the traditional oil charge pump and relief valve and making the system more 
energy-saving and more adaptable to load. In the test technology of the integrated pump-motor, 
Xu et al. [6] designed a comprehensive test stand for HST using a hydraulic motor for loading, 
Zhao [7] designed and simulated the energy recovery plan in HST testing process, Kumar et al. 
[8] studied the sensor-based monitoring technology of the HST system. In addition, in the research 
on similar [9-10] transmission systems based on HST technology, the impact of the characteristics 
of the integrated pump-motor on system performance was studied. 

In this study, mathematical modelling of the fluid power control of HST used in an agricultural 
machinery is firstly performed, then a test rig was developed for comprehensive testing of general 
HST products and experiments were conducted to studying the characteristics of the agricultural 
machinery HST. Result comparison and analysis was finally carried out, aiming to provide 
theoretical and experimental technology support for improving the quality and level of HST 
products for modern mobile machineries. 
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2. Modelling the fluid power control of HST 

Figure 1 shows the hydraulic circuit of a HST used in an agricultural machinery. Essentially, 
the HST is a compact closed-loop speed control circuit, where a bidirectional variable pump 1 
directly drives a bidirectional fixed-displacement hydraulic motor 2 to rotate. When there is a 
significant change in the host machine load, such as during deceleration or braking operations, it 
will lead to high pressure at the discharge port of the motor, at this time, the high-pressure relief 
valve 3 will open. The charge pump 7 is a low-pressure pump which compensates oil to the 
close-loop circuit, and its maximum working pressure is set by the low-pressure relief valve 5. In 
addition, the check valves 4 would control the right directions of the oil in different situations. 
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Fig. 1. Hydrostatic transmission used in an agricultural machinery: 1. Variable hydraulic pump,  
2. Hydraulic motor, 3. High-pressure relief valve, 4. Check valves,  

5. Low-pressure relief valve, 6. Oil filter, 7. Charge pump 

The flow-pressure characteristics, flow continuity and force equilibrium equations of the 
displacement variable mechanism of the variable pump in Fig. 1 are respectively formulated by: 𝑞௅ = 𝐾௤𝑥௩ − 𝐾௖𝑝௅, (1)𝑄ଵ + 𝑄ଶ = ൫2𝐶௜௣ + 𝐶௘௣൯ሺ𝑝ଵ − 𝑝ଶሻ + 2𝐴𝑑𝑥௣𝑑𝑡 + 𝑉଴ଵ𝛽௘ 𝑑𝑝ଵ𝑑𝑡 − 𝑉଴ଶ𝛽௘ 𝑑𝑝ଶ𝑑𝑡 + 𝐴𝑥௣𝛽௘ ൬𝑑𝑝ଵ𝑑𝑡 + 𝑑𝑝ଶ𝑑𝑡 ൰, (2)𝐹௚ = 𝐴ሺ𝑝ଵ − 𝑝ଶሻ = 𝐴𝑝௅ = 𝑀௧ 𝑑ଶ𝑥௣𝑑𝑡ଶ + 𝐵௣ 𝑑𝑥௣𝑑𝑡 + 𝐾𝑥௣ + 𝐹௅. (3)

Thus, performing Laplace Transform of Eqs. (1)-(3) to obtain: 𝑄௅ = 𝐾௤𝑋௩ − 𝐾௖𝑃௅, (4)𝑄௅ = 𝐶௧௣𝑃௅ + ൬𝐴𝑋௣ + 𝑉௧4𝛽௘ 𝑃௅൰ 𝑠, (5)𝐴𝑃௅ = ൫𝑀௧𝑠ଶ + 𝐵௣𝑠 + 𝐾൯𝑋௣ + 𝐹௅. (6)

With Eqs. (4)-(6) and neglect 𝐾 and 𝐵௣, the actuation displacement of the variable mechanism 
could be formulated by: 

⎩⎪⎪
⎨⎪
⎪⎧𝑋௣ = 𝐾௤𝐴 𝑋௩ − 𝐾௖௘𝐴ଶ ൬1 + 𝑉௧4𝛽௘𝐾௖௘ 𝑠൰ 𝐹௅𝑠 ൬ 𝑠ଶ𝜔௣ଶ + 2 𝜉௣𝜔௣ 𝑠 + 1൰ ,
𝜔௣ = ඨ4𝛽௘𝐴ଶ𝑉௧𝑀௧ ,      𝜉௣ = ൫𝐾௖ + 𝐶௧௣൯𝐴 ඨ𝛽௘𝑀௧𝑉௧ + 𝐵௣𝐴 ඨ 𝑉௧𝛽௘𝑀௧ ,       𝐾௖௘ = 𝐾௖ + 𝐶௧௣. (7)
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Thus, the transfer functions of actuation displacement of the variable mechanism 𝑋௣ to its load 
disturbance force 𝐹௅ or to valve spool displacement 𝑋௩ can be deduced as: 

𝑋௣𝐹௅ = −𝐾௖௘𝐴ଶ ൬1 + 𝑉௧4𝛽௘𝐾௖௘ 𝑠൰𝑠 ൬ 𝑠ଶ𝜔௣ଶ + 2 𝜉௣𝜔௣ 𝑠 + 1൰ ,     𝑋௣𝑋௩ = 𝐾௤𝐴𝑠 ൬ 𝑠ଶ𝜔௣ଶ + 2 𝜉௣𝜔௣ 𝑠 + 1൰ . (8)

In addition, the transfer functions of rotation angle 𝜃௠  of the hydraulic motor in Fig. 1 to 
inclination angle 𝛾 of swash plate of the variable pump or to load torque 𝑇௅ of the HST can 
similarly be deduced as: 

⎩⎪⎪⎨
⎪⎪⎧𝜃௠𝛾 = 𝐾௤௣ 𝐷௠⁄s ൬ 𝑠ଶ 𝜔ଶ௛ + 2𝜉௛𝜔௛ 𝑠 + 1൰ ,     𝜃௠𝑇௅ = − 𝐶௧𝐷ଶ௠ ൬1 + 𝑉଴𝛽௘𝐶௧ s൰𝑠 ൬ 𝑠ଶ 𝜔ଶ௛ + 2𝜉௛𝜔௛ 𝑠 + 1൰ ,
𝜔௛ = ඨ𝛽௘𝐷ଶ௠𝑉଴𝐽௧ ,     𝜉௛ = 𝐶௧2𝐷௠ඨ𝛽௘𝐽௧𝑉଴ + 𝐵௠2𝐷௠ඨ 𝑉଴𝛽௘𝐽௧ .  (9)

Therefore, with the above mathematical modelling, the close-loop control block diagram of 
the HST can be obtained, as demonstrated by Fig. 2. 

 
Fig. 2. Close-loop control block diagram of the HST 

Thus, referring to Fig. 2, the closed-loop transfer functions of the hydraulic motor's output 
angular velocity to its rotational speed command or to its load disturbance can be respectively 
derived as: 

𝐻(𝑠) = 𝜃ሶ௠𝑛௠௖ = 𝐾௤𝐾థ𝐾௤௣𝐾 ൬ 𝑠ଷ 𝜔ଶ௛ + 2𝜉௛𝜔௛ 𝑠ଶ + 𝑠൰ 𝐴𝐷௠ + 𝐾௤𝐾థ𝐾௤௣𝐾௩𝐾 , (10)

𝐻௅(𝑠) = 𝜃ሶ௠𝑇௅ = 𝐶௧𝐷ଶ௠ ൬1 + 𝑉଴𝛽௘𝐶௧ 𝑠൰𝐾𝐾థ𝐾௤𝐾௤௣𝐾௩𝑠 ൬ 𝑠ଶ 𝜔ଶ௛ + 2𝜉௛𝜔௛ 𝑠 + 1൰ 𝐴𝐷௠ + 𝐾𝐾థ𝐾௤𝐾௤௣𝐾௩. (11)

The mathematical model established above has described the systematic transfer 
characteristics of the HST, especially that from the actual load to the drive speed of a agricultural 
machinery.  

Fig. 3 demonstrates the comprehensive response and stability performance of the above fluid 
power control system and shows that in the first unloaded 5 seconds the motor rotation speed 
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responds rapidly and stabilizes in the desired value, when a step load of 250 Nm is added at the 
fifth seconds, the motor rotation speed also responds quickly and stabilizes in an optimum value 
by close-loop control of the HST system. Thus, the above HST control system has obtained good 
response and stability characteristics. 

 
Fig. 3. Comprehensive response and stability of the fluid power control system 

3. Test rig development and experiment 

A comprehensive testing equipment is developed employing a proportional relief valve for 
automatic program loading and fuzzy-PID [11] oil temperature control, as shown in Fig. 4(a), the 
testing equipment is capable of conducting various performance tests for various models of HST 
integrated pump-motor products, including factory and type tests, especially continuous impact 
and endurance performance tests under high temperature and high-speed conditions. 

Using the above self-developed new comprehensive test system, comprehensive performance 
tests were conducted on the HST product that was previously modeled and simulated. The 
installation of the test piece on the test rig and detailed oil port connection instructions are shown 
in Fig. 4(b). 

 
a) The developed comprehensive test rig for HST 

 
b) A HST product is under testing 

Fig. 4. Test rig development and experiment of a HST product 

4. Result and discussion 

Fig. 5 compares some of the test and simulation results of the hydraulic motor in the HST. 
Fig. 5(a) shows that the simulation results are generally ahead of the test results, and the leading 
effect is more obvious in the high-pressure, high-speed area. This is due to the fact that the actual 
response lag of hydraulic components is often greater than the predicted values of theoretical 
models. However, the maximum relative error of the simulation results is less than 7.6 %, thus, 
the accuracy of the theoretical simulation model established earlier has been verified. Fig. 5(b) 
demonstrates that the hydraulic motor exhibits overshoots both at the start of operation and when 
the relief valve begins to relieve. When the relief process is finally completed, the rotation speed 
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drops rapidly, and then quickly recovers as the relief valve is closed. The simulation results are in 
good agreement with the test results. 

Fig. 6 demonstrates the dynamic performance of the HST during an endurance test, the test is 
carried out when the hydraulic pump is operated at its maximum swing angles both in the positive 
and negative directions, and with a rotation speed of 2800 rpm, a pressure varying from 25 to 
28 MPa. The pump is run for 5 hours in each direction. Fig. 6 indicates that both of the pump and 
motor in the HST perform well and steadily during the whole test, the comprehensive test results 
after the endurance test also show that the test sample has obtained good endurance characteristics. 

 
a) Break-in characteristics 

 
b) When the high-pressure relief valve relieves 

Fig. 5. A comparison of test and simulation results of the hydraulic motor performance in the HST 

 
Fig. 6. Dynamic performance of the HST during an endurance test 

5. Conclusions 

1) The closed-loop transfer functions for fluid power control of a HST used in a modern 
agricultural machinery was established through mathematical modeling. A comprehensive 
performance testing equipment for various types of HST products has been designed and 
developed. By employing a proportional relief valve for automatic program loading and fuzzy-PID 
oil temperature control, the developed equipment is capable of conducting comprehensive 
performance tests, including factory and type tests, especially continuous impact and endurance 
performance tests under high temperature and high-speed conditions. 

2) Using the developed testing equipment, a comprehensive performance test was conducted 
on the aforementioned HST integrated pump-motor. Comparing and analyzing the test results with 
the theory-based simulation results showed that there is a good match between the simulation and 
test results, with the maximum relative error being 8.9 %, thereby verifying the correctness of the 
established theoretical model. 

3) The theoretical model and testing equipment obtained from this work would provide 
theoretical and experimental technical support for improving the quality and level of core fluid 
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components for modern agricultural machinery HST. 
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