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Abstract

:

The wheel-legged robot combines the functions of wheeled vehicles and legged robots: high speed and high passability. However, the limited performance of existing joint actuators has always been the bottleneck in the actual applications of large wheel-legged robots. This paper proposed a highly integrated electro-hydrostatic actuator (EHA) to enable high-dynamic performance in giant wheel-legged robots (>200 kg). A prototype with a high force-to-weight ratio was developed by integrating a micropump, a miniature spring accumulator, and a micro-symmetrical cylinder. The prototype achieves a large output force of more than 9400 N and a high force-to-weight ratio of more than 2518 N/kg. Compared with existing EHA-based robots, it has a higher force-to-weight ratio and can bear larger loads. A detailed EHA model was presented, and controllers were designed based on sliding mode control and PID methods to control the output position and force of the piston. The model’s accuracy is improved by identifying uncertain parameters such as friction and leakage coefficient. Finally, both simulations and experiments were carried out. The results verified the fast response of force control (step response within 50 ms, the force tracking control frequency about 6.7 Hz) and the developed EHA’s good potential for future large wheel-legged robots.
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1. Introduction


The wheel-legged robot has become an important direction for the ground unmanned platforms due to the combination of the rapid traveling function of wheeled vehicles and the high passability of legged bionic robots [1,2,3]. Similar to the quadruped robot, its leg joints also need to have a high force-to-weight ratio and compact features to reduce the weight of the legs and obtain a higher output force. However, the fast forward function of wheel-legged robots relies on wheel hub motors to drive the wheels and does not require rapid movement of leg joints to achieve a running gait like quadruped robots. Therefore, the dynamic response characteristics of leg joint actuators are reduced.



In recent years, many wheel-legged robots have emerged, including ANYmal on Wheel [4], Centauro [5], WLMR [6], Handle, WLR-II [7], and Micro Hydraulic Toolkit [8]. The fully torque-controlled quadrupedal robot ANYmal is equipped with four non-steerable, torque-controlled wheels. Additionally, the robot’s wheels are equipped with chains to traverse the muddy terrain. CENTAURO, a wheel-legged quadruped with a humanoid upper body, can perform a walking gait with automatic footstep placement. However, ANYmal and CENTAURO use electric actuators to cause them to bear the minimal load. The handle can lift up to 100 lbs of heavy objects, quickly descend stairs, slide in the snow, and jump. This is due to its powerful hydraulic joint actuator system. Therefore, designing a high-performance joint actuator system has been one of the most critical tasks in robotics research. Especially, the assembly-free joints of robots have become possible with recent advances in 3D printing fabrication [9,10,11].



As the key component of the wheel-legged robot, the joint actuator determines the load capacity, dynamic performance, cruise time, and other important indicators of such robots. Currently, the joint actuators used in robots worldwide are divided into three categories: electric actuators, pneumatic actuators, and hydraulic actuators. The electric actuators, including series elastic actuators (SEA) [12,13] and proprioceptive actuators [14], are simple and convenient but restricted by the high-torque motor technology, which has insufficient output torque density and poor load-bearing capacity for heavy robots. Consequently, it is mostly only suitable for tiny biped or quadruped robot mobile platforms and cannot meet the needs of large wheel or leg robots. Pneumatic actuators are usually used in bionic hand joints with the natural flexibility of air medium but can’t be controlled precisely [15,16]. Recently, hydraulic actuators applied as joint actuators of legged robots are mainly servo valve-controlled cylinders; Even though they have a high force-to-weight ratio and fast action response [17], their transmission efficiency is less than 30%, resulting in the robot’s cruising time to be extremely limited.



In recent years, electro-hydrostatic actuators (EHA) have been extensively used in heavy-duty electromechanical systems, such as the rudder control of aerospace vehicles and servo drives in industrial fields [18,19,20]. Since there is no throttling loss of the servo valve, the transmission efficiency can reach more than 70% [21]. The research of applying the EHA to robot systems was first proposed in [22], in which a hydrostatic joint actuator was presented to enable large speed reductions and corresponding torque amplification. Many studies recently (such as [23,24]) showed that the EHA has the potential to be an actuator in robotic applications. The humanoid robot Hydra adopted EHA in the joint drive to realize high backdrivability. Nonetheless, its maximum force is just 1500 N, which is too small to get good locomotion performance under a heavy load [25]. The 6-DOF robot manipulator Hydracer was developed to gain high output torque by adopting electro-hydrostatic actuators. However, it had several problems because of the fragility of ceramics components [26]. Zhejiang University developed an EHA system for an exoskeleton robot; however, its driving capacity was not high because the −3 dB frequency was 0.21 Hz [27].



As the main contribution of this paper, a highly integrated electro-hydrostatic actuation system was proposed to satisfy the demand for joint drives of the large wheel-legged robots, and a prototype was developed with a high force-to-weight ratio (2518 N/kg) based on the proposed EHA. The simulation and experiments verified that the high-dynamic performance of the EHA applied to the large wheel-leg robots.



The remainder of this paper is organized as follows. The system description and modeling described in Section 2 embody the principles of the EHA. While Section 3 details the design of the EHA applied in the wheel-legged robots, including the mechanical design and controller design. A compact and modular EHA prototype was created using a high-power density motor pump integrated package. Some work about prototype identification was implemented in Section 4 to provide the uncertain parameter for the model. Simulation results from the physical model and comparisons to experimental measurements are presented in Section 5. Finally, Section 6 summarizes the main conclusions and relevant discussion.




2. System Description and Model


2.1. System Description


The electro-hydrostatic actuator used for the knee joint of the wheel-legged robot is a highly integrated hydraulic actuation system that can obtain long-stroke action and large output torque. The EHA system illustrated in Figure 1 consists of a servo DC motor, a fixed displacement bidirectional pump, an accumulator, a symmetrical hydraulic cylinder, and some valves. The motor rotor is rigidly connected to the hydraulic pump rotating shaft. In the hydrostatic closed circuit, the two chambers of the hydraulic cylinder are directly connected to the two ports of the hydraulic pump. The accumulator and check valve are implemented to avoid cavitation and to compensate for the difference in oil flow between the two chambers of the hydraulic cylinder. Additionally, the pressure limiting valve is applied to prevent excessive oil pressure from building up in the pump. The pump’s output flow is adjusted by controlling the speed of the servo motor and then controlling the speed of the piston rod of the hydraulic cylinder. Similarly, the output force of the piston rod can be controlled by implementing the desired current of the motor. There is no servo valve throttling loss in the electro-hydraulic actuator. As a result, the transmission efficiency is much higher than the valve-controlled hydraulic cylinder.




2.2. EHA Modeling


Electro-hydrostatic actuator systems involve mechanical, electrical, and hydraulic fields. According to the working principle, the EHA model can be divided into three parts: the motor-driven pump model, the pump-driven hydraulic cylinder model, and the hydraulic cylinder-driven external load model.



First, considering the motor-driven pump model, the relationship between the motor output current and torque is generally linear, represented in Equation (1):


    T   m   =   K   T   I  



(1)




where     T   m     is the torque of the motor;     K   T     is the torque constant of the motor; and   I   is the supplied current, which is regulated by a closed-loop control system managed by the driver.



Since the electric motor shaft is rigidly coupled with the pump shaft, the dynamics of the motor and pump can be specified by a standard model based on the mechanical torque balance considering the viscous damping and coulomb friction, represented in Equation (2):


    T   m   =   J   p m     ω  ˙  +   T   f     ω   +   D   p       P   1   −   P   2      



(2)




where     J   p m     is the total inertia of the motor and pump;     ω  ˙    is the angular acceleration of the motor;     T   f     is the friction torque related to speed, represented in Equation (3), based on the Stribeck model;     D   p     is the displacement of the pump; and     P   1     and     P   2     are, respectively, the pressures in pump’s outlet and inlet port.


    T   f     ω   =   T   c f   +     T   sf   −   T   c f       e   −       ω     ω   s         2     +   B   p m   ω  



(3)




where     T   s f     is static friction torque and     T   c f     is the Coulomb friction torque.     B   p m     is the coefficient of viscous friction.   ω   is the angular speed and     ω   s     is the Stribeck angular velocity.



The hydraulic actuator adopts a symmetrical cylinder to ensure the flow balance between the actuator and the pump. Its two chambers are directly connected to the inlet and outlet ports of the pump with short pipes with negligible pressure drop; therefore, the pressure of oil-in chamber and the oil-out chamber of the actuator could be considered equal to the outlet port pressure     P   1     and inlet port pressure     P   2     of the pump, respectively. Equations (4) and (5) could be introduced without considering the external leakage of the cylinder.


      P   1    ˙  =   β       V   10   + A x         D   p   w − A   x  ˙  −   L   i n       P   1   −   P   2        



(4)






      P   2    ˙  =   β       V   20   − A x       A   x  ˙  −   D   p   w +   L   i n       P   1   −   P   2        



(5)




where   β   is the effective bulk modulus of hydraulic oil; x is the position of the piston rod;     V   10     and     V   20     are the initial volumes of the oil-in chamber and oil-out chamber of the actuator, respectively; and     L   i n     is the total internal oil-leakage coefficient including pump and cylinder.



The dynamics equation of the hydraulic cylinder can be expressed as Equation (6).


  A     P   1   −   P   2     = M   x  ˙  +   B   a     x  ˙  +   f   a   +   F   e    



(6)




where   A   is the piston surface area;   M   is the load mass applied to the actuator;     B   a     and     f   a     are the viscous friction coefficient and coulomb friction of the rod; and     F   e     is the external force applied to the actuator.



Let   X =     x   1     x   2     x   3     x   4     = [ w   P   1   −   P   2   x   x  ˙  ]  , and Equations (1)–(6) can be re-written as a fourth order dynamical system, as represented in Equation (7). There are three main assumptions: (a) the motor dynamics are negligible, which means that the motor torque is directly proportional to the current; (b) idealized linear models were used for leakage; and (c) the external leakage of the pump and cylinder is disregarded.


            x   1    ˙  =   1     J   p m         K   T   I −   T   c f   −     T   sf   −   T   c f       e   −         x   1       ω   s         2     −   B   p m     x   1   −   D   p     x   2               x   2    ˙  =     β       V   10   + A   x   3       +   β       V   20   − A   x   3             D   p     x   1   − A   x   4   −   L   i n     x   2               x   3    ˙  =   x   4             x   4    ˙  =   1   M     A   x   2   −   B   a     x   4   −   f   a   −   F   e            



(7)








2.3. Knee Joint with EHA Modeling


The knee joint with EHA of the wheel-legged robot can be simplified to a linkage shown in Figure 2. According to the geometric theorem, the relationship between the change of joint angle   α   and the piston displacement   x   could be formulated, as represented in Equation (8).


  α = arccos       a   2   +   b   2   − (   c   0   + x   )   2     2 a b     − arccos       a   2   +   b   2   −     c   0     2     2 a b      



(8)




where   a   is the distance between the center of the knee joint rotation and the hinge point of the hydraulic cylinder, which is a constant;   b   is the distance between the knee joint rotation center and the hinge point of the piston rod, which is also constant;     c   0     is the initial distance between the two ends of the hydraulic cylinder, and c changes with the piston displacement   x  :   c =   c   0   + x  .



Since the hydraulic cylinder is a linear actuation and its output force direction is along the cylinder, the output torque is related to the moment arm     l   e l     shown in Figure 2. Accordingly, the output torque of the knee joint with EHA can be derived as Equation (9).


    T   o u t   = A     P   1   −   P   2     ⋅   l   e l    



(9)




where     l   e l     can be formulated, as represented in Equation (10).


    l   e l   = a ⋅   sin  ⁡   ( β ) = a ⋅    sin  ⁡   (  arccos  ⁡ (     a   2   +   c   2   −   b   2     2 a c   ) )   



(10)









3. Design of EHA


3.1. Mechanical Design


The EHA for the knee joint of the wheel-legged robot is designed by integrating a bidirectional motor, a bidirectional pump, and a symmetrical cylinder. As shown in Figure 3, the structure of the electro-hydrostatic actuator consists of two parts: the hydraulic cylinder and the valve block, including the servo motor, micro hydraulic pump, microvalves, and accumulator. The brushless and frameless motor achieves flexible arrangements and reduces unnecessary volume. The motor rotor and pump rotor share a shaft, and they all are immersed in the oil tank to form one part called the motor pump module, eliminating the pipeline volume. Not only is it beneficial to the motor coil’s heat dissipation, but there is also no need to install an oil seal on the shaft, which reduces the starting friction to improve the dynamic performance. The accumulator is a miniature spring accumulator integrated into the tank, and the motor pump module is arranged in parallel with the hydraulic cylinder. The pressure limiting and flow limiting valves are designed to be integrated into the manifold to use the internal space fully. Finally, a solenoid valve was installed between the two ports of the pump to switch the working mode at the top of the valve block.




3.2. Controller Design


	A.

	
Pressure controller design







As shown in Figure 4, the pressure controller adopts the proportional-integral (PI) control with feedforward to improve the dynamics. Due to the oil leakages, erratic fluctuations in pressure occurred on the high-pressure side of the actuator when the target pressure difference was constant, leading to fluctuations in output force. When the actual pressure difference reaches a peak, the rotor of motor and pump holds stationary until the pressure drops too low to balance the input torque of the motor; then the rotor will turn again to raise the pressure. To reduce these fluctuations, the speed feedback compensator was employed. Defining the pressure tracking error     e   p     as     e   p   = Δ     P   ref    ⁡  −   Δ     P   real    ⁡  ,     then the control law can be derived as Equation (11).


  u =   k   1   Δ     P   ref    ⁡  +     k   p     e   p     t   +   k   i    ∫    e   p     t   d t   −   k   2   ω  



(11)




where   u   is the current I in Equation (1),     ∆ P   r e f     is the desired pressure difference across the actuator. With this control law, the desired pressure difference corresponding to     ∆ P   r e f     is input to the pressure controller, and the actual pressure difference     ∆ P   r e a l     is quickly driven to the desired value;     k   1     and     k   2     are the feedforward gain and the speed feedback gain respectively;     k   p     and     k   i     are the PI control coefficient.



	B.

	
Position controller design







The EHA system is considered a nonlinear system due to the leakage and friction of the pump and cylinder. When considering the actual plant, model uncertainties and disturbances can lead to inaccuracy or instability in the control system. Therefore, these nonlinear terms must be considered when designing the controller to minimize the effects of uncertainties and disturbances. A sliding mode control (SMC) can overcome the uncertainty of the nonlinear system and has strong robustness to disturbances and unmodeled dynamics [28]. In this part, a sliding mode control strategy was proposed in the outer loop of the EHA position control, and a proportional-integral (PI) control was used for the inner loop of the EHA speed control (shown in Figure 5).



In the inner loop of EHA speed control, w is the input to the PI controller, and then the PI controller output the current I to the driver which can control the motor to run according to desired trajectory.



The design of SMC can be divided into two steps: the design of a sliding surface and the development of a control law. Firstly, EHA can be rewritten as a third-order system, as represented in Equation (12), if   ω   is taken as the input    u ′   .


    x  ⃛  = f   x   + g   x    u ′  + d  



(12)




where   f ( x )  ,   g ( x )   and   d   could be defined as


  f   x   =   1   M     A     β       V   10   + A x     +   β       V   20   − A x         − A   x  ˙  −   L   i n       P   1   −   P   2       −   B   a     x  ¨  −     f  ˙    a      



(13)






  g   x   =   A   D   p     M       β       V   10   + A x     +   β       V   20   − A x        



(14)






  d = −       F  ˙    e     M    



(15)







Secondly, defining the position tracking error   e   between the reference position input     x   r e f     and output   x   as:   e = x −   x   r e f    . Where     x   r e f     is according to the conversion from the reference joint angle     α   r e f    .



The sliding surface   s   is given as:


  s =   e  ¨  + 2 c   e  ˙  +   c   2   e  



(16)







The rate of change of   s   is derived as:


    s  ˙  =   e  ⃛  + 2 c   e  ¨  +   c   2     e  ˙  =   x  ⃛  −     x  ⃛    r e f   + 2 c   e  ¨  +   c   2     e  ˙   



(17)







Equation (18) can be given by substituting Equations (12) and (16) into Equation (17).


    s  ˙  = f   x   + g   x   u + d −     x  ⃛    r e f   + 2 c   e  ¨  +   c   2     e  ˙   



(18)







Thirdly, the reaching law is designed as:


    s  ˙  = − k ⋅ sign   s   − ε ⋅ s  



(19)







The control low can be derived by substituting Equation (12) into Equation (19).


   u ′  =   1   g   x       − f   x   +     x  ⃛    r e f   − 2 c   e  ¨  −   c   2     e  ˙  − k ⋅ sign   s   − ε ⋅ s    



(20)









4. Parameter Identification


4.1. Experimental Set Up


To verify the proposed EHA mechanism, an EHA prototype was developed as shown in Figure 6. The EHA prototype is a hydrostatic closed circuit composed of a plunger pump, a miniature spring accumulator, a servo motor, a symmetrical hydraulic cylinder, and a valve manifold. These components are integrated into a modular actuator with mechanical and electrical interfaces. The mechanical interface mounts the joint actuator on the leg, and the electrical interface is connected to an electric drive to provide power and communicate with the host computer. Additionally, there is another interface to power the solenoid valve that could connect the two ports of the hydraulic cylinder. Some physical characteristics of the EHA prototype are shown in Table 1. Its size parameters are 288 × 83 × 163 mm, its weight is 3.692 kg, and the peak pressure of the plunger pump is 30 MPa, resulting in its peak output force being 9400 N. Therefore, the force-to-weight ratio of the prototype is 2518 N/kg, which is greater than the existing EHA applied to robot joints shown in Table 2.



To verify the performance of the EHA’s application to a wheel-legged robot, the one-legged test bench was built as shown in Figure 7. The test bench consists of the single-legged rigid body with a wheel, the heavy load, a simulated road, the EHA prototype, and the control hardware. Two hydraulic pressure sensors are integrated into the EHA valve block and connected to two ports of the hydraulic cylinder. The angular displacement sensor is mounted on the knee joint, and the force sensors are mounted under the simulated road to measure the foot end force. Load masses could be adjusted by mounting various disks on the top.




4.2. Open-Loop Experiments and Parameter Identification


Before simulating the EHA system, the parameters used in the mathematical model are required. Some parameters could be known from the manufacturer’s specifications, such as the pump displacement and the actuator stroke. However, other parameters, such as friction or leakage coefficients, must be identified experimentally. In order to determine these parameters, several open-loop experiments were carried out on the test bench.



	a.

	
Locking the piston tests







To identify     K   T    ,     T   s f    , and     L   i n    , the piston of the actuator was locked at the middle of the stroke. By applying a constant current I to the motor driver, which creates constant torque on the pump rotor, the resulting differential pressure of the actuator was obtained. An interesting behavior was observed, as Figure 8b shows. Erratic fluctuations in pressure occurred on the high-pressure side of the actuator caused by the leakage of the pump and cylinder. After a peak in pressure, the static friction holds the rotor stationary (    w  ˙  = 0  ,   w = 0  ) until the pressure drops low enough for the constant input torque to drive the pump to rotate once again. At critical speed, the static friction is maximum. Equation (2) could be simplified as Equation (21) since     ω  ˙  = 0   and   ω = 0  .


    K   T   I =   T   s f   +   D   p       P   1   −   P   2      



(21)







After recording the differential pressure values at the critical speed caused by different input currents, a plot of I versus     P   1   −   P   2     was made as Figure 8a. The slope gave the constant     K   T    , and the intercept is the value of     T   s f    .



Since the piston of the actuator was locked (    x  ˙  = 0  ,   x = 0  ), Equation (22) could be derived from Equation (4). By recording the differential pressure and its change over time between a peak and trough in pressure, the identification curve was fitted as shown in Figure 8b, and     L   i n     could be identified.


      P  ˙    1   = −   β     V   10       L   i n       P   1   −   P   2      



(22)







	b.

	
Connecting two ports of hydraulic cylinder test







To identify     B   p m     and     T   c f    , the solenoid valve connecting the two ports of the cylinder was opened to equalize the pressures on both ports (i.e.,     P   1   −   P   2   = 0  ). By applying constant current I to the motor driver, which creates different constant torque on the pump rotor, the result     ω  ˙    would be 0 and   ω   would be a constant when the system reached a steady state. Furthermore, Equation (2) could be simplified as Equation (23). After recording experimental data, a plot of   ω   versus I was made as shown in Figure 8c. The fitted curve was given by the least square method.


    K   T   I =   T   c f   +     T   sf   −   T   c f       e   −       ω     ω   s         2     +   B   p m   ω  



(23)







The values of the parameters identified from the open-loop experiments and the known ones from the manufacturer’s specifications for the models are listed in Table 3.





5. Simulation and Experimental Results


In order to verify the characteristics and the dynamic performance of the proposed EHA system, the EHA was modeled in Simulink, and the resulting simulation was executed compared with the experimental results.



5.1. Pressure Tracking Performance


First, pressure step commands of 15 MPa, 20 MPa, and 30 MPa were applied at 0.001 s to reach the output force of 4700 N, 6267 N, and 9401 N, respectively. As Figure 9 shows: the simulation and experiment curves are similar to prove the simulation model accuracy, and the step response times are about 39 ms, 43 ms, and 50 ms, corresponding to the steady-state pressure difference 15 MPa, 20 MPa, and 30 MPa, respectively. In addition, it is straightforward to show from the experiment curves that the instantaneous peak pressure of the electro-hydrostatic actuator can be close to 40 MPa. Accordingly, the actual peak output force can be larger than 9401 N, and the actual maximum force-to-weight ratio of the prototype is more than 2518 N/kg. To maintain the levels of pressure difference, the motor needs to be supplied the currents of 11 A, 15.8 A, and 24 A, respectively, which can be regarded as linear about the relation between the output force and motor current approximately.



Figure 10 demonstrates the response of the pressure controller for sinusoidal commands input of 20 MPa and 30 MPa amplitude applied at a frequency of 6.7 Hz. The experimental and simulated plots show that a good tracking effect was achieved after the initial delay. The delay at the beginning is mainly due to the deviation between the initial system pressure and the target pressure.




5.2. Position Tracking Performance


Angle control of knee joint experiment and simulation was carried out to verify the application of EHA in the knee joint and the performance of the position controller. Figure 11 shows the experimental and simulated response of the knee joint angle implementing the position controller. It is shown that the step response time was 0.6 s from 50 to 120 degrees in Figure 11a, and a good tracking effect was achieved for sinusoidal commands from 60 to 120 degrees applied at a frequency of 1 Hz in Figure 11b–d demonstrate the speed of the motor corresponding to the step and sinusoidal response, respectively. In the step response curve, the steady-state error is so tiny that it can be ignored, which confirms the solid robustness for disturbances and unmodeled dynamics of the controller.





6. Conclusions


This paper proposed an electro-hydrostatic actuator for the joint application of a sizeable leg-wheel robot (>200 kg) to meet its core performance requirements, such as a high force-to-weight ratio, high efficiency, and high dynamic force control. The actuator uses the servo motor-pump block to drive the hydraulic cylinder directly without the servo valve. Based on the EHA model, the physical prototype was designed and produced by integrating the micro-accumulator, valves, hydraulic cylinder, and the motor-pump block into a highly compact module whose size parameters are 288 × 83 × 163 mm and weight is just 3.692 kg. It is smaller and lighter than the other electro-hydrostatic actuators with similar capabilities. A one-legged test bench was built to verify the characteristics, and the dynamic performance of the EHA prototype, and simulations and experiments were carried out. Experiments show that the prototype achieves a large output force of more than 9400 N and a high force-to-weight ratio of more than 2518 N/kg. Compared with existing robot joints, it has a higher force-to-weight ratio.



The experiments and simulation results also proved the fast response of force control, that the force control step response time is within 50 ms, and the force tracking control frequency can reach 6.7 Hz following the target sinusoid with an amplitude of 30 MPa, which is enough to enable the leg-wheel robot to withstand high dynamic loads. In addition, the effectiveness of the electro-hydrostatic actuator application for large leg-wheel robots was verified by the one-legged test bench. It realizes a massive stroke of the knee joint from 50 to 120 degrees, and its dynamic response capability can satisfy the primary robot gait frequency. The present work is significant as the framework for developing a new joint actuator in future large robots.
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Figure 1. Principle of EHA System. 
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Figure 2. The structure joint with EHA. 
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Figure 3. Mechanical structure of EHA. 
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Figure 4. Control block diagram of pressure controller. 
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Figure 5. Control block diagram of position controller. 
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Figure 6. EHA prototype. 
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Figure 7. Test bench. 
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Figure 8. Experiment and identification results. 
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Figure 9. Experimental and simulated step response of the pressure control system.(a) Step response of pressure 15 MPa; (b) motor current response with pressure 15 MPa; (c) step response of pressure 20 MPa; (d) motor current response with pressure 20 MPa; (e) step response of pressure 30 MPa; (f) motor current response with pressure 30 MPa. 
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Figure 10. Experimental and simulated sinusoidal response of the pressure control system. (a) Sinusoidal response of pressure amplitude 20 MPa and frequency 6.7 Hz; (b) motor current response with pressure amplitude 20 MPa and frequency 6.7 Hz; (c) sinusoidal response of pressure amplitude 30 MPa and frequency 6.7 Hz; (d) motor current response with pressure amplitude 30 MPa and frequency 6.7 Hz. 
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Figure 11. Experimental and simulated response of the position control system. (a) Step response of angular displacement from 50° to 120°; (b) motor speed response with angular displacement from 50° to 120°; (c) sinusoidal response of angular displacement from 50° to 120° and frequency 1 Hz; (d) motor speed response with angular displacement from 50° to 120° and frequency 1 Hz. 
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Table 1. Physical characteristics of the EHA prototype.
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	Feature
	Value
	Unit





	Weight
	3.694
	   kg   



	Length
	290
	   mm   



	Width
	170
	   mm   



	Height
	70
	   mm   
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Table 2. Comparison of force-to-weight ratio with other EHA of robots.
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	EHA of Robots
	Force-to-Weight Ratio





	This article
	2518   N / kg  



	Hydra
	1424   N / kg  



	Kaleido
	1500~2000   N / kg  
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Table 3. Identified model parameter values.
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	Variable
	Value
	Unit





	     K   T     
	0.13
	     Nm  /  A     



	     J   p m     
	0.003
	   kg ⋅   m   2     



	     B   p m     
	0.00498
	     Nm  /  ( m / s )     



	     T   c f     
	0.16
	   Nm   



	     T   s f     
	0.2537
	   Nm   



	     L   in     
	2.0084 × 10−15
	       m   3    /  ( P a ⋅ s )     



	     D   p     
	0.69
	     c   m   3    /  r     



	   β   
	900
	   M P a   



	     V   10     
	1.2535 × 10−5
	     m   3     



	     V   20     
	1.2535 × 10−5
	     m   3     



	   A   
	3.1337 × 10−5
	     m   2     



	     F   m a x     
	9400
	   N   



	   a   
	320.8
	mm



	   b   
	46.2
	mm



	     c   0     
	280
	mm
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