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Abstract

Legged robots are superior to those with propellers, tracks, or wheels in pipelines where the inner bottom is slimy, the terrain is uneven, and aquatic-like objects are suspended in turbulence. Hydraulic actuation provides a large driving force with low input power source compared to other available methods. The system described in this paper is comprised of pumps, fluid-flow control valves, and actuators. Each actuator can control one leg segment forth and back, through an electronic system to control the valves’ flow rate and direction,. A gait is also applied to this six-legged robot. 
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1 

Introduction

This paper addresses our third generation underwater robot. This continues the work done on the second generation, in which the six-legs employed servomotors as the direct force to drive the legs [1], [2]. Experience with servo-motors showed that the mechanism limits the freedom of movement for the feet. Also, power would increase considerably with the greater torque servomotors required for future development.

Hydraulic actuation is an innovative design for underwater robots. The power source becomes an issue in determining the operational life of the robot in the working sites, where no external power source is available. Space is also confined, especially in pipeline. Thus, any hydraulic pump should be dc operated, compact in size, and able to provide considerable pressure under low power input. The valves, which are responsible for controlling the fluid flow and direction to the actuators, should also be compact in size, and easily driven by electronics with suitably fast response. In addition to space, the system should be enclosed in such a way that there is no leakage to affect the marine life. As a stepping-stone, the control valve system was designed first, while the other parts used substitutes at to prove the working principle. 

2 

Mechanical Description of the robot

The hydraulically powered leg system consists of three main elements:

· Hydraulic pump

· Control Valve

· Actuators


The hydraulic pump is the power source, which pumps fluid throughout the system. For the initial design and testing we used a pump that operated from mains voltage, and, although being bulky, provided  a steady pressure at 2MPa. 

2.1 

Control valve system

The Control Valve System controls the flow rate and flow direction. It consists of twelve identical modules, in each of which a servomotor drives a two-way control valve through a shaft-coupling as shown in Figure 1. The control valves are made of titanium. The servomotor is pulse-width modulated. Its built-in closed loop system ensures the continuous time feedback from a potentiometer giving the status of the shaft, which is driven by a dc motor via a gearbox. By specifying the pulse width, the motor turns to the corresponding angle. The control valve is angle sensitive. Turning its shaft changes the gate’s size and even the direction to the outlets A and B. The relationship between the rotational direction of the shaft relative to null position and flow direction of the outlets is summarized in Table 1.
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Fig 1 Control Valve System assembly

Shaft Direction
A1, A2
B1, B2

Anti-clockwise
In
Out

Clockwise
Out
In

Table 1 Shaft direction, outlets A and B inter-relationship


An algorithm governs the rules for calculating the pulse width for the servomotors in terms of target angle, (, and instantaneous angle, (. Their graphical representation is shown in Figure 2. 


For simplicity of control, the strategy in Figure 3 is used. It can be seem that as the difference between instantaneous and target angle is within the (2 angle, it is directly proportional to shaft angle (2, which is relative to null position. When the shaft is at the null position, the fluid will be blocked. So, the stroke will not move. The maximum angle is (2, at which the inlet is fully opened. The further the shaft moves away from the null point, the higher rate the fluid flow will be. Thus, the legs will move at different speeds. If the angle ( - ( is beyond a certain point, the shaft will stay at the ( position.
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Figure 3. The algorithm applied to position control

2.2     
Structure of legs

Figure 4 shows the simplified leg assembly. It consists of two parts: thigh and shin, both of which being made of two parallel identical titanium plates held by copper casting pillars in between. This framework provides all the necessary strength to support the body. Its lightweight is also beneficial to energy saving. Besides, its titanium construction makes it resistant to its potentially adverse environment, where surrounding fluid could be polluted with microorganisms, chemicals, industrial or other wastes. 


The shin section is pivoted coaxially to a gear, which is fixed on one end of the thigh. On the shin, an aluminium pneumatic cylinder is installed along its side. It works in the same way as muscle, being capable of extension and contraction. Its stroke is linked to a rack, which interacts with the pinion. When the fluid flows in from outlet A2, and out of B2, the stroke moves inwards. Thus, the shin lifts up, and vice versa. The principle of thigh is similar to the shin. They are only different in the way that the stroke is directly pivoted to the body of the robot at a height of 50mm above the point at which the other end of the thigh is pivoted. The cylinder is pivoted midway along the thigh. This arrangement takes into consideration   the extent of the thigh’s movement and the force exerted on it. 


Consider the force representation in Figure 5. The force X is perpendicular to the length of the thigh in practice, compared to force P, assuming that the mass of the framework is negligible. Given that t1 = 30mm, t2 = 150mm, and ( > 20(, with the same force generated by the piston, the thigh can withstand about twice as much as the shin. When the fluid flows in from A1, and out of B1, the stroke moves inwards. The thigh, therefore, lifts up.
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Figure 4. Leg assembly


One of the factors we are concerned with in walking machines is the degree of freedom (DOF). How many DOFs is needed depends on what type of application the robot is going to involve. However, the hardware and software gets demanding as higher DOFs are to be achieved. Therefore, in the first instance, two dimensions of motion were  developed by means of linkages, in which two actuators can produce a set of trajectories of a point.
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(a)                                                (b)

Figure 5: Force representation on a) thing, b) shin
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Figure 6. Boundary of motion for the foot of the leg


Figure 6 shows the boundary, in which the foot can freely move in a vertical plane. It is about 720mm high by 490mm wide. The foot can reach as low as 280mm from the origin.

3 

Description of the leg electronics

3.1 

Hardware

The robot uses a conventional hardware system architecture to drive the mechanism, as shown in Figure 7. It includes a single board computer having a 16-bit CMOS micro-controller, a bank of 512KB Flash and 512KB SRAM memory, a real-time clock, and I/O ports. All the joint sensors, servomotors, and other peripherals are connected to the computer through the I/O ports.
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Figure 7. Hardware System Architecture for the legged robot


The micro-controller features:

· 100ns minimum instruction cycle time, with most instructions executed in 1 cycle

· 500ns multiplication (16-bit x 16-bit), 1us division (32-bit x 16-bit)

· 16-channel 10-bit A/D converter

· Two 16-channel Capture/Compare Unit with 2 independent time bases

· 16 priority-level interrupt system

· 8-channel Peripheral Event Controller


Its fast instruction execution and calculation can speed up complicated processes. The servomotors require input signals to be updated every 20ms. There are a total of 12 motors. The MCU should be capable of generating 12 pulses at this rate. Besides, it is necessary to undertake real-time calculation of the following step for each leg prior to pulse generation. This 16-bit MCU is able to tackle in this time critical operating environment.


An integrated intelligent peripheral subsystem is used to reduce the need for CPU intervention. Its powerful Capture/Compare peripheral combined with hardware interrupt controller can easily generate a bunch of pulses outputted nearly at the same time without lineup.


Another factor we have to take into account is the number of A/D channels as at least 13 sensors are used, which includes measuring angular position of each joint, and also the current for the battery. The former is a conductive plastic servo motor 1K( potentiometer, mounted on leg’s joint as shown in Figure 8. The linearity is 0.5%, sufficient for preventing the actual position too far away from theoretical one. This sensor gives a voltage signal as output, which then feed into the ADC in MCU. Thus, the instantaneous angle of leg segments can be obtained.
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Figure 8. Location of positional sensor (black dot) on leg

At the same time, the A/D converter’s resolution is also important. 8-bit conversion is just tolerable. Given that, with the potentiometer used, the shaft rotation is 360( for 1 k(, we have
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Also, as a leg consists of two linkages, this results in 2D space resolution, are shown in Figure 9.
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Figure 9. 2D space resolution for a foot as a point
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3.2 


Software

As such a hydraulically powered system is a new concept, it must be proved workable, both underwater and  on dry ground. For simplicity in this initial stage of the design, a locus is preset for each leg to follow. Ideally, the locus is should be a continuous line, but with  digital control this is not the case. It is  only possible for  the locus to be comprised of a large number of points. To realize it, 320 points are assigned as shown in Figure 10. Three segments are divided according to different equations. This locus is located at a depth of about 120mm below the centre of the body and at a distance of about 450mm away from the abdomen. The exact geometrical representation is shown in Figure 11. Segment ‘1’ ranges from point 0 to 159. Segment ‘2’ and ‘3’, formed part of an ellipse-like curve which is symmetrical with respect to y-axis, ranges from point 160 to 239 and point 240 to 319 respectively. The footstep can vary within a given period. Thus, different speed can be achieved.
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Figure 10  The pre-designed locus for each leg


In view of servomotor’s characteristics, the servomotor has to be updated at an interval of 20ms. Within each time slot, the MCU core will do the following:

a. Calculate the following point the foot has to go to
b. Gather information from sensors

c. Compare the calculated and actual position, and calculate the pulse width for  the servo-motors

d. Order the data

e. Generate corresponding pulses to servomotors


The first task the MCU  has to do is calculate the subsequent point the foot has to go to. In the C library provided for the C167, the functions for arc cosine and arc tangent take some time to complete, although they are already fast. In view of the iterations for the same kind of calculations on six legs and the  many other tasks that need to be  processed, it was hard to achieve our goal of 20ms for completion. Thus, we rewrote it, but at the expense of increasing the error.

By Taylor’s series,
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Figure 11. Leg representation in rectangular coordinate geometry


For the nth point L(xb , yb) of the mth leg, we have:


If 0(n(159, Segment 1:
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If 160(n(239, Segment 2:
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If 240(n(319, Segment 3:
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Once the L(xb , yb) is obtained, we can work out the corresponding joint angles for the leg segment as follow:
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The second task is to gather information from the sensors. As the feedback from the sensors is in the form of analogue signals, ie in the form of voltage, it is quantized to a scale of 0-1024 as below. In Figure 12, the potentiometer for measuring (0 is mounted such that when the thigh lies in horizontal line, it reads 1.25V, that is 256. The reason for this arrangement is that the transition from 359( to 0( is uncertain. The one for measuring (1 is also mounted such that when the shin is perpendicular to thigh, it reads 1.875V, that is 384. (0 and (1, which are defined as the elevated angle for the thigh and acute angle at the knee for the shin respectively, are stated below:
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Figure 12. Definition of angles measured by potentiometer


Having gathered data from sensors, it is time to compare the theoretical position with the instantaneous one. The graphical representation for the algorithm is shown in Figure 12. The shaft angle (2 of the control valve is expressed in mathematical form as:
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As the time for MCU core to generate a pulse is exactly at the rising edge and falling edge of the pulse, it cannot serve more than one pulse at a time unless there are another 8 CPU clock cycles or more. The pulse resolution is 1.6s, which is equivalent to 32 CPU clock cycles. This problem becomes significant if several pulses have to be generated and the error of angle cannot be tolerated for both the servomotor and the control valve. But, there are 12 servomotors to control and their input pulse ranges from 1ms to 2ms. To solve this, a strategy, as shown in Figure 13, is used:

· Rearrange the pulse width value in ascending order

· Delay the starting time of each pulse relative to that of the previous one
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Figure 13. Concept of ordering and delay for output pulses to servomotors


The rearrangement of the pulse width values in ascending order involves a kind of sorting. In view of its simplicity and efficiency, the Quicksort algorithm is employed prior to delay addition. As a result, the total time taken for completing all the process is about 18ms.

4

Discussion

The performance of the hydraulic powered leg robot at present only meets our minimum requirement. It is still far away from what is needed for a commercial product. We also have to ascertain whether the robot can walk on the ground with carrying its own body weight.. These tests  will be carried out in the coming year. The robot is also limited in speed as the pump’s pressure can only provide 2MPa for six legs, which can affect the flow rate of fluid in the cylinder. The servomotor’s slew rate, being only 1.8(/s, affects the response of control valves. In the first place, the pump used is only to allow for the whole system to be tested underwater. The final version will have a number of specially designed hydraulic pumps that will overcome these problems. Prototypes, made from titanium, are currently being tested. They will operate on battery power, thus allowing the testing of the robot as an autonomous vehicle.

At the same time, the data processing now takes 18ms at a sampling of 50Hz. If a  3rd degree of freedom is introduced for each leg, a PID control algorithm for more stability, and AI for gait strategy, this would not be capable of doing the job. Therefore, a more powerful MCU must replace the present one. This will mean that the control system architecture will  also need to be modified.
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