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ABSTRACT 

Dynamically balanced hopping robots have been extensively studied for the past 

two decades. Usually powerful hydraulic or electrical actuators are harnessed for the 

control of the hopping robot. Our research is focused on developing a real-time 

embedded controller for a hopping robot powered by a pneumatic actuator, which is more 

cost effective and it enjoys higher power to mass ratio than its counterpart, 

electromechanical actuators. A mathematical model is derived for the pneumatically 

actuated hopper considering the actuator and control valve dynamics. 

A real world prototype of a one-legged hopping robot was designed and 

constructed. Proportional (P), Proportional and Derivative (PD), Proportional and 

Derivative and Integral (PID) and Inverse dynamics based PD (i.e. Artificial Neural 

Network-based PD) control algorithms were implemented on the real prototype and their 

performances were compared. A PD controller in conjunction with an Artificial Neural 

Network representing the nonlinear relationship between the control input and the 

measured state of the system yielded promising results. 

- 
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NOMENCLATURE 

y2: Distance between the center of mass of the body and the ground 

Yi: Distance between the center of mass of the leg and the ground 
yo: Distance between the bottom of the leg (rubber foot) and the ground 
x: Actuator's length or stroke of the pneumatic cylinder (body) 
P: Pressure inside the cylinder (body) of the hopper 
Ps: Supply pressure 

F: Force acting on the leg and inner walls of the body due to the air pressure P 
Mass of the leg of the hopping robot 

M2: Mass of the body of the hopping robot 
A: Cross-sectional area of the upper end of the leg 

Ai: Upper area of the leg 

A2: Lower area of the leg 

Cva: On-off Valve coefficient (Discharge / charge constant of the valve) 

Compressibility of the air 
LL: Length of the leg of the hopper 
Li: Length of the hose supplying the air to the body of the Hopping Robot 

Lb: Body length of the hopping robot 

FM!: Force generated due to the impact between the leg and the upper part of the 
body 

FM2: Force generated due to the impact between the leg and the lower part of the 
body 

FG: Reaction force provided by the ground when the leg touches the ground. 
Fsf. Static friction force 
Fdf: Dynamic friction force 
a: General heat transfer coefficient 

Heat transfer coefficient for the pressurization phase 

°ear: Heat transfer coefficient for the depressurization phase 
A: Cross sectional area of the head of the leg 
A,: Area of pressure port of the control valve 
V: Volume of the cylinder 
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BG: Damping coefficient of the damper used to model the impact between the 
rubber foot and the ground 

/1: Dynamic viscosity 

T: Temperature of the air in the body of the robot 

R: Ideal gas constant 

D: Diameter of the pneumatic hose supplying air to the body from the pressure 
supply 

k: Ratio of the specific heat 

C: Velocity of sound 
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ACRONYMS 

1D: 1 Dimensional 

2D: 2 Dimensional 

3D: 3 Dimensional 

ARL: Ambulatory Research Lab 

ANN: Artificial Neural Network 

ADC: Analog-Digital Conversion 

CMU: Carnegie Mellon University 

DOF: Degree of Freedom 

DAC: Digital-Analog Conversion 

DAQ: Data Acquisition 

DC: Direct Current 

DMA: Direct Memory Access 

ID: Inverse Dynamics 

IP: Inverse Pendulum 

MIT: Massachusetts Institute of Technology 

MSE: Mean Square Error 

NDF: Numerical Differential Formulas 

PID: Proportion-Integral-Derivative 

PWM: Pulse Width Modulated 

PD: Proportional-Derivative 

SLIP: Spring Loaded Inverse Pendulum 
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Chapter 1 

Introduction & Literature Survey 

Human beings demonstrate remarkable abilities to move through different kinds 

of terrains with dexterity. Most parts of the earth, and other planets, are comprised of 

anomalous terrains. Wheels are faster on level ground, and wings or rotors avail the third 

dimension of motion, but legs have demonstrated their agility moving about the surface 

of the earth and are unsurpassed by any other form of locomotion [1]. Research in the 

field of legged locomotion can lead to development of machines capable of traversing 

harsh terrains. Pertinent to legged machines, walking robots are good for moderate speeds 

across terrain but they cannot cross holes wider than their reach [1]. Particularly, the 

hopping machines are better than the walking machines because they can jump across 

holes, climb up and down steps, and their movement is not limited by the physical span 

of their legs but only by their capacity to store the energy and to release that energy when 

needed. 

1.1 Robot Legs 

Wheels are easier to control, pose fewer stability problems, use less energy, can 

travel with high speed on a smooth surface and are reasonably maneuverable. Even so, 

wheels are generally suitable only on solid and smooth terrains. Also, to overcome 

obstacles, the wheels need to be bigger than the obstacles they encounter. On the 

contrary, legged robots have the potential of being able to handle steep inclines, negotiate 

obstacles larger than their size and to offer very good maneuverability [1]. The fact that 
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legged robots do not come into contact with the ground they are traversing all the time, as 

in the case of wheeled vehicles, facilitates their motion through rough terrain. The above 

stated capabilities of legged locomotion are strict requirements in mars/lunar exploration, 

military assault/transport, underwater exploration, and hazardous site inspection missions 

[2]. 

Legged robots can be mainly classified according to the number of legs, the kind 

of stability (static or dynamic), their passive or active control system, and the type and 

the number of actuators they utilize. Robots with one, two, four, six, and eight legs have 

been cited in the literature [1-7] [8-9]. The development of hybrid legged robots with 

wheels has also been reported [10]. One-legged robots may either move in three 

dimensions, or be constrained in a single plane [3] [6]. 

Depending on whether the robot is statically balanced, or merely executes a cyclic 

movement that is stable as a whole, a robot may be characterized as statically or 

dynamically stable. One-legged hopping robots are classified as dynamically stable 

systems (they cannot be statically stable). Legged robots can be distinguished based on 

whether they are actively balanced, that is whether they make use of actuators to move or 

can execute stable jumps with a pre-made pattern [1]. 

In the past, hydraulic, pneumatic and electro-mechanical actuators have been used 

in the active balance of hopping robots [3] [6] [11]. In the case of hydraulic and 

pneumatic actuators, the supply hose trammeled the distance the robot could travel. 

Electric actuators offered the means of driving the robot while achieving autonomy. 

However, because powerful electric motors are heavy, as are batteries that store large 
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amounts of energy, it is imperative that the robot has to move in an optimum way from an 

energy consumption point of view. 

My research is concerned with developing a new kind of legged machine which 

can run on rough terrain and whose design is simple. The legged machine also has to be 

energy efficient. Therefore, in order to achieve energy efficiency, attempts are being 

made to use the natural dynamics of their structure. 

The complex musculo skeletal system of a running animal on the horizontal 

surface acts essentially like a human using a pogo stick. Running is about flying through 

the air, at least until ballistic flight inevitably ends due to the collision with the ground, 

[1]. Humans generally require a more specialized running manoeuvre using legs. Legs 

can inject energy during the stance' phase of running by exerting forces on the ground 

and unlike a bouncing ball, legs can alter the direction of travel at will by applying 

ground forces asymmetrically. This same principle of 'bouncing' in humans can be 

applied to legged robots. 

The dexterity of the running arises from two reasons: the foot impacts the ground 

only at isolated points in time, and the forces developed during stance allow for rapid 

changes in velocity. This agility is possible even with only a single leg. Hopping here is 

referred to as one-legged running. One should note that, two or more legs can offer a 

variety of gaits without inducing body rotation during the flight phase of running. 

However, stable and cyclic running using a single leg is also possible. Figure 1.1 shows 

the schematic diagram of a 2-degree of freedom (DOF) one-legged hopping robot with a 

hip and a springy leg. 

I Stance is defined as the state of motion of the legged robot in which the robot is in contact with the 
ground. 
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Hip joint and 
body center 
of mass 

Spring 

Leg Center of Mass 

Rubber foot 

Ground 

Figure 1.1: Schematic diagram of a 2-DOF one-legged hopping robot with a mechanical 
spring. 

The ultimate goal is to design a fully autonomous running machine that can 

traverse any kind of natural/man-made terrain. Such a machine needs high efficiency, 

good terrain perception, mechanical robustness, and the ability to start and stop and to get 

up from falls [1]. The one-legged hopper, which I used is mechanically supported by a 

vertical stand, does not solve all these problems, but it does offer a taste of the design of 

robust controllers to achieve a stable jumping cycle in a one-legged robot in the shortest 

time. 

1.2 Related Work 

Research into legged robots began about two decades ago. Matsuoka built a 

planar one-legged hopper in 1980. The machine had a short stance time, with the thrust 

provided by a high-force electrical solenoid. As specified by Raibert in his book: 
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"Matsuoka was the first to build a machine that ran, where running is defined by 

periods of ballistic flight with all feet leaving the ground. His goal was to model 

repetitive hopping in the human. He formulated a model consisting of a body and one 

massless leg and he simplified the problem by assuming that the duration of the support 

phase was short compared with the ballistic flight phase. This extreme form of running, 

for which nearly the entire cycle was spent in flight, minimized the influence of tipping 

during support. This model permitted Matsuoka to derive a time-optimal state feedback 

controller that provided stability for hopping in place and for low speed translations 

(Matsuoka 1979)." 

"To test his method for control, Matsuoka built a planar one-legged hopping 

machine. The machine operated at low gravity by lying on a table inclined from the 

horizontal rolling on ball bearings. An electric solenoid provided a rapid thrust at the 

foot, so the support period was short. The machine hopped in place at about 1 hop/s and 

traveled back and forth on the table. " [12]. 

Hopping machines were then extensively studied by Marc Raibert in the 1980s. A 

series of running machines produced in Raibert's Leg Lab, initially at Carnegie Mellon 

University (CMU) and then at MIT, have entertained researchers around the world. A 

planar one-legged hopper was first developed in 1982 [13]. The legged robots which 

followed, included a hydraulically actuated 3D monopod, a 3D quadruped and a 3D 

biped. Many of them used a telescopic leg with an internal air spring for compliance in 

series with a hydraulic thrust actuator [13]. Experiments performed with these machines 

included low and high-speed running, jumping over obstacles, climbing stairs and a 

forward flip (or somersault). The planar monopod used revolute joints at the hip and 
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ankle and a flexible fiberglass leaf spring for the foot. The foot provided compliance for 

hopping and was actuated hydraulically through a rigid tendon. 

All of Raibert's machines were controlled with the help of the same basic 

components. The control problem for a hopping robot can be decomposed into four 

separate parts (i.e. control loops). The control of horizontal motion can be achieved by 

the placement of the foot, vertical motion can be controlled by the actuator thrust, the 

pitching motion can be controlled by applying a torque at the hip joint during the stance 

phase, and the fourth part of the control is the adaptation for harsh terrain (applicable to 

multi-legged system). Zeglin and Raibert developed the planar Uniroo by adding a 

revolute knee and tail joints [14]. They also used a rigid foot, which was hydraulically 

actuated with a compliant tendon composed of steel springs. Figure 1.2 shows the 

Uniroo, which used its extra DOF at the knee joint to minimize the knee torque by 

keeping the knee along the line between the toe and the hip. 

Figure 1.2: The Uniroo. 
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Following Raibert's pioneering work on hopping machines, many researchers 

tried other means of actuation and control. Papantoniou et. al. proposed an electro-

mechanical design of a one-legged electrically powered planar hopping robot with the leg 

constructed with the help of a four bar linkage with a tension spring [15]. The motor for 

the vertical oscillation used a self-locking lead screw. He extensively analyzed the 

problem of the design of the linkage in order to limit the forces on the electric motors 

while maintaining the kinematics. 

Martin Buehler's Ambulatory Robotics Lab (ARL) at McGill University, 

employed electric actuators for a one-legged planar hopper similar to Raibert's. The main 

features of their designs were: biologically inspired, reliance on the passive dynamics of 

the system and radially compliant leg designs which decoupled the actuators from 

gravitational loads. They developed one, four and six-legged running robots to exemplify 

these fundamental design and control principles [21]. 

Akihiro Sato et. al. at the ARL presented simulation and experimental results of a 

2-DOF hopping robot with a single actuator based on the SLIP2 (Spring-Loaded Inverted 

Pendulum) model [22]. Rather than actuating the leg extension joint, they actuated only 

the leg rotation joint. A PD controller was used to control the leg angle with the help of 

2 Different models are suggested to analyze and estimate the dynamics of the leg of an animal. The 
simplest model assumes the 'body' to be an Inverted Pendulum (IP) with a mass, which converts the energy 
back and forth from the potential energy due to the gravity at the top of the stance phase to the kinetic 
energy during the lift off phase of the locomotion. Although the IP model has some credibility for walking, 
it does not provide an accurate estimation of the dynamics for running, in which the energy is stored by 
significant flexing of the muscles and tendons, which are elastic. Therefore, a more realistic Spring-Loaded 
Inverted Pendulum (SLIP) or spring-mass model has been synthesized. In the SLIP model, other than the 
kinetic-potential energy conversions due to the movement of the body mass, energy is also stored in the 
spring during the deceleration phase of the foot (i.e. touch down till bottom phase), and then retrieved 
during the acceleration phase of the foot (i.e. bottom to lift-off phase). One can refer to the SLIP model 
discussed in [31] [37]. 
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the torque applied by the motor connected at the hip joint. The control of the speed and 

the hopping height of the robot were achieved by only a single control input. 

Berkemeier and Desai at Boston University designed an electrically actuated 

hopping robot with three revolute joints. The leg was powered by a DC motor, which 

drove elastic energy-storing tendons to drive the foot [2]. Lebaudy, Prosser and Kam 

designed a vertically-constrained, electrically actuated hopping machine with a telescopic 

leg [17]. They employed a DC motor driving a ball screw in series with a steel coil spring 

in their design. They presented three different control algorithms. The first was a tabular 

control scheme in which the control input was selected on the basis of the desired steady-

state hopping height. The second was a near-inverse controller derived from a discrete 

model of the plant dynamics and the third was a near-inverse controller with an integral 

error feedback to compensate for the varying mass of the body. They compared the 

hopping robot's transient and steady state behavior with each one of the controllers. The 

near-inverse controller with integral error feedback demonstrated the best tracking 

performance in the presence of abrupt mass changes. Similarly Ringrose at the MIT Leg 

Lab presented a self-stabilizing hopping monopod powered by a single constant speed 

motor equipped with a spring and a damper that regulated the altitude and the attitude of 

the body using pure mechanical feedback rather than a control system with sensory 

feedback [16]. Figure 1.3 shows the self-stabilizing hopping monopod with a schematic 

diagram. 
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Figure 1.3: Self stabilizing hopping monopod - the schematic diagram. 

Altitude stability was provided by a large, curved foot that was shaped to cause a 

restoring torque of reasonable magnitude for each possible pitch error. He also found that 

running could be self-stabilized. It was possible to trot, pace, bound and gallop in a 

passive mode [16]. 

There is a substantial body of work analyzing and simulating the dynamics of 

legged robots. One example was a study conducted by Lapshin at the Russian Academy 

of Sciences. He analyzed a hopping robot with compliance in the telescopic leg attached 

to a body with an actuated weight (i.e. sliding mass) intended to control the pitching 

motion [18]. He developed an open loop control system to regulate the vertical motion, 

which was inspired by Raibert. 

Sznair and Damborg used an adaptive control algorithm based upon on-line 

numerical minimization of the performance criterion to control both vertical and 

horizontal motion in a two-dimensional hopping robot [4]. Prosser et. al. suggested a new 

control algorithm to regulate the jumping height of an electrically actuated hopper with a 
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linear elastic element (spring) in the leg, based on off-line synthesis of a near-inverse 

model for the plant achieved by numerical simulation of the system dynamics. Near 

inverse is an approximate functional relationship between the jumping height of the next 

cycle and the control variable (i.e. the voltage applied to the DC motor) and the jumping 

heights of previous cycles. The coefficients of the multivariable polynomial were 

obtained by a least-square error fit, which were used to calculate the value of the control 

variable. Later they enhanced this technique by online estimation of the control 

parameters [5]. 

Mehrandezh et. al. proposed a method to control the jumping height of an 

electrically actuated one-legged hopping robot [6]. They proposed a new method to fmd 

the number of hops a robot will need to perform before reaching a desired jumping height. 

To eliminate the sensitivity due to the perturbation of the system's parameters, they 

implemented a modified Proportional-Integral controller to regulate the jumping height of 

the robot. 

The 2 and 3-DOF bow leg3 hopper that was developed by Zeglin and Mason at 

CMU, demonstrated the agility and energy efficiency in the next-generation of hopping 

machines. Their hopper had a body and a leg with a spring for energy storage. Figure 1.4 

and Figure 1.5 show a picture and schematic diagram of the 3-DOF bow leg hopping 

robot, respectively. 

3 The concept of the bow leg was coined by Ben Brown. It is called a bow leg due to its similarity to an 
archery bow. The bow leg is comprised of a curved leaf spring, foot, freely pivoting hip and bow string that 
holds the leg in compression. 
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Figure 1.4: Three-DOF Bow-leg hopping robot. 
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Figure 1.5: The schematic diagram of a bow-leg hopping robot. 

In many ways this design was a descendant of the work of Raibert and others 

described earlier. However, the free hip4 and the passive stability of the body was a 

profound departure from previously developed 2-D hopping robots. The hip also 

4 The free hip does not allow the passage of leg disturbance torques to the body and enabled the passive 
stability that was achieved by placing the body mass below the hip. 
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permitted the body regulation during the flight phase using a low torque configuration 

(see Figure 1.5). 

Lastly, there have been numerous studies on the biomechanics of running in both 

humans and animals. The studies have investigated gait analysis, joint kinematics, energy 

consumption and efficiency, and have derived control strategies based on the recorded 

behavior of running animals [1]. One should note that the one-legged hopping robot is 

loosely modeled on the concepts of biological systems and so the basic issues explained 

in the following studies are shared in both fields. For example, Warren et. al. studied the 

way humans run on uneven ground [19]. The motion of the subjects running on a 

treadmill with a series of irregularly spaced targets was analyzed. They monitored the 

movements of subject's lower limbs and coccyx (tail-bone) relative to the targets opto-

electronically using a Selspot5 system. They showed that the subjects adjusted the step 

length to strike the targets primarily by varying the vertical component of impulse 

applied to the ground during the stance phase. In a similar way, the hopping robot 

controls the magnitude of the take-off velocity. 

Alexander et. al. discussed three fundamental uses of springs in legged 

locomotion: the vertical rebound, the leg sweep and the foot contact [20]. The paper 

discussed the idea of negative work in the leg actuators and proposed various solutions to 

achieve an energy efficient motion [20]. The one-legged hopper can be seen as a 

simplification of the entire human leg. The compliance (i.e. the air spring) in the leg and 

the body acts in the same manner as tendons providing a medium to store the energy. The 

body and the leg in the hopper act as the thigh and the shank do in a human leg. 

5 Selspot is a commercially available opto-electronic system used for 2-D and 3-D human motion capture 
and analysis. 
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1.3 The One-legged Hopping Robot Project 

Like much other work [4] [6] [49], our prototype's motion is limited to a single 

plane. Figure 1.6 shows a schematic diagram of the one-DOF hopping robot. 

  Sliding mechanism 
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.111i 

Body Center of Mass    Body 
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Rubber foot 
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Figure 1.6: Schematic diagram of a one-DOF one—legged hopping robot with a 
mechanical spring. 

An important aspect of the hopping robot is that the natural dynamics of the plant 

are responsible producing the hopping motion. Even with no actuation, the prototype can 

be dropped and will bounce several times before settling down. The one-legged hopping 

robot embodies a minimalist design approach that emphasizes design of mechanical 

oscillators with motions that will accomplish a task, which leads to simplicity and energy 

efficiency. 

Figure 1.7 shows a pneumatically actuated one-DOF hopping robot built at the 

University of Regina. The continuous pressurization (i.e. the phase through which the air 

is allowed to flow from the pressure supply/air compressor to the air cylinder used as the 

body of the hopper) and depressurization (i.e. the phase through which the air from the 
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Figure 1.7: The pneumatically actuated hopping robot. 
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air cylinder is allowed to exhaust to the atmosphere) phases enable the hopping robot to 

jump continuously. 

The reference variable for the controller is the maximum jumping height achieved 

by the robot at every single hop. The control signal (i.e. the actuator stroke) is computed 

as a discrete parameter vector at every single hop and is applied to next hop. 

1.3.1 Problem Statement 

The objective of this research was to develop an embedded real-time controller to 

regulate the jumping height of a one-legged hopping robot whose motion was supported 

by a vertical stand. The controller needed to be able to achieve the desired jumping height 

in the shortest possible time and to keep it at a constant value by adjusting the air 

pressure inside the pneumatic cylinder which act as the body of the hopping robot. 

The control of the hopping robot represents a nonlinear problem. The presence of 

friction between the body and the leg, the delay in the actuation system, and the nonlinear 

behavior of the sensors, make it a challenging control problem. The goal was to 

demonstrate the capability of the real-time controller to control the jumping height of the 

hopper based on the user-defined set-points in the presence of the aforementioned factors. 

1.3.2 Motivations 

The possible applications of the hopping robot are numerous and diverse; for e.g. 

the agriculture, search and rescue operations, military operations, removal and safe 

detonation of land mines, inspection of hazardous environments, law enforcement, 
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scientific exploration of the earth and remote planets, as well as biomechanics and health, 

[2]. 

This research will enable the development of rugged, energy efficient walking and 

running machines that have the capability to traverse rough terrains, that cannot be 

traversed with wheeled vehicles. In particular, one-legged hopping robots have an 

advantage over legged robots (i.e. biped, quadruped and hexapod robots) on rough 

terrains due to their inherent dynamic stability. 

This research can pave the way towards a better understanding of hopping and 

running in humans as well. Bipedal and quadrupedal walking/running robots can use the 

one-legged robot as a basic actuating element. 

In addition the use of a hopping robot as a force actuator for a platform to test the 

fatigue limit of athletes is envisioned. The fatigue generated in the body of the athletes 

can be controlled by regulating the amplitude and frequency of the impacts created by the 

force actuator. Based on the biomechanical studies cited in the literature, the development 

of an energy efficient and robust one-legged hopping robot may lead to the development 

of artificial legs for amputees. 

Among all available forms of actuators I selected the pneumatic actuator because 

it is clean and more cost effective actuation method as compared to hydraulic and electric 

actuators. In addition it enjoys a higher power to mass ratio than its counterparts. 

1.4 Contributions 

The research contributions of this thesis are: 

1. The design and development of a simple, yet powerful pneumatically actuated 

hopping robot. 
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2. Demonstration of the usefulness of a simple Proportional and Derivative (PD) 

controller to control the jumping height of a hopping robot. 

3. The thesis provides guidelines for improving the performance of a controller by 

incorporating an Artificial Neural Network (ANN)-based feedback linearization 

technique into the control loop. 

4. The presentation of a novel form of a one-legged hopping robot. If enough air is 

trapped inside the body of the hopper during the stance phase, the body can act as 

compliance. This removes the necessity of a mechanical spring, which is 

generally used to store the energy. 

5. To control the resultant pressure in the body of the hopping robot a simple and 

cost effective on-off control valve was adopted. This was an important 

contribution because it provides an option to control the valve in the light of a 

Pulse Width Modulated (PWM) signal rather than the expensive and complicated 

servo-valves. 

6. This thesis tested three different controllers, namely PD, Inverse-Dynamic based 

PD, and Artificial Neural Network-based PD. These controllers were developed 

and implemented on the real system. Real-time control of the system using these 

three methods was extensively studied. 

1.5 Thesis Outline 

Chapter 2 explains the states of motion of the robot along with the mathematical 

model governing its dynamics. Chapter 3 explains the numerical simulation test results of 
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open loop6 and closed loop7 control of the hopping robot. It also explains the different 

control strategies attempted for the control of the hopping robot during the numerical 

simulation. Chapter 4 addresses the design of the mechanical and electronics hardware, 

the data acquisition system and the selection/calibration procedure for different sensors 

used for the state feedback in the controllers. Chapter 5 presents the experimental results 

including the open loop and the closed loop tests carried out on the basis of the 

simulation test results. Chapter 6 presents the conclusions and future recommendations 

for this research. 

6 In open loop systems the control signal is generated irrespective of the response of the system. 
In closed loop systems the behavior of the system is monitored and sensory data are used to modify future 

responses of the system. 
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Chapter 2 

Mechanistic Model of the Hopping Robot 

While performing a jumping motion, a hopping robot passes through a series of 

different phases/states. Identification of these states is vital for the development of a 

mathematical model of the hopper. The behavior of the real-world prototype can be 

simulated using the mathematical model developed in this thesis. The following section 

provides a detailed description of the states necessary to develop the mathematical model 

of the hopping robot, which is in the form of ordinary differential equations (ODEs). 

2.1 Motion of the Hopping Robot 

Figure 2.1 and 2.2 show the similarity of the jumping motion for two different 

types of hopping robots, one with a mechanical spring and the other with an air spring. 

The motion of a 2-DOF, one dimensional (1D) one-legged hopping robot can be exactly 

illustrated with the help of four states (shown in Figure 2.1 and 2.2), which are as 

follows: 

State 1. Top: Defined as the moment in flight when the body of the hopper reaches peak 

altitude and the vertical motion changes from upward to downward; i.e. state 1 

and 5. 

State 2. Touch Down: During the downward motion, this state is defined as the moment 

at which the foot makes contact with the ground; i.e. state 2. 
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State 3. Bottom: The moment during stance phase at which the body's altitude is at its 

lowest point and the vertical motion of the body changes from downward to 

upward; i.e. state 3 shown in Figures 2.1 and 2.2. 

State 4. Lift Off: The moment at which the foot looses contact with the ground; i.e. state 

4. 

The dotted lines in Figure 2.1 and 2.2 show the trajectory followed by the hopping robot 

over a period of time during one complete jumping cycle. It is assumed that the hopper 

was released from the TOP position and it performs one complete jumping cycle. 

• 
• 

2 4 

• 
• . • 

5 

Figure 2.1: States of motion of the hopper with a mechanical spring for one complete 
jumping cycle. 
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Figure 2.2: Different phases of a pneumatically actuated hopper for one complete 
jumping cycle. 

As shown in Figure 2.1, a mechanical spring attached to the leg transfers kinetic 

energy from one hop to another, thereby reducing the energy consumption during 

continuous hopping. The same principle is applied in the pneumatically actuated hopping 

robot (shown in Figure 2.2) with the help of an air spring located between the body and 

the leg. 

2.2 Mathematical model 

This section explains the mathematical model of the hopping robot, which uses a 

pneumatic actuator (i.e., a single-acting air cylinder). A Pulse Width Modulated (PWM) 

signal to control the air pressure inside the cylinder was utilized. Figure 2.3 shows the 

mechanistic model of the hopping robot along with the processing unit, the on-off control 

valve and the pressure supply. The pressure supply was connected to the body of the 

hopper via an on-off control valve. 
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Figure 2.3: Internal Structure of the Hopping Robot. 
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The pneumatic cylinder (body) of the hopping robot functions as an actuator as 

well as an active/passive spring in the system. The hopping robot has the following 

components: A pneumatic cylinder (body), a piston that can move inside the cylinder 

(leg), an on-off control valve to regulate the pressure inside the cylinder, a pressure 

supply (i.e. a floor compressor with an air tank) that provides air at a constant rate, two 

sets of sensors for measuring the leg's stroke and body elevation, and the processing unit. 

The hopping robot has 1D of motion, meaning that the robot's motion is confined 

to vertical sliding over a linear track. The physical impact between the ground surface 

and the rubber foot (bottom of the leg) of the hopping robot is modeled as a spring with 

stiffness KG and a damper with damping coefficient BG. Also, the physical impact 

between the leg and the body of the hopper was modeled as a spring with stiffness K, and 

a damper with damping coefficient B. Other parameters of the system are described in 

Table 2.1. 

Table 2.1: Variables used in the mathematical Model of the Robot. 

Parameter Definition Unit 

y2 Distance between the center of mass of the body and ground m 
yl Distance between the center of mass of the leg and ground m 

yo Distance between bottom of the leg (rubber foot) and ground m 
x Actuator's length or stroke of the pneumatic cylinder (body), 

where 0 5_ x 5_ (Lb —h) 
m 

P Pressure inside the cylinder (body) of the hopper N/m2
F Force acting on the leg and inner walls of the body due to the air 

pressure P 
N 

MI Mass of the leg of the hopping robot Kg 
M2 Mass of the body of the hopping robot Kg 
A Cross-sectional area of the upper end of the leg m 2 

Fm/ Force generated due to the impact between the leg and the upper 
part of the body 

N 

FM2 Force generated due to the impact between the leg and the lower 
part of the body 

N 
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Parameter Definition (Continued....) Unit 

FG Reaction force provided by the ground when the leg touches the 
ground. 

N 

One should note that the stroke (x) can also be represented by the difference 

between yl and y2. The real world prototype of the hopping robot resembles the 

mechanistic model shown in Figure 2.3. During the motion of the hopping robot, three 

different impact forces are possible: the impact force between the top part of the body 

and the top part of the leg (denoted by Fm/), the impact force between the bottom of the 

body and the bottom part of the leg (denoted as FM2), and the impact force between the 

leg and the ground (denoted by FG). 

The on-off control valve was regulated with the help of a Pulse Width Modulated 

(PWM) signal with a varying duty cycle8 generated by a computer running the controller 

software. The idea behind controlling the duty cycle was that by controlling the time for 

which the control valve is open (or closed), one can regulate the resultant pressure in the 

body of the hopping robot, which will consequently regulate the jumping height of the 

hopper. 

2.2.1 The On-Off Valve 

A dynamic model of the on-off control valve was developed for the purpose of 

conducting simulation tests. The reasons behind choosing the on-off control valves were: 

1. They are easy to operate due to their simple construction compared to other types of 

valves; for e.g. servo valves. 

8 Here duty cycle refers to the time during which an "On" signal was applied to the valve to keep it open. 
A duty cycle is usually represented by the ratio of the time during which a periodic signal is on divided by 
the total cycle time. 
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2. They are more cost effective than other valves due to the presence and need for simpler 

electronics. 

The valve can have only 2 states, ON and OFF. It is possible to control the on-off 

valve simply with the help of a Pulse Width Modulation (PWM) technique. This 

technique is a switch-mode control method used to regulate the input voltage and current, 

thereby obtaining a higher efficiency than that of linear control. PWM also refers to a 

voltage pulse with a variable width, which can be applied to the valve solenoid. The duty 

cycle of the applied PWM has a drastic effect on the energy injected to the system in each 

cycle. This also has a direct effect on the jumping height achieved at each hopping cycle. 

Figure 2.4 shows a schematic diagram of a PWM signal. The duty cycle of the PWM 

signal is defined as: (td/ts) %, where is is the total cycle time, and td is the time during 

which the signal is on, (i.e., the ON state). 

td 
Vcc 

Voltage 

0 V 

Time 
is

Figure 2.4: A Sample Pulse Width Modulated Signal. 

Figure 2.5 depicts a schematic diagram of the 3-port/2-position normally closed, 

spring returned, single solenoid on-off control valve used in these experiments [23]. As 

shown in Figure 2.5, the pressure supply was connected to port 1. The body of the hopper 

was connected to port 2 via an air hose and port 3 either closes or exhausts to the 

atmosphere. 
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When the valve was energized (a state achieved when energizing the valve's 

solenoid with a voltage equal or higher than 12 V DC), ports 2 and 3 would get connected 

and the air would flow from the pressure supply tank to the cylinder (i.e. the body of the 

hopper). When the valve was de-energized (a state achieved by bringing the solenoid's 

voltage to a value less than or equal to 10 V DC), port 1 would be closed and port 2 

would get connected to port 3, exhausting the air from the body to the atmosphere. 

When the robot was in the flight phase, the air in the body was exhausted to the 

atmosphere, this was achieved by de-energizing the valve, and while the robot was in the 

stance phase, the pressurization of the pneumatic cylinder was initiated by energizing the 

valve. The timing of this procedure, namely the time at which the valve gets energized 

and the time during which it is de-energized plays an important role in achieving a 

desired jumping height. 

2 

12V 3
IT

10V 

Figure 2.5: Three—port/2-position spring returned single solenoid normally closed on-off 
control valve. 

A comprehensive mathematical model was derived for the hopper that considered 

the following: 

1. The varying area of the on-off valve ports during the continuous movement of the 

spool. 
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2. The compressibility of the air. 

3. The mass flow attenuation caused by the resistance and the length of the pneumatic 

hose. 

4. The nature of the air flow (i.e., laminar or turbulent) through the on-off valve and 

hoses. 

5. The static and dynamic friction. 

6. The heat transfer characteristics in the pressurization and depressurization phases. 

7. The dynamics of the spring-loaded solenoid operating valve. 

The equations that govern the kinematics and dynamics of the system are 

described in the following sections. 

2.2.2 Kinematics Equation 

From Figure 2.3 one can conclude: 

—Yi  2.1 ) 

where x represents the stroke of the cylinder. One can also readily conclude the following: 

5?i =5,0 (2.2) 

The elevation of the center of gravity of the leg, yl, and the foot elevation, yo, with 

respect to the ground, are also related by: 

where LL is the leg length. 

YI=Yo+ —
2 
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The elevation of the center of gravity of the leg, yi, and the foot elevation, yo, with 

respect to the ground, are also related by:

x =y2- y i ( 2 .1 )
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2.2.3 Dynamics Equation 

Figure 2.6 shows the free body diagram of the leg of the hopper. 

FM] 

i Fm2 

4Mig
Ground 

Figure 2.6: Free body diagram of the leg of the Hopping Robot. 

The equation governing the motion of the leg can be written as follows: 

—M,g + FG—F+Fm2—Fmi —Ff - fi .i = mi Yi ( 2.4) 

where F is the force acting on the top surface area of the leg denoted by A, due to the 

resultant pressure (i.e. the difference between the air pressure in the body denoted by P 

and the atmospheric pressure, Pa) and fii and F1 are the resistive forces generated by the 

viscous and coulomb frictions, respectively. FM] and FM2 are the forces generated due to 

the impacts between the upper/lower end of the body and the leg, respectively. FG is the 

force exerted on the leg by the ground and can be given as: 

FG =
{— K G y o — B G j/c, 

0 
if Yo < 0

otherwise 

and F1 is the friction force which can be calculated as: 
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Figure 2.6 shows the free body diagram of the leg of the hopper.
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Ground

Figure 2.6: Free body diagram of the leg of the Hopping Robot.

The equation governing the motion of the leg can be written as follows:

- M lg + FG-F + F M2- F m - F f - f i x  = M ly i (2 .4 )

where F  is the force acting on the top surface area of the leg denoted by A, due to the

resultant pressure (i.e. the difference between the air pressure in the body denoted by P

and the atmospheric pressure, Pa) and fix  and Ff are the resistive forces generated by the

viscous and coulomb frictions, respectively. Fmi and Fm2 are the forces generated due to

the impacts between the upper/lower end of the body and the leg, respectively. Fa is the

force exerted on the leg by the ground and can be given as:

Fa =■
- K Gy 0- B Gy 0 i f y 0<0

0 otherwise
(2 .5 )

and Ff is the friction force which can be calculated as:
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Fsf if = 0 
F

f 
= 
{Fdf sign(i) if .Z# 0 

( 2.6 ) 

where Fsf is the static and Fdf is the dynamic friction force. The impact forces FMI and 

Fm2 in equation ( 2.4) can be calculated as: 

FM2 
(x — Lb + h)+ C (x > Lb —h) 

0 otherwise (x < Lb — h) 
( 2.7 ) 

={—K x —C (x 0) 5c 
( 2.8 ) 

0 otherwise (x > 0) 

As stated earlier, the hopper was able to jump in place cyclically due to the 

continuous pressurization and depressurization phases. Equations ( 2.9 ) and ( 2.10 ) 

model the rate of the change of cylinder pressure P in the pressurization and 

depressurization phases, respectively. The resultant pressure in the cylinder was 

calculated by integrating P over time [50-52]: 

Pin = 1 [K A, rh p A] ( 2.9 ) 

Pou = --P [K A + a Al ric out v dp ( 2.10 ) 

Definitions of the parameters used in equations (2.9) and (2.10) are given in Table 2.2. 

Table 2.2: Definition of parameters in Equations (2.9) and (2.10). 

Parameter Definition Unit 

A Cross sectional Area of the head of the leg m 2 

A, Area of pressure port of the control valve m 2 

V Volume of the cylinder m3
rh p Mass flow rate of the air during the pressurization of the hopping 

robot 
kg/s 

rhdp Mass flow rate of the air during the depressurization phase of the 
hopper 

kg/s 

a Heat transfer coefficients 
Km Constant 
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r F s f  i f *  = 0 ( 2 6 )
f  [ Fdf sign(x) i f x * 0

where FSf  is the static and Fdf is the dynamic friction force. The impact forces Fmi and 

Fmi in equation ( 2.4 ) can be calculated as:

F  = l K ^ X ~ L b + h ^ +  C ^  (X > L b ~ h) ( 2 7 )
M1 |  0 otherwise (x < Lb -  h)

i - K xx - C xx (* ^ 0 )  , „ 0 \Fu, = \ x x (2 .8 )
[0 otherwise (x > 0)

As stated earlier, the hopper was able to jump in place cyclically due to the 

continuous pressurization and depressurization phases. Equations ( 2.9 ) and ( 2.10 ) 

model the rate of the change of cylinder pressure P  in the pressurization and 

depressurization phases, respectively. The resultant pressure in the cylinder was 

calculated by integrating P over time [50-52]:

K  A , m „ - P i a A ]  (2 .9 )
c

Pout = - y \ K ou, A ™ d P + x a A  ] ( 2 .1 0 )
c

Definitions of the parameters used in equations (2.9 ) and (2.10 ) are given in Table 2.2. 

Table 2.2: Definition of parameters in Equations (2.9) and (2.10).

Parameter Definition Unit

A Cross sectional Area of the head of the leg m2
Av Area of pressure port of the control valve m2
Vc Volume of the cylinder mJ
mp Mass flow rate of the air during the pressurization of the hopping 

robot
kg/s

mdp Mass flow rate of the air during the depressurization phase of the 
hopper

kg/s

a Heat transfer coefficients
Kin Constant
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All parameters in Table 2.2 are explained in detail in this section. 

The volume of the cylinder V, can be calculated as: 

Vc,=Vo + Ax ( 2.11 ) 

where Vo is the inactive volume of the cylinder. Kin, Km,,, are the coefficients, which 

represent the combined effect of several variables; such as the supply pressure, the heat 

transfer coefficient for air and the valve discharge coefficient. Kin and Km, can be 

calculated as [50-52]: 

Ki =C f Rain vin P,Arf ( 2.12 ) 

Kni,=Cf Ra„ve„-j" ( 2.13 ) 

where Cf is the non-dimensional discharge coefficient, R is the ideal gas constant, T is the 

absolute temperature of the air trapped in the cylinder and a,a,,a„ are the heat transfer 

coefficients for air, [50-52]. For the pressurization phase, a„, , which is equal to the 

specific heat ratio for air, k, was chosen, while for the depressurization phase, a ex was 

set to 1.0. The thermal characteristic of the compression/expansion process (when ) 

can be better described by using a =1.2 , [50-52]. The flow attenuation component, vie , 

during the pressurization, and coex during the depressurization phase can be calculated as 

follows: 
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where Vo is the inactive volume of the cylinder. K in, K out are the coefficients, which 

represent the combined effect of several variables; such as the supply pressure, the heat 

transfer coefficient for air and the valve discharge coefficient. K in and K out can be 
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where Cf is the non-dimensional discharge coefficient, R is the ideal gas constant, T  is the 

absolute temperature of the air trapped in the cylinder and C(,am, a ex are the heat transfer 

coefficients for air, [50-52]. For the pressurization phase, a ex , which is equal to the 

specific heat ratio for air, k, was chosen, while for the depressurization phase, a eK was 

set to 1.0. The thermal characteristic of the compression/expansion process (when x * 0 ) 

can be better described by using a - 1.2, [50-52], The flow attenuation component, (pm, 

during the pressurization, and (pex during the depressurization phase can be calculated as 

follows:

K in=Cf R a in(pinPs 4 f  

K out = Cf  R a ex (pex 4 f

( 2 .1 2 )

(2.13)
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— R,RT L, 
coin =exp( 

C 

rpm= exp( 
2PC 

— R
1 
RT L

1)

( 2.14 ) 

( 2.15 ) 

where Rt is the air hose's resistance to the flow of air (which varies according to the 

nature of the flow). Lt is the hose length and C is the velocity of sound. Also: 

R, = 

32/4 

D2
For laminar flow 

3 

0.158,u Re 4
For turbulent flow 

D2

( 2.16 ) 

where ,u is the dynamic viscosity of the air, D is the internal diameter of the air hose and 

Re is the Reynolds number calculated from the input flow values. Normally during the 

pressurization phase the pressure drop across the valve orifice is large, so that the airflow 

is treated as compressible and turbulent. 

The mass flow rates given in equations ( 2.9 ) and ( 2.10 ), namely rim p and rhdp , 

represent the mass flow rate of air through the valve during the pressurization and 

depressurization phases, respectively. These parameters are calculated on the basis of the 

standard equations associated with the mass flow through an orifice in a compressible 

and turbulent regime, [50-52]. 

For the pressurization phase one can write: 

rh p
C 

1 

C 2 (PIP,)k 

f PIPs Pc, 

if PIP,>Per
( 2.17 ) k-1 

— (f ) I P s ) 

and for the depressurization phase: 
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- R t RTL,
fl>,=exp( 2 ) (2.14)

— R. RTL. / i \
<Pex =eXP( 2 P C ~

where R, is the air hose’s resistance to the flow of air (which varies according to the 

nature of the flow). Lt is the hose length and C is the velocity of sound. Also:

32//

R.=

For laminar flow
D 2

3 (2.16)
0.158f iR e 4

D 2
- For turbulent flow

where ju is the dynamic viscosity of the air, D is the internal diameter of the air hose and 

Re is the Reynolds number calculated from the input flow values. Normally during the 

pressurization phase the pressure drop across the valve orifice is large, so that the airflow 

is treated as compressible and turbulent.

The mass flow rates given in equations ( 2.9 ) and ( 2.10 ), namely m and mdp,

represent the mass flow rate of air through the valve during the pressurization and 

depressurization phases, respectively. These parameters are calculated on the basis of the 

standard equations associated with the mass flow through an orifice in a compressible 

and turbulent regime, [50-52],

For the pressurization phase one can write:

C| i f P / P , S P r
m p

C 2 (P/Ps) k -y/l-CP / P s f p  ' f  P / P s > Pc, 

and for the depressurization phase:

(2.17)
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rhdp 1 I k-1

C 2 (13, I P) k AI 1 — (Pa I P) k

  if Pa I P Pcr

if Pa lP>P, 

where Psr , C1 and C2 are the constants determined as follows: 

2
-1 

13"' = ( k —1) k

k  2 k+1 11  2k k-1 ; C 2 = 

R ( k+1 ) R(k +1) 

( 2.18 ) 

( 2.19 ) 

One should note that k represents the specific heat ratio for the air. 

Figure 2.7 shows the free body diagram of the 'body' of the hopping robot with 

various forces acting on it. The dynamic equation for the body of the hopper is as 

follows: 

—M2g+ F +Fmi— FM2 — — M 2Y2 ( 2.20 ) 

where F is the difference between the force created due to the pressure P and the 

atmospheric pressure Pa on area A and Al. 

F FM' 

FM2 
Al

y2 

Ground 

Figure 2.7: Free body diagram of the body of the Hopping Robot. 
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m dp = <
c \

C2 (Pa / P) k \ l ~ ( P a / P)

if P J P ^ P .
11 X  if  P J P > P cr

(2.18)

where Pcr, Cj and C2 are the constants determined as follows:

k+\ 2kP -  ( 2 ) k . ( 2  _ IA  ( 2 ) k - l  .Q _ 
cr it — 1 ’ 1 V R X  + l ’ 2 V i?(A: +  l)

(2.19)

One should note that k represents the specific heat ratio for the air.

Figure 2.7 shows the free body diagram of the 'body' of the hopping robot with 

various forces acting on it. The dynamic equation for the body of the hopper is as 

follows:

~ M 2g + F + F m -  Fm - F f  ~/3x= M 2y 2 (2.20)

where F  is the difference between the force created due to the pressure P and the 

atmospheric pressure Pa on area A and A /.

F  F mi

L
Ground

Figure 2.7: Free body diagram of the body of the Hopping Robot.

-32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The dynamics of the hopping robot along with its control valve are captured in 

Equations (2.1) to (2.20). The motion of the hopper can be simulated by numerically 

integrating the system of ODEs provided through the aforementioned equations. 

2.3 Summary: 

A comprehensive mathematical model of the robot was developed. The behavior 

of the hopping robot was analyzed by integrating the ODEs given in equations (2.4), (2.9), 

(2.10) and (2.20) while considering the kinematic constraints given in equations (2.1) to 

(2.3). Chapter 3 presents the simulation results of the open loop and closed loop tests 

conducted with the help of the mathematical model derived in this chapter. 
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integrating the system of ODEs provided through the aforementioned equations.

2.3 Summary:

A comprehensive mathematical model of the robot was developed. The behavior 

of the hopping robot was analyzed by integrating the ODEs given in equations (2.4), (2.9), 

(2.10) and (2.20) while considering the kinematic constraints given in equations (2.1) to

(2.3). Chapter 3 presents the simulation results of the open loop and closed loop tests 

conducted with the help of the mathematical model derived in this chapter.
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Chapter 3 

Jumping Height Control of the Hopping Robot 

This chapter illustrates the control algorithm and the simulation results of the 

open loop and closed loop control tests conducted with the help of numerical integration 

of the differential equations governing the motion of the one-legged hopping robot. The 

numerical simulation enabled us to conduct a feasibility study on the possible control 

strategies utilized for regulating the jumping height of the hopping robot. At the end of 

this chapter, a comparison of the performance of three different control strategies is 

presented. 

Based on the objectives and performance requirements recounted in Chapter 1, 

the components required for the functioning of the hopping robot were either purchased 

or designed and built in-house. The values of the constants used to model the hopping 

robot were chosen on the basis of the manufacturer's specification of those components, 

which will be described in detail in the following section. 

3.1 Mechanical/Physical Properties of the Hopping Robot 

As specified in Chapter 2, an air pogo stick has been modified to act as a 

pneumatically actuated hopping robot. Appropriate values for the constants employed in 

the mathematical model were selected so that the results of the simulation tests could be 

compared with the behavior of the real-world hopper. 

Different parameters for the hopping robot; e.g. for the mass of the leg (M/), the 

mass of the body (M2), and the stroke of the pneumatic cylinder or body (x) were derived 
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from the actual measurements of the air pogo stick. Various parameters related to the 

pneumatic control valve; e.g. for the valve coefficient (GO, the time delay in the 

actuation and the dimensions of the pneumatic hoses etc., were also adopted based on 

Norgren's Nugget 200, '/4" solenoid, pilot actuated, 3 port, 2 way on-off control valve 

[23]. 

Table 3.1 presents the values of constants used in the simulation tests, derived 

from the air pogo stick and also the research work conducted by Richer and Hurmuzulu 

[50]. These constants were later used to conduct the simulation tests. 

Table 3.1: Constants used for the numerical simulation of the system. 

Parameter Symbol Value and unit 

Body mass of the hopping robot M2 1.3 kg 
Mass of the leg of the hopper M1 1 kg 
Body length of the hopping robot Lb 0.8 m 
Circular area of the body of the hopper A 0.1963 m2
Upper area of the leg Al 0.001257 m2
Lower area of the leg A2 0.000628 m2
Length of the leg of the hopper LI, 1 m 
Supply pressure Ps 137.895 kpa 
Atmospheric pressure Pa 101.325 kpa 
On-off valve coefficient (discharge / charge constant 
of the valve) 

Cva 15 N1/2/m-s 

Compressibility of the air lc 2 N/m2
Non-dimensional, geometry dependent, discharge 
coefficient 

Cf 0.82 

Spring coefficient of the spring used to model the 
impact between the leg and body 

K, 500 N / m 

Damping coefficient of the damper used to model the 
impact between the leg and the body 

Cx 125 N-s/m 

Spring coefficient of the spring used to model the 
impact between the rubber foot and the ground 

KG 15000 N/m 

Damping coefficient of the damper used to model the 
impact between the rubber foot and the ground 

BG 125 N-s/m 

On-off valve's port area A, 0.001269 m2
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Parameters (Continued....) Symbol Value and unit 

Length of the hose supplying air to the body of the 
hopping robot 

L, 3.0 m 

Static friction force Fsf 21 N 
Dynamic friction force Fdf 10 N 

Dynamic viscosity 1-1 2.066 N-s/m2
Temperature of the air in the body of the robot T 293 K 
Ideal gas constant R 8.31 L-atm/K-mole 
Diameter of the pneumatic hose supplying air to the 
body from the pressure supply 

D 0.0032 m 

Heat transfer coefficient of air during the 
pressurization phase 04n 1.4 
Heat transfer coefficient for the depressurization 
phase atex 0.9 
General heat transfer coefficient of air a 1.2 
Specific heat ratio k 1.4 
Velocity of sound C 340 m/s 

3.1.1 Simulation Tools 

The mathematical model of the hopper, which was in the form of a system of 

ODEs, was integrated with the help of an Euler's integration method with a time step of 1 

msec resulting in the frequency of a PWM signal of 10 Hz in MATLAB (Mathworks, 

Natick, MA). Since the equations of motion of the hopping robot define a stiff problem, 

a variable order solver based on the Numerical Differential Formulas (NDFs) was then 

added to the Euler method to integrate the model with better accuracy so as to increase 

the performance and the accuracy of the simulation. 

The computer simulation enabled the analysis of the effects of various non-linear 

parameters such as friction, the delay in the actuation due to the resistance of the 

pneumatic hose, the impact between the body and the leg, the compressibility of the air, 

9 "For a stiff problem, solutions can change on a time scale that is very short compared to the interval of 
integration, but the solution of interest changes on a much longer time scale. Methods not designed for stiff 
problems are ineffective on intervals where the solution changes slowly because they use time steps small 
enough to resolve the fastest possible change." [24]. 
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Parameters (Continued....) Symbol Value and unit

Length of the hose supplying air to the body of the 
hopping robot

Li 3.0 m

Static friction force Fsf 21 N
Dynamic friction force Fdf ION
Dynamic viscosity fl 2.066 N-s/m2
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body from the pressure supply
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Heat transfer coefficient of air during the 
pressurization phase (Xin 1.4
Heat transfer coefficient for the depressurization 
phase (Xex 0.9
General heat transfer coefficient of air a 1.2
Specific heat ratio k 1.4
Velocity of sound C 340 m/s

3.1.1 Simulation Tools

The mathematical model of the hopper, which was in the form of a system of 

ODEs, was integrated with the help of an Euler's integration method with a time step of 1 

msec resulting in the frequency of a PWM signal of 10 Hz in MATLAB (Mathworks, 

Natick, MA). Since the equations of motion of the hopping robot define a stiff9 problem, 

a variable order solver based on the Numerical Differential Formulas (NDFs) was then 

added to the Euler method to integrate the model with better accuracy so as to increase 

the performance and the accuracy of the simulation.

The computer simulation enabled the analysis of the effects of various non-linear 

parameters such as friction, the delay in the actuation due to the resistance of the 

pneumatic hose, the impact between the body and the leg, the compressibility of the air,

9 "For a stiff problem, solutions can change on a time scale that is very short compared to the interval o f 
integration, but the solution of interest changes on a much longer time scale. Methods not designed for stiff 
problems are ineffective on intervals where the solution changes slowly because they use time steps small 
enough to resolve the fastest possible change." [24].
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the mass flow attenuation due to the resistance of the hose as well as the mechanical 

impact of the leg and body and leg and ground. 

Before building a control system, the controllability10 of the system was tested 

through several open loop control tests, which will be described in the following section. 

Based on those results, three different control algorithms were simulated. The simulation 

results are detailed in the Section 3.3. 

3.2 The Open Loop Test 

Initially, two open loop tests were simulated. The results of these tests are 

described in Sections 3.2.1 and 3.2.2. These tests enabled us in determining the resilience 

of the system as well as the effects of the control variables (i.e. the duty cycle of the 

PWM signal applied to the on-off control valve and the stroke at which the 

pressurization/depressurization was initiated) on the jumping height of the robot. 

3.2.1 Open Loop Test — I 

In the open loop test—I, the hopping robot was released from a certain height 

while keeping the valve closed all the time (i.e., no pressurization or depressurization). 

Before releasing the robot, the body of the hopper was assumed to have a pressure of one 

atmosphere or 101.325 kPa. The equation governing the change of the pressure inside the 

cylinder (body) was slightly modified from equations ( 2.9 ) and ( 2.10) and is described 

below. 

10 "Roughly, the concept of controllability denotes the ability to move a system around in its entire 
configuration space over finite time using only certain admissible manipulations." [25]. 
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Given that the air in the pneumatic cylinder was not exhausted to the atmosphere, 

one can apply the ideal gas law, PV = n R T, where P is the pressure inside the cylinder, V 

is the volume of air trapped inside the cylinder (body), T is the absolute temperature of 

the air and n is the number of moles" of the gas trapped inside the cylinder. By assuming 

that the temperature of the air trapped in the cylinder will remain constant, the product of 

the pressure in the cylinder (body) and the volume of the air should remain constant. 

Therefore, equation (3.1) is obtained by taking a derivative of P = nRT I V 

nRTV 

V 2 
( 3.1 ) 

Since the body is tightly sealed, the number of moles of air in the body will remain 

constant. Therefore, the rate of change of pressure can be calculated by integrating 

equation ( 3.1 ). Thus, equations ( 2.7) and ( 2.8) can be replaced by the ideal-gas law, 

namely equation ( 3.1 ). 

The open-loop test was intended to provide an approximation of the springiness of 

the system rendered by the air trapped in the body of the hopper, and to validate the 

mathematical model derived for the hopping robot. The timespan of the results described 

in the open loop test — I was for 5 sec. Figure 3.1 show the results of the test, in which the 

robot was released from two different release heights (0.3 m and 2 m). The system 

(hopper with a sealed body) behaved similarly to the bouncing of a rubber ball (i.e. the 

higher the release height, the higher the bounce and the longer the settling time). As 

expected, the increase in the release height from 0.3 m to 2 m increased the bounce of the 

H
A mole is a number, analogous to a dozen, whereas a dozen is 12 and 1 mole is equal to 6.022 x 1023. 
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hopper from 0.04 m to 0.25 m and extended the time required by the system to get to a 

state of rest from 0.8 sec to 2 sec. 
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Figure 3.1: Comparison of the bouncing of the hopper due to different release heights in 
terms of foot elevation (yo). 

Figure 3.2 shows the simulation test results of the open loop test - I. In this figure 

the foot elevation, the stroke, and the air pressure inside the hopping robot's body are 

shown. The robot was released from an initial height of 0.3 m. 
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Figure 3.2: Simulation results - Foot elevation, Stroke, and Pressure versus Time. 
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Figure 3.2 shows the simulation test results of the open loop test - 1. In this figure 

the foot elevation, the stroke, and the air pressure inside the hopping robot’s body are 

shown. The robot was released from an initial height of 0.3 m.
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It is noteworthy that continuous oscillations of the body with respect to the leg of 

the hopper can be observed in the plot presenting stroke (x) versus time and also in the 

plot showing air pressure (P) versus time. The explanation is as follows: the moment the 

hopping robot touches the ground, a sudden decrease in the actuator length x causes the 

compression of air trapped in the cylinder, which consequently results in an increase of 

pressure inside the cylinder. This is more apparent in Figure 3.2 (C) (i.e. pressure versus 

time), which indicates a spike can be observed in the time interval of 0-0.5 sec. The body 

of the hopper will continued to oscillate until the friction and energy absorbed due to the 

impact between the body-leg (FM2) and the leg-ground (FG) consumed the potential 

energy stored in the hopper due to the release from the height of 0.3m. Figure 3.2 also 

demonstrates that the system settled down within approximately four seconds. 

Results of increased friction 

Figure 3.3 shows the results of an open loop test conducted to validate the effect 

of higher friction on the behavior of the hopper. The values for static and viscous friction 

were increased relative to the previously conducted test (see Figure 3.2), so that the 

hopper was expected to have a highly damped motion (i.e., a lesser jumping height and 

shorter settling time) after touchdown due to the higher energy loss. 
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Figure 3.3: Effect of increased friction on the movement of the Hopping Robot. 

Figure 3.3 shows the results of the test over 5 seconds. As stated earlier, due to 

the higher values of friction, the body of the hopper took approximately 1 second to get 

to state of rest, whereas in the previous case (refer to Figure 3.2) it took 4.5 seconds. 

Figure 3.4 shows the variation in body elevation (y2) (see Figure 3.4 a), the impact 

force (FM2) between the leg and the bottom (lower) end of the body (see Figure 3.4 b), as 

well as the impact force (FMI) between the leg and the top (upper) end of the body (see 

Figure 3.4 c) plotted versus time. 
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Figure 3.3: Effect of increased friction on the movement of the Hopping Robot.

Figure 3.3 shows the results of the test over 5 seconds. As stated earlier, due to 

the higher values of friction, the body of the hopper took approximately 1 second to get 

to state of rest, whereas in the previous case (refer to Figure 3.2) it took 4.5 seconds.

Figure 3.4 shows the variation in body elevation (y )̂ (see Figure 3.4 a), the impact 

force (Fm2) between the leg and the bottom (lower) end of the body (see Figure 3.4 b), as 

well as the impact force (Fmi) between the leg and the top (upper) end of the body (see 

Figure 3.4 c) plotted versus time.
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Figure 3.4: Body elevation, impact force between the leg-upper body (FM2), and the leg-
lower body (FM]) versus Time. 

Highly damped oscillations are evident in the motion of the body of the hopping robot in 

Figure 3.4 (a). Figure 3.4 (c) depicts no change in the value of the impact force between 

the upper (top) end of the body and the leg (i.e. Fm), indicating that no contact between 

the top end of the body and the leg occurred during the movement of the robot. 

3.2.2 The Open Loop Test — II 

The primary objective of this test was to analyze the effects of the control variable 

(duty cycle) on the behavior of the system (i.e. the jumping height of the hopping robot) 

and to validate the mathematical model of the hopping robot. In this test, the control 
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Figure 3.4: Body elevation, impact force between the leg-upper body (Fao), and the leg-
lower body (Fmi) versus Time.

Highly damped oscillations are evident in the motion of the body of the hopping robot in 

Figure 3.4 (a). Figure 3.4 (c) depicts no change in the value of the impact force between 

the upper (top) end of the body and the leg (i.e. Fmi), indicating that no contact between 

the top end of the body and the leg occurred during the movement of the robot.

3.2.2 The Open Loop Test -  II

The primary objective of this test was to analyze the effects of the control variable 

(duty cycle) on the behavior of the system (i.e. the jumping height of the hopping robot) 

and to validate the mathematical model of the hopping robot. In this test, the control
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variable to be tested was the 'duty cycle' of the PWM signal that was applied to the on-off 

control valve. 

According to Raibert et. al., the hopping robot should be actuated as soon as the 

bottom state (see Figure 2.1 and Figure 2.2 for the explanation of the bottom state) is 

dY0 achieved, which can be detected by the change of sign of — (i.e. the velocity of the foot 
dt 

elevation) [1] [3] [6]. However, because of the resonance during the impact between the 

hopper's leg and the ground, the change of sign of 5',3 may be misleading. 

In the current hopping robot, two types of impacts are possible between the leg 

and the body as the hopper jumps. These are: (1) The impact at the bottom phase caused 

by the impact between the leg and the upper (top) end of the body, which generates the 

force FM) and (2) The impact at the lift-off phase caused by the impact between the leg 

and the lower end of the body generating the force FM2. Whenever an impact occurs, a 

significant vibration with fast dynamics (i.e. resonance) will be observed. This creates a 

continuous change in the sign of 5)1 and/or 5/ 2 which demonstrates that the sign change 

in these two variables cannot be used for controlling the pressurization phase. 

To avoid this problem and to achieve a consistent pressurization, a different 

criterion had to be employed in the simulation for pressurizing the system. The 

pressurization starts when the system achieves a certain actuator length, x, during the 

stance phase, so that the impact between the upper body and the leg (i.e. FM)) will not 

come into the picture at all. The depressurization phase will be initiated right before the 

maximum actuator length occurs; i.e. the stroke (xLb-h). 
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3.2.3 Controllability Test with Duty Cycle of the PWM Signal Adopted as the 

Control Variable 

The energy provided to the hopping robot was in the form of pressurized air 

pushing the leg against the hopping robot's body. The initialization and termination of 

hopping to maintain a constant jumping height could be accomplished by regulating the 

air pressure in the hopper's body. As soon as the energy in the system was enough to 

overcome gravity, the foot will leave the ground (Lift-off phase) and hopping begins. By 

injecting exactly the same amount of energy into the system that was lost on the impact, 

the friction and the heat loss in each cycle, one can achieve a sustainable hopping with a 

constant jumping height. By regulating the time span in which the on-off valve was open, 

it is possible to control the resultant pressure in the hopper's body. The time during which 

the on-off valve was open was regulated by directly changing the duty cycle of the Pulse 

Width Modulated (PWM) signal supplied to the valve through the computer. Figure 3.5 

shows the flow chart of the simulation algorithm. 
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According to the specifications of the selected solenoid operated on-off valve, the 

minimum signal duration applied to the coil of the solenoid in order to move the spool 

from one state to another (i.e. from either ON to OFF or OFF to ON) has to be 13 msecs. 

Therefore, the minimum duty cycle of the PWM signal applied to the on-off valve was 

13%. To assess the effects of control variables numerous simulation tests were performed. 

To show the effect of the control variable two of those test results are presented here, one 

with a 20% duty cycle and another with an 80% duty cycle. In both tests, the stroke value 

at which pressurization began was kept constant at 0.7 m. In both tests, the robot was 

released from the same initial height of 0.3 m. The results of the open loop test-II show 

the motion of the hopping robot for the first five seconds (see Figure 3.6). Results of the 

simulated open loop test - II are presented in Figure 3.6 to Figure 3.10. The pressure of 

the air supply used in the simulation tests was kept constant at 60 psi (gauge). 
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Figure 3.6: m Results of the open loop test-II. Foot elevation, (yo), stroke, (x), and 
cylinder pressure, (P) versus time with the actuator length set to 0.5 

Figure 3.6 (a)—(c) presents the variation of the foot elevation (yo), the cylinder 

stroke (x) and the cylinder pressure (P) versus time (s), respectively. In this test the 

hopping robot was released from 0.3 m. The duty cycle of the PWM signal applied to the 

valve was set at 20% (i.e. the on-off valve was ON for 20 msec within its cycle time of 

100 msec) which enabled the system to achieve a constant jumping height of 0.16 m. 

Figure 3.7(a) through (d) show body altitude (y2), impact force between the leg-lower 

body (FM2) and leg-upper body (FM]) and the PWM signal applied to the on-off valve, 

respectively. 
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Figure 3.6: m Results of the open loop test-II. Foot elevation, (y o ) , stroke, (x), and 
cylinder pressure, (P) versus time with the actuator length set to 0.5

Figure 3.6 (a)-(c) presents the variation of the foot elevation (y o ) , the cylinder 

stroke (x) and the cylinder pressure (P) versus time (s'), respectively. In this test the 

hopping robot was released from 0.3 m. The duty cycle of the PWM signal applied to the 

valve was set at 20% (i.e. the on-off valve was ON for 20 msec within its cycle time of 

100 msec) which enabled the system to achieve a constant jumping height of 0.16 m. 

Figure 3.7(a) through (d) show body altitude (y2)? impact force between the leg-lower 

body (F M2) and leg-upper body {Fmi) and the PWM signal applied to the on-off valve, 

respectively.
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Figure 3.7: Results of the open loop test-II. Body altitude, y2 (m),stroke, x (m), impact 
force (N), FMI (N), and PWM signal (V) versus Time. 

For the system to work smoothly, it was expected that the impact force between 

the upper part of the body and the leg (FMI) should not occur during the hopper's motion. 

It should be noted that without the impact force between the lower part of the body and 

the leg (FM2) the robot would not be able to jump. This impact force launches the robot 

into the air, and therefore plays an important role in controlling the jumping height of the 

robot. 

A more detailed picture of a full cycle of the PWM signal applied to the control 

valve is presented in Figure 3.8, which shows the graph of the output voltage (0 to 1 
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For the system to work smoothly, it was expected that the impact force between 

the upper part of the body and the leg (Fmi) should not occur during the hopper's motion. 

It should be noted that without the impact force between the lower part of the body and 

the leg (Fm2) the robot would not be able to jump. This impact force launches the robot 

into the air, and therefore plays an important role in controlling the jumping height of the 

robot.

A more detailed picture of a full cycle of the PWM signal applied to the control 

valve is presented in Figure 3.8, which shows the graph of the output voltage (0 to 1
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volts) versus time. As can be seen from Figure 3.8, the signal was On' for 20 msec, 

resulting in the valve being 'Off for 80 milliseconds. 
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Figure 3.8: Voltage in PWM signal applied to the on-off control valve. 

In another test, the duty cycle was increased from 20% to 80% while keeping 'the 

stroke at which the pressurization starts' and the release height at constant at 0.7 m and 

0.3 m, respectively. Figure 3.9 and Figure 3.10 show the simulation results. With the 

increase in the value of the duty cycle, the hopping robot was expected to jump higher. 

This is demonstrated in Figure 3.9(a). The jumping height achieved by the hopper was 

increased by approximately 30%. 
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In another test, the duty cycle was increased from 20% to 80% while keeping 'the 

stroke at which the pressurization starts' and the release height at constant at 0.7 m and

0.3 m, respectively. Figure 3.9 and Figure 3.10 show the simulation results. With the 

increase in the value of the duty cycle, the hopping robot was expected to jump higher. 

This is demonstrated in Figure 3.9(a). The jumping height achieved by the hopper was 

increased by approximately 30%.
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In summary, after comparing the simulation results presented in Figure 3.6 to 

Figure 3.9 it can be concluded that when the duty cycle was increased by 60% (i.e. from 

20% to 80%) the jumping height increased by 30%. 

3.2.4 Controllability Test with the Stroke Adopted as the Control Variable 

Another way of controlling the energy provided to the robot is by regulating the 

stroke value at which the pressurization and depressurization are initiated. As stated 

earlier, whenever an impact occurs, significant vibration with fast dynamics (i.e. a 

resonance) will be introduced into the system (see Figure 3.11). This causes a continuous 

change in the sign of 5,i and/or 5;2 which prohibits using the sign change to control the 

pressurization phase. Alternatively, the pressurization phase can be initialized at any 

value of the stroke (Lb-h x 0) after touch-down occurs. In other words, the desired 

bottom state can be achieved anywhere between the minimum and maximum value of the 

body elevation (i.e. yi +xmax > Y2 ?-Y1+Xmin). This way the energy provided to the robot can 

be controlled actively to regulate the maximum jumping height. 
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Figure 3.11: Resonance in the stroke during the impact between the leg and the lower 
end of the body. 

To validate this hypothesis an open loop control test was simulated and the results 

of this test are presented in Figure 3.12. In this test, the actuator length (i.e. the stroke x) 

at which the pressurization was initiated was changed from 0.7 m to 0.3 m while keeping 

the duty cycle and the supply pressure constant at 80% and 60 psi, respectively. Hence, in 

this test the hopper was provided with an increased actuation time, which should result in 

a higher jumping height compared to that jumping height achieved by the robot in 

previously conducted tests. 
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To validate this hypothesis an open loop control test was simulated and the results 

of this test are presented in Figure 3.12. In this test, the actuator length (i.e. the stroke x) 

at which the pressurization was initiated was changed from 0.7 m to 0.3 m while keeping 

the duty cycle and the supply pressure constant at 80% and 60 psi, respectively. Hence, in 

this test the hopper was provided with an increased actuation time, which should result in 

a higher jumping height compared to that jumping height achieved by the robot in 

previously conducted tests.
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Figure 3.12: Results of the open-loop test when the hopper was released from 0.3m and 
with an 80% duty cycle. The stroke at which pressurization began was changed from 

0.7m to 0.3 m. 

Figure 3.12 demonstrates that the hopper achieved a constant jumping height of 0.65 m 

compared to the height of 0.2m in the previous case. Therefore, the jumping height of the 

robot increased by almost 200% due to the 57% change in stroke. It can be concluded 

from these results that the jumping height achieved by the hopping robot is inversely 

proportional to the applied actuator length at which the pressurization phase starts. 

Based on the results obtained through the open loop tests — I and II, a control 

methodology was selected to regulate the jumping height of the robot. The behavior of 

the robot in the presence of feedback is presented in the next section. 
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Figure 3.12: Results of the open-loop test when the hopper was released from 0.3m and 
with an 80% duty cycle. The stroke at which pressurization began was changed from

0.7m to 0.3 m.

Figure 3.12 demonstrates that the hopper achieved a constant jumping height of 0.65 m 

compared to the height of 0.2m in the previous case. Therefore, the jumping height of the 

robot increased by almost 200% due to the 57% change in stroke. It can be concluded 

from these results that the jumping height achieved by the hopping robot is inversely 

proportional to the applied actuator length at which the pressurization phase starts.

Based on the results obtained through the open loop tests -  I and II, a control 

methodology was selected to regulate the jumping height of the robot. The behavior of 

the robot in the presence of feedback is presented in the next section.
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3.3 Closed Loop Control Test 

Closed loop control occurs in response to feedback; i.e., by measuring the degree 

to which the actual system response conforms to the desired response and utilizing the 

difference between those two (i.e. the error) to drive the system to conformance [26]. 

A controller was designed to achieve a user-defined jumping height in the shortest 

possible time, and to maintain that height throughout repetitive cycles of motion. The 

control variable was the duty cycle of the PWM signal applied to the control valve. To 

make sure that the controller would generate an output within the range of 0% to 100%, 

the limit for the duty cycle, dc, was set as follows: 

dc= 

dcmax if dc ?..dcmax

dc if dcmm < dc < dcmax

dcmin if dc 5 dcmin

( 3.2 ) 

We selected, a proportional (P) controller because of its simplicity. The controller 

accepts the error (i.e. the difference between the desired jumping height Hd, and the 

jumping height achieved by the hopper during each hop Ii) as the input and calculates the 

duty cycle (dc) as the control signal. The governing equation of the 'P' controller is as 

follows: 

dc,,i = dc + 1(),(H d ( 3.3 ) 

where i is an index which represents the number of hops and Kp is the gain of the 

proportional controller. Figure 3.13 shows the results after applying a P controller to the 

plant. Simulation results show the response of the system for the first 30 seconds. Figure 

3.13 (a) to (d) shows the body elevation (yo), foot elevation (y2), stroke (x) and body 
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pressure (P) plotted versus time. The hopper was released from an initial height of 5 cm 

and the desired jumping height was set at 0.25 m. 
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Figure 3.13: Results of jumping height control using a Proportional controller. 

It can be observed that the controller achieved the desired jumping height within 7 

hops, which corresponded to a time of 8 seconds. With the P controller, continuous 

oscillations were observed in the reference variable, H. To remove the oscillations and to 

improve the response time, Integral (I) and Derivative (D) actions were added to the P 

controller. The governing equation for the PID controller is: 

de = dc + K p(H d i ) + KD — I 1_2 )+ (Hd—H,) 
j=1 

( 3.4 ) 

where KD and IC1 are the gains of the derivative and integral controller, respectively. To 

tune the gains of the PID controller, a Ziegler-Nichols step response method was utilized 
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It can be observed that the controller achieved the desired jumping height within 7 

hops, which corresponded to a time of 8 seconds. With the P controller, continuous 

oscillations were observed in the reference variable, //.T o  remove the oscillations and to 

improve the response time, Integral (I) and Derivative (D) actions were added to the P 

controller. The governing equation for the PID controller is:

dci+l = dc, + K p( Hd - H i) + K d ( / /m - H,_2) + * , £ ( / / „ - H j ) (3 .4 )
7=1

where Kd and Kj are the gains of the derivative and integral controller, respectively. To 

tune the gains of the PID controller, a Ziegler-Nichols step response method was utilized
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as a guideline (see Appendix D) [27]. Due to the addition of the Integral action (to 

eliminate the steady state error) an undesired side effect known as Integrator Windup can 

occur when the set points are changed with large values. A detailed discussion on the 

anti-windup strategies can be found in [28]. 

A conditional integrator method was employed in which the integration was 

switched on or off depending on certain conditions. Figure 3.14 shows the results when 

the PID controller with an anti windup strategy was applied. It can be observed that the 

time taken by the controller to achieve the desired height was approximately 5-6 seconds 

and the desired height was achieved within 5 hops with a zero steady state error. 
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Although improvement in the performance of the controller was demonstrated by the 

decrease in the settling time from 8 to approximately 5-6 seconds, there was still room for 
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further improvements in performance. An inverse dynamics based approach was 

subsequently considered to improve the settling time, which will is explained in the 

following section. 

3.3.1 Inverse Dynamics (ID) Based PID Controller 

Inverse Dynamics (ID) is the process of determining the kinetics responsible for a 

motion from the kinematics of the motion itself [29]. Kinetics in the context of our 

hopping robot is the actuation force generated by the supply pressure and kinematics is 

the jumping height achieved by the robot. Cherouvim et. al. adopted an inverse dynamics 

controller to regulate the position of the leg with respect to the body of a two-degree of 

freedom hopping robot and to confine the pitching motion of the body so that the body 

would follow a desired pitching trajectory [30]. Altendorfer et. al. also considered an 

inverse dynamics controller for generating better trajectories for the SLIP model used for 

calculation of the dynamics of a hexapod robot [31]. In this study, an ID approach was 

adopted to determine the duty cycle necessary so that the hopper would achieve the user 

specified jumping height in the shortest possible time. 

The proposed strategy for ID-based PID control of the hopping robot was as 

follows: First, the duty cycle required to achieve a certain desired jumping height was 

determined through exhaustive offline simulations. Next a pool of data, (i.e., the duty 

cycles of the PWM signal required to achieve different desired jumping heights) was 

generated. Then the duty cycle required to achieve a certain desired jumping height 

(defined by the user) was selected from the pool of data and applied to the hopper at the 

beginning of the test. As soon as the robot achieved the user-defined jumping height, the 
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PID controller took over the control of the system. The advantage of using this approach 

is that the ID-based controller strives to move the system's state close to the user-defined 

set point based on apriori knowledge obtained through the pool of data (i.e. through the 

offline simulation). The PID controller then regulates the system's state when it is close 

enough to the user-defined set point. This results in a reduction of the efforts of the 

controller as well as improvements in the settling time and overshoot. 

Mathematically speaking the PID controller takes over the regulation of the 

system's state only when it occurs within a region around the desired state. This region 

(or band) can be mathematically represented by: H d (1' — ) H 5_ H d (1 + where is 

a user-defined constant that defines the limit of the band/region. Figure 3.15 shows the 

limiting region schematically. 

Hd 

time 

Hd(1+4) 

Hd(1-) 

Figure 3.15: Desired maximum jumping height (Hd) versus time. 

Figure 3.16 shows the results when the ID-based PID controller was applied to 

regulate the jumping height of the hopping robot. The ID-based controller achieved the 

desired jumping height at the 3 rd hop, which corresponds to 3 seconds of jumping and 

maintained it at a constant level with a zero steady state error. 
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Figure 3.16 shows the results when the ID-based PID controller was applied to 

regulate the jumping height of the hopping robot. The ID-based controller achieved the 

desired jumping height at the 3rd hop, which corresponds to 3 seconds of jumping and 

maintained it at a constant level with a zero steady state error.
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Figure 3.16: Results of the ID-based PID controller applied to the Hopping Robot. 

3.4 Summary 

The simulation tests allowed us to determine the significant control variables 

required to regulate the jumping height of the hopper. Candidates were the duty cycle of 

the PWM pulse supplied to the On-Off control valve and the stroke at which the 

pressurization began. The results demonstrated that the change in jumping height of the 

hopper, that occurred as a result of the variation the stroke at which pressurization began, 

was more effective at changing the jumping height than the method which varied the duty 

cycle of the PWM signal. Three different controllers were applied to the system and it 

was observed from the simulation results that the ID-based PID controller outperformed 

the P and PID controllers. 
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The simulation tests allowed us to determine the significant control variables 

required to regulate the jumping height of the hopper. Candidates were the duty cycle of 

the PWM pulse supplied to the On-Off control valve and the stroke at which the 

pressurization began. The results demonstrated that the change in jumping height of the 
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Chapter 4 

Experimental Hopping Robot 

The experimental set up and the implementation of the proposed control strategy 

on a real system are addressed in this chapter. Sections 4.1 and 4.2 enlist different 

mechanical and electronics hardware components employed during the experimentations. 

Section 4.2.1 and 4.2.2 describe the preconditioning required for the electronic 

components. Section 4.3 explains the structure of the real time kernel used for the real 

time control of the system. 

4.1 Mechanical Hardware 

This section describes the mechanical hardware used in the experimental set up. A 

list of the mechanical components is given in Table 4.1. 

Table 4.1: List of Mechanical Components. 

Components Description 

On-Off Control valve Norgren Nugget 200, '/4" solenoid, pilot actuated, 3/2 port valve 
Floor compressor with 
the air hoses 

IPT floor air compressor (0-140 psi) with 1/4" air hoses 

Pogo-stick Pneumatic pogo-stick with an added rubber foot (as a 
compliance) 

Support Wooden support with a linear steel track, steel mount plate and 
a reflector plate (one can refer to Figure 4.1) 

Brackets, Angles, 
Fasteners and an 
aluminum channel 

Used for fabrication of the support 

The hopping robot considered in this thesis constitutes a 1—DOF hopping 

machine. The hopper jumps vertically in place, therefore its motion is constrained to one 
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dimension only. Figure 4.1 shows the first version of the support structure and the 

hopping robot with its body and leg held in place by a wooden boom, which was pivoted 

around an aluminum shaft held in place by a pair of metal bearings. The metal bearings 

were fixed on the stand. Wood was selected for the fabrication of the support boom and 

the stand due to its strength to weight ratio. 

Servo 
Amplifier 

Power 
Supply 

En cod 

On-off 
Valve 

Computer with 
PCI-6036 card 

Air 
Compressor 

,Hopper 

Figure 4.1: The first version of the support structure for the Hopping Robot. 

Through some preliminary experimentation with this design, it was realized that 

the long beam would not generate a smooth and reliable jump. Therefore, a modified 

version of the support with a track was built in-house. The hopping robot was able to 

slide along the track with the help of a linear bearing. Figure 4.2 shows the exploded 

view of the modified support structure along with the hopping robot. The leg and the 

body are not shown as assembly in the figure. In the new design of the support, a steel 

linear guide was fitted on the support structure. The body of the hopping robot was fitted 

on a mount plate to avail vertical motion. 
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Figure 4.2: Exploded view of the modified design of the support structure and the 
Hopping Robot. 
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The air was supplied to the hopper from a floor compressor (0-120 psi) via a 3/2 port on-

off control valve adopted for regulating the pressure supplied to the hopper with the help 

of 1/4" lightweight air hoses. 

4.2 Electronics Hardware 

This section explains the electronic components used for the development of the 

control system. Table 4.2 presents those components. 

Table 4.2: List of the electronic components. 

Components Description 

Data Acquisition board 
(DAQ) 

National Instruments PCI — 6036 E series data acquisition 
card with BNC 2110 connector 

PC Intel-Pentium 4 — 2.66 GHz- 768 MB RAM 
Infra-red Sensor (IRS) Sharp GP2D02 IR Ranger 
Electro-magnetic Sensor 
(EMS) 

Polhemus FASTRACK system 

Force Plate Sensor (FP) Force plate sensor (AMTI, watertown, MA) 
Encoder USDigital Linear optical transmissive encoder with 120 CPI 

(counts per inch) 
Power Supply and 
amplifier 

Advanced Motion Power supply 0-24 V DC with a brush type 
PWM servo- amplifier 

Cables and connectors 

Figure 4.3 shows the wiring diagram between sensors and the National Instruments PCI-

6036 E series DAQ terminal board. Four sensors specified in Table 4.2 were used in the 

experiments as follows: 

1. An optical encoder in conjunction with a linear strip attached to a mechanical 

fixture was used for the measurement of the stroke 'x' (i.e. relative displacement 

between the leg and the body of the hopper). In order to convert the stroke from 

counts generated by the linear encoder into meter the following formula was used: 

2 
stroke(m)=

.5 counts
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Figure 4.3: 68 Pin configuration of the DAQ board in conjunction with the sensors for 
state measurement of the Hopping Robot. 
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2. An infra-red sensor (IRS) was used to measure the elevation of the hopping robot's 

body (i.e. y2), which outputs an analog voltage proportional to the distance between 

the sensor and the reflecting surface. 

3. A force plate 12 (FP) was used to measure the force generated by the impact of the 

hopping robot's foot on the ground. 

4. An electro-magnetic sensor13 was used for the calibration of the IRS. 

The DAQ card has onboard counter timers, analog and digital I/O channels, which 

allows communication among various physical devices and the PC microprocessor with 

the help of built-in digital to analog converters (DAC) and Analog to Digital Converters 

(ADC). The analog PWM signal required for the control of the on-off valve was 

generated by the analog output channel on the NI-DAQ card installed in the PC. The 

sensors and valve were connected to the DAQ terminal board via a BNC 2110 connector 

to shield unwanted noise. The digital encoder used in the experiments outputs a counts 

(clicks) proportional to the distance traveled by the linear strip. The encoder clicks were 

counted using the counter-timer provided by the DAQ board. 

The IRS produces an analog voltage corresponding to the distance between the 

IRS and the reflector plate on the support. The FP generates an analog voltage 

proportional to the force applied by the robot's foot on the FP during the impact. Both 

sensor readings were taken by connecting them to the analog input channels as shown in 

Figure 4.3. Initial experimentation with the IRS and the FP showed the presence of high 

frequency noise in the output signal. Consequently, a filter was required to reduce the 

noise in the sensor's readings. 

12 Biomechanics Force Platform, Advanced Mechanical Technology, Inc., Newton, MA. 
13 Polhemus Sensors 

-65 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

2. An infra-red sensor (IRS) was used to measure the elevation of the hopping robot's 

body (i.e. yi), which outputs an analog voltage proportional to the distance between 

the sensor and the reflecting surface.

3. A force plate 12 (FP) was used to measure the force generated by the impact of the 

hopping robot's foot on the ground.

4. An electro-magnetic sensor13 was used for the calibration of the IRS.

The DAQ card has onboard counter timers, analog and digital I/O channels, which 

allows communication among various physical devices and the PC microprocessor with 

the help of built-in digital to analog converters (DAC) and Analog to Digital Converters 

(ADC). The analog PWM signal required for the control of the on-off valve was 

generated by the analog output channel on the NI-DAQ card installed in the PC. The 

sensors and valve were connected to the DAQ terminal board via a BNC 2110 connector 

to shield unwanted noise. The digital encoder used in the experiments outputs a counts 

(clicks) proportional to the distance traveled by the linear strip. The encoder clicks were 

counted using the counter-timer provided by the DAQ board.

The IRS produces an analog voltage corresponding to the distance between the 

IRS and the reflector plate on the support. The FP generates an analog voltage 

proportional to the force applied by the robot's foot on the FP during the impact. Both 

sensor readings were taken by connecting them to the analog input channels as shown in 

Figure 4.3. Initial experimentation with the IRS and the FP showed the presence of high 

frequency noise in the output signal. Consequently, a filter was required to reduce the 

noise in the sensor’s readings.

12 Biomechanics Force Platform, Advanced Mechanical Technology, Inc., Newton, MA.
13 Polhemus Sensors

-65 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.1 Design of the Digital Filter 

In order to design a control system to regulate the jumping height of the hopper, it 

was necessary to calculate the peaks of the analog voltage signal generated by the IRS 

(which corresponds to the maximum jumping height achieved by the hopper at each 

jumping cycle) as the reference variable of the controller. The sensory information 

provided by the IRS and FP was, however, too noisy which resulted in a 

misrepresentation of the peaks of the robot's jumping heights. Therefore a filter was 

necessary to obtain a 'clean' signal from the IRS and FP readings. 

In general, every signal can be modeled as a linear summation of a large number 

of sine and cosine waves with various frequencies. Mainly two different types of filters, 

namely analog and digital are used. There are certain advantages of a digital filter over 

the analog filter, some of which are described below. 

1. A digital filter is programmable, whereas an analog filter can only be 

modified/changed by redesigning the filter circuit. 

2. Digital filters can be easily designed, tested and implemented on a general-

purpose computer or workstation or a special purpose dedicated hardware with a 

digital signal processor. 

3. The characteristics of analog filter configuration (particularly those containing 

active components) can be affected by physical conditions like temperature, 

magnetic field and drift. Digital filters do not suffer from these problems, thus 

they are extremely stable with respect to time and temperature. 

4. Unlike their analog counterparts, digital filters can handle low frequency signals 

with high accuracy. 
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5. Digital filters are more versatile in their ability to process signals in a variety of 

ways. This includes the ability of some types of digital filters to adapt to changes 

in the characteristics of the signal. 

Based on the above reasons, we decided to use a digital filter. A digital filter is a digital 

signal processor, which removes the unwanted parts of the signal by attenuating the 

unwanted frequency components. 

The design procedure was as follows: First the power spectral density (PSD)14 of 

the signal of interest was calculated. Then based on the frequency response of the system 

a sampling frequency of 1 msec and a cutoff frequency of 6-8 Hz was selected. For 

further detailed explanation of the procedure one can refer to Appendix D. Figure 4.4 

shows the unfiltered and filtered signals generated by the FP and the IRS. The transfer 

function of the low pass filter adopted in this thesis was as follows: 

H(S) = 1 (4.2) 
(0.02 s +1)(0.02 s + 1) 

It is noteworthy that the filter generated time lag in the system. However, the 2nd order 

filter design introduced insignificant time lag in both the IRS and FP readings. 

14 Amount of power per unit (density) of frequency (spectral) as a function of the frequency. 
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Figure 4.4: Unfiltered and Filtered analog signals generated by the IRS and FP. 

4.2.2 Calibration of the Force Plate and the Infra-Red Sensors 

10 

In order to make the sensor output (i.e. analog voltage) more quantifiable (or user-

friendly), the output voltage was calibrated to distance (for IRS) and force (for FP). 

Figure 4.5 and Figure 4.6 show the calibration graphs for the IR and FP sensors, 

respectively. After several trials, a 3rd order polynomial (shown by the blue dotted line) 

was selected to find a curve that fits to the measured data (shown by the red line). The 

coefficients of the 3 rd order polynomial were used later in the controller software to 

calculate the distance with the help of the IRS (see Figure 4.5) and the force with the help 

of the FP (see Figure 4.6). 
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4.2.2 Calibration of the Force Plate and the Infra-Red Sensors

In order to make the sensor output (i.e. analog voltage) more quantifiable (or user- 

friendly), the output voltage was calibrated to distance (for IRS) and force (for FP). 

Figure 4.5 and Figure 4.6 show the calibration graphs for the IR and FP sensors, 

respectively. After several trials, a 3rd order polynomial (shown by the blue dotted line) 

was selected to find a curve that fits to the measured data (shown by the red line). The 

coefficients of the 3rd order polynomial were used later in the controller software to 

calculate the distance with the help of the IRS (see Figure 4.5) and the force with the help 

of the FP (see Figure 4.6).
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4.3 Design of the Controller Software 

The hopping robot is considered as a discrete system, where one cycle of motion 

is regarded as one sampling interval. Since the jumping height achieved by the robot is 

controlled by regulating the pressurization/depressurization operations with respect to the 

stroke (x) measured by the encoder, the necessity of calculating and updating the stroke 

value during the flight stage specifies the structure of the controller to be discrete. 

4.3.1 Need for a Real-Time Control System 

A real-time solution was needed for the applications that must deterministically 

perform a critical task in software without interruption or interference from other non-

critical tasks [32-33]. A real time system can be categorized as either soft or hard [33]. A 

distinction can be made between systems which will suffer a critical failure if time 

constraints are violated (described as hard or immediate real-time systems; for e.g., an 

aircraft navigation system), and those which will not (referred to as soft real-time). Hard 

real-time systems are typically found interacting at a low level with the physical 

hardware, as in embedded systems. For example, an aircraft control system design is a 

hard real-time problem because a delayed signal may cause instability in motion and lead 

to failure or damage. Other examples of hard real-time embedded systems include 

medical systems such as heart pacemakers and industrial process controllers [33]. 

Soft real-time systems on the contrary are typically those that are employed where 

there is some issue of concurrent access and the need to keep a number of connected 

systems up to date with changing situations. An example would be the software that 

maintains and updates the flight plans for commercial airliners where they can operate 
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with a latency of several seconds. It would not be possible to offer modern commercial 

air travel if these computations could not be reliably performed in real time [33]. Live 

audio-video systems are also usually categorized as soft real-time systems; where 

violation of constraints results in degraded quality, but still the system can continue to 

operate. 

Based on these definitions the structure of the controller to regulate the jumping 

height of our hopping robot can be categorized as a hard real-time system. For running a 

real-time system, an operating system (OS) or a real-time programme is needed. The OS 

or real-time programme guarantees that the time-critical tasks are precisely executed on a 

specified time schedule [34]. The Kernel is the smallest part of the operating system 

which provides the following three basic functionalities [33]: 

1. Scheduling: The operating system has to determine which task15 will run next in a 

multitasking system. 

2. Dispatching: The OS has to perform the necessary bookkeeping to start that task. 

3. Intertask Communication and Synchronization: The OS has to ensure that the 

processes/tasks will cooperate. 

Figure 4.7 shows the various components of an OS and their roles in an operating system. 

Moving up from the low level nanokernel to the full-featured OS shows the additional 

functionality provided and also indicates the relative closeness to hardware versus human 

users [33]. 

15 Task is an abstraction of a running program and is the logical unit of work scheduled by the operating 
system, also called the process. 
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Figure 4.7: The role of the kernel in an operating system. 

A nanokernel is used to provide simple thread16 management and is generally 

used for providing one of the three services provided by the kernel [33]. A microkernel 

can provide the services of task scheduling and thread management. A kernel can provide 

the above stated two services in addition to intertask communication and synchronization. 

Most of the commercial real-time kernels (RTKs) are executive which support almost all 

the functionalities depicted in Figure 4.7. There are commercial OSs available in the 

market; e.g. QNX Neutrino and WindRiver System's VxWorks are prominent among 

them. In freely available real-time operating systems, RTLinux by FSMLabs and eCos 

are prominent. 

Real-time behavior can be also attained without a RTIQfull fledged OS; (with the 

help of pseudokernels). A pseudokernel is a program/piece of software which satisfies the 

16 A thread is an abstraction of a lightweight (i.e. in terms of acquired memory, processor cycles consumed 
etc.) process. 
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real-time requirements of an application by providing the services generally provided by 

the RTOS/RTK. The application of pseudokernels for the execution of real-time systems 

results in systems that are easy to build and simpler to analyze which drastically reduces 

the application development time. There are several ways of implementing pseudokernels 

[33]. 

Polled Synchronized Cyclic State Driven 
Loop Polled Loop Executive Executive Code 

Coroutines 

Figure 4.8: Various ways of implementing the structure of a Pseudokernel. 

1. Polled Loop: In this method continuous polling is done for a user specified time to 

verify if any event (i.e. mechanical or software) has occurred. Generally, to detect the 

occurrence of an event, a boolean flag is used. 

2. Synchronized Polled Loop: In this method the continuous polling loop is added with a 

fixed user-defined clock interrupt which permits the system to get into a temporarily 

suspended state, so that any mechanical or electrical events are recognized with more 

reliability than the polled loop method. 

3. Cyclic Executives: In this method the tasks (or processes) are divided into 

subroutines. These subroutines are invoked in a main loop. Generally, a fast 

microprocessor is required in these kind of system, which enables fast response to 

short processes creating a pseudo-real time system. The intertask communication can 

-73 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

real-time requirements of an application by providing the services generally provided by 

the RTOS/RTK. The application of pseudokemels for the execution of real-time systems 

results in systems that are easy to build and simpler to analyze which drastically reduces 

the application development time. There are several ways of implementing pseudokemels 

[33].

Pseudokemels I

Polled 1 Synchronized | Cyclic I State Driven I
Loop P Polled Loop P Executive 1 Code P

Coroutines

Figure 4.8: Various ways of implementing the structure of a Pseudokemel.

1. Polled Loop: In this method continuous polling is done for a user specified time to 

verify if any event (i.e. mechanical or software) has occurred. Generally, to detect the 

occurrence of an event, a boolean flag is used.

2. Synchronized Polled Loop: In this method the continuous polling loop is added with a 

fixed user-defined clock interrupt which permits the system to get into a temporarily 

suspended state, so that any mechanical or electrical events are recognized with more 

reliability than the polled loop method.

3. Cyclic Executives: In this method the tasks (or processes) are divided into

subroutines. These subroutines are invoked in a main loop. Generally, a fast

microprocessor is required in these kind of system, which enables fast response to 

short processes creating a pseudo-real time system. The intertask communication can

-73

with permission of the copyright owner. Further reproduction prohibited without permission.



be achieved either by return values of the subroutines or by manipulating the global 

variables. 

4. State Driven: This method uses conditional statements (i.e. if-then, case, switch or 

finite state automata) in addition to the continuous polling loop. The intertask 

communication is achieved in the same way, as described in the cyclic executives. 

5. Coroutines: In this system, contrary to prior methods a central dispatcher (CD)17 is 

used. The application code is generally written similar to the state driven method. The 

CD keeps track of all the processes with the help of a program counter. The processes 

coded with the state driven method, gets called by the CD one after another. It is 

relatively easy to develop a real-time system with the help of languages like C, C++, 

Ada, etc. 

The Real-Time Windows Target (RTWT) toolbox from MathWorks was used in our 

system, which is an excellent example of a coroutines implemented system. RTWT is not 

a stand-alone product. It has to be used in conjunction with the MATLAB-SIMULINK, 

Real-Time Workshop (RTW) and Open Watcom C/C++ compiler. 

4.3.2 Real Time Windows Target 

The RTWT is a PC solution for the prototyping and testing of real-time systems. 

It was selected for the real-time execution of the controller software. RTWT has a CD 

that treats the real-time application similar to the way described in the state driven 

coroutines. 

17 A routine that manages the order in which various processes in a real time application get access to the 
microprocessor to get served. 
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Figure 4.9 shows the software configuration adopted by the RTWT. It also shows 

the communication among the RTWT kernel, windows kernel, and the DAQ. 

Software 

Windows 
Kernel 

Controller 

RTWT Kernel 

Figure 4.9: Software configuration in regard to the controller application in conjunction 
with the RTWT kernel, Windows Kernel and DAQ. 

All generated interrupts were passed to the RTWT kernel (since it is running at ring 018) 

and the interrupts relevant to the Windows kernel were passed to windows via the RTWT 

allowing the execution of the host OS (i.e. Windows) and providing the highest priority 

(ring 0) services to the controller application. The sensor data digitized by the DAQ 

board was transferred to a First In First Out (FIFO) buffer, and when the FIFO buffer was 

full, it was transmitted to the system's Random Access Memory (RAM). At a certain 

time interval the RTWT kernel reads the data in the RAM and transfers that to the 

system's hard drive. 

The execution procedure of the controller software with the help of a RTWT is as 

follows: 

18 There are four ring levels or privileged modes that define the priority of allocation of the resources (i.e. 
microprocessor) to the processes requesting access to [35]. 
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1. The system logic is implemented with the help of MATLAB-SIMULINK and 

then an appropriate Target Language Compiler (TLC) file was selected intended 

for the specific RTOS or pseudokernel. 

2. The built SIMULINK model was converted to an executable with the help of the 

RTW and Open Watcom C/C++ compiler. 

3. The RTWT is first loaded and then the executable gets downloaded in the host's 

memory. 

The controller software for the hopping robot was designed and executed in real-

time by following the above stated procedure. The control algorithm was coded with the 

help of a facility provided by SIMULINK; i.e. S-functions written in 'C'. The 

communication between various initialization, termination and main routines was 

achieved with the help of global variables. The ODE3 (Bogacki-Shanpine) integration 

method was used for integrating the discrete states of the SIMULINK model [36]. Since 

the host and the target hardware were the same, it removed the necessity of having 

additional target hardware and saved the boot time of the RTOS on the target hardware. 

4.4 Summary 

This chapter described the experimental set up for the hopping robot from the 

necessary hardware and software. The chapter explained how the design of the hopping 

robot evolved from the support boom to the support with a linear track. It also explained 

the mechanical, electronics and software components used in the experiments. The rest of 

the chapter focused on the need of the RTOS and the usage of the pseudokernels for the 

execution of the hopping robot's control software. 
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Chapter 5 

Control of the Hopping Robot 

This chapter addresses the experimental results of the control of a one-legged 

hopping robot. Section 5.1 explains the control structure implemented to regulate the 

jumping height of the real hopper. The control structure is explained in the context of P 

and PD controllers. A comparison of performance of the PD with respect to the P 

controller is also presented in this section. Section 5.2 explains the proposed ID based 

neural network control strategy along with the open and closed loop test results. This 

section also explains the proposed hybrid Neuro-PD controller. 

5.1 Control Structure 

Figure 5.1 shows the schematic of the control system used for the regulation of 

the jumping height of the hopping robot. 

Hopping Robot 

-1- Actuator Process 

Max 
Jumping 
Height 

L 
Controller 

Sensors 
Physical System 

Figure 5.1: Schematic of the control system used for the hopper. 
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As described in Chapter 3, the error input to the controller was calculated as: 

E, =Hd — H, (5.1) 

where E, is the error between the desired maximum jumping height, Hd, and the 

maximum jumping height at the i t" hop, H,. In our hopping robot, there were two control 

variables; i.e. the stroke of the leg's movement (denoted by x) and the duty cycle of the 

PWM signal applied to the on-off control valve (i.e. dc). 

While conducting the open loop simulation tests with the help of the mathematical 

model, it was noticed that the jumping height of the hopping robot was not only 

dependent on the duty cycle, but also on the stroke at which the pressurization phase 

began. To verify if there was any noticeable variation in the maximum jumping height in 

the real system due to the change in the duty cycle of the PWM signal, the on-off control 

valve was supplied with a PWM signal with a varying duty cycle and different values of 

the constant supply pressure ranging from 0 to 90 psi. Although the supply pressure 

available from the IPT floor compressor was 0-120 psi, due to limitations of mechanical 

structure, the pressure was limited to 90 psi. During the test for the above stated pressure 

range, although the hopper was able to jump, the change in the maximum jumping height 

achieved at each cycle caused by change in the duty cycle of the PWM signal to valve 

was not significant. Therefore, the other control variable, stroke at which the 

pressurization phase starts, was chosen the control variable for the experimental hopping 

robot. 

An experiment was conducted in which the body of the real-world hopping robot 

was pressurized with constant supply pressures of 70 psi and 80 psi with a set of 

randomly selected values of the stroke within its permissible range. The test results 
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demonstrated the change in the maximum jumping height achieved by the hopping robot 

due to change in the stroke at which the system gets pressurized. Therefore, a control 

system was built using the stroke V as the control variable rather than the duty cycle. In 

order to circumscribe the output of the controller in the range of maximum and minimum 

values of the physical stroke limits were set as follows: 

xmax `J x > xmax 
x= x if xmin <x<x. 

x min if x <xmin

( 5.2 ) 

Initially, only a Proportional-only (P) controller was applied to the system. The 

control variable 'x', which indicates the stroke at which the pressurization starts, was 

calculated as follows: 

xi+1 =x i —Kp (Hd H i ) ( 5.3 ) 

Figure 5.2(a)-(c) shows the results of applying the P-only controller for the regulation of 

the jumping height of the real—world hopping robot. Figure 5.2(a) shows the variation of 

the body altitude (y2), Figure 5.2(b) shows the stroke (x), and Figure 5.2(c) shows the 

ground force (FG) versus time. It can be observed from the figures that the user-specified 

desired jumping height set at 0.77 m was achieved by the P-only controller within 4 hops. 

It can also be observed that the controller was able to achieve sustainable hopping while 

maintaining the user-defined maximum jumping height for a time span of 20 secs. 

In order to improve the controller performance a derivative part was then added 

resulting in a PD controller where: 

= x Kp HI )+1CD(Hi_i — 1_2 ) ( 5.4 ) 
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the jumping height of the real-world hopping robot. Figure 5.2(a) shows the variation of

= x - K p( H d- H i ) + K D(Hh.l - H h.2) (5 .4 )
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in which Kp and KD were the proportional and derivative gains of the controller, 

respectively. Controller gains were tuned with the help of the Ziegler-Nichols step 

response method [28]. A constant supply pressure of 80 psi was used during the test and 

the setpoint was at 0.77m. 
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Figure 5.2: Experimental Results of the closed loop test with the P-controller. 

Figure 5.3 depicts the improved controller performance due to the addition of the 

derivative part of the proportional controller. According to theory, adding the derivative 

part to the P only controller should decrease the settling time and the overshoot. Figure 

5.3 displays the results of the P and PD controller together, where less overshoot is 

visible when using the PD controller. The test was conducted with the supply pressure set 

at 90 psi and the maximum jumping height set at 0.82 m. 
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Figure 5.3 depicts the improved controller performance due to the addition of the 

derivative part of the proportional controller. According to theory, adding the derivative 

part to the P only controller should decrease the settling time and the overshoot. Figure

5.3 displays the results of the P and PD controller together, where less overshoot is 

visible when using the PD controller. The test was conducted with the supply pressure set 

at 90 psi and the maximum jumping height set at 0.82 m.
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Figure 5.3: Performance comparison of the P and PD controller. 

Figure 5.3 shows that for both controllers at least 3 hops were needed to get to the 

maximum jumping height of 0.82 m. It will be shown how by incorporating an inverse-
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dynamic based approach into the controller, as described in Chapter 3, one can improve 

the response time of the system. The following section illustrates the extension of the 

concept of ID with the help of an Artificial Neural Network (ANN). 

5.2 Inverse Dynamics Based Neural Network 

Neural networks have the remarkable ability to learn and derive meaning from 

complicated or imprecise data, which can be used to extract information and detect trends 

that are too complex to be noticed by either humans or other computer techniques [38]. 

During the development of a real-world ID based controller the learning ability of an 

ANN was utilized, instead of using a look up table, to tune the controller gains for better 

performance. 

5.2.1 Artificial Neural Networks - Background 

A neural network is an interconnected group of artificial neurons. An artificial 

neural network (ANN) was designed to model some of the properties of biological neural 

networks [39]. It is a system composed of many simple processing elements, operating in 

parallel whose function is determined by the network structure, connection strengths, and 

the processing performed at computing elements or nodes [40]. A trained neural network 

can be thought of as an 'expert' in the category of information it has been given to 

analyze. 

McCulloch et. al. developed the models for artificial neural networks in the 1940s 

[41]. Their networks were based on simple neurons, which were considered to be binary 

devices used in conjunction with fixed thresholds19. In 1958, work of Rosenblatt F. 

19 The idea behind the threshold is that if a network input to a neuron is greater than the threshold value, 
only then the neuron fires, otherwise not. 
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invoked the interest and activity in the field when he along with several other researchers 

designed and developed the 'Percepetron' [42]. Donald Hebb, who proposed a mechanism 

for learning in biological neurons, then continued neural network research [43]. He 

developed the first learning law for ANNs. His main premise was that if neurons were 

active, then the strength of the connection between them should be increased. In 1960, 

Bernard Widrow and his graduate student Marcian Hoff developed a new neural network 

and a new learning rule, based on the LMS (Least Mean Square) algorithm [44]. The 

algorithm optimized a weight matrix and a so-called bias incorporated into the network 

architecture, in order to minimize the error. Standard Backpropagation is a gradient-

descent algorithm similar to the Widrow-Hoff learning rule in which the network weights 

are moved along the negative of the gradient of the performance function [45]. 

Neural networks have been applied to the identification and control of linear and 

non-linear dynamic systems. An overview of the applications of neural networks to 

control system design has been presented by Werbos [46]. In particular he specified the 

direct inverse control method, in which the ANN learns the inverse dynamics of the 

system, so that it can command the system to follow a user defined trajectory. 

Murray et. al. proposed using neural networks for the modeling and control of a 

non-linear second order dynamic model of an electromechanical drive system with 

varying time constants and saturation effects [47]. Narendra and Mukhopadhyay also 

proposed various neural network based controller models for the identification and 

control of nonlinear dynamic systems [48]. 

Helferty et. al. demonstrated a neuron-like learning/control system applied to a 

one-DOF, one-legged, electrically actuated hopping robot with a springy leg whose 
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desired motion was characterized by periodicity in the state space variables [49]. They 

used associative search element/adaptive critic element (ASE/ACE) and Multilayer 

Connectionist Network (MLC) learning/control algorithms for controlling the jumping 

height of the robot [49]. The state vector 'si' was used as an input to the NN-like 

controller. The state vector was defined as follows: 

T 
si = [Y0 ,5'09.Y2,i'2 ( 5.5) 

where y 0,y 2 is the foot and body elevation, and j/0, 5' is the foot and body velocity. 

The stroke 'x' was used as the control variable. They used two different network 

structures, one for the learning and state estimation and another for the estimating the 

control actions (also called a neuromorphic controller). Based on the measured state 

vector, they estimated the energy of the system. However, the feedback control system 

they implemented in the simulation did not require exact knowledge of all states of the 

one-legged hopper including the forces developed due to the impact between the ground 

and the foot of the hopper (FG) and the leg and lower body impact (Fm2). They applied a 

simple reinforcement rule in the learning/control system, which yielded a fixed limit 

cycle, characterized by constant energy. The control strategy did not generate the steady-

state energy level. The following excerpt is taken from their paper. 

"One must note that this control scheme does not generate a steady-state as 

regular as the Raibert control in achieving the desired energy. Since the measured 

energy is discretized, and therefore uncertain, the control system cannot achieve a 

desired energy in its flight more precise than the precision of its measurement of the 

energy." 
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The difference between our research work and the work completed by Helferty et. 

al. is that they applied the neuromorphic controller to the mathematical model of an 

electrically actuated hopping robot. In this thesis a hybrid (i.e. ANN based) controller 

was applied initially to the mathematical model of the pneumatically actuated hopping 

robot and then to the real prototype of the robot. By nature, pneumatic actuators induce 

more nonlinear terms into the system's dynamics than their electrical counterparts. The 

control strategy proposed by Helferty et. al. to regulate jumping height used four state 

variables represented by a state matrix 'Si', whereas the control strategy presented in this 

thesis used only three state variables (denoted by s2) as defined in equation ( 5.6 ). 

s2 = ( 5.6 ) 

Our proposed control strategy does not address the online learning of the ANN controller, 

the addition of which will allow the network controller to be of adaptive nature. 

However, it certainly suggests a future direction for the development of an advanced 

control method, which will be adaptable to varying operating conditions and changing 

system configurations. 

5.2.2 Artificial Neural Networks Based Controller 

The concept of the inverse dynamics approach presented in Chapter 3 was 

extended with the help of an ANN. Broadly speaking, the ANN can be classified 

according to the way the networks are trained which is described below: 

1. Supervised learning networks: They are applicable in scenarios in which the input 

and output data are available e.g. Feedforward Back-Propagation (FBP) networks, 

Radial Basis Function (RBF) networks. 
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2. Unsupervised learning networks: They are used when the input/output data are not 

available; for e.g. Self-organizing maps (SOMs). 

Since the initial experiments with the real-world hopping robot provided the input and 

output data, we selected the supervised learning networks approach. In this context, the 

FBP networks were selected for the following reasons: 

a. They are one of the most common network structures, and have been used in a 

wide range of applications due to their simplicity and effectiveness. 

b. Properly trained FBP networks tend to give reasonable answers when presented 

with inputs they have never seen. Typically, a new input leads to an output similar to the 

correct output for input vectors used in training that were similar to the new input being 

presented [45]. This generalized property makes it possible to train a network on a 

representative set of input/target pairs and get good results without training the network 

on all possible input/output pairs. 

Figure 5.4 shows the general structure of the model for the multi-layer FBP 

network adopted in this thesis. The network was made of 4 neurons in the hidden layer 

(with input weights denoted by IW and 4 biases denoted by b), modeled with the tan-

sigmoid2° transfer function with 2 inputs (denoted by 'p'). The output a' generated by the 

first layer of the neural network was applied to the second layer or the output layer of the 

network as an input. The 3 neurons in the output layer (with layer weights denoted by 

LW and biases b) were modeled with a pure-1in21 transfer function. The outcome of the 

output layer a' was the result of the ANN. 

20 A tan-sigmoid transfer function generates an output between -1 and 1 as the neuron's net input varies 
from negative to positive infinity [45]. 
21 A pure-lin transfer function generates an output linearly proportional to the input [45]. 

-86 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

l.Unsupervised learning networks: They are used when the input/output data are not 

available; for e.g. Self-organizing maps (SOMs).

Since the initial experiments with the real-world hopping robot provided the input and 

output data, we selected the supervised learning networks approach. In this context, the 

FBP networks were selected for the following reasons:

a. They are one of the most common network structures, and have been used in a 

wide range of applications due to their simplicity and effectiveness.

b. Properly trained FBP networks tend to give reasonable answers when presented 

with inputs they have never seen. Typically, a new input leads to an output similar to the 

correct output for input vectors used in training that were similar to the new input being 

presented [45]. This generalized property makes it possible to train a network on a 

representative set of input/target pairs and get good results without training the network 

on all possible input/output pairs.

Figure 5.4 shows the general structure of the model for the multi-layer FBP 

network adopted in this thesis. The network was made of 4 neurons in the hidden layer 

(with input weights denoted by IW and 4 biases denoted by b), modeled with the tan- 

sigmoid20 transfer function with 2 inputs (denoted by 'p'). The output a1 generated by the 

first layer of the neural network was applied to the second layer or the output layer of the 

network as an input. The 3 neurons in the output layer (with layer weights denoted by 

LW and biases b) were modeled with a pure-lin21 transfer function. The outcome of the 

output layer a1 was the result of the ANN.

20 A tan-sigmoid transfer function generates an output between -1 and 1 as the neuron's net input varies 
from negative to positive infinity [45].
21 A pure-lin transfer function generates an output linearly proportional to the input [45],

- 8 6 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4-11 

LJ  

Hidden Layer 

al = tansig (14 .11p. +130 

Output Layer 

te 

3 

.1\ 

a2 =purelin 2.1ai +b2) 

Figure 5.4: Structure of the FeedForward BP neural network with 4 neurons in the 
hidden layer and 3 neurons in the output layer [45]. 

The output y in the FBP can be related to the network's parameters with the help of the 

following equation: 

y = f 2 (L IAT 2,1 fl ow 1,1 p+ b1) ±  b2) 
( 5.1 ) 

where e is the function being applied on layer 2 with weights LW2'1. 1W" is the input 

layer weights, b1 and b2 are the biases and p is the input vector. The output of the neural 

network is denoted by y. 

To achieve the goal of controlling the jumping height of the hopping robot, a FBP 

network was trained to predict the control variable, namely the stroke x, required for the 

actuation of the hopper based on the user defined desired maximum jumping height. 

After a certain number of trials, one 'pure linear' neuron for the output layer and fifteen 

'tan sigmoid' neurons for the hidden layer were chosen for the design of the network. The 

ANN was trained offline using MATLAB's Neural Network Toolbox. The process of 

implementing the neural network was divided into two stages, namely training and 

implementation. These stages will be discussed in the following sections. 
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where f2 is the function being applied on layer 2 with weights LW2’1. IW1’1 is the input 

layer weights, b1 and b2 are the biases and p is the input vector. The output of the neural 

network is denoted by y.

To achieve the goal of controlling the jumping height of the hopping robot, a FBP 

network was trained to predict the control variable, namely the stroke x, required for the 

actuation of the hopper based on the user defined desired maximum jumping height. 

After a certain number of trials, one 'pure linear' neuron for the output layer and fifteen 

'tan sigmoid' neurons for the hidden layer were chosen for the design of the network. The 

ANN was trained offline using MATLAB's Neural Network Toolbox. The process of 

implementing the neural network was divided into two stages, namely training and 

implementation. These stages will be discussed in the following sections.
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A. Training of the ANN 

The training process was conducted through the following steps: 

a. Assemble the training data. 

b. Create the network object. 

c. Train the network 

d. Simulate the network response to new inputs. 

These steps will now be briefly discussed. 

a. Assemble the Training data 

To gather the training data the hopper was made to jump by randomly changing 

the control input 'x' at which the system gets pressurized. Enough time was given to the 

system to settle down after each change in the control variable. All tests were conducted 

at a supply pressure of 80 psi. Figure 5.5 shows the random step change in the control 

variable the stroke 'x'. 
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b. Creation of the Network Object 

The network object was constructed with the help of the 'newff function in 

MATLAB, with 15 'tan-sigmoid' neurons in the middle layer, and 1 'pure-lin' neuron in 

the output layer. The number of epochs, i.e. 1750 (trials), was selected through a trial and 

error procedure. The 'tan-sigmoid' and the 'pure-linear' neurons can be mathematically 

expressed as follows: 

tanh(n) =  2  1 
1+ exp(-2 n) 

( 5.7 ) 

purelin(n) = n ( 5.8 ) 

where n is the input data provided to the neurons. 

c. Training of the Network 

There are many different algorithms available for the training of a FBP-ANN. 

Most of them are based on the usage of the gradient of the performance function to 

determine how to adjust the weights of the network. The gradient is determined by using 

a technique called backpropagation, which involves the execution of a series of 

backward iterations through the network. Other techniques such as Levenberg-

Marquardt optimization, Quasi-Newton and Conjugate Gradient have been developed 

based on the backpropagation technique having a faster convergence rate. Although the 

memory requirement for the Levenberg-Marquardt optimization algorithm is higher than 

that compared of the Quasi-Newton and Gradient Descent due to its fastest performance 

among other training methods for moderate sized networks, it has been widely adopted 

for the training of ANNs [45]. 

Figure 5.6 shows the variation of the training error with respect to the epochs 

involved in the training of the designed network. To measure the performance of the 

-89 - 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

b. Creation of the Network Object

The network object was constructed with the help o f the 'newff function in 

MATLAB, with 15 'tan-sigmoid' neurons in the middle layer, and 1 'pure-lin' neuron in 

the output layer. The number of epochs, i.e. 1750 (trials), was selected through a trial and 

error procedure. The 'tan-sigmoid' and the 'pure-linear' neurons can be mathematically 

expressed as follows:

tanh(«) =-------2; ..— -1  (5 .7 )
1 + exp(-2 n)

purelin(n) = n ( 5.8 )

where n is the input data provided to the neurons.

c. Training of the Network

There are many different algorithms available for the training of a FBP-ANN. 

Most of them are based on the usage of the gradient of the performance function to 

determine how to adjust the weights of the network. The gradient is determined by using 

a technique called backpropagation, which involves the execution of a series o f 

backward iterations through the network. Other techniques such as Levenberg- 

Marquardt optimization, Quasi-Newton and Conjugate Gradient have been developed 

based on the backpropagation technique having a faster convergence rate. Although the 

memory requirement for the Levenberg-Marquardt optimization algorithm is higher than 

that compared of the Quasi-Newton and Gradient Descent due to its fastest performance 

among other training methods for moderate sized networks, it has been widely adopted 

for the training of ANNs [45].

Figure 5.6 shows the variation of the training error with respect to the epochs 

involved in the training of the designed network. To measure the performance of the

-89-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



network, a 'Mean-Squared Error' (MSE) function was used. Figure 5.6 shows the error 

in the performance function at 344.78, which shows how good the networks are trained. 

The training stopped at this point because the value of the gradient gets smaller than a 

user-defined value. 
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Figure 5.6: Traning error of the ANN object with respect to the epochs. 

d. Simulate the Network 

The trained network was then simulated with the help of trained data to validate 

the performance of the trained network object. The input/output layer weights and biases 

of the trained ANN object were derived and then implemented in the controller model 

built in MATLAB - SIMULINK in the form of an S-function. 
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B. Implementation 

After simulating the behavior of the neural network, in order to implement the 

neural network object, the weights and biases were derived from the trained ANN object 

and the functional implementation of the neural network was accomplished using 

equations ( 5.5 ) and ( 5.6 ). 

5.2.3 Open Loop Control 

Figure 5.7 shows the jumping height achieved by the hopper when the open loop 

control using the proposed ANN was applied to the system. In this test, rather than just a 

single user-defined setpoint, the hopper was made to follow a user-defined trajectory (a 

set of setpoints), defined a priori. As can be seen in Figure 5.7, the non-linearity 

associated with the pneumatic control valve, the friction in the air hoses and the inlet port 

of the valve, and the time delay in the actuation and its relationship with the control 

variable (stroke) and the system output (maximum jumping height) can be encapsulated 

through the proposed ANN. 

In this test, the ID based neural network was used to control the hopping robot 

after the first 5 hops onwards. Figure 5.7 shows the results for the open loop ANN based 

control of the hopping robot. Pre-defined setpoints were provided to the ANN controller 

to obtain the value of the control variable. It can be observed that the trained network was 

able to regulate the robot's jumping height by closely following the desired trajectory 

with some visible error. This approach will not yield robust performance. 
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The control error will increase, if there is to be any online or offline change in the 

system configuration, for e.g. a change in the supply pressure. This change will alter the 

relationship between the control variable (stroke), and the system output, i.e. the 
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maximum jumping height. The offline trained open loop ANN controller would not be 

able to accommodate these changes and will fail to control the jumping height of the 

hopper, since the system would have a modified relationship between the control variable 

and the system output for which the ANN was not trained. For these reasons, the addition 

of feedback was vital in order to increase the robustness of the controller. Section 5.2.4 

addresses the closed loop control of the hopping robot using an ID-based ANN controller. 

5.2.4 Closed Loop Control with the Hybrid Neuro-PD Controller 

In order to increase the robustness of the control system, a well-tuned PD 

controller was integrated with the trained ID-based ANN. Figure 5.8 shows the results of 

applying the ID-based hybrid neuro-PD controller to the one-legged hopping robot. The 

proposed control is described below: 

Whenever a change in the user-defined setpoint (or a change in the desired 

trajectory) is detected, the ID-based ANN controller calculates the control variable (i.e. 

the stroke at which the pressurization phase starts) to be applied for the next hop and 

applies that to the hopping robot during the depressurization phase. Consequently, the PD 

controller takes over the system. The following results are representative of more than 20 

tests conducted to assess the performance of the controller. The same trends were 

observed for all tests. 

Figure 5.8 shows the results of the control of the hopping robot with the help of 

the ID based Neuro-PD controller. During the tests, for the first 4 hops no controller was 

applied and the system was allowed to settle down. Based on the pre-defined trajectory, 

ID-based ANN controller calculated and applied the control variable at the 4th hop. After 
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the 5th hop until the set point remained steady, the PD controller regulated the jumping 

height. The moment at which any change in the set point was detected, the PD controller 

was disconnected from the control loop and the ID-based ANN controller calculated the 

control variable for the next hop only, regulating the hopper's jumping height. After that 

the PD controller took over. 

One can observe that the hopping robot was able to achieve the user-defined 

maximum jumping height consistently during the test conducted for the time span of 60 

seconds. The proposed control strategy shows some advantages, which are as follows: 

1. Added robustness due to the presence of feedback. 

2. After the release, whenever there was a change in the trajectory (i.e. a step change), 

the hopping robot was able to achieve the user-defined maximum jumping height 

right at the next hop. This was made possible due to the addition of the ANN to the 

PD controller. 
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5.3 Summary 

This chapter addressed the experimental results of the control of the real-world 

prototype of the one-legged hopping robot with the help of the control variable, stroke, at 

which pressurization starts. Initially, the experimental results of the P and PD controllers 

in addition to their performance comparison, was illustrated. The later half of the chapter 

focused on the design of the ID based ANN controller with the help of the FBP networks. 

The performance of the open loop control system using the ID-based ANN 

controller was found to be below a satisfactory level. Therefore, in order to increase the 

reliability and robustness of the controller, a well-tuned PD controller was integrated into 

the ANN, resulting in a hybrid Neuro-PD controller. The performance of the hybrid 

controller was found favorable over each of the individual control schemes. 
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

The need for legged locomotion versus the wheeled locomotion was addressed. A 

broad literature survey about the previous research work related to hopping robots was 

presented and the control of a pneumatically actuated one-legged hopping robot was 

introduced. 

In order to address the control problem, first a mathematical model (in the form of 

a set of ODEs) for the pneumatically actuated one-legged hopping robot was presented. 

Many realistic factors like the actuation delay, the compressibility of the air and friction 

were incorporated in the dynamics model. 

Open loop and closed loop simulation tests were conducted with the help of the 

developed mathematical model. Computer simulations confirmed the applicability of 

adopting two different control variables (i.e. the stroke, at which the pressurization starts 

and the duty cycle provided to the on-off control valve). Improvements in controller 

performance were addressed by comparing the results obtained using four control 

strategies; namely, P, PD, PID, and ID based PD. It was shown that the ID based PD 

controller outperformed the stand-alone P and/or PD controllers. 

Based on the simulation results, an experimental apparatus was set up to 

investigate the control of the hopping robot. The apparatus was fabricated with the help 

of some ready-made and some in-house, custom-built cost-effective mechanical, 
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electrical, and software components. The control software was built and executed in real-

time with the help of a commercially available pseudokernel. 

In order to extend the strategy of ID in the experiments, the attributes of 

prediction and learning of an ANN were incorporated into the control design. The 

concept of ID was adopted to train a feedforward backpropagation ANN offline. The 

offline-trained network was then incorporated into the feedback control law forming a 

hybrid Neuro-PD controller. The performance of the hybrid Neuro-PD controller was 

found to be satisfactory compared to the open loop ANN-based controller. 

The main advantage with this approach was that the controller was able to move 

the robot from one jumping height to another in the shortest settling time without causing 

any overshoot, when the system was subjected to a change in the user-defined setpoints 

in real-time. 

6.2 Future Work 

The problem with the feedforward backpropagation ANN used in the hybrid 

Neuro-PD controller was that if a significant change in the system configuration occurred 

than ANN needed to be re-trained offline so that it could predict the correct output based 

on the new system configuration for any setpoint (i.e. the user-defined maximum jumping 

height to be attained by the hopper). The drawback of offline retraining can be eliminated 

by introducing the online learning algorithm also known as unsupervised learning22. A 

self-Organizing Map (SOM) is the method of choice for the unsupervised learning of an 

ANN. Self-Organizing Maps (SOM) can be adopted for the control of our hopping robot. 

22 This training algorithm is different from a supervised learning algorithm because it adjusts the weights in 
the network by reference to the training data set, which includes only the input data variables and not the 
output data. Unsupervised learning algorithms attempt to locate clusters in the input data [53]. 
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This will give the controller the added capability of adapting to new system 

configurations while the robot is in motion. 

In addition robust controllers (observer based) can be used as opposed to model 

based controllers. The advantage of the robust controllers is that they are less dependent 

on the accurate knowledge of the system parameters, which might be cumbersome to 

retrieve. 

VxWorks 6.1 or any other commercial RTOS can be used rather than a 

pseudokernel for the execution of the controller software with a Pentium-PC motherboard 

in conjunction with the servo-amplifier for a more efficient operation. This will enable 

better control over the process of the execution of the controller software and allow for 

dynamic memory allocation23 (DMA). Memory storage is used inefficiently. In the static 

allocation of the memory, applications have to allocate enough memory for the worst 

possible case. 

The development of next-generation low-power hopping robots using an electro-

magnetic system is envisioned. To the best of my knowledge, no work has been done in 

the area of electromagnetic actuation of hopping robots. There are some obvious 

advantages of an electromagnetic actuation system as follows: similar to the 

pneumatically-actuated hopping robot, which contains the actuator and a compliance 

built-in to a single unit, the electro-magnetic actuator can act as a compliance, which 

removes the need for extra mechanical compliances. 

23 In dynamic memory allocation the memory required for the execution of the application is allocated 
runtime. This enables the application to manage (to allocate and free) the available memory more 
efficiently as compared to the static memory allocation. 
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1. The system can be fabricated in such a way that it will completely alienate the non-

linear parameters, such as friction and/or the air compressibility associated with a 

pneumatically- actuated hopping robots. 

2. A hopping robot designed with electromagnetic actuation will be clean and quiet in 

its operation. 

3. The actuation mechanism can act as a built-in compliance. 
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APPENDIX A 

Problems and limitations faced with the Real-Time Windows Target 

1. Unavailability of a powerful debugger for the S-functions and lack of Application 

Programming Interfaces (APIs) to read/write on the command window. 

2. No control over memory allocation. Several times 'Buffer full' problem arose 

during the program execution. 

3. The PC gets into the deadlock condition, if the National Instruments Measurement 

and Automation Studio (MAX) is working, right after initialization of the 

execution of the C-code on RTWT, 

4. It was observed that signals interchange at the specified channels, when two 

separate Analog Input blocks are used in the SIMULINK model to capture the 

analog voltage in Real-Time. . 

5. The termination function written and implemented in order to depressurize the 

system is not guaranteed to execute. Meaning the hopper can end in stretched 

position. 

6. No access to the image of the real-time kernel of the RTWT was available, 

therefore it had to be treated like a black box. 

7. No access to the real-time code of the model generated by the Real-Time 

workshop was available. 

8. Setting priorities to different tasks running in the kernel was not reliazable. 
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APPENDIX B 

Controller Software Development with the VxWorks 6.1 

Following steps were taken in order to execute the controller software with the 

RTOS VxWorks 6.1: 

In order to test the VxWorks, a widely available Pentium P6-VAP A+ 

motherboard was selected. The host machine (Pentium 4 PC) was connected to the target 

board by a null-modem cable via a serial port. The board support package (BSP) for the 

Pentium board, supplied from Wind River Systems Inc was used to build the boot code 

for the RTOS using the WindRiver Workbench. Following figure B.1 shows several ways 

to connect to the RTOS kernel through the host system. 
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TARGET SERVER r—
BACK ENDS r
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HOST 

TARGET (board or simulator) 
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WDB TARGET AGENT Comm 
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Me et Serve 
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Interlace 
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Cornsiriertac, 

Other 
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Figure B.1: Interfaces available to communicate with RTOS kernel. 
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After initializing the RTOS the communication between the host and target was achieved 

with the help of a FTP server. Figure B.2 shows the communication through the FTP 

server. 
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Figure B.2: Communication with the kernel through the FTP server. 

Figure B.3 shows the booting process of the kernel. After booting in order to 

achieve the communication between the sensors and the target board with the help of the 

PCI-6036 E series card, a PCI driver was needed for VxWorks. Although the driver was 

available in the market, due to the high price it could not be purchased. There was an 

option available to develop a PCI driver with the help of commercial device driver 

development kit, e.g. NI Driver Development Kit (DDK). But due to lack of time, the 

driver development could not be completed. Future work includes the development of 
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the PCI driver necessary for the execution of the data acquisition board and also the 

development of the interrupts based code for the controller software rather than the 

polling based. 
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Figure B.3: Screenshot of the booting process of the VxWorks 6.1. 
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APPENDIX C 

Design of a Digital Filter 

A digital filter is a digital signal processor, which removes the unwanted parts of 

the signal by attenuating the unwanted frequency components (see Figure C.1). There are 

certain advantages of digital filter over the analog filter, which are depicted in chapter 4 

section 4.2.1. Filters were used to remove the noise from the signal generated by the IRS 

and FP. Figure C.2 shows the unfiltered analog signal generated by the infra-red (IR) 

sensor for 20 seconds. 

01 

2.5 

1.5 

0.5 

raw (unfiltered) 
signal FILTER filtered 

signal 

Figure C.1: General block diagram of the filter 

Infra - Red Signal 

-0.5  
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Figure C.2: Unfiltered Analog signal generated by the Infra-red sensor 
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In order to use that IRS signal for the calculation of jumping height achieved by 

the hopping robot, it had to be filtered. In order to design a digital filter, initially 

frequency response of the IR signal was calculated with the help of a 512-points discrete 

fourier transform24 (DFT). The signal was sampled at 1000 Hz or 1 KHz. (i.e. the 

sampling frequency). 

Figure C.3 shows the frequency content of the IR signal for 4000 samples. Figure 

shows the presence of the white noise in the signal at frequency approximately above 6 

Hz. This gives the approximate cut off frequency as 6-8 Hz (Q. 

Frequency content of IR signal 
350 

300 

250 
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150 

100 

50 100 150 200 250 300 
frequency (Hz) 

350 400 450 500 

Figure C.3: Frequency response of the analog signal of the unfiltered Infra-Red sensor 

Therefore, coc is equal to 50.26 rad/s. The transfer function H(s) of the filter can be written 
as: 

H(s)= 1
16° +1 
co, 

where we is the cut-off frequency in rad/s of the digital filter and j is (-1)1/2. Therefore the 

24 DFT is calculated with the help of MATLAB functions 'fft' and conjugate with the help of 'conj'. 
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Therefore, coc is equal to 50.26 rad/s. The transfer function H(s) of the filter can be written 
as:

<C1>
—  +  1

where ooc is the cut-off frequency in rad/s of the digital filter and j  is (-1)1/2. Therefore the

24 DFT is calculated with the help of MATLAB functions 'fit' and conjugate with the help of'conj1.
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transfer function can be written as follows: 

H(s) =  1 (C.2) 
0.02s+ 1 

Figure C.4 shows the signal filtered with the help of a first order low pass digital filter. 
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Figure CA: The filtered analog signal generated by the first order filter. 

Although the signal is filtered with the help of a first order low pass filter, above 

figure shows the presence of the noise. So in order to remove those noise components a 

higher order (second order) filter was implemented. Figure C.5 shows the signal filtered 

with the help of higher order filter, which is represented by the transfer function as 

follows: 

H(s) = 
1 

(0.02s +1)(0.02s +1) 
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1

transfer function can be written as follows:

H(s) = -
0.025+1

Figure C.4 shows the signal filtered with the help of a first order low pass digital filter.

First Order Filter
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Figure C.4: The filtered analog signal generated by the first order filter.

Although the signal is filtered with the help of a first order low pass filter, above 

figure shows the presence of the noise. So in order to remove those noise components a 

higher order (second order) filter was implemented. Figure C.5 shows the signal filtered 

with the help of higher order filter, which is represented by the transfer function as 

follows:

1
(0.02s +  l)(0 .02s  +  l )

(C.3)
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Second Order Filter 
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Figure C.5: The filtered analog signal generated by a higher order filter 

Figure C.6 shows the time response of the first and second order filter. As expected the 

higher order (second order) filter provided the sharper cut-off as compared to the first 

order filter (i.e. when step input is applied, the response time of the higher order filter 

was found to be smaller as compared to the first order filter). 
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Figure C.5: The filtered analog signal generated by a higher order filter 

Figure C.6 shows the time response of the first and second order filter. As expected the 

higher order (second order) filter provided the sharper cut-off as compared to the first 

order filter (i.e. when step input is applied, the response time of the higher order filter 

was found to be smaller as compared to the first order filter).
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Step Response 
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Figure C.6: Step Response of the first and second order filter. 
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Figure C.6: Step Response of the first and second order filter.

- 1 1 6 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX D 

Ziegler-Nichols Tuning 

J.G. Ziegler and N.B. Nichols developed a closed loop PID tuning method for 

pneumatic controllers in 1942. The steps are as follows: 

1. Except Proportional (P) disable the Derivative (D) and Integral (I) action from the 

control loop. 

2. Change the Proportional gain in such a way that the system output oscillates with 

maximum steady state amplitude. 

3. Based on the gains used to generate the steady state oscillations (also referred as the 

ultimate gain Ku and ultimate period P ) calculate the gains for the proportional, 

integral and derivative controller with the help of following Table D.1: 

Table D.1: Rules to calculate the Proportion, Integral and Derviative gains. 

Algorithm Proportional 
Gain 

Integral Time Constant 
(TI) 

Derivative Time Constant 
(TD) 

P Ku/2 

PI Ku/2.2 P„/1.2 

PID Ku/1.7 Pu/2 P,18 

Above rules specified table were used to calculate the gains of the P, PD 

controller used during the experimentation. 
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APPENDIX D 

Ziegler-Nichols Tuning

J.G. Ziegler and N.B. Nichols developed a closed loop PID tuning method for

pneumatic controllers in 1942. The steps are as follows:

1. Except Proportional (P) disable the Derivative (D) and Integral (I) action from the 

control loop.

2. Change the Proportional gain in such a way that the system output oscillates with 

maximum steady state amplitude.

3. Based on the gains used to generate the steady state oscillations (also referred as the 

ultimate gain Ku and ultimate period Pu ) calculate the gains for the proportional, 

integral and derivative controller with the help of following Table D.l:

Table D .l: Rules to calculate the Proportion, Integral and Derviative gains.

Algorithm Proportional
Gain

Integral Time Constant
m

Derivative Time Constant
m

P KJ2

PI KJ2.2 PJX.2

PID KJX.l PJ2 PJ  8

Above rules specified table were used to calculate the gains of the P, PD 

controller used during the experimentation.
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Figure E.1: SIMULINK model built for the control of the experimental Hopping Robot. 
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Figure E.2: SIMULINK model built for the simulation of the mathematical Hopping Robot. 
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