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Abstract 

Robots with four legs offer a good tradeoff between stability, load carrying 

capacity, and mechanical complexity when compared to bipeds and hexapods. In order to 

achieve the best mobility, speed, and energy efflciency, dynamic walking and ninning 

operation is preferable to static gaits. Tbis requires leg compliance to d u c e  impact 

forces and energy consumption. 

At the Ambulatory Robotics Laboratory, (ARL), we have pursued an agenda of 

low mechanical complexity in Our Scout 1 and II robots, in order to decrease cost and 

increase reliability. Research previously undertaken at the ARL group has accompiished 

wallcing and stair climbing with Scout 1 and walking with stiff legs with Scout II. In this 

thesis, we demonstrate that Scout II, with only an additional cornpliant prismatic joint per 

leg, is able to bound. We show that dynamic running is possible with very simple control 

strategies. Open loop control, where switching torque values at the hip during support or 

flight phases results in a stable bounding gait. We also investigate more elaborate 

controllers that control forward speeds. The bound controllers were first developed and 

validated in simulation. These strategies were then implemented on the Scout II robot 

yielding successful ninning at speeds of up to 1.2 d s .  
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Résumé 

Les robots quadnip5des offrent un bon compromis entre la stabilité, la capacité à 

transporter des charges et la complexité mécanique vis-à-vis les bipèdes et hexapodes. 

Dans le but d'atteindre la meilleure mobilité, vitesse et performance énergétique, la 

marche ainsi que la course dynamique sont préferables aux démarches statiques. Ceci 

nécessite au robot des jambes flexibles afin de réduire les forces 6 i'impact ainsi que la 

consommation énergétique. 

A L' ARL (Ambulatory Robotics Laboratory), nous avons recherché une concept ion 

mécanique simple dans la réalisation de nos robots Scout 1 et Scout II, dans le but de 

réduire leur coût et d'augmenter leur fiabilité. Des travaux antécédents ont porté sur la 

réalisation du processus de marche sur une surface plane et de l'ascension d' escaliers 

avec Scout 1. ainsi que la marche avec Scout II. Le sujet de cette thèse est de dkmontrer 

que Scout II, avec seulement un degré de mobilité additionel jambe, sera capabk de 

courir en bondissant. Nous montrons que courir dynamiquement est possible tout en 

utilisant des démarches simples pour le contrôle du robot. Rien qu'en alternant le couple 

moteur pendant la phase de support ou la phase aérienne du cycle, on accomplit une 

démarche stable. Dans un temps ultérieur, nous étudions une stratégie plus élaborée afin 

de contrôler la vitesse de croisière du robot. Un modèle semblable au robot fut développé 

et simulé sur logiciel dans le but de vérifier les différentes stratégies de bond. Ces 

derniers sont plus tard implantés avec succès sur Scout II donnant une démarche en bond 

avec une vitesse avoisinant 1.2 d s .  
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Chapter 1 

Introduction 

1.1 Motivation 

Most creatures on earth use legs for locomotion on solid ground. Legs provide a 

unique tradeoff between efficient locomotion on level ground, and the ability to traverse 

uneven or W~cult  terrain. Other advantages of legged locomotion are numerous. Legged 

robots can travel with rninor ground-robot contact as cornpared to wheeled or tracked 

vehicles, which requin a continuous path of support. This is a major issue in the case of 

plantations, for exarnple, where crop damage must be minimized. On the other hand, 

tracked vehicles can inflict serious darnage to the supporthg surface. On flat terrain, 

wheeled locomotion is faster and more efficient than legged locomotion but fails to 

function adequately in areas where the terrain is uneven. Legged locomotion has the 

advantage of reaching places that wheeled robots cannot. In order to overcom some of 

the limitations of simple wheeled or tracked vehicles, a number of bybrid vehicles, 

combining legs and wheels [ 151 [3 11 1361 (see Figure 1 - 1) and aniculated tracked vehicles 

[ 1 8][33] have been developed (see Figure 1-2, Figure 1-3). Such devices achieve greatly 

improved mobility and are increasingly moving into applications in the areas of bomb 

disposal, construction, excavation and forestry in rough terrain, rnilitary tasks, and others. 
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Figure 1-1: Robotrsc by 

IFR [17J. 
Fbum 1-2: U t b ~  Robot Figum 1-3: ANOROS 

by IS Roôotics. robot by REMOTEC. 

While hybrid and articulated tracked vehicles can be ided solutions when engineered 

for particular urban or outdoor environments, it is unlikely that they c m  compete with the 

mo bilit y and versat ilit y of multi-legged platforms in unstnictured settings, on badly 

fractured terrain, or when a large variety of terrain needs to be handled. For legged robots 

to achieve practical utility, they must becorne faster, more robust, more efficient, more 

autonomous and less expensive than contemporary prototypes. On that account 

dynamicaiiy stable machines are the best alternative. Static machines, which are statically 

stable throughout their ent ire motion. are constrained by limited ac hievable speeds and 

must have a high number of legs and actuators, rendering them expensive and complex to 

conuol. Statically stable robot must have at least four legs to maintain static stability, but 

typically have six or eight to also provide suficient mobility over rough terrain. 

Dynamically stable robots, on the other hand, can operate with fewer legs, even only one 

[1][2][32]. This not only rnakes the design sirnpler but also pennits higher speeds and a 

wider number of behaviors. To better understand these complex behaviors, the first step 

is to study the control of simple robotic platforms. This has been achieved to some extent 

in the Ambulatory Robotics Laboratory where a class of robot with a simple design 

combined with a very wide range of behaviors has been introduced. The Scout class of 

robots are quadrupeds with only one actuated degree of fieedom per leg. Scout 1 and 

Scout TI have already demonstrated steady state waking behaviors. Initial investigations 

into passive running had been performd, but had not yielded successfbl implementation. 

Passive dynamics is defined as the unforced respoase of a dynamic system Passive 

motion has the advantage of k i n g  smoother, more naturd and more efficient than non- 
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passive ones. For any mobile robot, it is imperative to be power autonomous, and 

therefore energy efficiency is of prime importance. Efficient robots will have a higher 

autonomy and a lower energy supply load to be carried on board [2], permitting sorne 

new applications, such as high speed c hasing situations, hazardous disposal or 

surveillance of such dangerous environments as nuclear power plants or volcanoes. 

1.2 Background 

In recent years, a great deal of research has been conducted in the area of 

dynamically stable robots. The fust dynamically stable robot was the BIPER, whkh was 

built by Miura and Shimoyama [28]. This was a biped robot controiied by three motors 

that could achieve dynamically stable walking. T h  research on dynamically stable robots 

expanded with Raibert [32] when he began working on simple controllers for his 

pneumatic monopod. He introduced simple ruming control concepts such as the three 

part running controller - one each for hoppbg height, forward speed and body pitch - that 

were simple yet effective. He later expanded his work to bipeds and quadnipeds. M e r  

Schwind et al. [35] studied Raibert's planar hopper in order to analytically ver* the 

stability of the forward velocity controller. They then suggested another foward velocity 

controiler that used coupled feedback that takes into account the dynamic structure of the 

robot. Although this new velocit y controiler gives better regulation than Raibert's 

decoupled feedback controiler, Schwind and Koditrhek suggest that the price - both 

sensing and computation are dramatically increased - for more complicated controllers 

might not be worthwhile. 

Further research into running investigated the advantages of passive elements in the 

robots. McGeer [25] has studied the concept of passive walking and running with biped 

robot S. He invest igated passive-d ynamic ruming with legged robots having passive hip 

actuators as well as linear springs dong the leg length. Through analytical work and 

simulation, McGeer showed that ruming c m  be achieved with no forcing required to 

generate the gait. 
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More work on legged robots with actuated and unactuated degrees of fieedom such 

as Scout II includes investigation into ankle comp53nce. Control strategies for such a 

mechanism have k e n  attempted by Keon [19]. He proposeci a controiier for a biped with 

a two degrees of M o m  actuated hip and a two degrees of &dom compliance in the 

ankle. His simulation results proved that such a mechanism works effectively. 

Kimura et al [20] introduced a quadniped running robot that has actuated hip and 

knee joints as well as a passive spring mechanism for each leg (see Figure 1-4). The 

running controiier is based on a neural oscillator network, a stretch reflex and a flexor 

reflex mechanism. Dynamic running and waiking on flat terrain was successfully 

achieved w ith this approach. 

Furusho et al. [1 I] implemented a bounding gait on the SCAMPER robot. Even 

though the robot was not designed with explicit niechanical compliance, the cornpliance 

of the feet, legs, and the belt transmission, and the effective cornpliance of the PD joint 

servo loops are likely significant. The controller divided one complete mnning cycle into 

eight States and switched the two joints per leg between fiee rotation, position control and 

velocit y conuol. 

Figure 1-4: PATRUSH quaâruped robot 
by Kimura et al. 

Flgum 1-5: SCAMPER qru id~pd mt by 

Furuaho et al. 
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Berkenieier [5]  performed an analytical study on a simplifed quadrupecial running 

robot. Although expressions for exact maps could not be obtahed, approximate maps for 

bounding and pronking were derived and used to predict the behavior of the different 

running parameters. The simple mode1 predictd that, for a given set of parameters. the 

bound offers greater acceleration since its period is shorter. and so the legs contact the 

ground more frequently. This also allows a greater maneuverability since it gives more 

opportunities to steer around obstacles. The bounding gait is the main type of running 

that is addresseci in this rcsearch. 

1.3 Previous Work at ARL 

Work at the Ambulatory Robotics Laboratory im~olves the study and the 

implementation of legged robotic systems. This includes designing and building legged 

robots with minimal complexity and cost. Our concem is to mùùmize the complexity 

while maintaining high performance in terms of locomotion speeds. agility, and reduced 

energy consumpt ion. 

Initial work done under this mandate was the design and construction of CARL 

(Cornpliant Artrulatecl Robot Leg). This leg design was aimed at achieving high 

mobility and simplicity, reduced fkiction Ioss and a suùstantial weight saving via the use 

of a novel transmission design caiied ATLAS (AnTagonistic LADD Actuation System 

LADD stands for Linear to Angular Displacernent Device) [26][27]. 



Chapter 1. Introduction 

Figure 14: CARL, Complimt ktlcuhtd Robot Log wfth Antagonidc 

LAD0 Actuation. 

Another generation of robots investigated at ARL were the Monopod 1 and II. 

Driven by the conviction that simple robots could achieve a high degree of mobility with 

minimum complexity, the Monopod I is a one legged robot with a rotary degree actuation 

at the hip and a prismatic passive degree of fkeedorn in the leg [13]. The Monopod 1, with 

a r u ~ i n g  speed of 1.2 mis and 125 W average mechanical power consumption, was the 

fastest and most efficient electrically actuated legged robot of its tirne. With an additional 

passive hip oscillation, the Monopod 11 was able to surpass its predecessor by achieving a 

running speed up to 1.25 mls with a total mechanical power expenditure of only 48 W. 

This had the highest eficiency among al1 actively controlled legged robots [2]. 
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Figure le ARL Monopod II. 

The results obtained in previous work on the Monopod 1 and II prompted the need 

to develop quadruped robots that could use similar principles of locomotion in order to 

m v e  towards more practical applications in a 3D world. The tirst of the Scout class of 

robots was Scout 1. Scout 1 is a quadruped robot with only one de- of fieedom per leg 

located at the hip. With minimal sensing, Scout 1 is capable of achieving a stable open 

loop wallcing gait. It also achieves step climbing on steps with heights up to 45 % of its 

leg length. Other additional behaviors such as tuming, side stepping and sitting down 

have also been success fully implernented [7 ] [8][38]. Given the range of ac hievable 

behaviors on Scout 1, it was decided to develop a larger prototype, Scout II, that could 

accomplish the same range of behaviors, but at higher speeds and efficiencies because of 

additional passive elements. 
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Fîgun 1-9: ARL Scout 1. 

1.4 Scout II 

Current research in ARL (Ambulatory Robotics Lab) focuses on controller 

development for the Scout II robot. Built at ARL [4], Scout II is a quadruped robot with 

two degrees of &dom per leg. One degree of &dom is situated at each hip level and is 

controlled via a 90 Watt DC motor. Depending on its contiguration, Scout II can be 

equipped with a telescoping leg where the second degree of fieedom is a prismatic 

unactuated joint attached to a spring damper mefhanisrn In another configuration. the 

second degree of fieedom is an unactuated rotary knee joint. attached to each leg [14]. 

Figure 1-10 shows Scout II with both leg configurations. 
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-- 

Figure 1-10: Scout II wîth the two bg wnflguntfons. The picaire on the loft ha8 the 
legs squippad with a primmüc joint, The picaire of the right ha8 Scout II with the legs 

equipped with a rotary joint (14). - 

The legs equipped with knees enable Scout II of acconiplishing walking behaviors 

with trotting gaits. In its current configuration, Scout II weighs 27 kg. It is 35 cm high, 60 

cm long and 45 cm wide. It has been designed to be simple yet cornplex enough to 

achieve a multitude of tasks such as wallung, stair climbing and ninniag. Scout II is 

completely autonomous with no external power source or communication lines attached 

to it. It is equipped with an on-board PC for all necessary computations, and a set of two 

12 V batteries. Tele-operation is possible with a wireless link. Cwrent work on Scout II 

is focused on developing new controllers for a wide variety of behaviors as well as 

incorporating a new îine of sensors to increase Scout II's navigational capability. 

This thesis presents control algorithms designed for a bound running gait. Analysis 

and simulation investigate possible running controllers which were later irnplemented on 

Scout II. Although running simulations are fust done in the sagittal plane, 3D simulations 

are later used to test tuming controllers. At the end of this study Scout II is able to run 

and turn as weil as perform some other interesthg behaviors such as standing up or 

sitting down. 
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1.5 Author's Contribution 

The equations of motion of the system have been derived for the different running 

phases. 

The equations of motion of ruming have been validated using Working Model 2 ~ @ .  

Running simulations have been developed and tested on Working Model 2D ? 
Tuming simulations have k e n  developed and tested on Working Model 3D ". 

Stable bounding and pronking gaits have been implemented on Scout II. 

Turning and other complementary behaviors have been implemented on Scout II. 

1.6 Thesis Overview 

In Chapter 2 the equations of motion of Scout II during mnning are derived. Then 

they are integrated for the different running phases. Data plots obtained for the robot 

body pitch, body pitch speed, leg angles, leg angular speeds, leg length and leg length 

speed are shown. Obtained values are coqared with the data fiom Working Model 2D " 
1211 simulations in order to ve rw  the Scout II mathematical model. The Working Model 

2 ~ @  program is then presented and the organization of the running simulations is 

explained. The chapter also explains the motor model, as well as, the toe-ground slip 

prevention mode1 used in the modeling of the robot. Finally the running controilers and 

the simulation resuhs are presented statting fiom the simplest contmller to the more 

elaborate one. 

In Chapter 3 the difEerent contro11ers studied are integrated into the Scout II 

software. Results and analysis obtained from the ninning experirnents are presented. 

Other complementary behaviors are also studied. 

Chapter 4 surnmarizes major conclusions and finding, and outlines a set of 

recommendations for future work on Scout II. 



Chapter 2 

Analysis and Simulations 

2.1 Introduction 

The a h  of this chapter is to derive the equations of motion for Scout iI and 

compare a numerical integration of these equations to the results fiom a commercial 

simulation package, Working Model 2 ~ @ .  This WU aiiow the cross validation of the 

simulation model and the mathematical model. This cornparison will give insight into 

how well the mathematical model can be used to study the Scout II robot and develop 

controllen. The equations of motion are a good means of formulating the problem, and 

conveying it the other interested research parties. Furthennore they c m  be iater on  used 

for computational controiler development using simulated annealing or genetic 

algorithrns. The running controllers can then be tested and adjusted using simulations. 

First. Section 2.2 of this chapter presents the nomenclature and assumptions used to 

describe the Scout II model. In. section 2.3 the equations of motion goveming the 

difEerent phases of the running cycle are derived. In order to justm the assumptions 

made in the derivation of the equations of motion. these equations are then compared to a 

more complete simulation model. Section 2.4 introduces the Working Model 2 ~ @  

package and describes its applications in this thesis. The robot mode1 used in simulation 

is discussed, with emphasis on modeling constraints. Section 2.5 presents the different 

11 
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controllers simulated for running, jumping, and tuniing in addition to their results. 

Finally, section 2.6 sumrnarizes the outconies fiom tbe simulations. 

Running is defmed by a sequence of dynamically stable eveats whereby the robot 

aiternates between stance and flight phases. Stance occurs when any of the robot's legs 

are in contact with the ground, while fiight occurs when all of the legs are in the air. In 

order for the robot to get around nom one lccation to another, repetitive cycles of stance 

and flight States must take place. To achieve running, a quadrupeci can use a number of 

leg sequences. Each set of sequences is called a gait. A set of running gaits observed 

rnost Ikequently in nature is presented in Figure 2-1. Two types of running gaits will be 

shown in this research; the pronk and the bound gaits. In pronkuig, all legs move together 

during the stance phase, leaving no phase difference between them. When cornpared to 

bounding, the pronking gait has greater ground clearance and lower speeds [SI. Animals 

such as deer use the pronk gait. In the bounding gait, the fiont legs m v e  in unison, and 

so do the hind legs. There is however a phase SM of about 180 degrees between the hind 

legs and the front legs motions. Accordhg to Berkemeier, the boundhg gait ". . . has tbe 

shonest gait period. thus ailowing for mDre ûequent interactions of the legs with the 

ground, to avoid obstacles and provide acceleration " [SI. Certain animais such as mice 

use the bounding type of gaits. 

One running cycle 
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Figure 2-1: Phan mlatlonahips for diîbmnt running gab  througtiout a 
complete ~nn ing  cycle [3][a[29& A rhaded a m  mpresents a log that is on 

the ground. A Mank a m  mpremmts a kg bdng ln the air. The figure on the 

left shows the Ieg nurnbsring convention u s d  ln îhls rasearchm 

Although the pronkîng gait is addressed in Chapter 3, the running gait that WU be 

rnostly considered is the bound. One compkte cycle of bounding can be divided into four 

states, as shown in Figure 2-2. The state of the robot in each of the four events is as 

follows: 

Back stance: This is the configuration where the robot is supported on the ground by 

its back legs. 

Flight afier back: This is the configuration where none of the robot legs are touching 

the ground and the robot has just left the ground after a back stance. 

Front stance: This is the configuration where the robot is supported on the ground by 

its front legs. 

Flight ajter front: This is the configuration where none of the robot legs are touching 

the ground and the robot has just left the ground after a fkont stance. 

Back Stance Flight after back Front stance Flight after front 

Figure 2-2: The four running 8tates. A boundlng gate Requlms a sequenca of running 

states trom loft to right 

There are also two transitions used to switch fiom one phase to the other; the 

t ouchdo~ transition happens at the instant when the robot switches fkom a flight phase 

to a stance phase, and the lifr-off transition takes place when the robot is switching fiom a 

stance phase to a flight phase. Depending on which controller is used, dinerent tasks are 

given to each pair of legs in any one of the four states. 

13 
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2.2 Notations and Assumptions 

The robot mode1 used in the derivation of the equations of motion in section 2.3 is 

illustrated in Figure 2-3. Table 2.1 lists the dflerent symbols used to describe various 

States of Scout II. The notation used for the robot dimensions and physical properties is 

shown in Table 2.2. The Scout mode1 was derived with the assumption of massless legs. 

Figure 2-3: h w i n g  of Scout II as conridsrsd in the derivation of the 

equations of motion. 

X value of the back leg 

X value of the front kg 

Value at Lft-off 

xtd 

Xn 

Value at touchdown 

Value during the flight phase 
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I Xs 
1 Vaiue duringthe sian& phase I 

Table 2.1: Notation for Scout II states 

1 Free leg leagth (zero spring f&e) 1 
L Half the distance between the hip joints 

m 

1 

r 

1 0 1 Body angle w.r.t horizontal 

Body mass 

Body moment of inertia about the center of mass ( I=& ) 

Body radius of gyration 

k 

b 

1 Leg length 

Spring stiffhess 

Damping coefficient 

Yi 

Xi 

Table 2.2: Notation for Scout II parsmeters 

Leg angle 

Body Cartesian coordinates fkom the supporthg toe (i) 

Ti 
1 .  

T 

2.3 Derivation of the Equations of Motion 

Hip Torque 

Fiight t h e  

The purpose of this section is to fmd the equations of motion that describe the 

behavior of the system in any of the running phases and assess the results obtained by 
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cornparison to a simulation software package. If this mode1 is valid, fùrther analysis into 

running can thus be achieved using the derived equations of motion. First the equations 

of motion for the back stance phase are derived using the Lagrange method. Then, the 

equations for the flight after back phases are derived using the Newtonian approach. In 

both cases the equations are integrated and the results obtained are compared with 

simulation data. 

2.3.1 Back Stance Phase 

The following is the derivation of the governing equations of motion for the case 

where the robot is supported on the ground by its back legs (Figure 2-2). The same 

analysis for the case where the robot is on the fiont set of legs is presented in section A.2 

of the Appendix. The generalized coordinate vector q for this system is chosen to be 

q = [#b , 8 , 1 b  ]* . Fmm the generaiizd coordinates and Figure 2-3. the body Cartesian 

coordinates can be expressed at the contact point of the back leg's toe and the ground as 

fol10 ws, 

These can be differentiated with respect to t h ,  in order to give the body velocities 

in the x- and y- directions, 
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Next. the total body kinetic energy. potential energy and energy loss due to fkiction 

can be derived. It is then possible to fiod the Lagrangian function, L' . by subtracting the 

potential energy fkom the kinetic energy. The Lagrange equation of motion is then, 

where B and F represent the dissipation energy fûnction of the system and the torque 

moment applied to the system respectively. 

The complete derivation of the Lagrange equations of motion is found in section 

A. 1 of the Appendix of this report. By direct substitution, the expanded form for the back 

legs support case becomes, 

The above equations of motion are reduced to the following form, 
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where A, (q) is the 3 x 3 inertia rnatrix, B. g) is the gravity and centrifuga1 force 

vector. 

Let x = [lb .< .B,&#~ ,hb 1' be the state vector. Then the above set of equations is 

written in the following state space form, 

The previously obtained equations of motion are next compared to the simulation 

package used to test the running controllers. The simulation program is called WorLing 

Model 2 ~ @ .  A complete description of this simulation package is presented in section 

2.4. Given a set of initial conditions, the state space form equation is integrated with 

respect to tirne, in order to identm the behavior of the state variables. This integration is 

executed by the ~athemat icam [37] package. Concurrently , the sarne behavior is 

simulated via the Working Model 2 ~ @  simulation software. The outcome of the 

equations is then compared to the simulation data. 
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Figure 2 4  Cornpariaan kbwm Worklng Modd 2D0 ami  thema mat id 
plots for back log length variations throughout me bsck sûmœ phase. The 

maximum log Iength error 18 0.52% of the 10 cm full seale log displacement 

The maximum error in Ieg Iength sped is 0.65% of the 2 mis hiil seale log 

w-d- 

Figures 2.4 - 2.6 are ~at lab@ plots comparing the simulation and mathematical 

mode1 data. The parameters compared in the plots are the body pitch, body pitch speed, 

Ieg length, leg length speed, leg angle, and leg angular speed. Both sets of data are 

obtained for the same initial conditions. The time dufation used in the cornparison is 

dictated by the stance time. The continuous lines represent the Working Model 2Da 

results, whiie the dashed lines represent the data obtained from the mode1 derived. The 

foilowing figures illustrate how closely the mathematical integration resembles the 

simulation. The discrepancies are due to the assumption of massless legs in the derived 

equations of motion when these masses are included in the Working Model 2D@ 

simulation. One could predict that these errors can vary with varying conditions, 

nevertheless, the errors are relatively srna11 and hence the massless leg assumption is 

valid for the ôack stance phase. 
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Figure 2-5: Cornpalson betwesn Worldng M o d e l 2 ~ ~  and Mathematid data 

for body pitch during the back stance phase. The maximum body pitch srror 

is 0.9% with r e m  to the 10 deg full seale body pitch amplitude. The 

maximum body pitch spe8d snor 1s 2.4% with re8pect to the 300 d w s  full 
-le body pitch amplituda 

LI O 0.01 0-02 0.03 0.04 0-05 0-08 0.07 0.08 
t h e  (sec) 

Figure 2-6: Compariwn baw8811 Worklng Mode12Dœ data and ~athematid' 

data tor the back leg mgle during the k k  legs support pham. The leg angle 

error is 2.1% of the 20 deg full tcah leg ampliîude. The log angle =or 1s 6.8% 

ot the 2W degls hiIl -le log 8pwd ampîltude. 



Chapter 2. Analysis and Simulations 

2.3.2 Flight Phase 

Since the ninning gait includes a ballistic state in between each of the stance 

phases, it is important to look into the robot behavior during this interval of tirne. The 

running cycle is analyzed in this section for the phase where the robot is in flight d e r  

having been supported by the back iegs (Figure 2-2). Fist. the equations of motion for 

the flight phase are derived. Then they are compared to the simulation values to assess 

the mathematical mode1 used. 

Throughout the flight phase the body behaves as a projectile, with initial 

velocities taken at lift-off kom the iast stance phase. The World Cartesian coordinates 

and their derivatives at any tirne, t, for the body center of gravity are wntten in the 

The body angular position and speeds are as foiiows, 

Given that the flight time is available, the body configuration and speeds can be 

cakulated using the flight phase equations. The values for the pitch, body height, and 
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vertical speed during the fïight phase are recordeci fiom the Working Mode1 2~~ 

simulation. These values are then weighed against those O btained fiom the analyt ical 

solution. Figures 2.7 - 2.9 represent the coniparisons of the body pitch, body forward 

position, and vertical position. 

A Rtch corrparison 

1 -94 1.95 1 -96 1.97 1.M 1.99 2 201 
t h  (sec) 

Figure 2-7: Body pitch dutlng the fligM phan. The maximum error in body 

pitch 1s 10.52% of aie 0.2 rad full seale body pitch amplitude- 

We notice in Figure 2-7 that the pitch is changing in simulation faster than what is 

seen from the flight equations. The discrepancy here comes fiom the fact that the robot 

does not exactly behave as a projectile during the flight phase. That can be explained by 

the fact that the legs move during the Hight phase, in order to position themselves at a 

specified angle in preparation for landing. Given that the legs in simulation are not 

massless, the body angular velocity accelerates during fiight, as a direct consequence of 

the conservation of angular mornentum. The data obtained for the body horizontal 

position and forward position does not present major errors. 
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t h 3  (sec) 

Figure 2-8: Cornparison of body horizontai positkn between simulation 
and analysis during the flight phase. nie maximum wor  ln Ieg Iength body 

horlmtal position 1s 3.75% of the 0.08m full scak Mzontal  dlrplaccmient 

tim (sec) 

Flgure 2-9: Cornparison of body hdght betwem simulation and analytical 
equations. The maximum imor in hopping height 2.- of the 0.012 m full 
scale hopping hdght 
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The equations of motion were derived in the above sections for alî running phases. 

Foliow ing this. the y were validateci by comparison to simulation results. The cornparison 

results show that the equaîions of motion produce srnail errors when compared to the 

simulation data. except durhg the tlight phase, where tbe effect of the leg rotation 

introduces significant error. 

If combined together, the above equations of motion could be used to prescribe the 

desired robot states at discrete times, once per complete runnhg cycle. For example, the 

robot dynamics can be represented by the stepto-step map 

which maps the robot's touchdown states at one !?ont leg impact to the touchdown states 

at the next front leg impact, as a function of the fiont and back hip torques between the 

two fiont leg impacts. Since the leg position can be freely controlied during flight, the 

inputs in ( 2- 1 1 ) can be reformulated as 

where @f.,d . and ebJd are the front and back hip touchdown angles, and 7 (t) , 5 (t) are 

the front and back leg torques during the respective legs' stance phases. 

The control problem cm be formulated as fmdiog hip touchdown angles @f,,d. qb, 

and hip stance torques, 7, ( t )  , tb ( t )  which make a desired set of touchdown states x ,  a 

stable fixed point of the discrete dynamical system ( 2-12 ). 

To our knowledge, there are no existing simple control synthesis rnethods for robots like 

Scout II, described by S ( 2-12 ) because it is an intermittent dynamical system, that is, 

the equations of motion change abruptly fkom flight to stance phase (also called Variable 

Structure System). In our case this means that S carmot be computed anaiyticaliy. In 



Chapter 2. Analysis and Simulations 

addition the system is characterized by other input constraiots on the r and rb :  The 
f '  

actuai motors on Scout II have torque speed LUnitations that should be incorporateci in the 

analysis. Another constraint is that the contact point between the robot's leg and the 

ground cannot be coasidered as a pin joint comection unless interactions between the 

leg* toe and the ground is modeled and a torque profile that ensures no slip is generated. 

Because of the above conditions and the errors obtained in validating the mode1 for the 

fight phase. the Scout II model developed is only adequate for paranietric studies in 

individual phases of running. We therefon use an alternative heuristic approach to derive 

running controilers. 

In order to develop and test heuristically derived controiiers, we use simulations 

Even though the physical robot is its best model, deriving controllers on the actual robot 

can inflict too much Wear and tear, and costly breakdowns. This is why a good simulation 

mode1 is useful. It pennits to test the running in dangerous situations and allow one to 

share with other researchers who want to develop controilers, but do not have the 

physical robot. As it was done in sections 2.3.1 and 2.3.2, simulation can also be used to 

compare simplified versions of the model with approximate or simpMed analytical 

models to j u s t e  their validity. 

2.4 Working Model 2 ~ @  Simulation Software 

Working Model 2 ~ "  is a program that can simulate the dynamic motion of bodies 

under a variety of constraints. Using the basic geometric shapes, one c m  create a variety 

of bodies, which are further assembled into one coqlete  model. Each body c m  be 

assigned a set of physical properties including mas, inertia, materiai, kinetic fiction 

factor and electric charge. Once ali of the bodies are built, they can be comected together 

via a set of constraints; a constraint applies a force (or torque) to the bodies at one or 

more points. Simulations run under the effect of extemal physical parameters calied 

World Parameters, like gravity. static charge in the air, impact with other bodies and 

others. After the bodies are assembled and the world paranieters are set, We begin the 
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simulation. This simulation package does not require the equations of motion of the 

system Instead, it integrates the forces and momnts acting on each body over a finite 

period of time in order to h d  the resulting accelerations, velocities, positions and 

orientations. The accuracy of this approach can be modifiexi by setting the desired 

integrator type, integrator emr, integration step and animation step. Two integrators are 

available in Working Model 2 ~ ~ :  Euler and Kutta-Merson. The integration error 

corresponds to the absolute acceptable error in the integration. The integration time step 

can be fuced by the user or it cm be kept variable where Working Model ZD@ 

autornatically adjusts the integration tirne step throughout the simulation to optimize the 

computational performance. In both cases, the integration step should be smaller than the 

animation step, which is the time between îkames of the animation updated on the screen. 

In Working Model 2 ~ @ ,  meters enable the user to collect any desired data in a 

numerical or graphical form for subsequent analysis or implementation in a feedback 

algorithm Simulation data can also be recorded and imported to other mathematical 

packages such as ~ a t l a b @  or ~a themat ica~ for furiher studies. 

Working Model 2~~ provides the user with two different methods of building, 

animating and analyzing an event. The fist is through a user fkiendly interface where one 

can drag and drop objects and constraints ont0 the working area fÎom a menu. The 

second method, which was used in this study, is through the Working Model 2 ~ @ '  Basic 

programming language. The latter is a coding utility that enables the user to construct 

models and set up Merent controllers while using scripthg language based on visual 

basic. This method allows for more control and flexibility over the simulation. 

In this section, a cornputer model of Scout II is created. The model is then tested 

under different running control strategies through simulation. Finally the data is recorded 

and analyzed using the ~ a t l a b @  package. 

Working M o d e l 2 ~ ~  Script 

The Working Model 2 ~ @  simulation script was divided into three parts: The h t  

part of the script States the sequence of events required for building the robot components 

26 
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and attaching them together. The resulting model wili carry a close resemblance to Scout 

II. where the dimensions and material properties are selected to match those of the real- 

life robot. Figure 2-1 1 û a reproduction of the model obtained in Working Model 2 ~ ~ .  

The second part of the script contains functions that are added to the simulation. Two 

hinctions were included to make the running as reaüstic as possible. The first function 

restricts the motor operation to the characteristics specifed by the manufacturer. The 

second is a slip prevention function; it checks the robot for toe-ground slip and corrects 

the torque at the hips to prevent slip term occurring. The iast script consists of the 

running algonthms that were tested on the robot. In this section, different control 

strategies were used for the four phases of the running. These phases were sensed using 

the two States of the robot legs: The flight and stance phases. These were defiaed as 

follows: 

Stance: The corresponding leg is touching the ground. This state is sen& whenever 

the leg spring is greater then the rest length plus the pretension. 

Flight: The corresponding leg is in the air. This state is sensed whenever the spring 

length is equal to the rest length plus the pretension. 

2.4.2 Robot Mode1 

The robot model used in the simulations is shown in Figure 2-1 1. It consists of the 

robot torso. or body. which is connected to the upper legs through the motor shaft. The 

lower and upper legs form a prismatic joint. This sliding motion is opposed by a tension 

spring attached to both parts of the leg; the spring cm be pre-tensioned as desired. As 

shown in Figure 2-10. a mechanical stop is added on Scout II to restrict the lower leg 

firom siiding outside the upper leg. A stiff rope is used to represent the mechanical stop in 

the simulation model. h order to have a realistic sliding motion at the joint. a damper is 

attached in parallel with the springs. At the lower end of the legs a rubber disk, or toe, is 

rigidly fastened. 
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Mechanical 

Leg Spring Upper Leg 

Lower Leg 

Leg Toe 

Figure 2110: S a u t  II kg design. 

Ali robot dimensions and material properties including elasticity, kinetic friction and 

others were adjusted to the actual values measured on Scout IL These dimensions and 

properties are shown in Table 2.3. An experiment was performed to determine the 

friction factor between the toes and the floor in the laboratory. The experirnent consisted 

in applying a horizontal force ont0 a known mass resting on the fîoor. The known mass 

had the same material used for Scout II's toes. The magnitude of the force that disphcd 

the mass horizontally was recorded using a force sensor. The experiment was perfonnd 

with different masses and resulted in an average friction factor 0.45. 
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Figure 2-1 1 : Suml Il W e I  built with Woikhg Moâel2D? 

1 Body Mass I M  1 23 Kg 1 
Leg Mass 

Body Jnertia 

Leg Inertia 

nil 

Hip Length 

0.82 Kg 

1 

11 

Body Height 

Leg Length 

Leg Spring Constant 

Table 2.3: Scout II d e 1  parameters. 

1.091 Kg m2 

0.019 Kg mZ 

2L 

Leg Damping Constant 

Toe Elasticity 

0.6 m 

H 

1 

K 

0.126 m 

0.323 m 

3600 Nlm 

b 

e 

30 Ndm 

0.8 
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The integrator type used was the Kutta-Merson, the integration error was set to 

IO", and the integration step was variable in order to optimize the results obtained nom 

the simulator. The animation step, which controls the refresh rate on the screen, was set 

to 1 ms. The latter is also the tirne step used in the running controller loop. The control 

input and outputs are thus updated at the animation step rate. This also matched the 

control tirne step on the actual Scout II robot. 

Because the package is a two-dimensional simulator, the fiont legs were considered 

as  one leg, and the same is true for the back legs. Since the running considered in this 

study is mainly in the sagittal plane, the 2D assumption for the robot is valid. 

2.4.3 Robot Constraints 

For a simulation to be worthwhile, it must accurately mode1 the system of interest, 

interacting in the same way with the environment. Two such rnodels that should be taken 

into account are the rnotors operating characteristics and the toe-to-ground interactions 

during running. 

As stated by the manufacturer. the 90 W DC motors used on Scout II have a 

specific operating region [16]. Figure 2- 12 is a representation of the torque-speed curve 

for the Maxon 118777 motor, the Maxon 110404 gearhead, and the sprocket and belt 

combination attached to t h  gearhead output shaft [4]. This operating range was obtained 

taking into account the gearhead maximum rated eficiency of 68%. and the 48/28 

sprocket and belt combination efficiency of 96%. 

The area below the 24 V operaihg iine represents the operating range for Scout II's 

current configuration; that line is set by the motor niechanical and electrical setup, and 

the following form, 
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where o(s"), is the angular speed, o, (se') is the no load angular speed, rn ((s~m)-') is 

the &op. and z (Nm) is the torque. 

Regarding the mechanical setup, attaching a gear assembly to the motor shaft can 

modiS. the speed torque gradient. by either rerhichg speed and increasing torque, or 

increasing speed and reducing torque. As for the electrical set-up, the motor amplifier 

liniits the maximum motor current to 12 A. This restriction appas  as an abrupt torque 

1-t at 37.8 Nm, obtained from the specifications in Table 2.4 and the following 

equation r,,, = 1, Kr N, N,q,qb . As for the operating voltage, it does not m o d e  the 

torqw-speed gradient but alters the operating range area by raising or lowering the 

voltage operating line. Regardless, the on-board batteries provide 24 V to the actual 

robot, so this value was used in the simulation. 

Maximum current lirnit ( I ,  ) 
L 

Torque cons tant ( Kt ) 

Gearhead gear ratio ( N, ) 

1 Belt-sprocket co*bination efficiency (tl, ) ( 96% I 

12 A 

0.0389 Nm/A 

72.38: 1 

Sprocket gear ratio ( N, ) 

Gearhead efficiency ( I),  ) 

-. . - - 

Table 2.4: Hip actuator 8pedflcations 

48/28 

68% 
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24 V Operating Line 

Figure 2-12: Replica of the motor toque-spûd modd pr~vidsd by Mwon 

after gear mounting. 

A validation test for the Maxon torque-speed mode1 is performed on the robot hip 

actuaton. The test consists of commanding the maximum torque to the motors while 

forcing the legs by hand to move at different speeds. The torque values based on the 

cunent sensing feedback and correspondhg speed data are then collected and plotted. 

The plot obtained in Figure 2- 13 resembles the graph shown in Figure 2- 12. The upper 

limit, which approximates a iine with negative slope. is the expected 24 V Operating 

Line. The vertical line drawn at the 37.8 Nm reading is the 12 A Current Lirnit Line. Ail 

other points in the figure stand for data recordeci inside the operating region. We can 

therefore rely on the data to be implemented in simulation. 
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Torqus r (Nm) 

Figure 2-13: Eqmdmmtal toqu~spod curve ln fha fimt quaâmnt for the 

motor on Scout II. Deta point. at the exîfema enâr form the boundary of 

the mator opsisting mgion. The dashed llne mpmsent. aie boundarler of 

the motor moâd obtained from Figura 2-12. 

The above torque-speed curve is implemented in the simulation in order to Limit 

the angular speeds and corresponding torques. The motor mode1 is introduced to the 

simulation in a torque-speed check function. The function draws the torque-speed curve 

for the rnotor in the four operating quadrants. Each t h e  a torque is cornmanded, the 

function checks whether that torque Lies inside the operating range at that particular 

motor speed. Lf so, the torque is applied. Othenvise, the function b ~ g s  the torque down 

to the limit of the allowable region, which is at the intersection of the 24 V operating 

Line and the current motor speed. The results and changes observed in the simulations 

upon the introduction of the torque-speed check function are discussed later in section 

Ground Slip 

One impoaant aspect of legged locomotion is the interaction between the toe grip 

on the ground and the amount of torque that c m  be applied before the occurrence of slip. 
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Failure to consider this effect cm lead to the robot crashing as seen in section 2.5.2. This 

section k s t  presents the equations used to analyze the force interactions between the 

robot's toe and the ground. Such an analysis was conducted in order to approximate the 

maximum torque that could be applied at the hip without causing toe slip. Then, a 

method of detecting slip is presented. Finally. a recovery scheme is explained. The three 

processes of slip prevention. detection, and recovery are then verifed ushg the Working 

Mode1 2 ~ @  package. It should be noted that while many approaches to deal with slip 

occurrence can be proposed, the aim here is to find a technique that uses the minimal 

sensing possible thereby increasing the ease of implementation and the reliability of the 

method. 

Süp prevention 

Assuming there is only one leg on the ground, slip may occur under two 

conditions. The first one occurs when tbe friction force on the leg is in the negative x- 

direction (see Figure 2-14), in other words when, slip tends to occur in the forward 

direction. The second case takes place when the friction force on the toe is in the positive 

x-direction. meaning that slip tends to occur in the backwards direction. The first usually 

happens immediately following touchdown, while the second one arises at the end of the 

stance phase. 

The force analysis is quasi-static and assumes massless legs, point contact with the 

ground, and no accelerations. Forces in the x- and y- directions are considered at the 

point of toe-ground contact. In the derived equations Fb is the friction force in the leg, 

Fs is the force due to the spring, T is the reaction to the hip actuator torque, and N is 

the reaction of the ground. 
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Figure 2-14: The figure on the Ieft shows the bot forcer upori contact with the 

grouriid. The right figure shows the friction m e ,  which l imb the bot force 

angle ôefore slip occurrence. 

Figure 2-14 shows the forces applied by the toe on the ground. The toe wiil only 

slip if Fx > pFy = , that is, the force is outside the friction cone. The friction cone 

represents the Limiting case where F' = pFy = pN . If we substitute F, = F sin a and 

F,. = F cos a then the Wction cone is represented by. a = tan -' p . 
The Newton equation of forces applied at the limit of the fiiction cone can thus be 

written in the following manner. At first, the equations for the event of forward slip are 

described below according to Figure 2- 15, where, 
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Figure 2-15: F m  body diagmm for the contact foram btween 0. and 
ground. 

If we substitute the forces with the Scout II parameters (see Figure 2-1 1). the equations 

become, 

The above equations are solved in order to find the torque ai the limit of the fkiction cone. 
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If the same approach is used for the event where slip occurs in the backward 

direction, the following is obtained, 

Once again by substitution, 

The above equations are again solved to find the torque at the limit of the friction 

cone, 

- - l[sin(@ + 0 )  + p cos(@ + @)] [k(I - 1 ) + bx] 
Z - O 

Limil , B 
( 2-25 ) 

cos@ + #) - p sin@ + @) 

Accordingly, the simulation now includes a function that wntinuously checks the actual 

and the desired torques and compares them to the maximum aliowable torque before slip. 

If slip is predicted, the desired torque is clipped to the maximum allowable one whiie 

ailowing for a safety factor of 0.9. That safety faftor is accounted for as to take care of 

the assumptions considered at the beginning of thîs section. The results and changes in 

the simulations are discussed later in section 2.5.2. 
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SUp detection 

The slip detection function constantly monitors the body acceleration. If at m y  

tirne, the body acceleration exceeds a certain threshold, the recovery function is caiied. 

Two methods to detect the beginning of slip wiil be presented. The first was 

implemented on Scout II due to its simplicity and reliability. The second method is more 

sensitive to the effectiveness of the sensing on Scout II and thus less reliable. It was 

t here fore only invest igated in simulation. 

The fvst method is to constantly monitor the hip angular speed. If at any time 

during the stance phase this angular speed changes instantly. slip is indicated. The 

amount of instant change in speed used to detect slip was tuned in simulation and on  the 

experimental robot. 

The second method is accomplished by cornparhg two methods of calculating the 

acceleration of the robot. Whenever these two methods give different results, the robot is 

considered to be slipping. According to Figure 2-1 1, it is possible to fmd the body 

acceleration geometrically as  follows, 

The above acceleration can be calculated from the sensing available on Scout II. It 

can be compared with the forward acceleration obtained using the Newton equations. 

This acceleration can be found as follows, 
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We now have two values for the center of mass acceleration. The value obtained 

fiom equation ( 2-28 ) will be cailed x, and the one obtained 6rom equation ( 2-30 ) wP 

be x, . The fkst one is also the acceleration of the toe referenced to the body center of 

mass position. The latter is the body acceleration when the toe is pinned to the ground. 
.* 

When the toe slips on the ground, the sensed acceleration. x.,  becones considerably 

different fkom the acceleration, xe , which is the expected value based on the Newton 

equations for no slip. 

Slip recovery 

If toe slip is detected, the torque should be appropriately reduced in order to stop it. 

The recovery function therefore interferes in order to stop the leg IÏom slipping. 

There are different ways to recover fkom slipping. Boone et al [6] proposed several 

reflexive responses to a slip during dynamic 10c~rnotion. Their most successful approach 

consists of Lifting the slipping foot during stance and repositioning it for another attempt. 

In some cases. more than one leg drops down to the ground to ensure maximum fip. 

Although successfûl. the above approach assumes controllable leg lengths. On Scout II 

the prismatic joint in the leg is completely passive. Other than the above presented 

methods, a slip recovery function based on ground speed matching can be implemented. 

Whenever the robot slips on the ground, the hip actuator will control the leg angular 

speed to match the robot forward velocity. This will therefore properly fuc the toe back 

ont0 the ground. Unfonunately this requires a sensing device that can measure the 
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forward velocity of the robot without having to refer to the leg angle and body pitch. This 

is yet not possible with the sensory devices on Scout II. 

The niethod used in simulation and experiment to recover fkorn slipping WU maLe 

use of the same equations implemented for ~reventing slip. However, in this case the 

friction factor, p, , will be srnaller, to take into account that the toe is aot fixeci onto the 

ground. Ushg p = 2pd was suggested by Nagel (301. who used the same approach to 

recover fiom slipping in his simulation work on slip with legged robots. If this is the 

case, the torque value applied at the instant of slip detectioa wiil be, 

It was previously implied that running with constant torque during the stance 

phases required constant monitoring of the applied torque by the slip prevention hinction. 

In this section, slip during the stance phase is intentionally induced. The expriment goes 

as follows: At a particular time during the robot's running cycle, the slip prevention 

controller is deactivated and a relatively high torque is applied by the hip actuators, 

inducing slip. At this instant, the leg angular speed will accelerate. This will induce a 

difference between the calculated acceleration, x, , and the expected acceleration, Xe, of 

the body. The slip detection hinction will hence detect the slip and cail on the recovery 

procedure. The recovery fûnction calculates the torque required to resurne the m,ining 

motion with minimal slip. As the calculated torque is applied, the toe grips back ont0 the 

ground and the robot continues the running. 
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Figure 2-16: Simulation results for the t h m  rllp hinctions. Dotteci lines in 

the top figure represent the toque limits obtaind in the slip pmvention 

hrnction. The continuous line 1s the torque applied at the motors. In the 

middle graph, the dotted line is the actual fornard velocity, while the 

continuous lin@ is the forward velocity caiculated from the gsometry. In 

tfw bottom figure, the continuou8 line is the acceiemtion expected from the 

Newton equations, h i l e  the dottad line is the acceleration obtain from 

geometry . 

The results of the simulation experiment are illustraied in Figure 2-16. The top plot 

shows on two occasions when the hip actuator torque is commanded to -80 Nm for the 

pair of legs on the ground. thereby exceeding the torque limit set by the slip prevention 

function. Every tirne the torque limit is exceeded, the slip recovery function then reduces 

the torque in order to stop the toe ikom slipping. The plot in the middle is a cornparison 

between the forward velocity given by Working Mode1 2 ~ @ '  and the forward velocity 
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calculated geometrically or using equation ( 2-27 ). The plot shows that each tirne the 

torque exceeds the limit, the geometricaliy calculated torque and the one obtained by 

Working Mode1 2~~ difEer. This only happens when the leg slips on the ground. 

Afterwards, as the slip recovery function interferes, both velocities match again. The 

bottom plot shows how both niethods of calculating the body acceleration differ at the 

instant of slip. Thus, this validates the approach used by the slip detection function. 

The purpose of this section is to present different running algorithms applied in 

simulation. Fust, the sirnplest algorithm will be explaineci and tested. more elaborate 

controilers will then foilow. The open loop controiler that uses only feedback of the leg 

state is first presented in section 2.5.1. Then a closed loop controller that uses velocity 

feedback is presented in' section 2.5.2. Sections 2.5.3. 2.5.4, 2.5.5, and 2.5.6 are 

modifications of the closed loop controiler that introduce control over the forward speed, 

hopping height and body pitching of the robot during ninning. Finally, section 2.5.7 

discusses simulations in a 3 D simulation package and investigates running with tuming. 

Open Loop Controller 

Amazingly, an open loop controuer was found to stabilize dynamic walking in 

Scout 1 [38]. While there is no a priori indication that such an open loop controller would 

stabilize a highly unstable system like Scout II, we stiil wanted to try it to get some initial 

insight. 

The Open Loop Controller combines independent control sequences for the front 

and back legs respectively. Each pair of legs has two states. Stance and Flight. The 

independent control sequences command the leg pairs as a fiinction of their state. As such 

the controllers do not rnake any assumptioas on a bounding sequence of states (see figure 

2- 1. 2- 1 ). In this manner, a leg pair does not require any sensing or feedback of what the 

other leg pair is doing or any robot state parameters such as body attitude or forward 
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velocity. The sensing required for this controller are the leg angles low-level servo 

control and the leg spring length for deteaing leg States. The body pitch, spring length, 

and spring length speed are only needed for the slip prevention function. 

While in flight, the leg is commanded to a constant leg angle in preparation for 

touchdown, via a PD controller. As observed by Raibert [32], for each forward velocity 

there is a unique touchdown angle that results in zero net acceleration. By commanding 

the appropriate angle when the leg contacts the ground, the robot's forward speed and 

hopping height can be rnaintained. This wiil ensure that the robot legs always have 

enough clearance during the flight phase to sweep the legs once again to th& intended 

- touchdown position. To overcome the energy losses, the hip actuators wiil apply torque 

to the legs during the stance phase. 

There is therefore an energy cycle that goes as foliows: As the robot fails ont0 the 

ground, the leg angle at touchdown causes the transfer of some of the forward energy into 

the springs. in order to maintain a constant hopping height. In the fmst part of the stance 

phase, the springs store potential energy as the robot's vertical and horizontal speeds are 

decreasing. The energy in the springs is then released, and the robot Lifts off the ground. 

Al1 the while, energy is added into the system by the motor, in order to overcome the 

losses due to the legs. 

The heuristic approach used here relies on descriptions in previous work done on 

dynamic robots [ 11 [ 10 ] [32 ][38]. Previous work and initial simulation trials have 

demonstrated that increasing leg angles at touchdown will decrease the forward speed of 

the robot. increase the hopping height, increase body pitching, and decrease the flight 

after stance phase. The latter will thus lead to the vanishing of one flight phase of the four 

phases of the bound. Following these guidelines, the leg angles at touchdown are 

modified to get a balance between forward speed which is necessary to move the robot 

forward and hopping height which is necessary to clear the legs for the return phase. The 

motor toques at the hips have to be adjusted to ensure that the energy loss in the legs is 

recovered. There are three types of energy loss in the legs. The fmt  one is due to the 

Biction in the prismatic joint. Besides the energy loss due to friction, there are two other 

kinds of losses that are present: those that occur at touchdown and those that take place 
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during Lift-off [32]. During touchdown the leg dissipates its kinetic energy to the ground 

darnping when it is suddedy brought to rest. The mechanicd stops also dissipate a 

fiaction of the robot's kinetic energy at lift-off when they push the legs off the ground. It 

is aiso necessary to properly balance the torques between the front hip actuators and the 

back hip actuators. If the front legs were on the ground, applying a negative torque would 

lead to a backward pitching of the robot. In other words the robot's body wouM rotate 

counter-clockwise, hence decreasing the vertical distance between the back toes and the 

ground. This unfortunately increases the risk of toe stubbing. In the event of the back legs 

supporting the robot, applying a negative torque wodd rotate the body in a counter- 

clockwise direction. This, on the other hand, wili increase the clearance between the front 

toes and the ground, generating a situation that is favorable to the robot's running. 

Considering the previously mentioned situation, it is preferable to apply most of the 

torque in the back hips instead of having an equai partition betwem back and fiont. This 

in turn will increase toe-to-ground clearance for both stance phases. 

After consideration of the above rernarks, the open loop controller was successfully 

simulated with the values shown in CI.  As shown in Figure 2-17, the simulated robot has 

a forward speed of 1.2 d s .  Its body oscillation has an amplitude of 6.5 degrees and a 

period of 0.29 seconds. 

It is clear from the resuks obtained that compliant quadruped running control is 

possible in its simplest form, without any explicit feedback control foward speed or 

stance tirne. This open loop controller results in a robust stable periodic behavior. A 

44 
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slight variation of the leg angle does not crash the robot but results in a stable ninning at 

slightly different speeds. FuRher variation of the leg angles wu lead to the vanishing of 

one of the flight phases. 

L . , . 1 1 1 I I 

1 2 3 4 5 6 7 8 9 10 
Tirne (s) 

Figum 2-12 Body pitch rnd fornard vslocity during running for the open 
loop controller with fixed legs touchdown mgles. 

A variation of the above controiler couid incorporate the control of the hip angle 

during the stance phase. This change will not requue feedback of the body p i t cbg  to 

calculate the leg angle at touchdown. Figure 2- 18 represents the data obtained from such 

an open loop controlier with $J = 25'. and 9 = 20' . 
f .rd b .rd 

The disadvantage of this controller is that it only runs at one specific forward 

speed, given a set of touchdown angles. If another speed is desired. the appropriate 

touchdown angles should be derived using simulation. Although this is possible, it was 

decided to investigate a closed-loop controiler that takes advantage of the robot velocity 

feedback. 
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Figure 2-18: Body pitch and forward velocity during ninning for the opon 
loop controller with tixd hip toudidawn mgles. 

2 5 2  Closed Loop Controller with Velocity Feedback 

This closed loop controiler is similar to the open loop controller ia that there are 

separate States for the hind and the front legs. Control of the locomotion relies on the 

state of each pair of legs, and is independent nom the overail robot state. However, in 

this controller, feedback of the forward velocity of the robot was utilized as a control 

input. 

During the flight phase, the conesponding leg is commandeci to a set point angle. 

This angle is continuously updated untii touchdown. In contrat to the open loop 

controiler where the hip angle was controiled, this controller commands the leg angles. 

The cornrnanded angle depends on the body pitch and the previous fonvard velocity, the 

stance tirne, and the desired hopping height. The controller has the following arguments, 
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XT 
XCG = s + - x  

d 2 oflset 
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XCG 

'd = ""1 Jh - XCG d 

The idea behind this controller is taken fkom Raibert who did previous work on 

dynamicdly ninning robots. Raibert States that at any nuining speed, there exists one leg 

angle at touchdown that will maintain the forward running speed constant. To calculate 

the position of the leg angle at touchdown, the control system estimates the locus of 

points over which the center of gravity wiil travel during the next stance phase. This 

distance is thus approxirnated by the product of the forward speed and the duration of the 

stance phase. As seen in Figure 2-19, to place the foot fonvard, the distance to the nont 

T 
of the hip is, i2. Because a spring mass system oscillates with a period that is 

2 

independent of amplitude, the duration of the stance phase is nearly constant for a given 

leg stiffness. The control system hence uses the duration of the previous stance phase as 

the expected duration for the next stance phase. Thus the touchdown angle is obtained 

only from the feedback of the forward velocity and the stance duration in the previous 

cycle. In order to increase or decrease the forward velocity one would need to decrease or 

uicrease the leg angle at touch down by adding an offset distance which is included in 

X&wt 
. Therefore the horizontal forces acting on the body throughout the stance phase 

assume a non zero value thus accelerating or decelerating the robot. This observation was 

Fwst introduced by Raibert [32] in the form of a proportional controiier, based on the 

forward velocity error, 
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where, x is the forward speed. 5 is the desired forward speed and k. is a feedback 
X 

gain. 

I 

Touchdown 

Figure 2-19: Log trajectory during the 8tance ph-. 

In addition to the hip actuator, Raibert's robots included an articulated pnsmatic joint in 

the leg; thus he had a means of injecting energy into the system during the stance phase 

to maintain the hopping height constant. Since in our robot, the aim was to decrease cost 

by keeping the amount of actuators to a minimum, we are unable to control the vertical 

hopping height via a leg actuator in an independent fashion. Instead we had to transfer 

sorne forward energy to the vertical via x . We were able to inject energy into the 
oflscr 

system to maintain constant hopping height by adding an extra terni in xoaset. This term 

increases the leg touchdown angle in order to store some of the forward kinetic energy in 

the spring and releasing it later in the stance phase in order to maintain a certain hopping 
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height. An extra term, a, is now added to the equation to account for the energy 

exc hange, 

The second line of equation ( 2-32 ) is a kinematic transformation to frnd the 

required hip angle with respect to the vertical axis. The third line of ( 2-32 ) transforms 

the commanded angle into a hip angle referenced to the body pitch. The f i a l  hip angle is 

regulated using a PD controller. 

It should be noted that the body attitude and dynarnics at touchdown for either the 

fiont legs or hind legs are different. Therefore, the back and front offset distances do not 

have the same magnitude of effect on the forward speed and hopping height. As a result 

the fiont legs offset distance is greater than that of the hind legs. This could also be seen 

in the fust controller where the h n t  legs touchdown angle was considerably larger than 

that of the back legs. 

The closed loop controiler was simulated with the values shown in Ci. The 

X 
offset .b 

= 0.04m 

c = j  

feedback of the forward velocity was done continuously in the cycle. The results of the 

closed loop controller simulation were very satisfactory and the running was steady with 

smooth transitions between tlight and stance. The four phases of the running cycle were 

distinct and very clear. Figure 2-20 shows the body pitch and forward speed data 

2 
z = 4 N m  

b.5 
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recorded fiom the simulation. The forward velocity obtained averaged 1.2 d s  and the 

body pitching amplitude was 8O. 

The mnning tmed  out to be successfbl, but there were two flaws in the initial 

simulation. The fvst was the no slip assumption, which was found to be fat kom true in 

practice. The other factor that was not considered is the motor torque-speed model. While 

the simulation results in Figure 2-20 were satiswing to the eye, a closer look at the data 

in Figure 2-25 revealed motor speeds that reached lûûûàeglsec in the hip speeds. This 

speed is about four times the maximum speed of the motor. These observations instigated 

the investigation of running simulations with the motor model and the toe-ground 

interaction nmdel. 

Please note that while these conditions are mentioned in this section, the same 

events were also observed at the initial time when the open loop contmller was king 

investigated. These remarks are presented here to study the effect of simulations with un- 

modeled motor characteristics and toe-to-ground interaction. The open loop simulation 

previously shown incorporated the motor mode1 and the slip functions. 

Time (s) 

1 I 1 I 1 I I m 

1 2 3 4 5 6 7 8 9 10 
Time (8) 

Flgum 2-20: Body pitch md forward veiocity during ninning for a closeâ 
loop controllof with no mstrîctiorir; on the environmant and the d e l .  
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The next step was to include the actual fiction factors measured from the ground 

in the lab. An experiment set up in the lab revealed a friction factor of about 0.45. When 

the friction factor in the simulation was set to 0.45, the robot crashed only after a few 

ninning steps. Figure 2-21 testifles for the results obtained. The robot speed decreases 

and the robot crashes on the ground because of the legs slipping backward and losing the 

energy stored in the springs and that provided by the motor. Due to the decrease in 

hopping height, the legs do not have enough clearance in order to sweep back inside and 

prepare for the next landing. thus causing the toes to stub. 

-40 ' I I L I 1 
O 0.5 1 1 -5 2 2.5 3 3.5 

Time (s) 

-0-5 1 1 1 1 m 1 I I 
O 0.5 1 1 -5 2 2.5 3 3.5 

Time (s) 

Figure 2-21: Body pitch md tomrird velocity durlng ninning for a closed 

loop controller with experimental friction factor. 

The next step was to cali for the slip prevention function. Figure 2-22 below 

represents the data recorded from the simulation for the body pitch and forward speed 

with the slip prevention hinction. It is clear fkom the plot that the robot now achieves a 

steady state running gait. The forward velocity and body pitch go through consistent and 

repetitive cyclic motions similar to the fust case whcre no slip was present. The 

dinerence that cm be noticed fiom when no slip was considered is in the magnitude of 

the body forward velocity. The velocity is less than the previous one by 0.2 mls. This is 
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due to the torque reduction applied during stance and bence less energy input to the 

system Figure 2-23 shows how the torque applied to the motor is clipped at certain times 

and hence it is less then the desired torque. The desired back torque being equal to -40 

Nm in al1 previous simulations. 

I 1 I 1 1 1 

1 2 3 4 5 6 7 8 9 10 
Time (8)  

0 1  1 
1 L I 1 1 1 I 

O 1 2 3 4 5 6 7 8 9 10 
Time (8) 

Figure 2-22: Body pitching and body fornard velodty with the slip 

The motor model was then implemented to ensure that the cornrnanded torques Lie 

within the motor operaîing range. Upon implementing the motor model, the leg &trachg 

the set point during the flight phase was analyzed. The recorded data were plotted in 

Figure 2-24. The plots show that with the motor model, the leg response was slower and 

hence the rise time was twice as long as with no motor model. However, the final 

outcome of positioning the leg at the desired angle before touchdown was achieved in 

both mdels .  
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Time (5)  

Figure 2-23: Toque plot during the b.ck Ieg .tance case, the continwus 

line repmsmts the apelied toque, the dashed lower line represmts the 

backward slip toque limit and the dashed upper line repmsents the 
forward slip torque Iimk A safety factor of 0.9 war u d .  
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Figure 2-24: Top: k g  angle tracking ln simulation with no 

implemented. Bottom: Ieg angle tracking in dmulaiorr w M  

implememtsd. 
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The other change was that the robot speed decreased by another O. 1 m/s fkom the 

1.2 m/s desired velocity. The torque-speed operating data were recordeci for both 

simulations with and without motor model. It c m  be seen in Figure 2-25 how the two 

operations are different especially during the flight phases, which is when the angular 

speeds are positive. While the angular speech for the simulation with the motor model 

implemented are within the operating range shown in the figure by the parallelogram, 

those without the rnotor model are outside the allowable area for most of the Hight phase. 

Figure 2-25: Toque-speed cuwe opemtlon for the tour quadrants, 

simulation with motor model(-), simulcitian with no motor modal (-). The 

parallelogmm is the motor operating range for the tour quadrants. The 

torque-speed data fmm the running with the motor mode1 is within the 

operating range. The data tor the runnlng without the motor madel crosses 

the motor operathg range. 

2.5.3 Control of Forward Speed by Touchdown Angle 

To irnprove control over the robot, the next step was to simulate the running with 

a controUed foward velocity. Since fonvard speed is constant in the flight phase. any 

acceleration must occur during the stance phase. It was explained in equation ( 2-32 ) that 
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an increase in the touchdown angle of the legs would d u c e  the forward velocity of the 

robot. This hypothesis is tested by having the previous simulation run with increasing leg 

angle offsets. Note that the energy put into the system is almost constant, the leg torque 

was tested with constant 40 Nm in the back and 10 Nm in the fkont. The step changes in 

the forward leg touchdown angle resulted in rapid changes in forward velocities, still 

maintainhg a steady state run. The changes in forward velocities and body attitude are 

shown in Figure 2-26. 

-15' 1 1 t I 1 
m 1 

O 2 4 6 8 10 12 14 16 18 20 
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2 4 6 8 10 12 14 16 1 6  20 
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Figure 2-26: Body pitch and r o b t  tomrrd veiocity vatues for changes in 
desired touchdown angles. 

The figure shows how the robot velocity was controlled in steps of 1.1. 0.9, 0.7, 

0.6 and 0.5 mls. The body pitching oscillation remained stable, however the amplitude 

decreased with increasing offsets. and oscillation became asymrnetric around the zero 

degrees pitching value. 

The above demonstration c m  also serve to show that the controller cm work 

under outside disturbances that could disable the legs Erom reacbing the ight  touchdown 

angle. Variations in leg angle due to unexpected conditions can be rectifieci. The system 

is therefore robust enough to handle minor disturbances. 
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Another method of conuolling the fonvard velocity is by adding more or less 

energy into the system during the stance period. This is done by controlling the desired 

forward velocity using the hip actuator torque. 

Torque Velocity Feedback Controiler 

The closed loop controller with velocity feedback was modified to accommodate a 

torque controlled velocity during the stance phase. Instead of giving a constant torque 

during the stance phase, the hip actuators apply enough torque to keep the robot at a 

certain cotnmanded speed. The t6rqw controiier is a simple proportional gain controller 

based on the current speed and the desired speed, 

The simulation was tested with step changes in desired forward speed. Step 

changes of 0.4, 0.8, 1.3 and 0.4 were cornmandeci at 0, 2, 5 and 8 seconds respectively. 

Figure 2-27 illustrates the results. The step changes were achieved while affecting the 

body pitching amplitude in the same way observed in section 2.5.3. Compared to the 

velocity controller based on leg touchdown angle, this controiier has less fluctuation in 

forward velocity during one cycle. The torque velocity fdback controller also continues 

to achieve symmetnc body pitching. 

A closer look at the pitching fkequency shows that it changes as the ionvard speed 

does. It can be seen that the stance time decreases with increasing forward velocity. This 

result was earlier studied by Ahmadi et al. [l]. In fact, if the robot is considered as a 

spring damper mass system, the stance period can be approximated by, 
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where W, is the system vertical natural fiequency. This however is only acceptable for 

vertical operations with zero foward speed. In this simulation, the robot has a stance 

period of 0.185 s at zero speed. This value drops to 0.137 s at a speed of 0.4 m/s, then to 

0.128 s at 0.9 mis, and 0.123 s at 1. lds .  

Figure 2-27: Step dianges ln fornard velodties controlled by the hip 

actuator torque. 

Another result worth investigating is how the velocity tracking error increased as 

the desired robot velocity increased. When the desired velocity was 1.3 m/s it was 

noticed that the nominal velocity achieved was 1.1 d s .  The reason for that is the motor 

operating characteristics. As the robot desired forward speed increases, the proportional 

controller cornmands increasing torques. Unfortunately, as the motor's desired speed is 

increased the motor achievable torque is decreased as illustrated in the motor torque- 

speed curve. Hence the motor reaches the limit of the torque-speed c w e ,  causing 

saturation. In Figure 2-28, the dotted line represents the torque calculated by the velocity 

contmller, while the continuous line is the maximum motor achievable torque. There is 

therefore a limit to the achievable speeds dictated mainly by the motor characteristics. 
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Figure 2-28: Toque Ilmltaioris on th rnotor during the ninnlng cycle. The 

dashed line is the toque obtainad tmm the praporlional wntmller. The 

continuous line mpmsmt8 the torqw achievable by the motor 

2.5.5 Jumping Over Obstacles 

Because the leg angles are responsible for transferring the forward kinetic energy 

into a vertical energy, one c m  use them to have the robot cross obstacles. By increasing 

the touchdown angle the robot wiil store more energy in the springs. This energy c m  then 

lead to higher hopping heights. 

The jumping contmller investigated here, is set so that in the mnning cycle just 

before a jump is desired, the leg offset angle and the stance torque are increased. This 
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simuhaneously injects more energy in the system and stores a bigger portion of the 

forward kinetic energy in the springs. At the next cycle the robot will thus have a jump 

higher than the usual runniog height. Following the jump. the offset angle is returned to 

the initial value thus bringing the robot back to its steady state d g .  The values used 

during the cycle before the jump are those in C . 
2.11-1 

Time (s) 

Figure 2-29: Running data for a simulaion whem the rabot hopping hdght 
was incrsssed to simulate obstacle crossing. The fi- fuum rspmsents the 

height of the center of mas8 ot the robot. At the t l m  of tive second the 

jumping contmller 1s u d  and the robot hdght increa- by nine cm in the 

next step. The robot then converges to the steady Mate hopphg height 
after five stepr. 
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Figure 2-29 shows how the robot height was increased by 9 cm after the jumping 

controller was used. Although the forward velocity and body pitching are momentarily 

disturbed, these go back to their previous values within five running cycles. This also 

dernonstrates that the controller can deal with large perturbations. 

2.5.6 Closed Loop Controller Prith Pitch Control 

The last controller implemented was a closed loop controlier with intermittent 

velocity control and pitch control. Instead of using independent leg states to derive the 

controlier, this controlier uses the overall robot state. It is in some sense a one way 

controller in that the state switching is unidirectional. In other words, if the robot 

switched from back stance to flight afier back (see Figure 2.2), then the next state 

expcted is the fiont stance, if the robot goes to any other state then the controlier WU not 

recognize the state and hence the robot will crash. 

In addition to the four robot states shown in Figure 2-2, two extra states were 

introduced. Each of the stance phases was divided into two parts, the first one is loading 

and the second one is unloading. The two states refer to the robot's leg behavior. During 

the loading phase. the leg shortens white the robot vertical speed slows down. In the 

second phase of stance, the robot leg extends and the robot accelerates. 

In the loading phase of running, the motors convol the forward velocity of the 

robot with a proportionai gain controlier similar to ( 2-35). During the unloading phase, 

the motors first control the robot forward velocity and secondly the robot body pitching 

attitude. As shown in (2-37), the body pitching attitude is made to follow a cosine wave 

with a desired amplitude A, and using a cycle time T, , obtained fiom the previous stance 

tirne. The total portion of the stance phase dedicated to the forward velocity control is 

here denoted by X. This was an attempt to introduce sotrie pitch control to reduce the 

amplitude of the oscillatory motion. Table 2.5 below summarizes the robot running states 

for this controlier. 
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1 Back to fiont Qight 1 Back kg lifi-off 1 Front kg: position leg for touchdown - 

i Front leg loading 

state, pitch control for (LX)% of the 1 s t a e  

~ 
Front leg unloading 

Front leg touchdown 
1 Back leg: position lep; for touchdown 

Front leg decompressing 1 Front leg: velocity control for X% of 

Back lep;: zero torque 
Front Ieg: velocity control 

I 

Front to back flight 

The ninning simulation was run with a desired fonvard velocity of 1.2 m/s and a 

1 

Back leg loading 

Back leg unloading 

maximum pitching amplitude of s*. Figure 2-30 below iiiustrates the running behavior 

Front leg lift-off 

with X=0.7. The body pitching was close to the desired amplitudes while the body 

Back lep;: Position leg for touchdown 
Front leg: zero torque 

Table 2.5: Robot overall running %tate for the clourd loop tunning 

1 Back leg: Position leg for touchdown 

forward velocity had a nominal error of 0.25 mls. Body pitch control thus has the 

Back leg touchdown 

Back Ieg decompressing 

disadvantage of poor fonvard velocity tracking when compared to the closed loop 

Back leg: velocity control 
Front kg: position lep: for touchdown 
Back leg: velocity control for X% of 
state, pitch control for (1-X)% of the 
state 
Front lep;: Position leg for touchdown 

controuer with velocity control only. 
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Figure 2-30: Body p k h  cnd tonnard wkcity for c l o d  loop running 

Flgure 2-31 : Flow diart of the nrnning cycle 
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The runnhg simulations discussed in the previous sections constrained the motion 

to the sagittal plane. For the robot to function in a wider range of settings it must be 

capable of changing its direction. 

In the case of running in the sagittal plane, a two dimensional simulation software 

is adequate. To study turning behaviors, a full three dimensional software package had to 

be used. Working Model 3D ' [22] was used for this purpose. Working Model 3 ~ @  is 

similar to the 2D version in that simulations can be controlled via a script written in 

Visual Basic. The Scout II mode1 is buih using the interactive Working Model 3 ~ @  tools 

while the running script was written in the Microsofi Visual Basic Excel Editor[23]. 

The turning is a simple modification to the open loop controller. The idea is to 

apply dif5erential torques to the left and right sides of the legs during the stance phases. 

This causes a moment in the verticâl direction, forcing the robot to tum. If the robot is to 

tum in the lefi direction, the torque on the right set of legs is made larger then the left one 

by a certain factor greater then one. 

A simulation is run where the torques during the stance phase are increased by 50% 

for the lefi side legs. As shown in Figure 2-32 and Figure 2-33, the robot made an 

approximate ninety degree tum afier which the body rolling oscillation became large 

enough to destabiiize the bound. Nevertheless the simulation showed that it is possible to 

make the robot tum using this simple algorithm. 
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Figure 2-32: Body yaw during the tuming algorithms. The runnlng dimetion 
is tuming to the Ieft. 

3.5 s 4.0 s 4.5 s 

Figute 2-33: Top view of the tuming durlng the threedimai.lonal ~ n i n g  
simulation. Figure 1s reaâ fmm Ieft to right 
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Conclusion 

In this chapter. the equations of motion of the system were derived for the flight 

and stance phases of running. These were then compared to the simulation to assess the 

mathemat ical model. 

A simulation model of the motor operation was then developed and implemented in 

Working Model 2D '. The interaction between the robot's toes and the! ground was then 

addressed, and dif6erent techniques for preventing , detecting and recovering fiom slip 

were proposed and tested. 

T hen, various running controilers were developed and success fully simuiated. An 

open loop controlier with k e d  hip angles at touchdown and fïxed motor torques during 

the stance phase was fust investigated. This controiler has the advantage of using the 

minimum sensing for the control algorithm. However it lacks explicit control over 

mnning pararmters such as forward speed and body pitching. Further more elaborate 

closed loop controuers based on the center of mass travel were implemented and tested. 

The control over the running speed of the robot was achieved with different approaches. 

In addition, the possibility of jumping over obstacles was addressed. The advantage of 

the closed loop controller is the effective control over the robot forward velocity, wùich 

does not require explicit control over the leg angle at touchdown. The controller alone 

calculates the appropriate touchdown angle based on the forward speed of the robot. This 

controiler also recovers fiom considerable disturbance within a few steps as seen in the 

jumping attempt. The closed loop controiler however requires sensing of a few 

parameters such as body pitch. forward speed. and stance tirne, which makes it more 

diffïcult to implement. An attempt to build a closed loop controlier based on the overall 

robot state was done with some combined body pitch and forward velocity control. This 

controiler was able to reduce the body pitching during running but on the expense of a 

loss in forward velocity. Finaily, 3D running with tuming behavior was simulated in 

Working Model 3 ~ ~ .  
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Experimental Resuits 

3.1 Introduction 

This chapter presents the results obtained upon the implementation of the running 

controlier on the Scout II robot. Section 3.2 descn i s  the experimental setup includhg 

the sensing and data collection method on Scout II. Section 3.3, analyses the results 

obtained upon the implementation of the open loop controlier, the closed loop controiier 

and a pronking gait on Scout II. Section 3.4 presents the resuits for the tumg.  Finally, 

the auxiliary controllers for lying down and getting up are d i s c u d  Md prvatcd in 

section 3.5. 

3.2 Running Setup 

The Scout II robot is equipped with a suite of sensoa. Two laser range sensors 

attached to the front and back of the robot aiiow measurement of distances to the ground 

and hence body pitch attitude and ebvation of the body's center of mass. A MURATA@ 

solid state gyroscope is mounted as a backup sensor, in the event that the laser sensors go 

out of range at a maximum sensing distance of 44 cm. Torque measurement c m  be 

calculated fkom the current readings fkom the motor amplif~ers. To rneasure leg lengths, 

linear potentiometers are mounted inside each leg. These allow measurement of up to 10 
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cm in displacement. They are also used for the sensing of the kg flight and stance States. 

The leg is considered in flight whenever the potentiometer measms the leg length to be 

equal to the rest length. This can also dinerentiate between the loading and unloading 

parts of the stance phase. An optical encoder is attached to each motor to read the angle 

of the leg. The hip angular speeds and accelerations are obtained by difierentiating the 

hip angles. Since the encoders are incrementai, the hip angles are automaticaily caübrated 

at start-up by moving the legs past a known angle, rnarked by Hall effect sensors. 

Figure 3-1: Scout II 

The SPP/SPI system mounted on Scout II was used to collect the sensory data during 

running and send it to the on-board PC. This data is then used for the necessary 

computations and also stored in the computer's memory. At the end of an experiment, the 

stored data is retrieved to analyze the experimental results. 

The robot is completely autonomous, powered by two 12 V batteries, located at the 

front and the back of the robot to maxlinize the body's inertia. During the experirnents, no 

power or communication cables were attached to the robot. 
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A dflerence between the actual robot and the simulation mode1 is that in the 

simulation, the fiont and back leg pairs were treated as one leg. In the real-life situation, 

the legs had to be synchronized to operate as one. A hnction that synchronizes the pair 

of back legs and the pair of fkont legs was introduced. The synchronization function 

appiies a PD controller to the left and right legs so that they always work together. If one 

leg is rnoving faster then the other. less torque is applied to it. This prevents the fast leg 

fkom surpassing the other. The proportional and derivative gains have been tuned during 

the preliminary experiments. The amount of torque reduction is applied to the "faster" leg 

via , 

where A@ and ~4 are the differences in leA and right hip angles and angular speeds, 

Initial running implementation attempts as weii as previous work done on Scout II 

pointed out the presence of toe slip during stance phases. Implementation work also 

demonstrated that toe slip had negative results on the ru~llling behavior such as the loss of 

most of the body angular momentum [LOI. For the purpose of slip prevention. the same 

slip torque approximation used in section 2.4.3 is employed. In this function, the torque 

cornmanded to the legs is continuousiy checked to an approximate torque Limit according 

to equation ( 2-19 ) or ( 2-25). If this torque lirnit is exceeded the robot leg is expected to 

ioose grip on the ground. Thus, the hinction reduces the commanded value to within the 

safe region, whenever the desired torque exceeds the limit 

Because of the approximation approach used in the slip prevention and the changes 

in ground properties, it is impossible to anticipate slippage in aii cases. For that reason a 

slip detection and correction hinction was implemented. In our controller, the hip angular 

acceleration is monitored during the stance phase. If at any point a rapid change in leg 

angular velocity is detected by the encoders. slip is recognized and the function reduces 

the torque momentarily. The rnethod used to detect slip is thus equivalent to the fkst 

technique introduced in section 2.4.3. Because of the noise obtained after two 
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differentiatioas of the hip angular speeds, the second method, which relies heavily on 

sensing many of the robot parameters, was not used. This torque reduction slows down 

the leg and reduces the horizontal force of the foot on the ground to a level that is within 

the fiction cone. 

3.3 Running Implementations 

In this section, the results obtained firom the e x p e k n t s  with tk open k o p  

controller and closed loop controller are presented. Two types of running were 0bse~ed 

in expriment: bounding and pronking. The bound is compared to the simulation results 

obtained in section 2.5. 

Bounding Gait 

As suggested by Working Mode1 2~~ running simulations. it is possible to 

achieve a steady bounding gait by choosing appropriate set of constant motor torques and 

leg touchdown angles. The open loop running controller was implemented on the Scout II 

robot. A back torque of 35 Nrn per leg and a fkont torque of 10 Nm per leg was used 

before the 60 % average mtor  efficiency is considered [4] [16]. Mer effïciency is taken 

into account the torque shouM match the values used in the simulation. A touchdown leg 

angle of twenty-two degrees for the fkont legs and eighteen degrees for the back legs was 

cornrnanded for flight phases. 

The slip prevention of section 2.4.3 was implernented on both simulation and 

experimental data. The only difference in the experimental slip approximation function is 

that it dealt with each of the front legs or back legs independently. 

The architecture of the controller implemented on Scout II is summarized in Figure 

3-2. It resulted in a steady state running gait with parameter values comparable to those 

observeci in simulations. 
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Flight Phase 
Position the leg ai the desircd touchdown angle 

I Stance Phase I 
Apply toque at the hips 
Apply slip prcvcntion 
Apply slip detection and fecovery 

Figure 32: Experimtal opan loop running contiol cycle lmplemsnted on 
each set ot legs. 

-0.2: 4.2 I 
4-4 4.6 4.8 5 

l-ime (8) 

Figure 3-3: Back legs md front îega stator for th. open loop control. the 
wntinuwr llne b equlvalent to the back .t4t.. The â8sh.d Ilne 1s 
equivalent to the fiont m e .  A value of one ~ ~ t s  the fllght phan, and 

a value of zero repraaents the stmw ph-. 
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1 , I I 1 I I 
O 1 2 3 4 5 6 

Time (s) 

. * . .  . .  

I I 1 1 1 I 

O 1 2 3 4 5 6 
Time (s) 

Figure 3-4: Cornparison baWm fomard ninning spssds in simulation and 
experimentation. 

Both simulation and experimental runs shown in Figure 3-4 started at zero initial 

speed and accelerated until steady state speeds were achieved. The simulation and 

experimental data show a response time of 3.0 S. Both speeds reach a steady value of 

about 1.2 m/s. Fluctuation in the forward speed of the simulation is smaller. The reason 

for this discrepancy is due to the poor fonnrard velocity sensing in the expriment. 

The backlash in the motor, the gearhead, and the belt transmission was of the order 

of several degrees, which made the forward velocity data obtained fiom equation ( 2-27 ) 

quite unreliable. In addit ion, the values of f ,8 , and 4 were obtained by differentiating 1 , 

8 ,  and @ in real tirne. The dserentiation of these terms and the electrical noise in the 

system added to the erroa in calculating the forward velocity. Although a second order 

low pass filter was implemented to diminish the emrs, it could not be used extensively 

due to the sensitivity of the subsequent controllers to the delay created by the Mering. 

Note that this controuer does not use feedback of the forward velocity, it is therefore not 

affected by the poor velocity signal. However the closed loop contmlîer described in 

section 2.5.2 relies heavily on the velocity sensing. 
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Figure 3-5: Cornparison betwm body pitdiing in simulation and 

The two plots in Figure 3-5 show a cornparison of body pitch for the experimental run 

and the simulation. After steady state is reached it is noticed that body oscillation is of 

the same magnitude. Simulation amplitude is and symmetric about the horizontal line. 

while the experimental pitching osciliation changes between 7O and -5O degrees. The 

cycle tirne for body oscillation is simiiar in both grapbs. It has a value of 0.29 s per 

oscillation cycle. 

The leg angles for both simulation and experiment resulted in comparable values 

during the flight phase. The experimental leg angles overshoot the desired value by 

approximately four degrees before touchdown occurs. This can be seen in the left graphs 

of Figure 3-6, for both back and front leg angles. This outcome is due to the leg 

positioning controller used during the flight phase. Note that simulation nins didn't 

consider fkiction in the hip joints or variation in the motor efficiency, which could have 

contnbuted to this slight positioning error. The plots in Figure 3-6 show that the back 

legs travel an angular distance of 28O in both simulation and experiment during the 



Chapter 3. Experimental Results 

stance phase, but the limits are different. The nont legs angular displacement however 

differs by about loO more for the experimental results. 

Time (s) 

-1s 1 1. 
O 1 2 3 4 5 6 7  

Time (s) 

Time (s) 

0 1 2 3 4 5 6 7  
Tirne (s) 

Figure 3-6: Cornparison betwwn Ieg angular displacement in simulation 
and experimentation. Top figures am the back kg angles, and bottom 
figotes are the front leg angles. The figures on the dght are the simulation 
data, and thosa on the left are the expwimc#ital data. 

Figure 3-7 shows the torques for the back legs of the simulation and the 

experiment. This plot shows the nice repeatability of the data in both sets of results. A 

closer look at the torque changes during one cycle is shown in Figure 3-8. It shows that 

during the stance phase the torque plots are simiiar in shape. The square wave in the 

lower section of the graph represents the k g  States. A low value represents stance and a 
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high value represents flight. During the flight phases both simulation and experimental 

torques also have comparable shapes. Two torque peaks observeci in the flight phase 

differ in simulation and experiment. which could be related to the PD leg positionhg 

gains. As previously stated, the feedback of the hip angles and angular speed on Scout II 

included slight errors due to backlash in the system and due to differentiation. 

2.4 2.6 2-8 3 3.2 3.4 3.8 3.8 4 4.2 4.4 
Time (8)  

Figure 3-7: Plot of back legs toque for dmulation and experimemtation, 

The continuous line repmsents the toque fmm ttie experimental Nn. The 

discontinuous line in the toque in simulation. 

Thus, tuning the proportional and differentiai gains in the experiment resulted in 

experimentai gains that are different from the simulation. This difference accounts for the 

discrepancy in experimental and simulation torque values during the fiight phase. Again, 

the experimental motor plots in t h  graph are averaged to 60% effkiency. Averaging the 

torque eficiency also introduces slight e m r s  in the data. On Scout II, the torques 

supplied by the rnotors are assumed proportional to  the current feedback reading. This 

assumption is of course imperfêct since it doesn't take into account different 

inefficiencies at different motor speeds. It assumes that the comrnanded torque is 

achievable. In addition, this doesn't ref let  îhat some of the torque, especially during 
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transients, is a dynamic effect of torque being used to accelerate the motor rotor inertia, 

the gear inertia, and the leg inertiê This torque does not contribute as a propulsive force. 

Nevertheless, the torques in both simulation and experimental run have the same patterns. 

Due to the nature of this controller that does not restrict transitions fiom one state to 

another, the emrs above mentioned contribute sonietimes to variations in the duration of 

the States, sometimes even vanishing one of the flight phases. 

Figure 3-8: Close up of torque change during one cycle 

Pronking Gait 

A running gait that is less cornmonly used than the bounding gait is the pronking 

gait. Animals such as deer use this gait. In this gait all four legs work in unison - they 

touch down and lifi off simultaneously. 

It was found while experimenting with the bounding gait that when the desired 

front leg angles were made smaller than the back leg angles at touchdown, the bounding 

gait converges toward a pronk gait. The Robot running gait becomes comparable to the 

monopod behavior in that all four legs operate in unison and effectively behave as one. 

As seen in Figure 3- 1 1, pronking was implemnted w ith the front legs angles equal 

to 16O and the back legs angles equal to 22O. The back motors comrnanded torque was 35 



Chapter 3. Experimental Results 

Nm for each motor whiîe the front torque was 10 Nm each. These are the same fixed 

torque values as the ones used for bounding. As in the bounding case. the slip prevention 

function was implemented. 

Figure 3-9 shows tirne intervais where both front and back legs are in flight. The stance 

periods are overlapping which implies that the running was a pronk gait and not a 

bounding gait. 

1 

-j- 0.0 - 
E 
IL 
; 0.0 
I 

é o., 
s!- 
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3 0 2  
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Figure 3-9: Back and front legs states. A d i n g  of tero means the legs are 

in contact with the gmund, while a value of one implles that the legs am In 
the air. The continuout line represents the back legs stato. The dashed line 

represents the front legs state. 

As shown in Figure 3- 10, the body pitch angle is always positive. Pitching cycles 

are not periodic, as is the case in the bound. One cycle is now longer and equal to 0.33 

seconds. The amplitude of oscillation is less than the one in the bounding gait. This type 

of running gait might prove more usehl in situations where the robot is intended to 

transport obPcts sensitive to body pitching. Further study can be conducted in the pronk 

gait to fmd the optimum running configurations that will result in the smallest amount of 

pitching amplitude. 
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Time (s) 

Figure 3-10: Body pitchlng throughout the pronldng g8k 
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Time (s) 

1 1 1 I 1 I 

O 2 4 6 8 10 12 1 4  
Time (8) 

Figure 3-11: Log angular c h a m  for the pmnklng wit. The uppw gmph 
ha$ the trajectory of the front legs. The îower gmph repmsents the 

trajectory ot the W k  Iagc 
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3.3.3 Closed loop Controller with Velocity Feedback 

The running controiler with velocity feedback proved to be robust in simulation. 

The next step therefore was to test it on the actuai robot. The robot applies a desired 

constant torque during the stance phase and controls the leg angles for touchdown 

according the relations shown in Figure 2- 19 and equation ( 2-32 ). 

Time (s) 

31 32 33 34 35 36 37 
Time (8) 

Figure 3-12: Body pitching and filtered fomard vdocity during the ~ n n i n g  

experiment wfth the closed 10- controller. 

The controiler resulted in the robot running continuously. However as shown in 

Figure 3-12, the results were not as steady as in simulation. This is due to the poor 

forward velocity sensing describeci in sections 3.2 and 3.3.1. Since the desired leg angles 

at touchdown are dependent on the velocity reading, this poor sensing had an adverse 

effect on the performance of this controller, sometimes leading to inappropriate 

touchdown. Nevertheless, the robot was able to recover fkom these disturbances and 

continue the running cycle. It is hoped that further improvement of the forward velocity 

sensing on Scout II will lead to a better running cycle. 
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3.4 Tuming 

In this section the results obtained from implementing the turning algorithm are 

presented. It was shown  JI simulation that by applying differential torques between the 

left and right side legs. the robot could tum in either left or right directions while 

bounding. Experimental results in Figure 3- 13 show that it is possible to achieve a ninety 

degree tum in 11 steps. Moreover. t h  time necessary to achieve turnhg is comparable 

to the simulation result. The turning shown is done by applying 50 % more torque on the 

right side of the robot than on the lefi. 

4.36 s . 4-88 s 

Figure 513: Ninety degree8 turning  ex^^ Figure 1s mad from Ieft ta dght. 
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3.5 Other Behaviors 

Other than running and turning the robot is also capable of accomplishing o t k r  

behaviors. Experimental trials have been done on Scout II to implement sitting down and 

standing up behaviors. The foliowing is a description of Scout II standing and sitting 

down. 

In the standing up shown in Figure 3-14. Scout II starts by homing his legs. To 

home the legs, the hip actuators rotate tbe 6mnt legs in the clockwise direction and the 

back legs in the counter-clockwise direction until the HaU effect sensor for each of the 

legs is triggered. This corresponds to @, = -90° and #b = 90°. On the next step. both 

front and back legs push down applyùig pressure on the ground by rotating in the 

counter-clockwise and clockwise directions respectively. During this maneuver, the back 

legs are commanded to apply more torque then the fiont ones giving a positive pitching 

attitude to the robot. This clears the ground for the fiont legs as they are pointing down. 

The robot then lands on its fiont legs with ali four legs vertical to the ground. Figure 3-14 

illustrates the sequence of events for standing up. 
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Figuro 3-14: Standing up sequmce. Fïgum is maâ from Ieft to right 

Two sorts of sitting down were implemented on Scout II. The first one, which is 

shown in Figure 3- 15, is almost the reverse process of the standing up. The robot staris 

by leaning down to one side with ef = #b = 15O. thus enabüng one pair of legs to siide to 

the inside. The robot then slides again to the other side enabling the front pair of legs to 

slide inside with q$ = -30°, and eb = lSO. The back legs are then brought to an angle 

symmetric to the front ones with #b = 30 O. Now that both pair o f  legs are point ing inside 
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the robot, they move together iawards until they reach t h  horizontal position where 

#b = 90 O, and #, = -90 O. This is shown in Figure 3- 15. 

Figure 3-15: Squsnce ot ewnta for sitting &m. Figures am read hom Ieft to rlght 

The second way of sitting down, could be more appropriate than the fkst sitting 

sequence in some circumstances. It starts in the same m e r  as the fint sitting method 

where the robot leans to one end leading to values of qf. and qb of 1s0. Then the robot 
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leans to the other end to afhieve negative pitchiag. This is done by slowly incrementing 

the fiont legs angles whiie keeping the back pair of legs at a fixeci angle. At the point 

where the robot body length and fiont legs are aligned (ef = 90) both legs start moving 

to the outside to get the robot back to the zero pitcùing position. The robot ends with its 

legs wide spread and its bottom touching the ground, with @/ = 90 and #b = -90 . Figure 

3-16 iliustrates the sequence of events used to bring the robot down in the second 

method. 

Figure 3-16: Sequmca of e w t 8  for sïtting dom. Figuras am mad ttom Ieft to dght 
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3.6 Conclusion 

This chapter presented the different experimental results obtained on Scout II. 

Open loop running was irnplemented and resulted in a stable bounding gait that is 

comparable to simulation A pronking gait which typicaily has less body pitching then the 

bounding was also implemented with the open loop contmlier. The closed loop running 

controlier resulted in a running gait that was unsteady due to the poor velocity sensing. 

The differentiation on board, the backlash in the motor, the gearhead, and the belt 

transmission ail contributed to significant errors that made it difficult to use the forward 

velocity sensing for the closed loop controllet. Tuming similar to the simulation one was 

implernented resulting in 90* tums with a simple algorithm tbat applies dinerential 

torques on the left and right side legs. Other behaviors such as standing up and sitting 

down were also successfully achieved. 
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Conclusion 

This thesis presented running control algorithms for a quadruped mbot with 

cornpliant legs. The four running phases were mdeled in Chapter 2 and a comparison 

with the simulation software was completed. The analysis showed no major differences 

in the robot behavior in the stance phases. However, the results of the fiight phases 

difSered as consequence of the assumption of massless legs. The analpical model used to 

validate portions of the simulation can be used in the future for controiler development. 

The simulation results of the open loop running contmlier were successful. This 

controiier demonstrated that running can be achieved with minimal sensing requirement. 

The robot ran steadily at a speed near 1.2 mls .  A modified version of Raibert's controller 

was successfully implemented in simulation. This controiier used feedback of the 

forward velocity of the robot, and the stance time in order to estimate the appropriate leg 

angles at touchdown. Velocity control. pitch control, and jumping control were 

incorporated into the conmller to increase the running behaviors. Modeling of the motor 

operation characteristics was also completed in order to draw attention to the Limitations 

of the actual robot's mechanical system. A mode1 of the interaction between the ground 

and the robot's toe was camed out to corn up with a toe-slip prewention algorithm. The 

disadvantage of such a model is that it required knowledge of the ground properties. To 
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accommodate this limitation, a slip correction technique was htroduced to permit 

recovery in the case of slip occurrence. 

Experimental results in Chapter 3 show that Scout II is capable of running. Minor 

discrepancies between the experiments and the simulator existed for the open loop 

controller. The sensing used on Scout II and modeling of the toe and hip mechanical 

design affected the experimental results. The robot forward velocity senshg was not 

reliable enough to use in the closed loop velocity feedback controller. Further, the hip 

design included sorne backlash and conpliance in the belt that were not . modeled in 

simulation, and which had an adverse effect on the implemntation of the running 

controllers. Other complementary behaviors such as tuming, standing up and sitting 

down were also implementeâ on Scout II. 

4.2 Future Recommendations 

Although mnning proved successfùl on Scout II in many instances, it could be 

improved by implementing the following recommendation: 

1. Installation of a gyroscope sensor for sensing yaw. This will allow more stable 

running, as it WU include some aspect of yaw control. Turning wiil naturally be 

easier and longer tums will be achieved by proper wntrol of the yawing 

motion. 

2. The installation of a gyroscope sensor for the roll sensing will permit precise 

control of the turning angle of the robot. This will permit the implementation of 

a turning algorithm that relies on the desired roil angle. 

3. An accelerometer or other sensing device to measwe the exact forward velocity 

would be of great bewfit, to irnprove feedback of the forward velocity of the 

robot. As seen in simulation, the closed loop controuer can be modifïed to 

account for jumping and control of running speed. However these controllers 

rely on proper sensing of the forward velocity, which is stili lacking on Scout 

II. 



Chapter 4. Conclusion 

4. Modeiing of the robot Ui the analysis could include the actual masses in the legs 

and consider the impact mode1 during the phase transitions. The improved 

mudel could give a better understanding of the nuining cycle. It could also be 

used to simulate the running in a faster way. 

To conclude, stable running was irnplemented in simulation and experiment, using 

simple running controilers. However, implementation results showed that increased 

control over the running behaviors cornes at the expense of more elaborate controllers 

that require more sensing. Nevertheless this thesis demonstrates that running is possible 

with simple control techniques and suggests that fbrther investigation can achieve a wider 

range of behavior. 
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Derivation of the Equations of Motion 

A.l Back Legs Support Phase 

The foiiowing is the derivation of the goveming equations of  motion for the case 

where the robot is supported on the ground by its hind legs. The generalued coordinates 

for this system are chosen to be 1 , 0 ,  and #b. From the gewralized coordinates and 
b 

Figure 2-3, the body Cartesian coordinates c m  be expressed as, 

These can be differentiated with respect to tirne, in order to give the body velocities 

in the x- and y- directions, 



APPENDIX. DERIVATION OF THE EQUATIONS OF MOTION 

The total body kinetic energy is the sum of tbe translational and rotationai khetic 

energies, 

The body potenihi energy is the sum of the potential energy due to elevation and 

the energy stored in the springs, 

The energy loss in the legs is approxùnated by a damper, 

The Lagrangian function, L. , is found by subtracting the poteniial energy h m  the 

kinetic energy: 

We now perform the differentiation required in the Lagrange equation, 



APPENDIX. DERIVATION OF THE EQUATIONS OF MOTION 

The Lagrange equation of motion is, 

B y direct substitution, the expanded form for the back legs support case becomes, 



APPENDIX. DERIVATION OF THE EQUATIONS OF MOTION 

Let x = [l . i .O, 9, $b . +b 1' be the state vector. Then the above set of equations can 
b b  

be written in the foiiowing state space fom, 

A.2 Front Legs Support Phase 

The foiiowing is the complete derivation of the equations of motion and the 

cornparison to Working Mode1 2 ~ *  of Scout II for the front stance phase. The equations 

of motion for the front legs support case are found ushg q = [ef. B. lf 1'. The body 

Cartesian coordinates are expressed at the contact point of the front leg's toe and the 

ground as follows, 



APPENDIX, DEWATION OF THE EQUATIONS OF MOTION 

The total body kinetic energy is the sum of the transiational and rotaiional kinetic 

energies, 

Now the body potentid energy is the sum of the potential energy due to elevation 

and the energy stored in the springs, 

The energy loss h the legs is approximated by a damper, 



APPENDIX. DERIVATION OF THE EQUATIONS OF MOTION 

It is now possible to fmd the Lagrangian function, J ,  by subtracting the potential 

energy from the kinetic energy, 

We then perform the differentiation required in the Lagrange equation, 



APPENDIX. DERNATION OF THE EQUATlONS OF MOTION 

The Lagrange equation of motion is, 

By direct substitution, the expanded form for the front legs support case becomes, 



APPENDIX. DERIVATION OF THE EQUATIONS OF MOTION 

Let x = [l , i ,8,8,9 ,O 1' be the state vector. Then the above set of equations 
f  f  f f  

- L cos(x, )[Lx, [k[xl - 101 + bx,  1 COS(X, ) + 7 /  Lxl + L sin(x, )II 
7 1 

The above Lagrange equations of motion can be written as foilows, 

Where A (q) is the 3 x 3 inertia rnatrix. Bf (q,q) is the gravity and cen~ifugal 
f  

force vector. 

As it is previously shown, the above equations of motion c m  be validated by 

comparison to the simulation results. The equatioos of motion for the fiont legs' stance 

phase are once again integrated using ~athematica? The fiont legs' stance phase is also 

sirnulated using Working ~ o d e l ?  Next, a comparison si& to the one made for the 

back stance is performed. 



APPENDIX. DERIVATION OF THE EQUATIONS OF MOTION 
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Figure A.02: Comparimn baween Working Moâel 2 6  plot. and 

Mathematicam plots for body pitch values durbig the front legs support phase. 

The maximum body pitch enor is 7.91% with - to the 10 deg tuIl scak 
body pitch amplitude. The maximum body pitch spwd error is 8.5396 with 

respect to the 300 d w s  full -le body pltch amplitude. 



APPENDIX. DERIVATION OF THE EQUATIONS OF MOTION 

(sec) 

Figure A M :  Cornparlm betwwn Woiking Mode1 20. plots and 

Mathematid' plots for the front log angle during the front legs support phase. 

The leg angle ewor 18 5.6% of the 20 deg full +cale leg amplitude. The leg 
angle error is 16.8% of the 200 full -le log sped amplitude. 




