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Resumo - Este artigo descreve o trabalho desenvolvido ao
longo de um projecto final de curso, visando o
desenvolvimento de algoritmos de controlo para umobot
humandide de pequenas dimensdes usando tecnologias
comerciais. O destaque principal é dado a implemesatao das
estratégias de controlo de baixo nivel com vista r@alizacéo
de tarefas béasicas de locomocdo e equilibrio. As
caracteristicas dominantes desta implementacdo sdo
controlo distribuido e a relevancia atribuida a inbrmagéo
sensorial. Por serem fundamentais para a especifiggdo dos
niveis mais elevados de controlo, sdo descritos ahg aspectos
praticos relacionados com os actuadores utilizados
(servomotores). No que concerne ao melhoramento d®u
desempenho recorre-se a um método de compensagda po
software. A arquitectura distribuida utilizada nas unidades
controladoras representa o elemento chave para unistema
de controlo que permite mecanismos de compensacéré a
variagcbes de inércia, proporcionado controlo de pésio e
velocidade. Além disso, foram implementados contratiores
locais de médio nivel, baseados em sensores de dodptando
0 sistema de um comportamento adaptativo em respasi@a
variagdes na inclinacéo da superficie de suporte.

Abstract - This paper describes the work developed in a fiha
course project, aiming at the development of contio
algorithms for a small-size humanoid robot using dfthe-
shelf technologies. The main focus is placed on the
implementation of low-level control strategies for both
locomotion and balancing tasks. The main features dahis
implementation are the distributed control approachand the
relevance given to the sensorial information. Sompractical
issues on servomotor control are given since thatitned out
necessary before entering higher levels of controParticular
attention is given to the low-level control of RC ervomotors
and the enhanced performance achieved by software
compensation. The distributed set of controller uni is the
key element towards a control system that compens for
large changes in reflected inertia and providing psition and
velocity control. Furthermore, an intermediate loal-level
controller is implemented based on force sensing,rqviding
robust and adaptive behaviour to changes in a slopurface.

|. INTRODUCTION

consequence, the number of research and development
projects aimed at building bipedal and humanoidotsb
abound. The great success of Honda’s robots [158] h
inspired others to replicate the impressive deaigh skills

[3]. On the other side, humanoid projects from acaid,
operating on a much smaller budget, aims at relseamc
low-cost and easy-to-design robots, such as PIND [4
ESYS [5] and HanSaRam [6]. As robotics technology
continues to progress, there will be a need fotwsok
and algorithms useful to improving the usabilitydan
autonomy of these complex machines.

The goal of this paper is to present the technical,
technological and innovative controls aspects iifding a
small-size humanoid robot at reduced costs usifithef
shelf technologies. The work reported here is basead
final course project performed at the Departmenthef
Electronics, Telecommunications, and Informatics
(DETI), with the collaboration of the Department of
Mechanical Engineering (DEM), which provided a
humanoid platform still in a prototype phase, bffiering
already capabilities of implementing control algjoms
using a network of microcontrollers connected toesal
actuators and sensors. In this way, this project &
experimental basis, where all proposed ideas and
particular control algorithms have been tested\aniied

on this real robot to form a critical hypothesigidast
loop. Fig. 1 shows the humanoid robot at the curseage

of development.

Fig. 1 - Biped humanoid robot with 22 DOFs.

The paper begins by presenting the engineerindisnfu

The field of humanoid robotics has stimulated an and the research results with potential of practica

increasing interest in a wide community of researshAs



application, including the performance of servomsto
practical issues on their control and the test loé t
distributed control approach. Afterwards, it isogpd the
development of the low-level control structure whis
obtained by the addition of an outer position feskb
loop to the servo’s internal controller. The mosfevant
feature of this implementation is the distributed
architecture where centralized and local controy roa-
exist to provide robust full monitoring and effinte
control. The integration in simpler local contralits of a

sensorimotor command layer that encapsulates useful

combinations of sensing and action play a key tole
allow for more advanced algorithms that go far melythe
classical control of robots. Finally, the paperaidges the
development of force-driven actuation and control
modules, successfully applied to demonstrate the
possibility of keeping the humanoid robot in uptigh
balance position using the ground reaction forces.

This remainder of the paper is organised as follows
Section 2 describes the main technological aspects
including the actuators and the sensorial requirgsne
Section 3 presents an overview of the actuators
performance and its limitations in the wide scemmathey

will face with. Section 4 describes the implementatof

the low-level locomotion controllers using a dynami
PWM generation with real feedback from the motor
internal potentiometer. Section 5 gives an explanatith
examples of the intermediate level control impletadras

a local controller based on force sensing. Sec#on
concludes the paper and outlines the perspectbvesrds
future research.

Il. ROBOTIC SYSTEM'S DESCRIPTION

The main scope of the project beneath this paper ha
been the development of a humanoid robot to canty o
research on control, navigation and perception. The
ultimate goal is to build a prototype capable of
participating in the RoboCup humanoid league wheere
wide range of technologies need to be integrated an
evaluated. In order to provide adequate mobiltg, ¢ach
leg consists of six rotary joints: two joints atetlankle
whose axes are orthogonal (pitch and roll), orthe@knee
(pitch) and three at the hip (pitch, roll and yaw).

The most relevant achievements of this implemesrati
include the distributed control architecture, based a
CAN bus, and the modularity at the systems levg8]7

A. Distributed Control Approach

From the very beginning of the project, one major
concern has been the development of a flexiblerabnt
system to allow for short and possibly longer term
developments. The key concept for the control &echire

is the distributed approach, in which independeiat self-
contained tasks may allow a standalone operatidwe T
platform was given a network of controllers coneecby

a CAN bus in a master-multi salve arrangement. &fast
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and slave units are based on a PIC microcontrdtigr.2
shows a generic diagram of the controlling units.
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Fig. 2 - General architecture layout.

Slaves (Fig. 3) can drive up to three servomotors,
monitor their angular positions and electrical eutr
consumption. The system joints have been grouped by
vicinity criteria and are controlled by a dedicatedhard.
Concerning additional sensors, each slave unit thas
possibility of accepting a piggy-back board where
additional circuit can lay to interface force-sesso
accelerometers and gyroscope. A complete desarijtio
the control architecture can be found elsewhere [8]
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Fig. 3 - Block diagram of generic master/slave sinit

B. Actuators

The complete system is conceived with 22 actuavbrs
three different types according to torque requingisief

the several joints: more power on legs and lessepam
neck and arms. For the dimensions involved, offshelf
actuation technologies do not offer significaneaiatives
other than the small RC servomotors, such as tfrose
HITEC. The servomotor itself has a built-in motor,
gearbox, position feedback mechanism and contgpllin
electronics. Since these servos, although the most
powerful among their counterparts, offer torquesmoch
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higher than 2 Nm, gear transmissions had to be Dead bandwidth fis

implemented in the mechanical structure. Dimensions 66 x 30 x 57.6 mm
This type of devices is so practical to use andisglthat Weight 152g
their widespread use made them affordable to aelarg Table 1 - HITEC HS805BB servomotor specifications.

community. Currently, many brands of servos exisd a

roughly since the early 1990s some uniformity and
standards have been established among brandsrisy pi
sizes, and other technical issues [9]. The selected t

servomotors are practical and robust because th&oto
input is based on a digital signal, whose pulsettwid
indicates the required position to be reached byd#vice.

RS-232

Its internal controller decodes this input pulse &mes to Master Unit
drive the motor up to the required position. Howetke

controller is not aware of the motor load and igogity jE CAN bus
varies with the load. By design, servos drive teirth

commanded position fairly rapidly depending on lesd,
usually faster if the difference in position is dar.
Additionally, which may be critical, as the loadtigases a _ _
steady-state error occurs, turning the device antighly APtP'y'”gt PoéeSQF?nmeier
non-linear actuator upon variable loads on thetshaf position u(t) position y(t)
Fig. 4 shows one of the HITEC s_ervom_otors us_efhi'ﬂ;\_t Servomotor
project. Table 1 presents their main specifications
according to common information on flyers and da¢ass ) . .

. . Fig. 5 - Block diagram of the experimental setup.
spread over internet sites and vendors [10]. lukhbe
noted, however, that not all specs were actuallified as
announced. Most people working with servos rely on

sparse or informal knowledge available in webgids. long. The servo is fixed in a mechanical lathe sttt its

Anf entire sys;em _vvals dset up to evaluatz the ?atsato .Zero position corresponds to the perpendicular éetw
performance that includes a master and a slave UNit,. jink and the gravity vector. Fig. 6 shows this

contrqlling a servom otor properly fixed and loadas experimental arrangement where a calibrated weight
described above (Fig. 5). On the one hand, theemasit being lifted up. The complete set of individualdsaused

ECOLnEeCtef? toa comrr)1uter thrf)ugh a? RS'2032 Uﬁlng h in the experiments and their combinations are et in
atLab software as the users interface. On theeroth a1 5 Finally, and this was the sole hardware

_hand, the slayebunlt IS g_onne(r:]teddto _thed Servo m&sm_ . intervention on the servomotor unit, in order toasi@e
In two ways: by sending the desired Servo position . gepng position feedback signal, an extra outgte

;(;r:;r:and and by reading the potentiometer feedb"‘chNas connected to the servo internal potentiometer.

Slave Unit

The experimental apparatus comprises several ltheds
will be applied to the servo shaft through a linkdd cm

Fig. 4 - HITEC HS805BB servomotor.

Spec Values ) ] ] )

Control system Pulse Width Control 1.5 ms neutral Fig. 6 - Experimental evaluation of the actuatogsponse using a

Voltage range 4.8V t0 6.0V HITEC HS805BB servomotor.

Teat voltage @ 4.8V @ 6.0V

Speed (no load) 60°/0.19 s 60°/0.14 s Load Mass (g) Torque

Stall torque 1.94 Nm 2.42 Nm (N.m)

Operating angle 45° Jone side pulse travelings00 0 9 0.009
clockwise/pulse traveling 1.5 to : 1 258 0.253

Direction ms 463 0454

Current drain 8maA (idle); 700mA (no load running)



Torque
Load Mass (9) (N_r?q)
3 675 0.662
1+3 924 0.906
2+3 1129 1.108
1+2+3 1378 1.352

Table 2 - Different loads used during experimemid @aximum static
torque required.

C. Programming Issues Related to Servos

To be able to control this device, we need to garea
PWM pulse with a 20ms period (50Hz) and a variable
duty-cycle from 1 to 2ms. Concerning the sensorial
information, additional requirements are imposearider
to read the shaft motor position and the current
consumption. A PIC18F258 microcontroller from
Microchip was chosen to perform these tasks.

The PWM generation requires two software interrupts
used for the rise up (timer 1 at 20 ms) and thiedfaivn
voltage level (timer 2). The PIC has embedded PWM
generators but they could not be used since tbeiedt
frequency was too high for this application. Todlde to
control successfully the duty-cycle for each motar,
periodical high frequency interrupt is generatethini the
PWM impulse (1 to 2 ms) with a resolution corregfing
to 1° (Fig. 7). In the PIC program, each servo aas
associated variable for the impulse duration aodghch
step, it is verified whether the PWM signal willlfdown
or not. This way, it is possible to control any rhen of
motors using only two timers, as far as there isugh
CPU bandwidth to execute the necessary code: ftd a
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unit. Indeed, the position reading only makes sevisen
duly synchronized with the PWM generation; doing
otherwise will conflict with the servo own integedt
controller. Having solved this initial difficultythe need
for an additional external potentiometer or encdderow
postponedine die

Related to this phenomenon is the electric current
consumption which was initially expected to be nueed
indirectly by the voltage on a resistor (0.2J in series
with the servo. Fortunately, after studying theveer
potentiometer during operation, as observed in Big.
current reading may be extracted from the poterdgtem
voltage level itself. All this has required elaktech low-
level software development since PWM generation and
sensor reading are synchronized and tuned witHuteso
of up to 1us for three simultaneous servos.

Input PWM pulse
>

“current” pulse

Amplitude AN
fixed at
maximum

Motor
position
(variable)y

20 ms

Fig. 8 - PWM for motor control (black) and positifeedback
potentiometer reading (blue).

D. Force sensors

The foot sensors are intended to measure the force
distribution on each foot to further assist during
locomotion or simply keeping upright. Four forcensers

on each foot allow evaluating balance. Commeracatd
sensors are expensive, so it was decided to dewelop

MIPS microprocessor, we can use up to 55 assemblysystem based on strain gauges and amplify the

instructions for each step of 1°.

PWM

20 ms

PWM for
actuation

5V

NDNDNDNDNDNDNDNDNDNN

Interrupt for PWM
rise up (Timer 1)

High frequency interrupts for
PWM fall down (Timer 2)

Fig. 7 - PWM generation.

Joint position is currently read directly from the
servomotor potentiometer. This was not as easyitally
expected due the complexity of the servos intecoatrol

deformation of a stiff material. The result is adiof foot

based on 4 acrylic beams located on the four ceroér
each foot that deform according to the robot pes{tine

details can be viewed in Fig. 9). A Wheatstone deidnd

an instrumentation amplifier complete the measusietyip

(Fig. 10). The electronics hardware lays on a pigagk

board mounted on the local control unit.



Fig. 9 - Foot details with the four force sensors.
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Fig. 10 - Strain gauges outputs amplifier.

Due to the very small amplitude of the signals laged,
additional care in building the circuit for force
measurement has been taken. Namely, to comperwate f
temperature variations and noise asymmetries, fidgéds
have been made with full symmetric componenistwo
strain gauges were used; one subjected to thenakter
force (EXT) and a second one in the opposite arrthef
bridge that does not suffer any strain, but enseiedar
temperature and noise responses (EXT_MIRR); aind (
similar adjusting potentiometers have been instatlie the
other bridge arms to ensure the proper behaviour fo
temperature and noise (POT_FIXED e POT_CAL). In
general, results are quite satisfactory, showintprge
stability even for small forces.

[ll. SERVOMOTOR S PERFORMANCE

All control mentioned in this section reports toeth
application of a given pulse train with a specifith.
Therefore, the servo will be always presented véth
heavyside step in position. The first experimente a
performed with “large” steps (equivalent to 90°r fo
several loads and, then, smaller steps (few degraels)
are used in order to simulate some kind of lineput and
launching the basis for velocity control. The expental
setup used is the same as described in Section 0.

In all experiments reported in this section onle th
servo’s own controller will be responsible for tesulting
performance. The only feedback available, besithes t
visual input for humans, is the shaft position readhe
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servo’s potentiometer as described in the prevéaasion;
further, it shall be noted that this process aéxpuires care
since apparently the internal controller interfength the
voltage drop on this potentiometer and that carcaff
external readings of the shaft position.

A. Response to one large input step

After applying a step from -45° to +45°, the first
notorious observation is the presence of steadyeadrs.
For a low mass, the steady state error is negéigilt for
the larger load (1129g) about 8° error remainsr dfte
transient phase (Fig. 11).

50

7

8 ot~ s R 1

o :

@ :

€ i

c :

8 :

[ZRT, 1= N S - S S ——— 1

o : :
— Step requested
—— Load mass: 258g
—— Load mass: 1129g

-100 L L
0 0.5 1 15
time (s)

Fig. 11 - Step response for two loads from — 45°4%°.

Another observed anomaly in Fig. 11 is the unstable
dynamic behaviour on position reading, which shaws
the beginning a sudden jump to a position below &
some oscillations during the path up to the firal goint.
The interesting part of this observation is that thotor
shaft, physically, did not show this behaviour; a
continuous and fast motion to the final positionswa
observed without speed inversions or any kind of
oscillations.

B. Response to a “slope” input

In order to implement some sort of velocity control
several experiments were then carried out in a eTatiat
a variable position would be successively requekidtie
servo. The rate at which each new position was sego
settled some kind of velocity. Nonetheless, the avdy is
still to give (smaller) position steps to the secamtroller;
only their magnitude and rate will dictate someimes
“average velocity”. This approach will generate an
approximately linear increase (slope) for the paosit
which is to say, some constant velocity.

This way, the current demands will only practically
depend on the load torque due to the speed limitati
introduced by the ramp input (the levels of curneiit be
lower). In addition, beyond the position controglacity
control is introduced by the definition of the rafepgth.

In Fig. 12 can be seen that, although the transient
response has a very improved behaviour, the ststady
error still exists. Table 3 shows the results of an
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experiment carried out to stress this effect: tee/ is current is being drained! For high loads (or fasttions)
requested to successively move a given weight tneso the servo increases the current demands and adds an

positions; for each position, after motion compmeti the “extra” output pulse above the position voltage tbe
potentiometer is sampled to obtain the real pasitioat potentiometer. This occurs perfectly synchronizétt whe
the servo achieved. input PWM signal (Fig. 13). The previous observasio

Relating the positional error with the static toecgkerted  yield clues on the servomotor internal controller
in the joint,r =mglLcosg , a direct conclusion can be principles. After receiving each input pulse, timernal
drawn: the higher the torque, the higher is thadstestate ~ controller will provide current to the motor in tiextent
error. Heref is the angular positiomy the acceleration of ~needed to accomplish the required angular displanem
gravity, m andL are the load mass and the |inkage |ength' With the assumption that the internal controlleesus
respectively. power bridge and an internal PWM generator to dtinee
motor, it is reasonable to accept that the “expalse in
the potentiometer level is due to the fact thattinaneous
power is applied during that period to the motortbhg
internal controller. It was also observed that ‘tertra”
pulse on the potentiometer level has a fixed tdpeza

ADC ADC
conversion reading

start T I
Zona de Zona de

PWM descida descida

Position (degrees)

; : Potentiometer signal \
—— Ramp requested

—Load mass:1129g T f ? f ? ? T ? T T

2 3 4 5 Potentiometer reading Interrupts (Timer 0)
time (s) 20 ms

Fig. 12 - Response to a slope input for the higlvest Fig. 13 - Temporal organization of the interrupts.

Requested measured Error © Torque
position ©  position °© (Nm) All things add up to conclude that the average powe
80 80 0 0.198 being transferred to the motor during a cycle of NP\(20
ms in these servos) is proportional to the widthtto$
-60 -62 2 0.569 “ " - .

extra” pulse. In other words, admitting a fixedltage
-40 -45 S 0.872 applied by means of an internal bridge, the electirrent
-20 -28 8 1.069 being required by the motor is proportional to width of

0 9 9 1.138 the pulse, that we shall now onwards refer to as th
+20 +11 9 1.069 ‘current pulse”.

Two main issues were concluded by these obsengtion
+40 +33 7 0.872 care must be taken when reading the potentiometeey
+60 +55 5 0.569 and a means to measure electric current (in ped@d
+80 +80 0 0.197 ms) was found! Only the accuracy in measuring the

Table 3 - Steady state error and physical torqeeted in the motor for ijli:reir:t pulse width will limit the accuracy inaging the

a fixed set of positions using a 1138g load. . . . .
Strategies were then devised to measure motoriqosit

To correct these deviations, an external contratarld (ie., potenUometer voltage). The .5|mplest way 1os
be devised which resorts to proper selection ofsunesal sample the potentiometer several times, during ffie

arameters and output feedback. period of one PWM pulse, and take the minimal value
P P Nevertheless, for high loads and high current delnatine
C. Parameter Measurement current “pulse” can last the entire PWM free period

inhibiting position reading! Such a situation ogeudr in
The last results show that, when carrying out long the experiments reported in Fig. 11: low peaks ha t
trajectories at the maximum speed (such as in &gt  transient behaviour correspond to high peaks in the
large step inputs), the potentiometer output tetmls voltage caused by the current pulse interferenbés @an
become unstable, especially when increasing the loa be minimized by reading position exactly during #utive
mass. This is due to the way the potentiometerageltis part of the input PWM pulse. Note that the curreulse
read: different grounds for external measuremerd an has its ascension at the PWM fall down, so, everhifgh
internal controller. Therefore, the potentiometetpait is demands, the referred phase usually is not affebied
only consistent with the real servo position whetowa current pulses. Nevertheless it is important to icavo
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excessive current draining due that the currensepekin IV Low-LEVEL CONTROL

last all PWM period making impossible position riegd

In this line of thought, a 2Q@& periodical interrupt (timer Among the major challenges in building low-cost and
0) is used for the entire PWM period excepting fdié easy-to-reproduce humanoid robots, the performarice
down zone in order to provide maximum CPU bandwidth their control architectures and the constraintsaotuator

for the fall down task (Fig. 13). Thus, during 19the systems assume a special importance. In general, th
potentiometer voltage is read, updating contingolts control problem consists of (1) providing the adsqu
minimum value and counting the number of cycles (of computational resources and (2) using control lawd
20Qus) in which the output is above a certain levethsf strategies to achieve the desired system responde a
previous PWM period minimal voltage. This level is performance. The first part of the problem has been
defined as being half the current pulse amplitutiee extensively discussed in Sections 0 e 0.

accuracy of the results is related to the cycletilon. Here, we concentrate on the second part with the
Nevertheless, this cycle duration has some congttai emphasis being placed on the implementation ofdie

the CPU bandwidth to execute the code for one level controllers to achieve an improved perforngariche
measurement, the acquisition time necessary sotlieat basic idea is to introduce suitable compensatiantrob
ADC have a stable voltage on its input, and thevemsion actions via the closure of an outer position cdritop. In
time for the digitalization of the input voltage. this work, procedures are described on how an mxier
Additionally, reading the three servos’ positiossnade microcontroller can read the shaft position in orde
through a multiplexer whose selected input must beevaluate intrinsic velocity by the motor.

switched, requiring an extra delay fundamentalssuee a It is expected that enhanced performance can hiewsth
stable output. Considering 18 for the associated code by software compensation, provided that positiod/@n
execution, 2(s for the acquisition time and g€ for the torque measurements are available. In such cases, a
conversion time, 153 remain for multiplexer output effective strategy to improve the servo’s operat®uosing
stabilization, which is far enough to ensure a Malesult. an external controller, where an outer positionticfoop

In order to full exploit the free CPU bandwidth| #ie is closed around each slave unit. Fig. 15 illusgathe
events are generated by interrupts, and servongsadire block diagram of the proposed servo controller.
multiplexed in time resulting in 608 to read all three

sensors. The complete sequence is illustratedginlfi Desired Position
position control
— | Controller > Servomotor
Timer O generates
an interrupt
,,,,,,,,, L Servo position
s \\
/ v ADC finishes Fig. 15 - Servo controller diagram.
ADC starts conversion and

generates an interrupt

conversion The servo circuit has a very narrow input contaoige

and it is difficult to control accurately, though has

I
Conversion Time: !

40us | adequate speed and torque characteristics. Ther oute
v position control loop is proposed as an effectivel to
Converted voltage is achieve good performance in terms of steady-state

That is achieved by a variable PWM throughout thig f
excursion o0 a joint. The algorithm is based on dyica
PWM tracking using the servo own potentiometer for

Processing Time:
10ups

A 4

|
|
|
|
|
|
|
|
|
|
|
l
|
l processed behaviour and enhanced trajectory tracking capisili
|
|
|
|
|
|
|
|
|
|
|
\

(;‘jﬁde”&ﬁxsg"gt) feedback. In other words, the software tracks motor
g P position with time and adjusts the PWM in order to
I .
. ) accelerate or decelerate the motor motion.
"MUX stabilization + Acquisition time: For that purpose, several control algorithms can be
150us derived. The simplest approach that can be folloisetd

consider a digital PID-controller (or a particutzase). In
this line of thought, this section focuses on tbetwl and

In order to ensure that the sensor reading intesrdp ~ Planning algorithms to generate smooth and stable
not interfere with the PWM generation’ a 5imp|e motionS, without requiring any modification of tlservo
verification is made before the conversion staftéere is internals. In order to validate these principlés CO””Q'
enough time to execute all steps before a PWMrimper ~ Schemes proposed are tested in a number of expesime

the process begins; otherwise, nothing is done thrd USing the same setup as described before. All @ontr
routine waits for the next timer 0 interrupt. algorithms are implemented in discrete time at 20 m

sampling interval.

Fig. 14 - Sensors reading sequence.



A. Incremental Algorithm

In the case of interest, the system to controbiméd by
a single joint axis driven by an actuator with pulgidth
control. To guide the selection of the control stuwe, it is
also important to note that an effective rejectafnthe
steady-state errors is ensured by the presencaeinfegral
action so as to cancel the effect of the gravitetio
component on the output. These requisites suggatthe
control problem can be solved by an incremental
algorithm in which the output of the controller repents
the increments of the control signal. Hence, theckl
diagram in Fig. 16 illustrates, in the z-domaing th
proposed control scheme whose control law is desdri
by the following equation:

_ [K, +K, E(ﬂ— z‘l)][E(z) -K, E(ﬂ— 2‘1)2 0Y(2)
U(Z) - -1
1-2
where K, =k [0, K;=k,, K=k,
positive gains. The resulting control structurdased on

the error between the desired joint positign) and the
measured output positigiin) converted by the ADC.

are constant
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Fig. 16 - Implementation of the incremental aldarit
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B. Integral control

Several experiments were carried out in order thara
comparison between variations of the control schérhe
first experiment is aimed at verify the effectivesef the
integral action. It is required to move the joinigke from
an initial valueq, = —45° to a final valuey = +45° in a
given timet; = 2s, for a load of 924 g. Once again, the
determination of the specific trajectory is givery b
position steps successively updated.

The results are presented in Fig. 17 in terms ef th
desired and the measured angular positions. It Emn
observed significant differences occurring in the
performance of the open-loop and the closed-loapesy.
the steady state error is eliminated and the ditag is
reduced when applying this compensator. The adiditio
curve represents the output control signal thatroantds
the servo mechanism. This represents the real juitkh
control signal necessary to guarantee the effective
conformity between input signal and output shafition.
Fig. 18 compares the trajectory errors of the opad
closed-loop control systems.
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Fig. 18 - Trajectory errors of the open and cldseg control systems.

C. Proportional plus integral control

In the second experiment the proportional action is
introduced in order to obtain a Pl-controller thedds to
improved speed response and damping. In this daise,
chosen a more demanding specification for the éésir
slope. Each new step position is update at the mani
rate of 50 Hz (corresponds to the PWM period) veith
amplitude of 5 degrees. Let the desired initial &indl
angular positions of the joint to b€90 and 50 degrees,
respectively, with time duration of 1.12 seconds.

Fig. 19 demonstrates the effect of increasigfor a
fixed proportional term Kp 0.04). As expected,
increasingK, reduces the lag time improving tracking
accuracy, but at the expense of overshoot. Changing
a higher value Kp = 0.30) overshoot is minimized
maintaining the lag time foK, = 0.10. From these
observations the role of each component can becdedu
Integral action reduces time lag at the expensanof
increased overshoot;

Proportional action reduces overshoot, deteriogatin
the establishment time for very high gains.



REVISTA DODETUA, VOL. 4,Ne 8, JUNHO 2007

optimized in such a way to limit tracking errorscan be
observed significant improvements in the system’s
performance: zero steady-state error with no owersh
and limited tracking errors.

E. Double-support phase control

It is now desirable to extend the previous redutis the
single-axis system to the humanoid robot. Althoulé
next development phase was facilitated by the rioluof
performance demands and also smaller joint exawssio
the interpretation of the last results deserveenttin
given the influence of the driving system. The hooid
system is actuated by servomotors with reductiargef
low ratios for typically reduced joint velocities.

Position (degrees)

time (s)

Fig. 19 - Response to a slope input for proporiiphss integral control.
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Fig. 21 - Response to a slope input for PID cor{ifgt1.46,K,;=0.39,
Fig. 20 - Trajectory errors for Pl control. Kp=0.15).

The presence of gears tends to decouple the jaints

D. PID control view of the reduction of nonlinearity effects. Tpece to

N ] ) pay is the occurrence of joint friction, elasticignd
Improvement of the position tracking accuracy might  packiash that may limit the system’s performance.
achieved by increasing the position gain constint At the lower level in the control system hierarday the
controlling the overshoot effects by adjustinge. local controllers connected by a CAN bus to a nmaste
However, for high demands in terms of lag time, controller (Fig. 22). These slave control units eyeie
compensation tuning becomes very hard due to thepw\ waves to control three motors grouped by vigini
presence of unstable os_C|IIat|ons .durlng_tranMOnse. criteria (entire foot up to knee and hip jointspanonitor
To this purpose, a third experiment is conductethsu the joint angular positions by reading the servonow
that the control algorithm is rewritten aimed tclude the potentiometer.
proportional, integral and derivative terms in orde | order to verify the effectiveness of the conscheme,
improve  transient response. However, a planning g jarge number of experimental trials were cardetiwith
algorithm is used to generate smooth trajectohies Mot the humanoid platform. The first trial was to derstoate
violate the saturation limits and do not exciteoremt the behaviour of the legs during the double-suppbatse,
modes of the.system..ln genera.l, itis requiredtﬂr&a_time when performing some basic movements (Fig. 23).eMor
sequence of joint variables satisfy some consasuch  concretely, the desired movements to be perforredist
as contmuny of joint posm.ons and veIocmes.cAm_mon of: (1) a vertical motion from an upright postuesid (2)
method is to generate a time sequence of valueBi@dt 5 |ateral motion in which the leg leans sideway27(
by a polynomial function interpolating the desired degrees). In both cases, an additional load ofkg.is

trajectory. The choice of a third-order polynonfiatction attached to the upper part of the leg to emulatentass of
to generate the joint trajectory represents a \adidtion. other segments.

The velocity has a parabolic profile, while the elecation
has a linear profile with initial and final discamiities.

Fig. 21 illustrates the time evolution obtainedhathe
following data:q; = 45°,¢r = 45°,t; = 1.12 s. As regards
the gains of the outer control loop, these havenbee
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Fig. 22 - Blocks diagram of the overall layout.

Fig. 23 - Vertical and lateral motions with a 2.4 lad attached at the

hip section.
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There are two servo loops for each joint contiod: inner
loop consists of the servo’s internal controllersatd by
the vendor; and the outer loop which provides pmsit
error information and is updated by the microprsoes
every 20 ms. We now compare the robotic system’s
behaviour when only the inner loop is present (inefter
“open-loop control”) and when the extra feedbaabplas
added (hereinafter “closed-loop control”). In thater
case, the outer servo loop gains are constantiaret tto
perform a well-damped behaviour at a predefinedorgl.
Further, the joint trajectories along the path geaerated
according to a third-order interpolating polynomygith
null initial and final velocities.

The experimental results in Fig. 24 show the sigaift
differences occurring in performance of the two toon
schemes (open-loop, and the cascading close-loop
controller). The first observation is the usuallpop
performance of the open-loop control, particulafty
steady-state conditions, which restricts the scopéts
application. As a consequence of the imposed \&rtic
motion, the limitations of the open-loop scheme mre
evident when observing the temporal evolution of th
ankle (foot) joint. On the other hand, an improved
performance is successfully achieved with the psepo
outer control loop, both in terms of steady-stathaviour
and enhanced trajectory tracking.

F. Additional Improvements

The main drawback of the PID controller is that kbed
seen by the actuator can vary rapidly and subsigntAs

the control task becomes more demanding, involkigh-
speed movemerst of large loads, the performance of the
PID controller begins to deteriorate. At first diglan
improvement of the control performance could be
achieved by using a torque control scheme. To this
purpose, it is significant to estimate the eleetfricurrent
which flows in the servomotor.



In order to gain insight into the current consummpti
evolution during the execution of a given task, esal/
experiments were carried out. The main results are
presented for three different cases: static postopen-
loop and closed-loop control system (Fig. 25, P¥§.and
Fig. 27 respectively). It can be recognized that time
history of the estimated average current showsesygdnle
variation. At this point, the potential of this nseaed
parameter needs to be exploited. In view of thécdities
concerned with position-velocity control, the preiol of
torque control will deserve special attention.
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V. FORCEDRIVEN LoCAL CONTROL

The major problems associated with human-like wajki
results from the high centre of gravity (COG) wéttsmall
contact area to the ground. With other words, lzaan
maintenance is a central concern in order to engaggil
tasks, from standing upright posture to motion go#h
what concerns control, the difficulty lies in thecertainty
of the environment and the limitations of the cohta
between the robot and the environment.

This section shows an example that is being deeeldp
demonstrate the possibility of achieving proper aoaid
leg balancing using a local control approach. T th
purpose, it is considered feedback control fromessv
sensors, including angular position in each joimd four
force sensors inserted into the foot corners. Bmsa's in
the feet provide information about the ground react
forces and the location of the centre of pressG@R), as
well as about the full contact of the foot with theund.

This opens up new avenues and possibilities for

distributed architecture approaches where cendichlend
local control co-exist and concur to provide robfigt
monitoring and efficient operation of such a comple
system.

A. Humanoid leg balancing
The ability to balance in single support, whilenstiag

on one leg, is an important requirement for walkargl
other locomotion tasks. In the previous sectiore th
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a proportional law = Ke. The controller is independent

of the robot’'s model or any nominal joint trajegtof his
approach has the main advantage of its simpligch
component of the error vector relates directly &mdn
independent way to the ankle joints (pitch and jaitts),
due to their orthogonal relations.

Alternatively, by interpreting a small displacemanthe
joint vector as a torque and the error vector deree
suggests the following update lag= J" Ke. Here,J”

is the transpose of the COG Jacobian matrix which
transforms the differential variation in the jospace into
the differential variation of the COG’s positionuitable
values for diagonal gain matrk can be chosen to ensure
convergence and to weight the units of one joilattiee to

the others (ankle and knee joints). At the sametarjoint
velocity saturation function is used to avoid alrup
motions, while satisfying dynamic balance constsain

| -

approach to balance control assumed the presence dfig. 28 - Humanoid leg and moving platform whertahee experiments

explicitly specified joint reference trajectoriesnda
calculations based on static configurations towgethe
necessary PWM input signal. The goal of this sedsoto
present the developed control algorithm that presid

based on force were done.

B. Experimental results

enhanced robustness in the control of balancing by

accounting for the ground reaction forces. Thug th
system is able to stand on an uneven surface owbose
slope suddenly changes (Fig. 28). In a similar wihg,
control system could sense that it has been pusisiuolgy
the force sensors in the soles of its foot, and &ot
maintain the postural stability.

The open challenge is to allow local controllers to
perform control based on sensor feedback and ggssib
general directive. Here, the global order is togkkalance
in a desired COP location and, although all actgatan
intervene, the ankle joints have the relevant tolkeep an
adequate force balance on each foot.
presents the following key features. First, thedosensors
are used to measure the actual COP coordinatésaihef
calculating other related variables, such as thdreeof
mass location. Second, the control system commérels
joint actuators by relating the joint velocitieg X to the

The following analysis illustrates the emergenceanf
appropriate behaviour when the system stands on a
moving platform. The desired goal is to stand inratial
posture, while the control system relies on thectiea
force data to estimate slope changes in the suppdece.

As stated before, the emphasis in this work is on
procedures that allow the robot to calibrate itseith
minimal human involvement. Thus, after an initial
procedure in which the humanoid leg is displacedhto
desired posture, the control system generates eottiia
necessary joint adjustments in accordance withpiee

The controllerprovided goal. The joint velocity values are conaglin

real time to modify dynamically the corresponding/M
signal.

Fig. 29 to Fig. 32 illustrate the time evolutionthé COP
and the ankle joint angle obtained, while the hunichifeg
adapts to unpredictable slope changes accordingthe

error € between the desired and the current position oftWo control laws presented above. Fig. 29 and BW.

the COP. The choice of the relationship betwgeande

allows finding algorithms with different performax
The simplest method is the straightforward applicabf

correspond to a COP variation along theaxis (sagital
plane), using the proportional and Jacobian-based |
respectively. Fig. 30 and Fig. 32 report to theaxis
variation (lateral plane). In both cases, the ugehe



proposed control algorithm gives rise to a trackamgpr
which is bounded and tends to zero at steady stéis.
indicates that the posture was adjusted and tlferelifces
on the ground reaction forces become small.
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Fig. 29 - Ankle pitch joint predominance: tempagablution of the
centre of pressure (up) and joint angular posit{glasvn) using the
proportional law.
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Fig. 30 - Ankle pitch joint predominance: tempagablution of the

centre of pressure (up) and joint angular posit{giasvn) using the

Jacobian-based method.

REVISTA DODETUA, VOL. 4,Ne 8, JUNHO 2007

T T
/y coordinate

e

X coordinateI
0 g 10 15 20 25 30

Centre of Pressure (rmm)
=

R nkle rall Ankle pitch

Angular position (rad)

Fig. 31 - Ankle roll joint predominance: temporabgition of the centre
of pressure (up) and joint angular positions (dousihg the
proportional law.
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Fig. 32 - Ankle pitch joint predominance: tempagablution of the
centre of pressure (up) and joint angular posit{giosvn) using the
Jacobian-based method.

VI. CONCLUSION AND PERSPECTIVES

This paper described the development and integratio
hardware and software components to build a hurdanoi
robot based on off-the-shelf technologies. Theribisted
set of microcontroller units is the key element ot a
control system that compensates for large changes i
reflected inertia and providing variable velocitgntrol.
Particular attention was given to the low-level ttohof
RC servomotors as a relevant and abundant compohent
the humanoid system. Results with a closed-loop
controller implemented with software show that msto
low-level velocity control has been made possifilee
humanoid system reached a point where intermediade
high level control can now flourish. An example teen
given for a kind of intermediate level control irapiented
as a local controller based on force sensing.

Most of the final platform hardware has been baiid
the results are very promising, mainly because many



approaches and research issues suddenly openedgliland
provide opportunities to test distributed contrgdtems.
Ongoing developments on the humanoid platform cover g
the remainder hardware components, namely thesioeiu
of vision and its processing, possibly with a systeased

on PC104 or similar. The future research, which has

already started, will cover distributed controlteahative
control laws and also deal with issues relatedatdgation
of humanoids and, hopefully, cooperation. Forcetrobn
techniques and more advanced algorithms such gdieela
and learning strategies will certainly be a keyésfor the
developments in periods to come in the near future.
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