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Abstract

This paper compares the performance of classical
position PD algorithm with a cascade controller involving
position and force feedback loops, for multi-legged
locomation systems and variable ground characteristics.
For that objective the robot prescribed motion is
characterized in terms of several locomotion variables.
Moreover, we formulate several performance measures of
the walking robot based on the robot and terrain dynamical
properties and on the robot hip and foot trajectory errors.
Several experimentsreveal the performance of the different
control architecturesin the proposed indices.

1. Introduction

Walking machines alow locomotion in terrain
inaccessible to other type of vehicles, since they do not
need a continuous support surface [3]. On the other hand,
the requirements for leg coordination and control impose
difficulties beyond those encountered in wheel ed robots [ 6].
There exists aclass of walking machinesfor which walking
isanatural dynamic mode. Once started on a shallow slope,
amachine of thisclasswill settleinto asteady gait, without
active control or energy input [4]. However, the capabilities
of these machines are quite limited. Previous studies
focused mainly in the control at the leg level and leg
coordination using neural networks [10], fuzzy logic [9],
hybrid force/position control [5] and subsumption
architecture [1]. There is aso a growing interest in using
insect locomotion schemes to control walking robots at the
leg level and leg coordination [2]. Nevertheless, the control
a the joint level is amost aways implemented using a
simple PID like scheme with position/velocity feedback.

The present study compares two different robot control
architectures, namely a Proportional-Derivative position
algorithm (PD-P) and a cascade of a Proportional-
Derivative position control with foot force feedback
(PD-P&F). Theaimisto verify the performance of thetwo
control architectures and the influence of foot force
feedback on the system stability and robustness for variable
ground characteristics.

The andlysis is based on the formulation of severa
indices measuring the robot and ground dynamics as well
as the hip and foot trajectory errors during walking.

Several simulations reveal the superior performance of
the control architecture with foot force feedback that
minimizes the proposed indices, particularly in real

situations where we have non-ideal actuators with
saturation.

Bearing these facts in mind, the paper is organized as
follows. Section two introduces the hexapod model and the
motion planning scheme. Sections three and four present
the robot control architecture and formulate the optimizing
indices, respectively. Section five develops a set of
experiments that reveal the performance of the different
control architectures. Finally, section six outlines the main
conclusions and directions towards future developments.

2. A Modd for Multi-L egged L ocomotion

We consider a walking system with n legs, equally
distributed along both sides of the robot body, having each
one two rotational joints (Fig. 1).

Motion is described by means of a world coordinate
system. The kinematic model comprises: the cycletime T,
the duty factor S, the transference time t; = (1-0)T, the
support time ts = ST, the step length L, the stroke pitch Sp,
the body height Hg, the maximum foot clearance F, the i
leg lengths L;; and L;, and the foot trgjectory offset O
(i=1,...,n). Moreover, we consider a periodic tragjectory for
each foot, with body velocity Vi = Lg/ T.

Given aparticular gait and duty factor g, it is possible to
calculate for leg i the corresponding phase ¢ and the time
instant where each leg leaves and returns to contact with
the ground [6].

Fig. 1. Coordinate system and variables that characterize the
motion trajectories of the multi-legged robot
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Fig. 2. Model of thearobot body and foot-ground interaction

From theseresults, and knowing T, fand ts, the cartesian
trajectories of thetip of the foots must be completed during
tr. Based on this data, the trgjectory generator is
responsible for producing a motion that synchronises and
coordinates the legs.

For each cycle the desired trajectory of the tip of the
swing leg is computed through a cycloid function given by
(considering, for example, that the transfer phase starts at
t=0sforleg 1), withf=1/T:

« during the transfer phase:

Xieq (1) =V {t ‘%Sin(Zﬂft)} (1a)
FC
Virg (1) = 7[1—cos(2nft)} (1b)

* during the stance phase:

X () =VET (23)
Yirg (1) =0 (2b)

The body of the robot, and by consequence the legs hips,
is assumed to have a desired horizontal movement with a
constant forward speed V. Therefore, for legi the cartesian
coordinates of the hip of the legs are given by:

S R

From the coordinates of the hipsand feet of therobot itis
possible to aobtain the leg joint positions and velocities
using the inverse kinematics Y™ and the Jacobian
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J = oyloe.

The agorithm for the forward motion planning accepts
the desired cartesian trajectories of the leg hips
Pra(D) = Dina(0), Yina(®)] " and feet pra(t) = [Xiea(t), Yira()]"
asinputs and, by means of an inverse kinematics al gorithm,
generates the related joint trajectories
04(t) = [0ina(t), Oiza(D)]", selecting the solution
corresponding to aforward knee:

b, (t):[‘d (t)}pw (1) -pea 1) )

Yia (t)
Pa () = w[0,®)] = 0,() =y [p, ()] (4b)
0,(t) =37 [py(t)] (4c)

In order to avoid the impact and friction effects, at the
planning phase we estimate null velocities of the feet in the
instants of landing and taking off, assuring a so the vel ocity
continuity.

Figure 2 presents the model for the hexapod body and
foot-ground interaction.

The contact of the i"™ robot feet with the ground is
modeled through alinear system with damping Bj, (Biy) and
stiffness Kix (Kiy) in the horizontal (vertical) directions,
respectively.

The same type of model is adopted to implement the
compliance between the n segments of the robot body.
Therefore, we divide the robot body in nidentical segments,
each segment (with mass My/n) corresponding to a robot
hip connected to the neighbor segments through a
spring-dashpot model.

3. Hexapod Robot Control Architecture

The planned joint trajectories constitute the reference for
the robot control system. The model for the robot inverse
dynamicsisformulated as:

T=H(0)d+c(0,6) +g(0) ~J", (OFq, ~IcO)Fe  (5)

where T =[fy, fy, 71, 72] " (i=1,...,n) is the vector of
forces/torques, O = [Xu, Vin, 01, 02]" is the vector of
position coordinates, H(0) is the inertia matrix and cB,é)

and g(B) are the vectors of centrifugal/Coriolis and
gravitational forces/torques, respectively. The n x m
matrices J"4(0) and J'¢(B) are the transposes of the robot
Jacobian matrices, Fry is the mx 1 vector of the body
inter-segment forces and Fgr is the mx 1 vector of the
reaction forces that the ground exerts on the robot feet
(these forces are null during the foot transfer phase).
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Fig. 3. Hexapod robot control architecture

Furthermore, we consider that the joint actuators are not
ideal, exhibiting a torque limitation (i.e., actuator
saturation) given by:

_ [T = T
: sgn (TCij ) (e , |Tmij | > Ty

T

Cij

(6)

where, for legi and joint j, Tg; is the controller demanded
torque, Tyax IS the maximum torque that the actuator can
supply and Ty; is the motor effective torque.

The genera control architecture of the hexapod robot is
presented in Fig. 3. The joint reference trgjectories are
generated using (4a), (4b) and (4c). For the controller
Ge1(s) we adopt a position/vel ocity PD algorithm:

G, (s)=Kp, +Kds ,j=12 7)

where Kp; and Kd; are the proportional and derivative gains
for joint j. For Ge(s) we consider a simple P controller.
Furthermore, we consider two control architectures namely
a smple joint position/velocity feedback (PD-P) and a
cascade joint position/velocity and foot force feedback
(PD-P&F).

In order to tune the controller parameters we adopt a
“brute-force” method, testing and evauating several
possible combinations of controller parameters for both
control architectures. Since the essence of locomotion isto
move smoothly the section of the upper body from one
place to another with some restrictions in terms of
execution time we select, for each controller, the set of
parameters (see Table 1) that minimises the mean square
errors of the robot hip trgjectory ((11a) and (11b)) during
one step.

4. Measuresfor Performance Evaluation

In mathematical terms we provide severa global
measures of the overall performance of the mechanism in
an average sense [7], [8]. In this perspective we define
threeindices{ E,,, T., F.} based on the robot dynamicsand
four indices {ex, &yn, &x &} based on the traectory

tracking errors.

A first measure in this analysis is the mean absolute
energy per travelled distance. This index is computed
assuming that energy regeneration is not available by
actuators doing negative work, that is, by taking the
absolute value of the power. At agivenjoint j (each leg has
m= 2joints) and leg i (since we are adopting an hexapod it
yields n = 6 legs), the mechanical power is the product of
the motor torque and angular velocity. The global index E,,
is obtained by averaging the mechanical absolute energy
delivered over the travelled distance L:

E, :%iz:;jzn:;‘[ghij (t) mii (t)|dt ®)

Therefore, a good performance
minimization E,,.

Another alternative optimisation strategy addresses the
power lost in the joint actuators per travelled distance L.
From this point of view, theindex T, can be defined as:

requires the

T =%JZZ ol (O] ©

i=1 j=1

The most suitabletragjectory isthe onethat minimizes T, .

A complementary measure considers the forces that
occur on the hips of the robot per travelled distance L. The
index F_ isdefined as:

fe LT T oo

i=1 j=1
The best trgjectory is the one that minimizes F,.
In what concerns the hip and foot trajectory following
we can define the indices:

n

1 & ;
Emi) = 2 2l B TX )X, (K) - (119)
i=1 s k=1
n 1 Ng .
E) = 2 n 2B By TV (0 - (k) (110)
i=1 s k=1
- 3 1 S 2 — d R 4
€)= 2 n 2l B TR X (K) (110)
i=1 Ns k=1
n 1 Ng .
€ = 2 20 Do TV V() (11d)
i=1 s k=1

where Ns is the total number of samples for averaging
purposes, X'y (X¢) and X% () are the i™ samples of the
real and desired horizontal positions at the hip (foot)
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section, respectively, whiley'y, (Y'e) and y% (V°¢) are thei™
samples of the real and desired vertical positions at the hip
(foot).

5. Simulation Results

In this section we develop a set of simulations to
compare the controller performances during a periodic
wave gait. Consequently, we consider the parameters
B=50%, Ls=1m, Hg =1.8m, Fc =0.2m, Ve=1ms*
S=1m, Lj=L,=1m, O;=0m, Mileizzlkg,
M, = 87.4 kg and M;; = 0 kg. The robot body is modelled
with K, = 10° Nm™, K;,= 10* Nm™, B, = 10° Nsm™ and
Biy = 10%> Nsm™. Furthermore, for the base experiment, the
ground properties are characterised by K, = 10° Nm™, Kj, =
10°Nm™, B, = 10° Nsm™ and B, = 10* Nsm™
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Fig. 4. Plots of the hip trgjectory error |4;,4| vs. t for the PD-P and
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trajectories errors, leads to the G, (s) controller parameters
presented in Table | and a proportional controller Gex(S)
with gain Kp; = 1.0 or Kp; = 0.9, in the PD-P or PD-P&F
cases, respectively.

For this set of robot, ground and controller parameters
the PD-P&F control architecture, improves the hip and
foot trajectory tracking (Figs. 4 —5), while minimising the
corresponding joint torques (Figs. 6 — 7).

Based on this experiment we decided to test the
controller performances for different ground properties.
Therefore, in afirst phase we start by considering the PD-P
controller and different values of K, K, Bixand By, in
order to observe its influence upon the proposed indices,
for Tyax = 400 Nm. In a second phase we repeat the
experiments for the case of aPD-P&F control architecture.

The performance measures versus the percentage of
variation of ground parameters with relation to base
experiment %(Kix, Kiy, Bix, Biy) are presented in Figs. 8 —11.
We conclude that the robot hips and feet trajectories errors
are smaller when we adopt a PD-P&F control architecture,
for al range of variation.

Table | G(s) Controller Parameters

Jintj = 1 Kpy 80000
oo.p Kd, 250
ot =2 Kp, 120000
J Kd, 50
Jintj = 1 Kp, 20500
Kd, 110

PD-P&F
= 2 Kp, 22000
1= Kd, 150
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Fig. 6. Plotsof thejoint torque Ty, vs. t for the PD-P and
PD-P&F control architectures, with Ty =400 Nm
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For moderate levels of actuator saturation (eg.,
Tmax = 170 Nm), Figs. 12 —15, we get similar conclusions.

In the case of strong actuator saturation (e.g., Tyax < 160
Nm) the indices reveal a large performance degradation
with difficulties both for the PD-P&F and the PD-P
controllers. Nevertheless, this situation isnot realistic since
it corresponds to operating conditions requiring joint
torqgues much higher than those established by the
saturation level. On the other hand, when we have almost
ideal actuators (e.g., Tyax > 400 Nm), the PD-P&F scheme
reveals stability problems, particularly on hard terrains
(values of the ground parameters above 100% of the base
values) due to the impulses of force feedback during the
impacts of the feet with the ground (Figs. 16 — 17).
However, this situation is aso not realistic since it assumes
ideal actuators exhibiting infinite joint driving torque and
infinite bandwidth.

In conclusion, the foot-force feedback seems essential
for arobust control performance during walking in terrain
with variable dynamical characteristics.

6. Conclusions

In this paper we have compared the performance of PD
control algorithms with position or position and force
feedback, in hexapod robots, for variable ground
characteristics. Furthermore, we evaluated how the
different robot controller architectures respond to non-ideal
joint actuators, namely with torque saturation, and variable
ground dynamic properties.

For analyzing the system performance severa
guantitative measures were defined based on the robot
dynamics and the hip and foot trajectory errors. The
experiments reveal that the PD-P&F control architectureis
superior to the classical PD-P control scheme, from the
point of view of the proposed indices.

While our focus has been on a dynamic analysis in
periodic gaits and actuators with saturation, many aspects
of locomation are not necessarily captured by the proposed
measures. Consequently, future work in this area will
address the refinement of our models to incorporate other
characteristics of the robot actuators and the joint
transmissions.
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