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SYNOPSIS

This paper analyzes the performance of a hexapod robot under the action of a cascade
controller involving position and force feedback loops. In order to evaluate the system
properties we formulate several measures of the walking system based on the system
dynamics and the trajectory etrors. Simulation experiments reveal the influence of the
different control algorithms upon the proposed indices.

1 INTRODUCTION

Walking machines allow locomotion in terrain inaccessible to other type of vehicles since
they do not need a continuous support surface (1). On the other hand, the requirements for leg
coordination and control impose difficulties beyond those encountered in wheeled robots (2).
Previous studies addressed mainly the robot control, at the leg level, or the leg coordination,
adopting strategies such as neural networks (3), fuzzy logic (4), hybrid force/position control
(5), subsumption architecture (6) and insect-like schemes (7). In spite of the diversity of
approaches, the control at the joint level is usually implemented through a simple PID
algorithm with position/velocity feedback.

On a previous work were demonstrated the advantages of a cascade controller, with PD
position control and foot force feedback, over a classical PD with, merely, position feedback
(8). The present article presents a new algorithm that varies the gain in the forward force loop
according with the step evolution. The aim is to analyze the performance of the controller
through the viewpoint of several indices that measure, not only the system dynamics, but also
the hip and foot trajectory errors during walking. The simulations reveal the superior
performance of the controller with a gain adjusting scheme of the forward force loop during
the support phase.

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 algorithms. Finally,
section six outlines the main conclusions and directions towards future developments.
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Fig. 1 Hexapod robot model
a) Coordinate system and variables b) Body and foot-ground dynamics

2 ROBOT KINEMATICS AND TRAJECTORY PLANNING

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

The kinematic model comprises: the cycle time 7, the duty factor £, the transference time
tr = (1-H)T, the support time ts = ST, the step length Lg, the stroke pitch Sp, the body height
Hp, the maximum foot clearance F¢, the i leg lengths L;; and L;; and the foot trajectory offset
O; (i=1,...in). Moreover, we consider a periodic trajectory for each foot, with body velocity
Ve=LsT .

Given a particular gait and duty factor £, 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 (2).
Knowing T, £ and t;, the cartesian trajectories of the tip of the foots must be completed during
tr. Based on this data, the trajectory generator is responsible for producing a motion that
synchronises and coordinates the legs.

For each cycle the desired trajectory of the foot of the swing leg is computed either through a
cycloid (Eq. 1a) or a sinusoidal (Eq. 1b) function. For example, considering that the transfer
phase starts at ¢ = 0 s for leg i = 1 we have for pra(?) = [x:r4(?), y,-pd(t)]T:

¢ during the transfer phase:

Cycloid function Sinusoidal function
" () (2] (3
V. {t————sin (ﬂ)} Pra(?)= T V4 ’
_ 2zf T 2Ft' F. . (4 (1)
Pvd(t)“‘ TSI =
F, [ (27::]] T 2z T
—=|1—cos| —
2 T ol , 0<t<T/2
\T-1, T/2<1<T
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e during the stance phase:
Pra (t) = [VFT O]T @)

The robot body is assumed to have a horizontal movement with a constant forward speed V.
Therefore, for leg i = 1 the hip cartesian coordinates are given by paa(t) = [Xiua(t), yiua(D1™:

Pua (t)=[VFt HB]T (3)

Once defined the coordinates of the feet and hips of the robot it is possible to obtain the leg
joint positions and velocities using the inverse kinematics Y™ and the Jacobian J = oy/00.

The algorithm for the forward motion planning accepts the desired cartesian trajectories of the
leg feet pra(f) and hips pra(f) as inputs and, by means of an inverse kinematics algorithm,
generates the related joint trajectories 04(f) = [014(2), Oa(D]", selecting the solution
corresponding to a forward knee:

P4 (t) =[xid (t) Yia (t):IT =P (t)_pm (t)
P4 (t)=\|’[9d(t)]:0d(t)=‘l’_l I:pd (t)] 4)
0,()=J"[Ba(7)]

3 ROBOT DYNAMICS AND CONTROL ARCHITECTURE

The robot inverse dynamics is formulated as:
T=H(0)0+¢(0,0)+g(8)—J",(0)Fyy — J"; (O)Fy, (5)

where T = [fir, fiy, T, 12]" (i=1,...,n) is the vector of forces/torques, 8 = [x;gy, yin, 01, 6:]" is the
vector of position coordinates, H(0) is the inertia matrix and c(B,f)) and g(0) are the vectors

of centrifugal/Coriolis and gravitational forces/torques, respectively. The n X m matrices
J711(0) and JTR(O) are the transposes of the robot Jacobian matrices, Fry is the m X 1 vector of
the body inter-segment forces and Fgrr is the m X 1 vector of the reaction forces that the
ground exerts on the robot feet. It is considered that these forces are null during the foot
transfer phase. Furthermore, we consider that the joint actuators are not ideal, exhibiting a
saturation given by:

. - Tey ) Irmifl S Ty ©
mij —
sgn (Ta’j ) “TMax ITm-j' > Topar

where, for leg i and joint j, %;; is the controller demanded torque, 7%y, is the maximum torque
that the actuator can supply and %,; is the motor effective torque.
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Fig. 2 Hexapod robot control architecture

Figure 1b presents the dynamic model for the hexapod body and foot-ground interaction. The
contact of the i™ robot feet with the ground is modeled through a linear system with damping
B;, and stiffness K (77 = {x, y}) 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 7 identical segments, each segment (with
mass M,n~") corresponding to a robot hip connected to the neighbour segments through a
spring-dashpot model.

The control architecture of the hexapod robot is presented in Fig. 2. For G.(s) we adopt a
position/velocity PD algorithm:

G, (s)=Kp,+Kd;s ,j=12 @)

where Kp; and Kd; are the proportional and derivative gains. For G2 we consider a simple P
controller with gain Kp; that is varied according to a scheme described in the sequel.

In order to tune the controller we adopt a “brute-force” method, testing and evaluating several
possible combinations of parameters. Since the essence of locomotion is to 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 case, the set of parameters that minimise the mean square
errors of the robot hip trajectory (Eq. 12) during one complete step.

4 MEASURES FOR PERFORMANCE EVALUATION

We establish several distinct measures of the mechanism performance in an average sense. In
this perspective, we define four indices {E,,, T, Fi, 7p} inspired on the robot dynamics and
four indices {&x#, &yn, &xr, £y} based on the trajectory tracking errors.

A first measure in this analysis is the mean absolute density of energy per travelied distance.
This index is computed assuming that energy regeneration is not available by actuators doing

negative work (by taking the absolute value of the power). Consequently, the index E,, is
obtained by averaging the mechanical absolute energy delivered over the travelied distance L:

Eu=2 23 [l ()8, (e ®
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A second index consists on 7}, the density of power lost in the joint actuators per travelled
distance L, that is;

T, =% \/ZZ [[rs()]a ©

A third measure is the index F7 that considers the forces that occur on the hips of the robot per
travelled distance L:

ﬂﬁ/ii [{LAOT +[5 0T Jar (10

i=l j=1

Since the previous indices capture, mainly, the low frequency system behaviour we define the
index 7p that measures the robot torque peaks demanded by the controller when responding to
high frequency phenomena, such as foot-ground impacts:

7, = max e (¢) (1

In what concerns the hip and foot trajectory following errors we can define the indices:

n 1 Ny ,
é‘”ﬂ:Zl: N_ZA'”#2’ A,.W=77‘Z(k)—7]#(k), ﬂ:{x,y}, /l={H,F} (12)
= =

where Ny is the total number of samples for averaging purposes, {d, r} indicate the i samples
of the desired and real position and the subscripts 77 = {x, y} and g = {H, F} represent the
{horizontal, vertical} and the {hip, foot} coordinates, respectively.

In all cases the performance optimization requires the minimization of each index.

5 SIMULATION RESULTS

In this section we compare the controller performances during a periodic wave gait.
Consequently, we consider the parameters f=50%, Ly =1m, Hg=09m, Fc =0.1m,
Vr=1lms”, Sp=1m, Ly=Lp=05m, 0;=0m, My=M,=1kg, M,=880kg and
M= 0 kg. The robot body is modelled with K= 10° Nm™', K;,= 10* Nm™, B;, = 10° Nsm™
and By, = 10> Nsm™. Furthermore, the ground properties are characterised by K = 10° Nm™,
Ky =10°Nm™, B, = 10’ Nsm™" and B;, = 10* Nsm™".

The controllers are tuned assuming high performance robot actuators with a maximum

actuator torque in (6) of %y =400 Nm. The minimisation of the hips and feet trajectories
errors, leads to the Gi(s) controller parameters Kp; =2000 and Kd; = 50 and a proportional
controller G, with gain Kp;=0.9 (j =1, 2).
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Fig. 3 Plots of the hip trajectory error
|A1.z| vs. t for the cycloid and sinusoidal

Fig. 4 Plots of the hip trajectory error
|41ya| vs. t for the cycloid and sinusoidal
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Fig. 6 Plots of the joint torque 7,13 vs. ¢
for the cycloid and sinusoidal feet
trajectories

Fig. 5 Plots of the joint torque T,y1q vs. ¢
for the cycloid and sinusoidal feet
trajectories

For this set of robot, ground and controller parameters we evaluated the two alternative foot
trajectories (Eq. 1). From figures 3 — 6 it is possible to conclude that the cycloid is superior to
the sinusoidal function because improves the hip and foot trajectory tracking, while
minimising the corresponding joint torques. For different acceleration profiles of the foot
trajectory there were no significant changes of these charts. Based on this conclusion, we
adopt the cycloidal foot trajectory while testing the controller sperformances for distinct
strategies in the G, gain definition.

Figures 7 — 8 reveal that increasing the proportional gain Kp;, in the controller G.», leads to a
better trajectory following of the robot hips and feet trajectories but, on the other hand,
degrade the dynamical indices (Figs. 9 — 10). Moreover, high gains lead to large feet-ground
impacts that propagate through the control loop up to the actuators, as can be seen in Figs. 11
—-12.

Bearing these facts in mind we can establish a gain scheduling policy that varies the gain in
accordance with the feet relative position to the ground. Therefore, a scheme Kp{(yir) = Kpjiow
if YiF < Yiro OF Kpj(y;p') = Kpjhigh if YiF > ViFo for {Kpjlow, KPjhigh, yfpo} = {04, 09, 0.01 } leads to
a good compromise between the trajectory following errors and the dynamic indices, as can
be seen in Figs. 13 — 14.

168 W003/159/2003



1.000 1.000
== =&p = = = &F
&n — &y

e 0100 o >, & 0100 —————-—nen" . . e
DN - ‘ Eyr . ! .

Q.010 0010 T
0.00 050 100 0.00 0.50 100
Ko, Kp;
Fig. 7 Plots of ¢.5 and &,y vs. Kpjiow, with Fig. 8 Plots of &7 and &r vs. Kpjiow, with
{KDjnign, yire} = {0.9, 0.01} {Kpjnigh, yiro} = {0.9, 0.01}
1.E+03 1.E+03
Lok, =T,
— Fy
E T ovewp b U /\
~ Fy _/——--"/7
1.E+Q2 r 1.E+01 -
0.00 0.50 1.00 0.00 0.50 100
Kpi Kp;
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In conclusion, the foot-force feedback with a reduction of the proportional gains of the
forward loop during the support phase seems essential for establishing a robust control during
walking and to accommodate foot-ground interaction phenomena.

6 CONCLUSIONS

In this paper we have studied the performance of a cascade controller involving position and
force feedback loops, in hexapod robots.

For analyzing the system performance several quantitative measures were defined based on
the system dynamics and the hip and foot trajectory errors. The experiments reveal that a
cascade controller with the foot-force feedback and a reduction of the proportional gains of
the forward force loop during the support phase seems superior, from the point of view of the
proposed indices.

While our focus has been on a dynamic analysis in periodic gaits many aspects of locomotion
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. Further studies are also being developed in order to
design superior control architectures that include more sophisticated algorithms.
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Fig. 11 Plots of the joint torque 751 vs. L,
with {Kpjiow, Kpjnigh, yiro} = {0.4, 0.9, 0.01}
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Fig. 13 Plots of the hip trajectory error
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Fig. 12 Plots of the joint torque T2 vs. ¢,
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