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Abstract

This work presents a controller designed for position-controlled quadrupedal dynamic locomo-

tion, aiming at simple and robust trotting control. The controller takes the torso attitude angles and

velocities into planning foot trajectories. Firstly design of the servo motor actuated quadruped robot is

introduced and the kinematic equations are deduced. Then a scheme is presented for controlling the

robot torso attitude based on the virtual leg model. Furthermore, it demonstrates the design of the

controller which enables the robot to have a wide range of trotting gaits and omni-directional mo-

tions. Finally, results of robust trotting in various speeds, path tracking and push recovery in simu-

lation are reported, and results of trotting on real quadruped robots will be studied.
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0 Introduction

Legged robots have shown great superiority in
terms of agility and versatility compared to their
wheeled or tracked counterparts. They are able to navi-
gate on much more uneven and rough terrains. These
capabilities of legged robots have made it a new hot
spot in robots research. Nevertheless, legged robots are
more complicated in structure and difficult to control
than wheeled or tracked robots. The theories concerned
with legged robots are still in the development stage'" .

Legged animals in nature could keep balance dur-
ing motions even after they suffer from unexpected dis-
turbances. To date, lots of research have been made
towards bridging the gap between locomotivity and bal-
ancing skills of legged robotic systems and that of real
animals. The most well-known intuitive method for
controlling legged robots is the three part locomotion al-

gorithms developed by Raibert'*”’.

The most famous
quadruped robots built by Boston Dynamics, BigDog'*'
and 183" are believed being developed by Raibert’ s

! though no details

three-part locomotion algorithms'®
about the control methods have been published. Be-
sides, quadruped robots like TITAN-VIII'" or Little-

Dog '*' took the ZMP ( zero moment point) method in

their locomotion control. The CPG-based neural net-
work with reflex feedbacks and interconnections quali-
fied the Tekken robot with impressive trotting skills'®’.
The robot Hy() was controlled by a reactive controller
consisting of a CPG-based trajectory generator and an

attitude controller' '’ .

And the Autonomous Systems
Laboratory combined with virtual model control, PD
controller and virtual forces in controlling their quadru-
ped robot StarlETH'"".

Though some achievements have been got in the
locomotion and balance control of legged robots, there
is still a long way to go. The algorithms mentioned
above generally need precise sensors, sophisticated
computing, advanced actuators and possess force-con-
trol sections. These qualifications are unavailable for
the ” civilian-style” robots.

In 2012, Center for Robotics of Shandong Univer-
sity developed a servo motor actuated small mammal
bionic quadruped robot called LittleCalf. The robot was
designed to serve as a platform to study not only its
gaits and joint action, the generate and switch of gaits
as well as the ability to keep balance, but also the
bionic kinematics.

Owning to the limitation of the servo motors in Lit-
tleCalf, only position control is available for the robot
joints. Traditional position-controlled quadruped robots
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introduce foot trajectory planning in controlling the mo-
tion of the robots. Refs[1,12-15] show some kinds of
control strategies for position-controlled quadruped ro-
bots. Yet those works paid great attention on the mo-
tion of the robot feet instead of the overall attitude.
And the robust of the robots to external disturbances
are not verified.

In this study, considering the peculiarity of the
LittleCalf platform, a novel trotting controller for posi-
tion-controlled quadruped robots is demonstrated. The
controller takes the attitude angles and velocities of the
torso into planning the foot trajectories and drive the ro-
bot to move with trotting gait as well as to maintain the
torso attitude.

This paper is organized as follows: Section 1 gives
an overview about the LittleCalf robot. Kinematics of
the robot are deduced in Section 2. Section 3 gives the
torso attitude control algorithm. Section 4 demonstrates
the trotting controller designed for the LittleCalf robotic
platform and Section 5 reports the experimental results
obtained from simulation as well as the physical proto-
type. Finally, Section 6 contains the conclusions and
further work.

1 Overview of LittleCalf

1.1 Mechanism design

As shown in Fig. 1, the robot consists of one torso
and four legs. Each leg has a rolling rotary joint in the
hip, a pitching rotary joint in the hip and a pitching ro-
tary joint in the knee, which allows the foot to move in
a three dimensional workspace around the hip. This re-
duces the complexity of the quadruped machine, but
still enables static walking over rough terrain, robot

%) The joints are

balance and robust dynamic gaits
configurated to be centrosymmetric with knees of the
front and hind legs pointing to each other, since Zhang
et al. have concluded that this kind of configuration is
beneficial for slipping-inhibition, and can improve the
stability of motion'"”.

The joints topology is shown in Fig. 2.

Torse
Rolling Hip Joint

Link 0

Pitching Hip Joint
Link 1

Pitching Knee Joint
Link 2

Leg2

Leg3

Leg 1
Leg 0

Fig.1 Three dimensional prototype of LittleCalf

Fig.2 Joints topology and D-H coordinate frames of LittleCalf

1.2 Control system

Servo motor MG995 is chosen as the actuator of
the robot’ s joint. This kind of servo motor has the ad-
vantage of high torque, short response time, light
weight and easy to control. A high capacity lithium-ion
battery is fixed under the torso to supply the whole

| Battery I

=

| Power management module |

L

Servo |Joint angles

< SCM Contact
motors Judgement oot switches
A
RS232
| Upper computer |

Fig.3 Block diagram of control system

Table 1 Major technical specifications of LittleCalf
Specifications Values
Weight (with battery) 1.6kg
Dimensions 230mm x 160mm x 190mm

(fully stretched legs) (Length x Width x Height )

2/ = 200mm
Torso size 2w = 110mm
h = 10mm

a, = 30mm
Leg Length a, = 50mm

a, = 60mm

DOFs per leg 3 active (rotary)

Joint range of motion 90 degrees
Max rotate speed of joint 0. 13s/60degrees
Max torque of joint 1.3N - m
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system. Onboard control circuit is based on the single
chip computer (SCM) MC9S12XS128 from Freescale,
coupled with the power management module, motor
drive module, environmental perception module (IMU
to detect attitude of the torso, and foot switch to detect
whether the foot touches the ground) and communica-
tion module.

Block diagram of the control system is shown in
Fig. 3. Table 1 shows the major technical specifications

of LittleCalf.
2 Kinematic equations
2.1 D-H coordinate frames and link parameters

the origin of the body fixed
0,} locates in the geometric center

As shown in Fig.2,
coordinate frame |

of the torso, and x, points to the forward direction, z,
points opposite to the gravity direction. And y, axis is
confirmed using right-hand rule. There are four coordi-
0, (i=0,1,2,3) fixed on

the four corners of the torso respectively. The coordi-

nate frames noted as |

nate frames fixed on link % noted as {0, | of four legs
140 Fig.2
. Fig.

shows coordinate frames of leg 0. Coordinate frames of

are established according to D-H rules

the other three legs are establish accordingly. Since the
mechanical configurations of the four legs are extremely
identical, the coordinate frames and transformation ma-
trices of four legs are identical too. The only difference
is the posture between fore legs and rear legs. The link
parameters of LittleCalf are illustrated in Fig. 2 and lis-
ted in Table 2

Table 2 Link parameters of LittleCalf

joint variables

theoretical range of 0,

link % a;,_, oy

d, 0, fore legs hind legs
1 0 0° 0 0, ( —45°, 45°)
2 a, -90° 0 0, (0°, 90°) (-90°, 0°)
3 a, 0° 0 0 (-90°,0°) (0°, 90°)
4 a, 0° 0 / / /

2.2 Forward kinematic equations

Since the four legs of LittleCalf have the same D-
H coordinate frames and link parameters, they have
same forward kinematic equations from { O, | to

{0,].

four legs can be expressed by the following transforma-

The transformations from {0, | to {0,| for

tion matrix with different values of § and A :

0O 0 0 o
ip |01 0 Aw |
i0 -1 O 0 —I’L < )
0 0 0 1

where [, w and h are geometry parameters of the torso
specified in Fig.2, § and A are sign flags which are
defined as

(2)
(3)

>
—
—
~
|

-1 i=1,2

The coordinates of one foot with respect to {0, |

corresponding to the same leg can be obtained easily
through homogeneous transformations. It is given by

CoCp  —CoSp — Sy @y + @ CoCy + ayCoCyy
o _ SoCr2 T Sosi2 Co @Sy + a;S5C; + 38(Cpy
w4 =
~ S —Cp 0 — Q8 T ASp
0 0 0 1

(4)

where ¢, =cos,,, s, =sind,,, s, =sin(0, +0,), c
=cos(0;, +0,).

Eq. (4) is the forward kinematic equation for four
legs. The coordinates of four feet in { O, | can be
solved respectively from it. Furthermore, the coordi-
nates of four feet in {0, | can be obtained by premulti-
plying transformation matrix 7T, with "T,, respectively.
And the coordinate {x,, y,, z.,} " of one foot in {0, }

can be gained by

X, = — a8, — a8, + 6l
Yi = @gSo T a;sgcp + ay50¢p; + Aw (5)
Z; = ayCy + a,¢yCq + aych¢, — h
And the jacobian matrix for the leg is
— Q¢ T Ay — AyCpp
Co(ao +ae, +ayc,) - 30(“131 +ays,) - 350512
So(ao +ac + azclz) Co(alsl + azslz) AyCpS1p

(6)

2.3 Inverse kinematic equations

The inverse kinematic analysis is necessary for
motion planning and controlling. Although the forward
kinematic equations for four legs from {0, | to {0 |
are identical, the inverse kinematic equations of joint
variables 6, and 6, are not the same since the fore legs

The feet of

and the rear legs are indifferent postures.
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LittleCalf are simplified to four points in this paper. If
given the coordinates of one foot with {x,, y,, z,|" in
10,1, the corresponding joint variables @, can be re-
solved from the inverse kinematic equations. Moreo-
ver, its coordinates in other frames can be obtained by
forward and inverse homogenous transformation.
Ref. [ 18] gives the detailed derivation for inverse ki-
nematic equations of a quadruped robot. This study

gives the results directly as

yi = Aw
0, = arctan(ﬁ)
x; — ol
0, = (¢ — arctan( —a, - (z, + h)/(:osﬁo)) $o
2 2 2
0, = (arccos(w) -m) 8
2a,a,
(7)
Among them
+h
& = /(ao 4+ )P+ (x, = 8D)° (3)
cosf,
2 2 2
_ “AE-a
¢ = arccos( 2a g ) (9)

2.4 Workspace of the foot

Given the mechanical parameters of LittleCalf and
rotation range of the joints, using Eq. (5), the foot
workspaces of the robot could be got. The workspace
can help us in the motion planning of each foot. Take
leg 0 as example, the foot workspace could be got show
in Fig. 4. And the trajectory of left front foot in this
workspace could be planned.

200 0
E 0 . E -100
= w
-200 -200
-200 0 200 -200 0 200
x (mm) x (mm)
(@ ()
0
0
E -100 £ -100 '
-200
-200
-200 0 200 0
y(mm) y(mm) x(mm)
©

Fig.4 Workspace of the foot of leg O with respect to torso fixed
(a), (b) and (c) show the projection of
the workspace on the x-y plane, x-z plane and y-z

frame {0, } :

plane, (d) shows foot workspace in 3D view

zo i = {100, 55,

—130!" is chosen as the initial foot position of leg 0,

Point {xO,inia Yo, ini »

since there are rather big space for the foot to move
near this point. Initial position of the other three feet

are confirmed similarly.
3 Control torso attitude

In nature, quadruped animals employ different
kinds of gaits to move. The trotting is the kind of gait
that the diagonal legs move together, which exhibits
good energy efficiency over a wide range of running
speed, showing no significant pitch or roll motion dur-
ing each stride and therefore is often seen in na-

ture'’.  Many famous quadruped robots such as

HyQ[ZOJ , BigDogw s 1831 ,

gait as their primary gait. Thus this work majors in

have selected trotting

controlling the trotting gait of the robot.

The trot is a kind of dynamic gait and in support
phase the diagonal standing legs synchronously support
the body. Thus the torso would easily rotate about the
body diagonal line in trotting. And attention must be
paid on controlling the torso attitude.

The concept of the virtual leg is invoked to simpli-
fy the control algorithms of the quadruped running.
Since the trotting gait pairs their diagonal legs, and the
diagonal feet will move almost the same way from their
hips and exert equal forces on the ground, their behav-
ior is precisely equivalent to the behavior of the virtual
ICE

Fig. 5 shows the correspondences between the trot
gait and the equivalent virtual model. The motion of
the trotting quadruped robot can be simplified to a vir-
tual biped one and further to the one with single leg.
Then the motion of one-leg model are furthers simpli-
fied to the two-dimensional plane. Fig.6 shows the
planar graph of the simplified robot model and the co-
ordinate system built. All the model variables in Fig. 6
are defined in Table 3.

Since LittleCalf is a position — controlled robot,
the joint torques can not be directly regulated to control
the torso attitude. But the foot velocity can be pro-
grammed so as to make the hip exert equivalent torque.

Fig.5 Correspondences between the trot gait and

the equivalent virtual model
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Fig.6 Planar graph of the simplified robot model

Table 3 Model variables in Fig. 6 and the descriptions
Variables

Descriptions

0, coordinate frame attached to the ground

S

coordinate frame attached to the COM of the torso
gravitational acceleration
torso mass
torso inertia

leg angle w. r.t. vertical

T >~ X ®

torso attitude angle

&

desired torso attitude angle

height between the torso COM and the hip

=

-

leg length
torque exerted by the hip

<

forces acting at the hip between the leg and torso

F.,F F, acts tangent to the leg,

L n

and F acts perpendicular to the leg

(%x,, “z,) hip position in frame O,

(gxln ’ gzm )

(", "2)

position of the torso COM in frame O,
position of the support foot in frame O,

This model makes the simplifying assumptions of

negligible frictional losses, zero leg mass, and a total
center of mass (COM) located at the torso. Dynamic

equations for the model are derived as

€x, = —rsind —rfcosf +r 6* sinf — 27 fcosh
(10)
¢%, = rcosf —r@sing - r 6 cosf — 2r 6 sinf
(11)
fx, = fx, + h(ci)2 sing — ¢ cosd) (12)
€z, =%z, — h((i)2 cosg — ¢ sing) (13)
éx. M = - F, sinf — F, cosf (14)
£2,M = F, cosf — F, sinf — Mg (15)

10 =7+ Fhsin($p —6) — F,hcos(p —0)
(16)
T=-Fr (17)
Assume the controller could maintain the robot
torso relatively level and ¢ is closed to 0. The simplifi-
cation that sin ¢ =0, cos ¢ =1, sin(p - 0) =
sin( —@) and cos (¢ — @) =cos( —#) can be got.
Then Eqs(12) (13) and (16) can translate to

x, =X, — dh (18)
¢ =%, — ¢'h (19)
10 =7 - Fhsing — F,h cosf (20)

Combine Eqs(10) (11) (14) (15) (17) (18)
(19) (20) and eliminate ¢x, , éz,, F,, F, and 7, the
following can be got:

,M(h +%2,) +0,M(g -h ¢ +°,)
I + MK + ¢z, Mh

¢ =

(21)
It is hoped that the z coordinate of the foot should
remain unchanged so as to avoid the torso vibration.
Thus § will be equal to zero and Eq. (21) can be sim-
plified to
LG MCh+ ) i, M(g ~ h )
¢ = T . (22)
I + Mh™ +%z,Mh

Since Eq. (22) is a nonlinear differential equa-

tion, it is difficult to obtain the universal analytic solu-
tions. But the qualitative analysis of it can be taken.
Integrate Eq. (22) with respect to time, yields:

(%x, =30 )M(h +2,) + jgth<g - hd)2)dt

b = + 4
¢ I + MK +z,Mh o
= A*x, + B (23)
where subscribe O indicates the initial value, and
M(h +#
( z;) (24)

T 1+ MR +42,Mh
& .
jth<g —h¢*)dr —x,,M(h +%z,)
B =
I+ MK +¢z,Mh

+ by
(25)
Note that A is always positive. So if given the de-
sired torso attitude angle ¢, and
Suppose ¢ >, and B <0, as long as “x, <0
then will surely be negative, which will drive ¢ to ¢,.
Suppose ¢ > ¢, and B > 0, if “x, < — B/A
then will be negative and drive ¢ to ¢,.
Suppose ¢ < ¢, and B > 0, as long as “x, >0
then will surely be positive, which will drive ¢ to ¢,.
Suppose ¢ < ¢, and B < 0, if ¥x, > — B/A
then will be positive and drive ¢ to ¢,.
It can be found that so long as ¢x, and (¢ — ¢,)
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are of opposite sign and the absolute value of x, is lar-
ger than a certain value, the angular velocity will be
inverse with the offset of torso attitude angle hence
drive the torso to the desired state. Given these quali-
lative conclusions, it can be set that ®x, is inversely
proportional to (¢ — ¢,). And to shorten the system
response time, a differential section is added. Thus a
PD controller is involved in the hip horizontal velocity :

“x :_k¢(§b_¢4) _k(b(d)_d)d) (26)

Under the assumption of negligible frictional los-
ses, the feet do not move with respect to the ground
during the stance phase and the backward motion of a
support foot with respect to the body coordinate is equal
to the forward motion of the body with respect to the
ground. That is

fx, = —fx, cos(p) + “x, d) sin(¢)
- ¥z, sin( ) - ¥z, qb cos(¢)

~ - ‘x, -z, ¢
= k¢(¢ -¢,) + (kq.&. _gzh)((.b - d’(l)
= k(b - b)) + k(b - ) (27)

where k, and k, are gains and k, =k, k, =k; —*“z,.
Eq. (27) shows that it would be able to control the tor-
so attitude by involving a PD section of the torso atti-
tude angle into the foot s horizontal velocity. &, and k,
are experimentally evaluated and can be tuned accord-
ing to the level of responsiveness that is desired from
the robot.

4 Trotting controller

The control of the rectilinear motion of the robot is
divided into the support phase control and flight phase
control. Both of them are designed based on the virtual
leg model and later on translated to the quadruped
model. Then the yaw controller is involved to modify
the foot position and enable the robot to rotate around
the yaw axis.

For simplicity, all of the following coordinates in
this paper are defined in the body frame unless noted
otherwise.

4.1 Support Phase

For the foot in the support phase, the z coordinate
of the foot should remain unchanged as mentioned be-
fore. Meanwhile the x coordinate would customarily be
function of the starting point, the velocity and time.
See

{xs(t) = x4 — ‘Lya'cdt (28)

z,(1) = z

where

x, and z, are the coordinates of the support foot.

x is the moving velocity of the robot.

%4 is the x coordinate of the starting point, i. e. ,
the vertical position of the support foot at time 0.

¢ is the current time.

z, is the initial vertical coordinate of support foot.

Generally the moving velocity x is equal to the de-
sired velocity of the robot. That is, x = x,, where x,
indicates the desired velocity. Nevertheless in Section
3 a controller is designed to adjust the torso attitude
through the motion of the support foot. PD section is
involved in the velocity of the foot to servo the torso at-
titude to the desired value as in Eq. (27). Thus the
moving velocity should be

x = 9.54 +7.C<p = 9.54 +kp(d) _d)[x) _kd(d) _d)d)

(29)

And the foot trajectory of the support phase will
change to

{xﬁ)
z,(t)

4.2 Flight Phase
Motion trajectory of the flight foot should go

to = [ G 4 b (=) ~ ki —d)) el

2

(30)

through the lift-off point (x, z,) , and the touch-down
point (x,,, z,). Obviously the lift-off point is the final
status of the last support phase, and the touch-down
point will be the initial status of the next support
phase.

For a legged robot moving with constant speed x,
and support period T, the foot trajectory should be
sym-metric to the vertical line through the hip. Thus
the touch-down point of the flight phase would be x . =
(x,T.)/2. Nevertheless, according to Eq. (29) the
moving velocity x would hardly be equal to x,. Raibert,
et al. '* indicated that the forward speed could be ad-
justed by using a linear function of the error in forward
speed to find a displacement for the foot. Thus the tou-
ch-down point should be

X7 :%n+ki(k—9bd) (31)

In order to minimize the contact forces between
ground and the foot, it is generally considered that the
foot trajectory should meet the demand that the vertical
velocity becomes zero at the time of touch-down, lift-
off and maximum foot height.

In addition, it is hoped that there are no steps
with the position curve and velocity curve of the foot.
According to Eq. (29) , the velocity of the support foot
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(also velocity of the torso) would not be a constant
value and the coordinate of the foot while lifting off
would be variable. Thus the foot trajectory of the flight
phase should be state based.
The requirements for the flight phase trajectory
can be summarized as
2(0) = 9,%,(0) = x9,2(T)) = xp,2(T) =
z/-(O) = zo,é/~(0) = O,Z/( T/-) = zo,éf-( T/) =0
2 (T/2) =z + Hp,2(T)/2) =0
(32)
where
x,and z, are the coordinates of the flight foot.
Hy indicates the step height.
T, is the length of the flight phase time. For trot-
ting gait with duty factor 8=0.5, 7, =T..
Thus the equations for the flight phase foot trajec-

tory are
(1) = xTy + xp Ty + 205 = 2xﬂt3
g T
3x, —3x, — 2x,T, — xT,
/T 0 N7 f f,2 :
4 +9€_/Ut +x/0
T
(33)
165 12
zy + H, x (—F;f +Et2)
T
for 0 <t < =~
2
(1) = 16, 36, 24
2o+ Hox (5t =58 + 71— 4)
0t
Tf»
for ? <! < Tf
(34)

The next step is to transform the virtual leg model
back to the quadruped robot. In the derivation men-
tioned above trajectories that lie in the x — z plane of
the virtual leg model are generated, but this can be
easily extended to any orientation and eventually to the
quadruped robot. Equations for the foot of the real
quadruped robot are given in Appendix A.

4.3 Yaw Control

The control algorithm discussed earlier can drive
the robot to move in longitudinal or lateral directions,
while yaw control would enable it to spin or make
turns.

In our controller, foot placement is used to gener-
ate a yaw motion of the robot. As shown in Fig.7, if
the feet are positioned to rotate the line connecting the
feet about the center of mass, the robot body will spin
around the yaw axis (z, axis in Fig.2). The resulting

couple is used to manipulate the yaw orientation of the

quadruped without disturbing its rectilinear motions.
Coordinates for the feet will be
X, cos((t)) —sin(yg(t)) O04[%
Yi|=|sin(g(e))  cos(yp(t)) Oy (35)
Z, 0 0

where

1L,

(x;, ¥,, z;) are the coordinates of foot i in {0, |
programmed for the rectilinear motions.

(X,,Y,,Z,) are the modified coordinates of foot i.

Y (t) is the angle between the line through the
hips and the line through the diagonal feet, as shown
in Fig. 7.

O -
Fig.7  Control of turning about the yaw axis. The diagram
shows the quadruped viewed from above, indicating
how the placement of the feet can be used to generate a
spinning motion of the robot. The filled circles indicate
the location of the hips. Tile open circles indicate the

placement of the feet

Similar to the previous part, ¢ (¢) of the support
feet and flight feet are programmed separately with the
desired yaw rate. For the support feet;

W(1) = = [ e (36)
And for the flight feet .
24T, - 2L zjfdtzS . 3L gdi -3 lprt2
Ty T
+ it + Py (37)

where i, and i, are the initial values of ¢, (#) and i,

l/{/(l) =

(t). 1/; is the desired yaw rate.
Block diagram of the trotting controller is shown in

Fig. 8.
5 Experiments

For the sake of verifying kinematic equations and
the performance of the trotting controller, and getting
some important parameters, experiments are conducted
both in simulation and on the real robot. The mobile
robotics simulate software Webots is used for the simu-
lation tests. This section demonstrates successful trot-
ting in simulation and on the real LittleCalf robot with
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Flight Foot
Trajectery

(%, 29)

the same controller, while it also shows how the system
responds to unexpected perturbations in simulation.
Some parameters used in the simulation and the

physical prototype test are listed in Appendix B.

5.1 Trotting in simulation

Generator
) Model (s yu 29| Yaw
X0 ¥r0| Translation Control
Support Foot D AVA
- L 4 e B B)
Generator | (o 20 Inverse
Kinematics
0
Robot
Fig.8 Block diagram of the trotting controller
X107
)
£
2 0
2
<
5 . . .
5 10 15 20
Time (s)

The initial implementation and testing cycle have
been performed in simulation. There it is able to test
and tune a number of different controller parameter sets
and obtain exhaustive data about the motions.

The trotting controller is capable of trotting in
place where it maintains the body attitude very close to
zero. The desired forward velocity of the robot is
ramped up to 0. 05m/s and then to 0. Im/s and finally
ramp down to zero. In Fig. 10, a run of this procedure
is presented. Fig.9(a) and Fig.9(b) present the ro-
bot velocity while Fig.9(c¢) and Fig.9(d) show the
torso attitude throughout this simulation trial. Example
snapshots of the robot trotting in simulation are availa-
ble in Fig. 10. And the leg motions during the 0. 1m/s

01
g
E 005}
z
3 0
o
” 005 : : :
- 5 10 15 20
Time (s)

(a) Forward velocity of the robot torso through the simulation run

0.05 T T T

Velocity (m/s)
(=]

-0.05 L . L
5 10 15 20

Time (s)

(b) Lateral velocity of the robot torso through the simulation run

(¢) Roll angle of the robot torso through the simulation run
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Fig.9 Plots of the velocity and attitude of the robot throughout
the simulation run. The robot was trotting at place at
first and then the desired forward velocity ramped up to
0.05m/s and then to 0. Im/s and finally ramped down

to zero

R

Fig. 10

Snapshots showing the robot trotting in simulation.
From left to right, trotting at a forward velocity of

Om/s, at 0.05m/s and 0. Im/s

trot in world frame are plotted by stick sequence for two
gait cycles in Fig. 11.

Moreover, to test the superiority of the controller
compared with traditional position-controlled gait plan-
ning method, the composite cycloid foot trajectory in
Ref. [ 1] on our robot is applied. Fig. 12 shows the
torso attitude of the robot while the robot trotting for-
ward with velocity of 0. 1m/s using the composite cy-
cloid foot trajectory in Ref. [1] as well as using the
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trotting controller proposed in this paper. Obviously the
controller could maintain the body attitude much more

close to zero.

Stick figure sequence of leg O (right) and leg 2 (left)
for two gait cycles (from left to right), described in
The desired forward

Fig. 11

sagittal plane of world frame.
speed of the robot is 0.1 m/s
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(b) Pitch angles of the robot torso
Fig.12 Comparison of the torso attitude angles collected in the
simulator while the robot trotting with the composite cy-
cloid foot trajectory and with the trotting controller.
Dashed lines: trotting with the composite cycloid foot
trajectory. Solid line: trotting with the trotting control-
ler. The desired forward velocity are all set to 0. 1m/s

5.2 Path tracking test

If the robot has the ability to actively move for-
ward or sideward, spin or make turns, it can effective-
ly avoid large obstacles in front or track a complex
path. In the simulation, the robot is dictated to track a
desired path as shown in Fig. 13 (a) (dashed line).
The starting point is O and the robot moves forward to
point A . At A it spins for 90° to right and then move
forward to point B. After that, the robot is dictated to
make a right turn and draw a semicircle path to point
C. Finally it moves right-sideward and arrives at D.

The simulation results for this task are shown in
Fig. 13. The solid line in Fig. 13(a) indicates the de-
sired and actual trajectory of the robot’s COM. It seems

(a) Desired and actual path of the robot
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(d) Yaw angle of the robot torso
Simulation results of path tracking test. In (a), the
solid and dashed lines indicate the actual and desired
paths, respectively. (b) (c)(d) shows the torso atti-
tude angles and the vertical dashed lines indicate the
moments when the robot arrives at the corresponding
points
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Fig. 13

that the robot tracks the desired path quite well.
Fig. 13(b), Fig. 13(c) and Fig. 13(d) show the roll,

pitch and yaw angles of the torso during the motion.
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The vertical dashed lines labelled A, B, C and D indi-
cate the moments when the robot arrives at point A, B,
C and D of the path. And the dates between time A
and A’ show the spinning motion of the robot at point
A. The snapshots of this simulation are exhibited in

Fig. 14.

Fig. 14 Snapshots showing the path tracking simulation

5.3 Impact recovery

A showcase of the controller robustness is the abil-
ity to recover from unexpected perturbations. Due to
the morphology of the robot, perturbations along the
coronal plane are much harder to accommodate' ™. the
response of the controller is tested while trotting in
place and while trotting at a constant velocity.

Unexpected impacts are exerted on the broadside
of the robot by a pendulum bob in simulation. The im-
pulse acting on the robot’ s torso is 0.3kg - m/s.
When trotting in place and when trotting in the speci-
fied velocity range the robot can successfully recover
from perturbations. Fig. 15 shows how the controller re-
sponds to the impact by presenting the attitude and the
velocity of the robot body as it is impacted laterally by
the pendulum bob, and how the disturbances are dissi-
pated.

5.4 Test on LittleCalf

The trotting controller is tested on the real quadru-
ped robot with similar success including experiment
with the robot trotting in place, trotting forward and
backward. Fig. 17 shows a photo of the LittleCalf robot
trotting forward with the forward velocity of 0. 1m/s. In
the same way, the composite cycloid foot trajectory
proposed in Ref. [ 1] is also applied on LittleCalf as
comparison. The pitch and roll angles of the torso in
these experiments are presented in Fig. 18. And simi-
larly, LittleCalf also demonstrates the ability of omni-
directional moving and the path tracking test is shown
in Fig. 19.

Snapshots from this test are presented in Fig. 16.
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Fig. 15 Plots of the velocity and attitude of the robot collected
from the lateral impact test. Vertical dashed line shows
the time that the robot torso being impacted laterally by
the pendulum bob. The bob is 0. 15kg weight and

moves at speed of 2m/s before knocking on the robot

—
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Fig. 16 Snapshots showing the impact recovery of the
quadruped robot
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e 4

Fig. 17 Photo of the LittleCalf trotting with forward velocity

of 0. 1m/s
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Fig. 18  Comparison of the torso attitude angles collected

through LittleCalf while the robot trotting with the
composite cycloid foot trajectory and with the trotting
controller. Dashed lines: trotting with the composite
cycloid foot trajectory. Solid line: trotting with the

trotting controller. The desired forward velocity are
all set to 0. 1m/s

Fig.19 Snapshots showing the path tracking test on LittleCalf

Objectively speaking, the test done on LittleCalf
is less than perfect compared to that in simulation on
account of the limitations of the hardware platform.
That is the shortcoming of position control which re-
quires high motion precision and accurate sensor val-
ues'?!. And in simulation it is possible to decouple the
control laws from the limitations of specific hardware

platforms. Nonetheless, the controller is still quite ef-
fective on LittleCalf and shows superiority in maintai-
ning the torso attitude.

6 Conclusion

Based on the actuation mode and sensors of the
robot LittleCalf, this paper elaborates a trotting control-
ler for the position controlled quadruped robot, which
utilizes the torso attitude control, moving velocity con-
trol and yaw control. It has shown how the controller is
organized and how the different tasks are implemented.
Main advantage of the controller is that the complex dy-
namic calculation of the robot and complicated force
control are avoided yet the robot could move steadily
and stably. How this trotting controller is able to trot at
varying speeds and varying directions and how it can
robustly dissipate unexpected perturbations in simula-
tion are presented. Moreover, Effectiveness of the trot-
ting controller is also verified by experiments on Little-
Calf.

However, every coin has two sides. Shortcomings
of our trotting controller are quite obvious, which re-
quires high motion precision and accurate attitude sen-
sor values. And collision between the feet and the
ground may be strong since it does not employ force
control thus this method may not be suitable to be di-
rectly applied to some large robots. Nevertheless, our
controller is still quite effective in improving the stabili-
ty and robustness of quadruped trotting and it is be-
lieved it will provide a new idea for the quadruped re-
searchers.

In the future work, the controller should be im-
proved so as to enable the robot to move on different
types of terrain. There would be more simulations and
experiments.

Appendix A: Correspondence between the
virtual leg model and the quadruped robot

If leg ¢ is in support phase, the coordinate of the
foot in {0, ] should be

xi,s = xi,sO - L(xd + kpx(d)p - (bpd)
- kdx(d)p - ‘i’ﬁl) )dt + X ini (38)
yi,s = yi,sO _L(./)}d +kpy(¢r _d)rd)

- kd}‘<d)r - d)rd) )dt + yi,ini (39)
=z (40)
where (x; ., ¥ > %) indicates the initial point of

foot i declared in the last part of Section 2. ¢, and ¢,

2 i, ini
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are the pitch and roll angles of the robot torso, ¢, and

pd
¢, are the desired values.
If leg i is in flight phase, the coordinate of the

foot in in {0, } is

v, T .
Xpp = %'Fk.%(x_xd) (41)
xT, + x0T, + 205 — 25,7
,/<t) e t
-/. . .
3xp = 3xg = 20T, — T},
+ 5 t
T/-
+ x,ot + Xy + X (42)
y T? . *
Yr = 42 +h(y =y,) (43)
yT +y T + 2y, = 2y ;
() = TR Sy
3y - 3%0 20Ty - ny,z
+ 14
T
+9}/ot+y/() T Yiini (44)
16 12
zi,im + H X ( ]13 } + 5 T2 2)
Tf
for 0 <t < =+
zs(1) 16, 36, 242
Zoe + Hp x (580 =500 +71—4)
f Tf !
{ T/ t T,
or ) SRR
(45)

Note that Eqs(38) (39) (40) (42) (44) (45) do

not involve the yaw control.

Appendix B; Experiments parameters

Table 4  Control parameters of the simulated model
and LittleCalf

Control parameters Simulated model LittleCalf

T, 0.25s 0.25s

T, 0.25s 0.25s

H, 10mm 10mm
D, 0 0
D, 0 0

K, Imm/(rad - s) Imm/(rad * s)
ky, Omm/rad Omm/rad

k,, —15mm/(rad + s) —20mm/(rad - s)
kg, -0.01(mm/rad) —0.05(mm/rad)
k; 0.1 0.15

k; 0.05 0.05
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