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Abstract Inverted Pendulum based reduced order
models offer many valuable insights into the much
harder problem of bipedal locomotion. While they
help in understanding leg behavior during walking,
they fail to capture the natural balancing ability of
humans that stems from the variable rotational inertia
on the torso. In an attempt to overcome this limita-
tion, the proposed work introduces a Reaction Mass
Biped (RMB). It is a generalization of the previously
introduced Reaction Mass Pendulum (RMP), which is
a multi-body inverted pendulum model with an exten-
sible leg and a variable rotational inertia torso. The
dynamical model for the RMB is hybrid in nature,
with the roles of stance leg and swing leg switch-
ing after each cycle. It is derived using a variational
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mechanics approach, and is therefore coordinate-free.
The RMB model has thirteen degrees of freedom,
all of which are considered to be actuated. A set
of desired state trajectories that can enable bipedal
walking in straight and curved paths are generated.
A control scheme is then designed for asymptotically
tracking this set of trajectories with an almost global
domain-of-attraction. Numerical simulation results
confirm the stability of this tracking control scheme
for different walking paths of the RMB. Additionally,
a discrete dynamical model is also provided along-
with an appropriate Geometric Variational Integrator
(GVD). In contrast to non-variational integrators, GVIs
can better preserve energy terms for conservative
mechanical systems and stability properties (achieved
through energy-like lyapunov functions) for actuated
systems.

Keywords Legged robots - Geometric control -
Non-linear control - Discrete mechanics

1 Introduction

1.1 Background

Reduced-order models that are typically used for
humanoid gait generation include several versions of
the inverted pendulum model, such as the 2D and 3D

linear inverted pendulum models (LIPM) [13, 14], the
cart-table model [12], the variable impedance LIPM
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[31], the spring-loaded inverted pendulum (SLIP)
[1, 5], and the angular momentum pendulum model
(AMPM) [17, 18]. All these models (except [17, 18])
have limited utility for rotational maneuvers as they
represent the entire humanoid body only as a point
mass and do not characterize the significant rotational
inertia of the torso. Neglecting it causes the angular
momentum of the system about its CoM to be zero and
the ground reaction force (GRF) to be directed along
the lean line.

It has been reported that during human gait, even
at normal speed, the GRF diverges from the lean line
[4] and this may be important for maintaining bal-
ance. The Reaction Mass Pendulum (RMP) model
was introduced in [19] as a three-dimensional inverted
pendulum model with variable inertia, which could be
used as a reduced-order model for humanoid motion
that accounted for the variable inertia and angular
momentum of a humanoid body. This model consists
of an extensible “leg” pinned to the ground along with
a variable inertia “torso”.

In order to model bipedal spatial locomotion, an
extension of the Reaction Mass Pendulum (RMP)
model, developed in [4, 19, 26], is considered here.
This extension adds a swing leg to the RMP model
and it is termed the Reaction Mass Biped (RMB). The
dynamics of this biped model is necessarily hybrid
involving continuous-time stance dynamics with one
foot on the ground and discrete-time impact dynam-
ics when the swing foot hits the ground. Moreover,
while most 3D models of bipedal robots model the
rotational degrees of freedom through local coordi-
nates such as Euler angles or quaternions, we consider
a coordinate-free approach using rotation matrices.

The dynamics are developed directly through the
application of the Lagrange-d’ Alembert principle, by
considering variations on the configuration manifolds.
This leads to the development of a coordinate-free
dynamical model that is valid globally and is free
from singularities. Furthermore, these coordinate-free
dynamics are discretized as well, yielding a structure
preserving discrete-time stance dynamics. Using these
discrete-time equations of motion a geometric varia-
tional integrator is developed to accurately integrate
the system’s dynamics.

On the control side, there is significant work in the
formal stabilization of 3D walking using techniques
based on controlled symmetries and Routhian reduc-
tion [6, 7, 29], and on hybrid zero dynamics [8, 9].
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These methods have been extended to yaw steering
of 3D robots [28]. In contrast, this work develops a
geometric controller with a large domain of attraction.

1.2 Contributions

The main contributions of this paper with respect to
prior work are listed below:

— A novel reduced order model, called Reaction
Mass Biped, is proposed. Unlike many other pop-
ular models like LIPM, SLIP, etc., the RMB
explicitly considers a variable inertia torso and
models leg inertia.

— A Hybrid Geometric Model is developed using
variational principles directly on the configuration
manifold of the robot. The dynamics are said to be
coordinate-free and have no singularity issues.

— A discrete mechanical model of the RMB is also
developed along with a Geometric Variational
Integrator (GVI).

— Assuming full actuation, a geometric trajectory
tracking controller is developed for walking and
turning with almost-global stability properties.

1.3 Organization

This paper is organized as follows: Section 2 describes
the hybrid dynamical system model of the RMB.
Section 3 develops a discrete mechanics model of
the RMB, which is subsequently used to develop
a structure-preserving geometric variational integra-
tor. Section 4 develops motion primitives for walking
along-with a tracking controller to achieve the desired
trajectories. Section 5 provides simulation results and
discussions on the RMB walking along straight and
curved paths. Finally, Section 6 provides concluding
remarks.

2 Mathematical Model
2.1 Physical Description of the RMB Model

As shown in Fig. 1a, RMB consists of two extensible
legs whose lengths are p; and pp as measured from
the RMB CoM. The CoM of both the legs is assumed
to coincide with the RMB CoM. Moreover,for some
nominal length pg, the moment of inertia for the legs
is given by Jro. The legs can extend up to a max
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(a) RMB Model

Fig. 1 A schematic of the RMB model

distance r from pg. The torso is made up of three
pairs (depicted in green) of reaction masses s1, 52, 53,
respectively. Each pair is arranged along an orthogonal
axis e; of the torso’s body-fixed frame. With one each
on either side of the RMB CoM, they are constrained
to move equidistantly so that the torso CoM always
coincides with the RMB CoM. In Fig. 1b, the frames
of reference used in this study are depicted and they
are defined in Table 1. We assume full actuation for the
RMB model as shown in Fig. 1c. 71 rotates the ankle
joint at the stance foot along pitch, roll and yaw direc-
tions w.r.t. the inertial frame {/}. f is the force used
to extend the telescopic stance leg. Tp; € R? rotates
torso frame { P} w.r.t the stance leg frame {L}. Simi-
larly, Tpy € R? rotates swing leg frame {L,} w.r.t the
torso frame {P}. Finally, u; € R actuates the reac-
tion masses pairs on the torso. It is the motion of these
point-masses that induces variability into the torso’s
inertia.

2.2 Stance Dynamics (or) Fixed-base Robot Model

We develop a coordinate-free dynamic model for the
stance phase of the Reaction Mass Biped, as shown
in Fig. 1a, by using rotation matrices to represent the
attitudes of the two legs, R, R», and the torso, Rp,
along with scalars pi, p» to represent the length of
the two legs, and s; to represent the position of the
ith pair of reaction masses. Note that, there are three
pairs of reaction-masses, all of which are mutually
orthogonal. During the stance phase, the stance-leg
is assumed to be pinned to the ground. The con-
figuration manifold of the system is then given by

(b) Rotations

(¢) Actuation

Qs = C x SOB) x SO3B) x SO3) x S x C,
with p1,00 € C = [0,7], R;,Rp, Ry € SO(3),
s=[s1 5 5] €85=10,r,1x[0,r]x[0, r]. The
symbols used in this paper are tabulated in Table 1.

We have the following kinematic relations in the
system, R.‘ = R, Rpi = Rp1827,, Rp =
RP.QI);, Rp = RZPAQZXP, R, = Rz.Q;, where,
£21, §27, 2p are the respective body angular veloci-
ties, and are related by

T T
2p = 2p1 + Rp(§21, where, Rpy = Ry Rp, (1)

T T
§2 = S$27p + RypS2p, where, Rop = RpRy. (2)

Here, the (.)* is called the hat operator and it is
used to map angular velocities from R3 to s0(3) (the
Lie algebra of SO(3)). Next, we derive an expression
for the kinetic energy of the system, 75 : TQs; — R.
We do this by first finding the position of the center-
of-mass (COM) of the stance leg, b, and the positions
of the reaction mass pairs, p;t, in the inertial frame
{1} as follows,
b= piRie3, pix =b=xsiRpe.

The dot product of their velocities can then be respec-
tively computed as,

IBIP = 47 = p2( (e3)* 821 3)
1B P+ i1 = 2151+ 57572 (e} )?25), (4)

where () : R3 — s0(3) is the skew operator, defined
such that x ¥y = x xy, Yx, y € R?. The kinetic energy
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of the system is then given by 75 = T1 + Tp + T»,
where, T1, T are the kinetic energies of the two legs
respectively, and Tp is the kinetic energy of the torso,
computed as,

ERPIP G
T Elele + = 82{ Jpy 821,

2

3
1 . .2 .2 L _r
Tp = smp (;Hmn +11i- | )+ 525 In .

1 R 1
—mp||b|* + =21 1,92,

T
) 2

Thus, the total kinetic energy of the system is,
3

1 . . 1
Ts = Emmz + Y mpi] + Engjl(Pl)-Ql
i=1
1 7 1 _r
+§Qp Jp(s)2p + 592 J1$22, (5)
where,

Ji(p) = T +Ki(p1),  Ki(p1)=—mpi(e)?,

3
Ip(s) = Jn+Kp(s), Kp()==2) mps(e)’.

i=1

m=2m;+6mp,

Remark 1 Note that, the length of the swing leg, o>
does not appear in the kinetic energy of the system,
and as we will consequently see, it will not appear in
the dynamics either. This is because of representing
COM of the swing leg at the hip. Moving COM loca-
tion to half-way along the leg will ensure the swing leg
length velocity appears in the kinetic energy, thereby
introducing an additional dynamical equation for p;.
The dynamical model and the controller developed
here can easily be extended to incorporate a variable
swing leg length, at the cost of adding another degree
of freedom and some complexity to the dynamics.
Here we treat the simpler case by assuming the swing
leg length to be constant. The swing leg’s rotation does
appear in the kinetic energy through £2,.

Having developed an expression for the kinetic
energy, we next compute the Potential Energy, U, :
Qs — R, as,

Us = —mgpiR| e3 - e3. (6)

Note that the negative sign arises due to our convention
of e3 being along the direction of uniform gravity.

@ Springer

The Lagrangian of the system £, : TQ; — R
is then given by £; = 7; — Us. The equations of
motion can then be computed through the Lagrange-
d’Alembert principle by writing the variation of the
action integral as,

3
/<5ﬁs+ m T+ 81 finp1 o+ Y Ssiugt npa - TDQ),

i=1

O]

where the first term in the integral represents the vari-
ation of the Lagrangian, computed using the following
infinitesimal variations on SO(3),

SRy =Rin’, m eRY, 821 =2 nm +i1, )
SRPZRP}’);, T]PGR3, SQPZQ;UP+7:]P5 (9)
SRy = Rony, m e R}, 82, = 2 m + i, (10)

and, all the other subsequent terms in the integral
representing the infinitesimal virtual work, where,

npi =np — RhRin, np2=mn— RIRpnp.

For more details and illustrations of the actuators,
please refer to Fig. lc. The dynamical equations of
motion can then be obtained by setting the above
integral to zero for all possible variations, resulting in,

mpy = —mp 27 €5)*21+mgel Rles+ f1,(11)
(1) $21= =21 x J1(p1)$21 + 2mp p1(e5)* 821
+ mgpie; RlTeg +1 — RlTRprDI,(12)
Jp(s)2p = —2p x Jp(s)2p — N(s,§)2p

+ tp, — Rp Ratp,, (13)
2mps = —L(s, 2p) + us, (14)
JLo$22 = —22 X J1y822 + 1Dy, (15)

where, N(s,s) = %Kp(s) = 4mp diag{s2s2 +
§383, S181 + §383, S151 + 5252},
and, L(s,2p) = 2l QlKp2p) =
sl(rz},z + 91%3)
2mp | $2(2p, + 23,)
S3(.91231 + 91%2)



J Intell Robot Syst (2018) 89:155-173

159

We can rewrite the above dynamical equations
in a matrix form (useful for the impact model)
by defining ¢, = (pl, Ry, Rp,s, Rz), and w; =

[ 21 205 2]

—mp127 (e5)*21 + mgel RT3

Thus, using ¢, ;, the equations of motion can be
rewritten as

Ds(qs)d’s = H;(q,, ws) + Bsuy,

where, D;(q,) = diag(m, Ji(p1), Jp(s),2mpl,

Jr,), and

=21 x 1 (p1)$21 + 2mp1p1(e5)> 21 +mgpie; R e

Hs(qsv (‘)S) =
—L(s, 2p)
—8§27 x Jp 822
10 0 0 0 fi
01-RIRpO 0 7y
Bigy) =00 I 0-RLR |,us=| 1p
00 0 1 0 Ug
00 0 0 1 195%)

—Q2p X Jp(5)Rp +4 Y 5_, mpsisi(e)?2p :

Remark 2 Note that, the stance dynamics of the Reac-
tion Mass Biped is fully actuated due to the ankle
torque 77 at the stance foot.

2.3 Extended Dynamics or Floating-Base Robot
Model

Having derived the stance dynamics of the Reaction
Mass Biped system, where the stance leg is pinned
to the ground, we now develop the extended model,
where the foot is no longer pinned to the ground.
This model is required to formulate the discrete-time
impact model that captures the dynamics of swing foot
impact with the ground. The extended model is illus-
trated in Fig. 2, and has the configuration manifold
0, =R¥xS0B)x SOB) x S x SO(3). The kinetic
and potential energies, 7, : TQ, — R, U, : 0, — R
can be derived in a similar manner as in the stance
dynamics, resulting in,

3
[ 2, 1
T. = mep “Xp + E mPSiz‘i‘ EQITJLO'Ql

i=1
1 o7 I or
+§QPJP(S)QP+EQ2 ]LOQZv (16)
U, = —mgxp - e3. (17)
The dynamics of motion can be obtained through
application of the Lagrange-d’ Alembert principle as

outlined earlier. We will directly write this in matrix
form by first defining, ¢, = (Rl, Rp,s, Ry, xp), and

we=1[521 2p 5 2 ip ]T, where xp is the position
of the hip in the inertial frame. We then have,

De(qe)d)e = He(qga ) + Be(qg)uey
where, D.(q,) = diag (JLO, Jp(s),2mpl, Ji,, m),

—821 x J, $21
—2p x Jp()R2p+ 43 mpsidi(e])?$2p
H.(q,, w.)= —L(s, 2p)
—827 x J1y$22
mges
(18)
—RI'Rp O 0
I 0-RLR, ™1
B.(q,) = 0 I 0 , Ue = Us
0 0 1 D2
0 0 0

(19)

Remark 3 Note that the extended dynamical model of
the reaction mass biped is under-actuated. This is in
contrast to the stance dynamical model, which is fully
actuated.

2.4 Impact Model
We will next develop the discrete-time impact model

that captures the impact of the swing foot with the
ground. The impact model results in an instantaneous
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Table 1 Enumeration of the symbolic notation used in the paper

mp € R Mass of either Leg at Hip Joint

mp € R Mass of Reaction masses

meR Mass of the entire system

Ji, € R3*3 Inertia matrix of either leg with respect to the body-fixed frame when leg length is its nominal value pg
Jp, € R3*3 Inertia matrix of the torso with respect to the body-fixed frame

{1} Inertial frame at the stance foot

{L1} Body frame of the stance leg at the hip joint

{P} Body frame of the torso at the hip joint

{Ly} Body frame of the swing leg at the hip joint

preC Distance between CoM of the stance leg and its ankle

poeC Constant distance between CoM of the swing leg and the hip joint

Ry €SO3 Rotation matrix of the stance leg from the body-fixed frame to the inertial frame {I}

Rp e SO(3) Rotation matrix of the torso from the body-fixed frame to the inertial frame {I}

R, € SO(3) Rotation matrix of the swing leg from the body-fixed frame to the inertial frame {I}

Rp1 € SO3) Rotation matrix of the torso from the body-fixed frame {P} to the stance leg body-fixed frame {L}
Rop € SO(3) Rotation matrix of the swing leg from the body-fixed frame {L2} to the torso body-fixed frame {P}
2, eR3 Angular velocity of the stance leg in the body-fixed frame

2, e R? Angular velocity of the swing leg in the body-fixed frame

2p eR? Angular velocity of the torso in the body-fixed frame

si €8 Position of the i’th reaction mass

e3 € R3 Standard unit vector along the gravity direction (downward) in the inertial frame

change in the joint velocities of the system. In order
to capture this, we will first need to map the stance
coordinates to the extended coordinates, perform the
impact in the extended coordinates, map the extended

e)- &
Fig. 2 Reaction mass biped model for the extended dynamics
or the floating base case. Here, x p is the hip position while x 1,
x 2 are the stance and swing leg positions, respectively. In the

flight phase, we assume that both p; = p» = po i.e., both legs
don’t extend but only rotate

@ Springer

coordinates to the stance coordinates while account-
ing for the relabeling that occurs as the old swing leg
becomes the new stance leg.

First, to map the stance coordinates to the extended
coordinates, we need to find xp, Xxp in terms of the
stance coordinates. Since the stance foot is on the
ground, xp = pjRje3. From this we obtain, xp =
p1R1e3+p1 R1£2{" e3. We will write this as the follow-
ing map,

q, = sq—>e(qs)s We = ;o_w(ws)~

For later use, we will denote the map from
the extended coordinates to the stance coordinates
(assuming the first leg’s foot is in contact with the
ground) as,

qs - €q—>S(qe)7 wS - Te‘”—)g(we)'

This map essentially computes p; from xp as, p; =
llxpll.

Next we model the impact map. By considering
(g, , @) to be the state prior to impact, and (¢, @)
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to be the state post impact, and F,,; representing the
external force, we have the following relation from
[10],

D(g))w} — D(q,)®, = Fex.

Further, the swing foot position and velocity are given
as,

xp, = xp + Py Raes, g, = ip — pi Ra(e3)* 22,
where péd is the value of p, at touchdown (note that
péd is a constant and has no dynamics since p; can
instantaneously change.) We require the post impact
swing foot velocity )2;2 = 0, since this foot now
becomes the new stance foot. This can be expressed as
Aw] = 0, where,

A=[000 # —pyRf(ex) I].

Further, denoting /g as the impact force at the swing
foot, we have F,,; = AT Ix. The above equations can
then be expressed in matrix form to solve for @} and
IR,

wi] [ Degh) —AT ] ' [=D.(g;)0;
IR - A 0 0 ’
(20)

We can then define a map I" such that o} = I'(®,).

The impact map can then be defined by the map
As s : S —> TQ,where S = {x; € TQs | (02R2e3—
p1R1e3)-e3 = 0} is the switching surface representing
the contact of the swing leg toe with the ground. We
have,

A [ Als }
§—>85 - )
Aw

§—>8

where, the components A?_” and AY ,  define the
transition maps for the configuration variables and
their velocities, respectively. These are obtained from

the above equations as follows:

A?—)s = Teq—>s oRo qu—>e’

[} . @ 2}
As—)s T Te—)s ° R olo TS—)E’
where R represents a coordinate relabeling transfor-
mation such that the old swing leg is labeled as the
new stance leg and vice-versa.

2.5 Hybrid System Model

The hybrid model for walking is based on the stance
dynamics and the impact model developed in the pre-
vious sections, and can be represented as follows:

{ Ds(bssz(qy ws)'i‘Bs(qs)us, (q:, (z);) ¢ S,
g, o) =457, 07), (g57.07)€S.

3 Discrete Mechanics and Variational Integrator
for RMB

In general, for hybrid dynamical models like the
RMB, conventional numerical integrators, based on
explicit Runge-Kutta method, are used for deter-
mining the system’s flow based on the continuous-
time Euler-Lagrange equations that were derived in
Section 2. However, this procedure results in the loss
of some fundamental geometric properties of the sys-
tem such as, inherent manifold structure, symplectic-
ity, and the momentum map. Special integrators exist
to either preserve manifold structure of the configura-
tion space [11, 16] or simplecticity [22, 33]. Recently,
Lee et al. [20, 21] integrated these two techniques and
devised Geometric Variational Integrators (GVI) that
are capable of preserving both geometry and struc-
ture of the discrete flow. In this section, we develop a
discrete mechanics model of the RMB by taking vari-
ations of the corresponding discrete action sum. The
resulting update rules form the discrete equations of
motion and they used to construct a GVI for the RMB
system.

3.1 Discrete Lagrangian

The Lagrangian is discretized with a fixed step size,
h > 0, and the subscript k determines the value at
any iteration, as fy = kh. Therefore, the configu-
ration manifold of the RMB at any time # is given
as Q; = C x SOB) x SOB3) x SOB) x S x C,
with configuration variables py,, 02, € C = [0, 7],
Ry, Rp,, Ry, € SOB), s = [s1, s 53, ] €5,
For the discrete-time kinematic relations, the linear
velocity X at #; can be approximated as shown

Axg  Xgy1 — Xk

p W 2n

X ~
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Similarly, from the rotational kinematic relations in
Section 2, the discrete analogue of angular velocity is

Fi = " | sothat Ryy1 = Ry Fy. (22)

Using Eqs. 22 and 21, we get the following first order
discrete equations for the RMB,

Ry =R Fi,, Rp,=Rp Fp., Ry (= Ro Fyy, (23)
Pliyy = P T AP, Sk+1 = sk+hsg. (24)

The symbols specific to the discrete mechanics are
tabulated in Table 2. We derive the discrete versions
of both kinetic (75) and potential () energies of the
system next. The discrete version of potential energy

and the kinetic energy, defined as 75, : TQ; — R, is
given as,

3
Ty = %(mp'lzk + ZmPS',-zk + QlTk J1(p1,) 821,
i=1
+25, TP ()Rp, + 23, J1,522,). (25)
The discrete Lagrangian £; approximates the path
of least action, which is obtained by integrating the
Lagrangian along the exact solution of the equations
of motion for a single time step,

h
L %/ Ldt=L(p1,, Sk, 214, 2p., 20)h =Ty —Uy, . (26)
0

Uy, : Qs — Riis given as Uy, = —mgpy el R] e3, Substituting Eq. 25 in Eq. 26 gives
m Iélk
h 2mpl Sk

Ly = 5[,0'1k Sk 21, 2p, 2,17 Ji(p1,) 21, +hmgmk63TR1Tk€3,
Jp(sk) 2p,

Jr, §2,
27)

where Ji(p1) = Ji, — mp, (€)%, Jp(sk) = Jp, —
22?:1"1 psizk (eix)z. Similar to its continuous-time
counterpart, the discrete-time version of the Lagrange-
d’ Alembert principle states that the action sum, which
approximates the action integral, is invariant to the
first order of all possible variations, as shown in
Eq. 28. Integrators that maintain this invariance are
called Variational Integrators. Additionally, if they
also maintain the structure of the configuration mani-
fold, they are called GVIs.

N—1
IFp — I
88y = E 8Ly +68W, =0, where N = F—
h
k=0
(28)

Table 2 Notations used in the discrete mechanics of RMB

Here, 1y, tr are the start and end times of the inte-
gration, respectively. To compute the above, we have
to first determine the infinitesimal variations for Ry
and £2, as shown in [32],

SRy = lirrb R exp (eny) = Ry, (29)
€—>
§Fr = hd82) exp (h$2)) = h6 2 Fx,  (30)

1 1
= 82 = ESFkaT = Z(U”k')kﬁ)>< - ),

1
08 = Z((Fkﬂk+1) — k). 3D

Additionally, the variations of ¢, and sy are,

) )
ap‘lkz p1k+l 'Olk’

. OSgg1 — Osg
Osp = ——.
h

; (32)

F, € SO(3)
Fp, € SO(3)
Fy, € SO(3)

Rotation matrix that shifts the stance leg from configuration Ry, to Ry,,, during k' time-step
Rotation matrix that shifts the torso from configuration Rp, to Rp,,, during k" time-step
Rotation matrix that shifts the swing leg from configuration Ry, to Ry, , during k" time-step

@ Springer
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The infinitesimal virtual work done and Lagrangian
can be discretized using the discrete infinitesimal
variations obtained above as follows:
Wk = h(f1,8p1, + MSTktssk + TlTkmk + Tg,k nei, + r,Ezk npP2),
m 801,
2mpl 8Sk
8Lk = hlpy, $k 21, 2p, 22,17 Ji(p1y) 821, | —hmp1, 2] (e3)*21,8p1,
Jp(sk) 382p,
Jr, 882,
3
—h2mp Zs,-k Q;k (eix)z.kaSsik + hmg&plkeSTRﬂeg + hmgplke3T(3R1T,(e3.
i=1
(33)

Now, we map all the velocities to their corre-
sponding momentum terms and continue the rest of
this derivation in termsof the momenta. Let, Po, =

mpy, Ps, = 2mpSg, Iy, = Ji1(p1)821,, Ip, =
Jp(sp,)$2p,, and Tl = Jp,827,. Accordingly, the
discrete action sum in Eq. 28 can be rewritten using
Eq. 33 as,

N—1
884 = Y [ 8821, + M{ SRy, + [T} 8R2p, + 1} 82 + ppy, (8p1,,, — 8p1,) + Nidpy,
k=0
3
—hmp1, 2] (X2 21,8p1, + Y Py, Bsi,, — 85iy) — h2mpsi, 2], (e])2p, 85, + 8Wi] = 0. (34)

i=1

U Uy, .
where, M; = %% and Ny = -—%. We can substi-

Ry, dp1y,
tute Eq. 33, and the variations Egs. 29, 31, and 32 in
Eq. 34 to obtain the discrete action sum in terms of
the variations Svi := [n1, np, 12, 8p1, k). The fact
that variations vanish at end points, i.e., vy = 0 if
k = {0, N}, and an appropriate re-indexing of terms
allows us to reformulate Eq. 34 as,

N-1

Z[(Fﬂ,lnlk_ﬁnlk +M] R+ hti,— hRp1tor) i,
k=1

(Fp_ Mp_,— Mp, +htpi,— hRpy tpo) 0y,

H(F) My — Iy + htpo) "y,

+(Ppi,_, = Py, — hmp1, 21 (€5)? 21, + N + hfi)dp1,
3
+) (P, = Psy,— h2mpsi, 25, (e} )* 2 +hu;, )85;,1=0.(35)

i=1

Since Eq. 35 is true for any v, we require that the
expressions each of in the parentheses to be equal to
zero. They are indeed the discrete-time equations of
motion for the RMB in terms of the momenta. Finally,

we can map back from the momentum terms to the
velocity terms to get the equations of motion in terms
of the velocities as shown below:

S 244 = FlTk (1, £21) + hmglele;RITqu

+hti,, — hRp1y TDI, (36)

Ip 1 2Py = F;?,((JP;(QP,()'F/’!TDIHI —hRpo TD2y,» (37)

Jio20 = F) (UL, 22) + htpoy., . (3%)
mpr,., =mpy, —hmpy, 27 (@),

+hmged RlTkHe3 +hfi, 39

2mpSpy1 = 2mpSg — hL(Skq1, 2py,) + hugr. (40)

The discrete-time Lagrangian flow map
takes us from ($21, $£2p, $22, P1, Sk)
(821, 2Py $22,,, P14 Sk+1), and this process is
repeated for N steps. Note that, unlike in [20, 21],
this is an explicit method and doesn’t require custom
Rodrigues formula-based gradient descent methods,
and is therefore faster.
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3.2 Advantages of Geometric Variational Integrators
are listed below

1. GVIs preserve important mechanical properties like
energy conservation (for conservative systems),
momentum conservation (where there is symme-
try), while ensuring that the dynamics evolves in
the configuration manifold of the system.

2. They can be easily implemented in hardware and
the equations are inherently discrete-time.

3. This structure preserving property is also useful
when building controllers based on energy-like
Lyapunov functions, as shown in this work.

4. Moreover, the performance does not degrade even
for long simulation times.

4 Actuation and Controlled Motion

4.1 Motion Planning for Moving between Ground
Locations

Consider a trajectory connecting two ground points
with known initial and final velocities; there are
many ways to generate this trajectory while avoid-
ing fixed obstacles. The motion of the torso center
of mass, when projected on the horizontal (ground)
plane, should closely follow this generated trajectory.
Assuming that this trajectory is known a priori, a stride
length that is optimal (or natural) for the RMB is used
to determine the number of steps required to cover the
path length. If /; is the optimal stride length and p;
is the path length of the trajectory, then the nearest
integer to p;/l; can be used as the number of strides
required to cover this trajectory.

Desired trajectories (motion primitives) for vari-
ables associated with the RMB legs in time interval
[0, T] are:

. T _
pl = po+ psin(er), © = = P >0 >0,
Ril = Rj,exp (g‘lx sin(a)t/2)),
P35 = po,
R§ = Ry, exp (¢, sin(wt/2)). (41)

Note that the constant vectors {1, ¢ € R3 for the leg
rotations could be equal, and something similar could
be said for Ry,, R, € SO(3) when the biped is stand-
ing erect. Also, pp and p are related to the optimal
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stride length for the biped. The desired trajectories
for variables associated with the torso over the time
interval [0, T'] are:

R exp (y log ((Rf)TRg)), y €10, 1],
s? = 50 + 5 sin(wr), (42)

d
Rp

where s9, 5 € R? are designed to have the appropriate
inertia distribution for the torso as mentioned earlier
with [so;| > |5i], log : SO(3) — so0(3) is the loga-
rithm map that is inverse of the exponential map (given
by the matrix exponential), and y is a weight factor.
Note that R‘;, = Ril when y = 0 and Rj,i, = Rg
when y = 1. The reasoning behind introducing these
weights is to mimic human bipedal gait, where the
body (torso) becomes more closely aligned with the
alignment of the stance leg as the speed of bipedal
motion increases. By making y and o time-varying,
one can even transition between different speeds of
bipedal motion. This is one of the future goals of this
research.

The stride length is given by the horizontal distance
traversed by the ankle joint of the swing leg in one
cycle. The desired stride length can be obtained from
the above desired motions for the swing leg, consid-
ering that the inertial position of the ankle/foot of the
swing leg at an instant is given by

apy =apy + p1Ries — ;pRoes, (43)

where ay 1, ar> denote the positions of the ankles of
the stance and swing leg, respectively. With the coor-
dinate frames as illustrated in Fig. 1 and substituting
Eq. 41 for the desired motion trajectories, the starting
and end positions of the swing leg ankle during a cycle
are:

aj, =api+poRijes — poRayes,

aj, =ap1+poR1, exp(Z;)e3—poRa, exp(¢, ez (44)

Therefore the stride length is given by

aj, — aj,=poRiy(expE;) — I)e3 + poRay (I — exp(£,°))es.
45)

Using Rodrigues’ rotation formula, the above expres-
sion can be simplified to

vl = poR1y {EX sin 1211l + (£)7(1 = cos [1111) }e3

—poRag{ ¢ sinllzall+(£) A—coslizilh}es,
(46)
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where vf denotes the desired stride vector, and 2 1, 2‘2 4.2 Trajectory Tracking Control Scheme
denote the unit vectors along 1, ¢, respectively. This
sets the desired stride length to l;’ = ||v§’||. Note that Define the trajectory tracking errors:
the constraint e;va = 0 must be satisfied, which
imposes certain constraints on Ry, Ry,, {1 and {». <4 A i -
Substituting Eq. 46 for v¢, this constraint is expressed PL=PL= P PU= g P
as 01 =RRHT, & =92, -2f,
A 2 x\2 = Rp(RHT, @p=02p — 28,
IR sin gl + ()71 = cos 1511 fes = Or = Re(Rp), @r=2r =8
o . I 2 S = —_ d § = —3
LHE sinlloall + (6% — cos 1D es.  (47) $=sost S=gs
where I, = Rie3, I3, = Ry es. 02=Ry(RNT, & =2, 2. (51)

Expression (47) can be satisfied by setting

¢1 = &2 and Ry, = exp(fe; )Ry, (48)

for & € S!. The second equality in Eq. 48 guarantees
that Iy, = I?,; physically, it means that the initial
orientations of the stance and swing legs during start
of a cycle are related by a rotation about the inertial
third axis that points up.

Substituting Eq. 48 in Eq. 42 to simplify the expres-
sion for R}ﬂ in Eq. 42, one obtains:

(ROTRY = exp (= ()¢ )RE Ry exp (c1)2)°)
= exp (—c(1)¢]) exp (G(RIEQ)X) exp (c(1)¢))
= exp (O(exp(—c(l){lx)REe3)x>, 49)

where c(t) = sin(wt/2). The above simplification
uses the following relation multiple times:

RT exp(¢e™)R = exp (p(RTe)*),

where ¢ € S? is a unit vector. This leads to the
following simplified expression for R‘f;:

R”[l, = Rf exp (y@(exp(—c(t){lx)R};%)X), (50)

which can then be expanded using Rodrigues’ for-
mula.

dr

d - 2 ~ X 2
— Vi, (p1, p1, Q1, p1, $21) = Pl[fl —mp1.(2;r(e3x) 2| + mge

The trajectory tracking control scheme is a general-
ization of the control scheme in [26]. The Lyapunov
function candidate for the stance leg is:

~ e 1+ 1aT 5 e
Vi(p1, o1, O1, 1, §21) = Smpi + 591 Ji(p)§21 + Ek'ol

+@(r(A — AQD), (52)

where k > 0, A = diag(a, a2, a3) with a; > a» >
a3 > 0,and @ : R — R is a C? function that satisfies
@ (0) = 0and &'(x) > Oforall x € RT. Furthermore,
let ®'(-) < a(-), where a(-) is a Class-K function [15].
The Lyapunov function candidate for the torso of the
RMB is:

~ . _1 =T ~ T2 l;[ -
Ve(Qp, QP,S,S,S)—ZQPJP(S)QP+mps S+55 P§
+®(tr(A— AQp)). (53)

The Lyapunov function candidate for the swing leg is:
~ 1~ ~
Vi,(Q2, §22) = E-QZTJLO-QZ‘F(D (r(A=A02)), (54)

where Jy, is the inertia of swing leg at its nomi-
nal length (pp), which is kept constant during swing
phase, and P, Q1, Qp, Q> are suitable positive def-
inite matrices that are use to build valid Lyapunov
functions. The time derivative of these Lyapunov func-
tions along the stance dynamics of the RMB system
are evaluated next.

The time derivative of V;, along dynamics
Egs. 11-12 is:

Iy = mp! + ki |

~ . 2
+01[ = @1 x non@1 +2mo11 (¢5)’ @1 + mgmeS i + 11 — KT Rpep,

— N2 = mprn(e5)° @1 + ' (A — AQD)RD Ts(01)],
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where I} = R;Fe3 is the inertial z-axis direction (up)
in the stance leg’s body-fixed frame and S : SO(3) —
RR3 is defined by

3
S(Q) =) ai0e xei. (55)
i=1

dt

After some partial cancellations of terms, this
expression can be rewritten as

d ~ - SN wd x\2 T ~
— Vi, (p1, o1, Q1. o1, 21) = p1| fi —mp] —mp1821(e3) 21 + mges I't + kpy

~ . 2
+.{21T[r1 — erer‘L'Dl — .in x J1(p1)821 + mp1 01 (e;) (91 + .Q]d)

+mgpie} Tt + @' (ir(A — A0D)(RH TS (56)

The time derivative of Vp along the dynamics
Egs. 13-14 is:

dr

d = -z ~ .
SVE(Qp, 2p.5.5.5) = QF[Ip()2p x 2p + Tp, — N(s,$)2p — R} Ry,

. 1 ~
—Jp ()25 + NG $)$2p + @' (14— A0)) (RD)TS(Qp) |

+5T[LGs, 2p) = 2mp3? 4+ PF +us ], (57)

where N(s,§) = S$Kp(s) and §TL(s, 2p) =
%.QEN (s, $)2p. After some partial cancellation of
terms, one can simplify expression Eq. 57 to

dt

d . .
S Ve(Qp, @55, 5) = @F [0, = RERotn, — Jp(5)25 — 25 x Ip(5)2p

1
—5NGs, $)(2p + 24) + @' (r(A — AQP))(R‘;,)TS(QP)]

+§T[us 4 L(s, 2p) — 2mpsd + Pi]. (58)

Finally, the time derivative of Vj, along dynamics

Eq. 15is

9,0 é)—lﬁT(—Qd JLyS20 + Tpy — I, 828

q (@2, 82) = 242 2 X JLpde2 T TDy Lo®42
+&' (tr(A — AQz))(Rg)TS(Q2)>- (59)

Theorem 1 Let ¢ > 0 and let Dy, Dp, D>, P, Q €
R3*3 be positive definite matrices. Then the tracking
control laws

fi = mpl +mp 2] (e3)* 21 — mgel Iy — kpy — €41, (60)
o = RIRptp, + 1100 Q] + 2f x 1(p)21 — mgpre3 T
—mp1p1(e5)(21 + 27) — &' (1r(A — AQD)(RHTS(Q1) — D121, ©1)
tp, = RERytp, + 2% x Jp(s)2p + Jp(s)02% — DpQ2p
—I—%N(s, $)(2p + 24) — &' (tr(A - AQp))(Rj’J)TS(Qp), (62)
ug = 2mps? — L(s, 2p) — P§ — 05, (63)
tp, = 2§ X J1g82 + J1, 28 — D225 — @' (tr(A - AQQ))(Rg)TS(Qz), (64)
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asymptotically stabilize a desired state trajectory of
the form given by Eqs. 41-42. Further, the domain
of convergence of this trajectory is almost global in
the state space in the absence of control constraints,
disturbance forces and disturbance torques.

Proof See Appendix A. O

Note that, this trajectory tracking control scheme
can be applied in general to track all C> desired state
trajectories, provided that actuator constraints are not
violated. In practice, the desired state trajectories can
be designed keeping in mind known actuator con-
straints for the RMB or for a humanoid robot being
modeled by the RMB.

5 Numerical Results

Having developed a geometric controller for asymp-
totically tracking trajectories, we now validate the
proposed controller through a numerical simulation of
the hybrid model developed in Section 2.

To illustrate the capability of the controller, we will
demonstrate (a) walking in a straight line, (b) walking
towards a goal location, and (c) walking in a circle.
In all cases, we choose a constant desired torso angle
leaning forward, this is in contrast to Eq. 42 to sim-
plify velocity and acceleration computation. The mass
and inertia properties of the reaction mass biped are
chosen to be similar to that of a NAO robot, as done in
[26], in particular,

my, = 0.882kg, J;, = 0.5diag{0.98,0.91, 0.63}kg-m,

0.2126  0.0004 —0.0002
0.0004 0.2042 0.0010 |kg-m?.
—0.0002 0.0010 0.2246

mp = 0.32kg, Jp, =

Walking in a Straight Line: We chose {1 = { =
e, Rip = Ry = I, and T = 1s as in Eq. 41.
Moreover, we introduce a constant phase offset in the
angles for RY, Rg to enable the swing legs to swing
from —15° to 15°. For all other motion design and
controller gain parameters, see Table 3. Figure 3a
illustrates a snapshot and the tracking errors.

Walking Towards a Goal: We employ the walking in
a straight line controller as above, however, we per-
form an event-based modification of Rjg, Rpo at each
impact to change the heading of the biped. Figure 3b
illustrates a snapshot and the tracking errors. Note
that at each impact, the desired yaw instantaneously
changes and the controller is able to regulate the errors
asymptotically within a step.

Walking in a Circle: We employ the walking towards
a goal controller as above, however we modify
R10, Ry by a fixed amount at each impact. Moreover,
R10, Ry are also chosen to lean the body into the turn.
Figure 3c illustrates a snapshot (along with the hip
position demonstrating the body lean) and the track-
ing errors. Note that instead of modifying Rig, Ryo,
we could have modified ¢1, £ too.

For all these motions, it is important to verify that
the unilateral ground contact constraints and the fric-
tion constraints are satisfied during the walking, i.e.,
we need to ensure | Fy| < uF; and |Fy| < uF,, where
w is the coefficient of static friction. The ground reac-
tion forces were computed as, Fg = mX.,, — mges,
where Fg := [Fy F) F;] and x., is the center-of-
mass of the RMB. It is equally critical to verify these
constraints for the impact forces (/g in Section 2.3)
generated at the end of every step. Note that, the
above-mentioned three motions namely a) ‘walking
in a straight line’, b) ‘walking towards a goal’ and
c¢) ‘walking in a circle’, take 10, 13, 19 steps respec-
tively. In all these impact situations, we note that
I, is always positive (> 1.6019 N). Moreover, the

maximum values of l;;%fl and IZ%-I are 0.5872 and
0.5888, respectively, botfl occurring while walking in
a circle.

Combining the impact-force data with the stance
leg ground reaction force information, as shown in the
third row of Fig. 3a, b, ¢, we can conclude that, for
@ > 0.6, the ground reaction force and the impact
force respect the unilateral and friction cone con-
straints, thereby validating the assumptions that 1)
stance leg is pinned to the ground during stance-phase
and 2) No slip occurs at impact.

In addition to testing the trajectory tracking con-
troller on the continuous-time dynamics model of the
RMB, it was also tested on the Discrete-time model
developed in Section 3. Figure 4 shows the perfor-
mance of the GVI in comparison to the traditional
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Table 3 List of various tuning parameters used in the motion primitive and controller designs

Motion Primitive Parameters
po=09, p=0.1, s5s=0.125, §=0.025.

Controller Tuning Parameters

€e=025 k=% 1=8
24 0.5 4

D1 = Zdiag(1, 1, 1), D2= "2diag(l, 1, 1),

A= Ldiag(1.2,1.5,1.8), L= (1.5)(1.2)diag(l, 1, 1),
P= ‘gdiag(l, 1, 1),

L5 4
0= leag(l, 1, 1).

Runge-Kutta(4,5)-based integrator (RK45). RK45 is a
very popular numerical integration algorithm based on
the explicit Runge-Kutta formula [3]. It is also part of
Matlab’s ODE suite [27].

In Fig. 4a, the two integrators are compared for a two-
step walking scenario where the robot is initialized
along the desired nominal trajectory (here, we chose
the ‘walking in a circle’ trajectory) given by Egs. 41
and 42: g5, = (po, R1y, Rpy, S0, Ryy). On the other
hand, in Fig. 4b, we start with a perturbed initial condi-
tions: 2" = (po + 0.1, Ry (r/10) Ry, Rp,, 50, Ra,)

and wb"" = (po, 214, 2p, + 0.01, 5o — 0.03, £25,).
Here R, (f) denotes a rotation along the x-direction
by an angle 6. For both these cases, we plot (a) the
desired leg extension tracking error (p) as obtained
from Eq. 51, (b) discrete Lyapunov function (obtained
by discretizing Eqs. 52, 53 and 54) given by Eq. 65,
and (c)—-(d) Ry, Ry norm errors. The norm errors are
computed as ||[I — RTR;|| Vi € {1,2}. If the group
structure (R € SO(3)) of R; and R, is preserved dur-
ing the numerical integrations, the norm errors must
be closer to zero.

Vk(ﬁlkv Qlkv IEjlkV élkv QPks QPks gka S:ks Q2k’ é2k) = VL]k(Iolk7 ﬁlkv Qlka ﬁlka Qlk)

+ Vi (Qp, b sk, 56, 51) + Vi, (Q2y, 22)) (65)

where,

~ ~ ~ 1 2 1 ~ ~
Vi, (P1es P1s Qs P, $21,) = —m,012k + _Q;[,;JI (p1,)821, +

2 2

1

Skir, + @ (ir(A = AQ1).

~ - s 1 ~ T 1. ~
Ve Qe Qb sk S 51) = 5 2p, Tp(50) Qb+ mpS S+ 23 Pl + @ (r(A — AQp,)).

- 1 ~ ~
Vi, (02 22) = 592{ J1y$22, + @ (tr(A — AQ2))). (66)

Note that, for this study the step size chosen for the
GVI and RK45 was h = 1073, From the third and
fourth rows of Fig. 4, it is can be noted that the varia-
tional integrator maintained the group structure much
better than the RK45 Integrator. On further examina-
tion, it was found that the GVI kept the norm error
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within 10~!2 which is orders of magnitude better than
RK45. Moreover, other parameters like configuration
errors(p), energies, etc., as computed using the dis-
crete GVI-based system model, track the continuous
dynamics as accurately as the discrete-model based on
RK45, if not better.
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(a) Walking Straight

Fig. 3 Numerical simulations of the controller for (a) Walk-
ing along a straight line, (b) Walking towards a goal location
by changing the yaw-angle in an event-based step-to-step man-
ner, and (¢) Walking in a circle while leaning inwards, with the
hip position shown in green. For all these cases, first row shows
simulation snapshots. The second row shows error plots to study
controller behavior. The errors include those defined in Eq. 51,
namely [o1], [IS]], [1Tog(QDII, [[1og(Qp)Il, and [|log(Q2)]].
As can be seen, the controller reduces the error during the con-
tinuous stance-phase, while the impacts causes the errors to
increase. The simulation begins with zero initial errors, and
hence the errors during the first step remain zero. Third row

Time(s)

(b) Walking to a Goal

Time(s)

(c) Walking in a Circle

shows ground reaction force plots and force-ratios. Note that, if
you assume the coefficient of static friction to be greater than
0.6, RMB satisfies the no slip condition at the stance leg for all
the three walking trajectories. Since the legs make a point con-
tact with the ground, we can assume the friction forces (F, and
Bl < 0.6 and 221 < 0.6. Fourth
row shows the energy plots for the closed—loophdynamics of the
RMB walking. Finally, in the the fifth row, we show the ankle
torque (71) generated for the three walking trajectories. The x-
axis for all the plots is Time(in seconds) and it is only shown for
the fifth row to avoid repetitions

Fy) to be isotropic. Clearly,
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(a) Starting from desired configuration

Fig. 4 Comparing the performance of GVI with Runge-Kutta
45 based Integrator. In (a) RMB starts along the desired walk-
ing trajectory and a nominal controller is in action for tracking

6 Conclusion and Future Work

A variable inertia multibody reduced-order reaction
mass biped model (RMB) is presented that can cap-
ture a much wider class of bipedal locomotion. A
coordinate-free hybrid dynamical model of the RMB
is introduced. A discrete version of the model has
been developed that maintains the structural and geo-
metrical properties of the system and enables fast
implementations on hardware. An asymptotically sta-
ble trajectory tracking control scheme with almost
global domain of convergence was also developed to
enable the reaction mass biped to walk along straight
and curved paths.

Despite all the useful additions, the RMB has room
for improvement. The influence of the reaction masses
and the varying torso inertia on the gait design is not
investigated. The primary objective of future work is
to study the impact of upper-body inertia on RMB’s
locomotory behavior. Additionally, the proof masses
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(b) Starting with some configuration error

purposes. However, in (b), RMB starts with an initial error in its
configuration

are constrained to move together, either towards or
away from each other. We assume full actuation, but
in reality there are under-actuated phases (toe-off) in
walking which are not captured by this model. These
constraints will be relaxed in future works. Finally, the
center-of-mass is assumed to be at the hip. This makes
the dynamics of the torso, swing and stance legs fully
decoupled thereby simplifying the control design.

As a part of future work, a variational collision inte-
grator [23] needs to be added to the discrete dynamics
to complete the discrete hybrid model for walking.
Finally, optimization and optimal control policy for
walking and turning can be developed. Ultimately, the
objective of the RMB is to achieve a wider variety of
gaits, like high-lean turning, running, dynamic balanc-
ing, etc. After having developed sufficient mathemat-
ical machinery that lead to the discovery of efficient
and stable walking gaits for the coordinate-free RMB
model, our final goal is to validate our results on an
appropriate 3D bipedal robot in the near future.
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Appendix A: Theorem 1 Proof

Consider the Lyapunov function

V(p1, Q1. b1, 21, Qp, 2p, 5,5, 02, 22)
= Vi, (p1, p1, O1, p1, £21)
+Vp(Qp, 2p,5,5,5) + Vi,(Q2, §22), (67)

which captures the three coupled components: the
stance leg, torso, and swing leg, of the RMB. The
time derivative of this Lyapunov function is obtained
by substituting expressions Egs. 68, 69 and 70 for
the time derivatives of V,,, Vp, and V|, respectively.
Further substitutions of the control laws Eqs. 60—64
in these expressions gives the time derivatives along
trajectories of the feedback tracking system

Vi, (Br, 21) = —pr — 21 L1 8, (68)
Ve (2p.5) = —Q2FLpS2p — 571 05, (69)
Vi, () = -1 1,2, (70)

This makes the time derivative of the overall Lyapunov
function negative semi-definite:

V(p1, 21, 2p,5, $22) = —3512 - QIFLlf}l
—S}};LPQP —.éTQ.é
—é;széz. (71)

Assuming that the desired motion trajectories are
bounded and continuous, as is the case with the
desired motions given by Eqs. 41-42, then V as given
by Eq. 67 is positive definite and is bounded above
and below by suitably chosen positive definite func-
tions of the trajectory tracking error states. Therefore,
invoking invariance-like principle given by Theorem
8.4 in [15], one can conclude that V converges asymp-
totically to zero. Therefore, the positive limit set for
the feedback tracking control system is a subset of

V0) ={(51. Q1. p1. 21, Qp, 2p.,5, 02.22) 1 1 =0,
21=0, 2p=0,5=0, 2, =0}. (72)

The feedback dynamics can be expressed in terms of
the tracking errors as follows:

mpy = —Lp1 — ki, (73)
N(p)21 = =82 x Ji(p1)$2) +m;01b1(€3x)2f21 — D2
~@'(tr(A — AQD)RH TS0, (74)
K ~ 1 - ~
JP(S)QP = —.QP X JP(S).QP — EN(S,&).QP — DP.QP
~@'(t(A — AQP)) (R TS5(0p), (75)
2mp§ = —Q§ — Ps, (76)
JL()[}Z = —.(}2 x Jp 822 — szzz
—@'(tr(A — A02)(RHTS(0y). (77)

Therefore in the set V ~!(0), the feedback dynamics
is restricted to

p1 =0, (tr(A —AQ1))= 0, &' (tr(A—AQ p)) =0,
§=0, and ®'(tr(A — AQ2)) =0, (78)

which characterizes the positive limit set of the feed-
back tracking system. Note that within the set of four
critical points &, of @(tr(A — AQ)), it can be shown,
as in [2, 24, 25], that Q = [ is the minimum, while
the other points (Q € & \ I) are non-degenerate crit-
ical points. Therefore, as V < 0 along the trajectories
of the feedback system, the only stable subset of the
positive limit set is when the actual motion is tracking
the desired motion, i.e.,

p1=0,01=1 0p=1,5=0, and Qo =1. (79)

The other subsets (corresponding to Q1, Qp, Q2 €
E:\I) are unstable, although they may have stable sub-
sets. Except for trajectories that start on these stable
subsets of the positive limit set, all other trajecto-
ries in the state space converge asymptotically to the
desired state trajectory. This means that the set Sy, is
asymptotically stable and its domain of attraction is
almost-global.
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