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ABSTRACT

Gu, Yan PhD, Purdue University, August 2017. Time-dependent Nonlinear Control of
Bipedal Robotic Walking . Major Professors: Bin Yao, School of Mechanical Engineering
and C. S. George Lee, School of Electrical and Computer Engineering.

Although bipedal walking control has been extensively studied for the past forty years,
it remains a challenging task. To achieve high-performance bipedal robotic walking, this
dissertation studies and investigates control strategies for both fully actuated and underac-
tuated bipedal robots based on nonlinear control theories and formal stability analysis.

Previously, the Hybrid-Zero-Dynamics (HZD) framework, which is a state-based feed-
back controller design based on the full-order dynamic modeling and the input-output lin-
earization, has successfully realized stable, agile, and efficient bipedal walking for both
fully actuated and underactuated bipedal robotic walking. However, the critical issue of
achieving high walking versatility has not been fully addressed by the HZD framework.
In this dissertation, we propose and develop a time-dependent controller design method-
ology to achieve not only stable, agile, and efficient but also versatile bipedal walking for
fully actuated bipeds. Furthermore, the proposed time-dependent approach can be used to
achieve better walking robustness to implementation imperfections for both fully actuated
and underactuated bipeds by effectively solving the high-sensitivity issue of the state-based
approaches to sensor noises.

In our controller design methodology, the full-order hybrid walking dynamics are first
modeled, which consist of both continuous-time dynamics and rigid-body impact dynam-
ics. Then, the desired path/motion for a biped to track is planned, and the output function
is designed as the tracking error of the desired path/motion. Based on the full-order model
of walking dynamics, the input-output linearization is utilized to synthesize a controller
that exponentially drives the output function to zero during continuous phases. Finally,

sufficient conditions are developed to evaluate the stability of the hybrid, time-varying
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closed-loop control system. By enforcing these conditions, stable bipedal walking can be
automatically realized, and the desired motion can be satisfactorily followed.

Both full actuation and underactuation are common in bipedal robotic walking. Full
actuation occurs when the number of degrees of freedom equals the number of independent
actuators while underactuation occurs when the number of degrees of freedom is greater
than the number of independent actuators. Because a fully actuated biped can directly
control each of its joints, more objectives may be achieved for a fully actuated biped than
an underactuated one. In this dissertation, the exponential tracking of a straight-line contour
in Cartesian space is achieved for both planar and three-dimensional (3-D) walking, which
greatly improves the versatility of fully actuated bipedal robots. To guarantee the closed-
loop stability, the first sufficient stability conditions are developed based on the construction
of multiple Lyapunov functions.

Underactuated walking is much more difficult to control than fully actuated walking
because an underactuated biped cannot directly control each of its joints. In this disser-
tation, control design of periodic, underactuated walking is investigated, and the first set
of sufficient conditions for time-dependent orbitally exponential stabilization is established
based on time-dependent nonlinear feedback control. Without modifications, the proposed
controller design can be directly applied to both planar and 3-D bipeds that are subject to
either underactuation or full actuation.

Extensive computer simulation results validated the proposed time-dependent controller
design methodology for bipedal robotic walking. Specifically, three bipedal models were
simulated: one was a fully actuated, planar bipedal model with three revolute joints, one
was a fully actuated, 3-D bipedal model with nine revolute joints, and one was an underac-

tuated, planar bipedal model with five revolute joints.



1. INTRODUCTION
1.1 Motivation

There have been ever increasingly extensive studies on bipedal robotic walking since
1970’s [[1], and there are several critical reasons for its growing popularity. First, the form of
bipedal robotic locomotion can adapt to the human environment without significant modifi-
cations of existing facilities [2]]. Second, bipedalism is dexterous in addressing uneven ter-
rains, narrow passageways [2], and environments with discontinuous supports [3]]. Third,
studying bipedal robotic walking may enhance our understanding of human and bipedal
animal walking [4]. Finally, bipedal robots are potentially crucial to applications such as
entertainment, education, disaster response and rescue [3]], and space exploration [5]].

Stability, versatility, agility, and efficiency are the four main performance indices that
measure the effectiveness of legged locomotion control. For the purpose of operation
safety, guaranteeing walking stability has the top priority. Walking stability can be loosely
defined as the ability to avoid a fall [6]. Versatility is another important index in evaluating
the locomotion capabilities of a legged robot. To accomplish complex tasks such as disaster
response and rescue, it is critical that a robot is capable of versatile locomotion such as sat-
isfactorily tracking a planned path on the walking surface. Besides stability and versatility,
agility and energy efficiency are also important performance indices because it is desirable
that a legged robot can sustain high-speed walking on batteries for a long period. Here,
agility is measured by walking velocity, and the energy cost of walking is measured by the
integral-squared motor torque per step distance [7].

Impressive bipedal walking performance has been demonstrated on today’s most suc-
cessful bipedal robots, including ATLAS (developed by Boston Dynamics) [8]], ATRIAS [9]]
and MARLO [10] (Oregon State University, University of Michigan, and Carnegie Mellon
University), ASIMO (Honda) [11], HRP (AIST) [12], HUBO (KAIST) [13], and Valkyrie



(NASA) [5]. However, their walking performance is still far from satisfactory for complet-
ing complex tasks in the real world, and bipedal walking control remains a highly challeng-
ing problem.

There are several contributing factors to the difficulty of controller design in achieving
stable, versatile, agile, and efficient bipedal robotic walking. First, a bipedal robot typically
has high degrees of freedom, which results in a high computational load in both motion
planning and control implementation. For example, a HUBO-2 humanoid robot has 38 in-
dependent joints. Second, a bipedal robot has a non-fixed base. Its support foot can slip on
the walking surface, and it can easily fall over. Therefore, the feasible actuation capacity
has to be severely limited to maintain the full, static contact between the support foot and
the walking surface [14]]. In contrast, an industrial manipulator with its base fixed to the
supporting surface never tips over its base edge. Third, bipedal walking dynamics are hy-
brid, which adds to the complexity of control design. The walking dynamics are described
by usual differential equations in the continuous-time domain when one foot swings in the
air and the other is in support, and by instantaneous reset maps in the discrete-time domain
for impact dynamics during foot landing and switching of support foot. Finally, bipedal
robotic walking can sometimes be underactuated. Underactuation occurs when the num-
ber of independent actuators is less than that of degrees of freedom. For example, when a
biped’s support foot rolls about its edge, underactuation happens. The lack of actuators to
control each joint may greatly increase the difficulty of controller design for underactuated
bipeds.

In this dissertation, our focus centers on the development of a time-dependent con-
troller design methodology that realizes high-performance walking for both fully actuated
and underactuated bipedal robots based on full-order dynamic modeling, time-dependent

nonlinear control design, and formal stability analysis.



1.2 Literature Survey

To provide a context for the content of this dissertation, a few of the more dominant
control strategies of bipedal robotic walking will be reviewed in this section. Because
guaranteeing walking stability is the top priority in walking control design, different mea-
sures of walking stability have been proposed, and different control strategies have been
developed based on these measures [[15]]. Three groups of such control strategies will be
reviewed, including the Zero-Moment Point Approach, the Capture-Point Approach, and
the Hybrid-Zero-Dynamics Framework.

As this literature survey is not intended to be exhaustive, we will focus on review-
ing three of the most widely applied control strategies for bipedal robotic walking. Some
of the other interesting and important bipedal walking control strategies will not be re-
viewed, including: Marc Raibert’s robotic hopper control [16] [17]], virtual model con-
trol [[18]], passivity-based walking control [19] [20], learning-based walking control [21]
[22]], reduction-based walking control [23] [24] [25] [26]], intuitive control design based
on the spring-loaded inverted pendulum (SLIP) model [27] [28]], walking control based on
sums of squares [29]] [30]], and optimization-based planning and control [2] [31]] [32]] [33]]
[34] [35] [36].

1.2.1 Definition of Walking Stability

Before reviewing the previous work on stability measure and bipedal walking control,
we will first review the previously proposed definition of bipedal walking stability.

Wieber [37] first introduced viability [38]] into the research area of legged robotic loco-
motion. Later on, Pratt and Tedrake [6] introduced the definition of walking stability based
on viability.

Fall - When a point on the biped, other than a point on the feet of the biped, touches the

ground [6]].



Viability - A state is viable if and only if starting from this state the system is able to
realize a movement that never gets inside the basin of fall, which is the set of positions
where the system is considered as having fallen [37).

Stability - A biped is stable if and only if the state of the robot is not inside the basin of
fall 16].

Being equivalent to viability, the above definition essentially states that walking sta-
bility is the ability to avoid a fall during the walking process. However, evaluating the
viability of a certain state is too computationally expensive to be feasible for the real-world
applications [6]] [39]. Also, this definition of walking stability is overly vague. It does
not explicitly include many factors related to walking stability such as modeling errors,
disturbances, controller performance, joint limits, and ground-contact constraints.

In addition to viability, various balance criteria have been proposed for bipedal robotic

walking, which will be briefly reviewed next:

1. Among these balance criteria, the most widely used one is the Zero-Moment Point
(ZMP) balance criterion [40] [41] [42]], which has been utilized to realize bipedal
walking on various humanoid robot platforms such as ASIMO [/11]], HRP [43], and
HUBO [13]]. There are other point-based balance indicators, including Foot Rota-
tion Indicator (FRI) [44] [45]] and Centroidal Moment Pivot (CMP) [46] [47] [48].
However, all of these three balance indicators only evaluate the state of balance for a
biped but not a biped’s walking stability. Also, previous walking strategies often uti-
lize these balance indicators to guarantee stable walking with accurate joint trajectory

tracking, which can only achieve conservative walking performance.

2. Later on, capturability [6] [49] was proposed as a computationally less expensive
approximation of viability based on the concept of Capture Point (CP). Because the
capturability measure only provides a sufficient condition of walking stability, it is
not an ideal stability measure, and it will also lead to conservative walking perfor-

mance.



3. Stability of periodic walking has been evaluated by the orbital stability of the dynam-
ical walking system. For example, the stability of a passive walker is determined by
the stability of the orbit that is generated by the robot’s periodic motion [39], and the
stability of an actuated biped can be determined by that of the orbit of the closed-loop
dynamics [7]] [SO]. Because this stability evaluation method only applies to periodic

walking, its generality is severely limited.

In this dissertation research, a walking process is considered stable if there exists a
feasible walking motion that satisfies walking dynamics and necessary constraints (e.g.,
joint limits, actuation limits, ground-contact constraints) such that a biped, with only its
feet touching and detaching from the ground, is able to track this motion in the presence of
modeling errors, disturbances, and initial tracking errors.

With this proposed definition of walking stability, we will review the previous walking
strategies including the ZMP-based approach, the capturability-based approach, and the
Hybrid-Zero-Dynamics framework.

In the following reviews, only horizontal even terrains are considered.

1.2.2 Zero-Moment Point

Before reviewing the previous walking strategies based on the Zero-Moment Point bal-
ance criterion, we will first review the definition of Zero-Moment Point and the ZMP bal-
ance criterion.

Zero-Moment Point - A Zero-Moment Point (ZMP) is a point about which the sum of all
horizontal moments of active forces is equal to zero [41]).

ZMP Balance Criterion - A walking robot is balanced when and only when the ZMP
trajectory remains strictly within the support polygon [41].

On horizontal even terrains, the equation of motion of a bipedal walker in Cartesian

space can be written with respect to the world coordinate frame (See Fig. [I.T)):

SN .
OPcop X Fr+0C x mg+M. = 0C x mag +Hg, 1.1



Figure 1.1. An illustration of Zero-Moment Point.

where O is an arbitrary point fixed on the ground, Pc,p is the Center of Pressure (CoP),
OP—CO; € R3 is the vector pointing from O to Pc,p, G is the whole-body Center of Mass
(CoM), 0% is the vector pointing from O to G, M, € R3 is the ground frictional moment
about Pr,p, Fr € R3 is the ground-reaction force, m is the whole-body mass, g € R3 is the
gravitational acceleration, ag € R3 is the CoM acceleration, and Hg € R3 the whole-body
angular momentum about G.

From the definition of ZMP, one has:

(Hg + PzupG x m(ag — g))n =0, (1.2)

where Pzyp is the ZMP, PZMP& € R3 is the vector pointing from Pzysp to G, and the sub-

script h represents the components in the horizontal plane.

Comparing Eqgs. (1.1) and (1.2)), one has:

PZMP? =0, (1.3)



which proves that ZMP and CoP always coincide on a horizontal even terrain. Also, both
ZMP and CoP only exist within the support polygon. Their difference is that ZMP is
defined by dynamic forces but CoP is defined by ground-reaction forces. On horizontal
even terrains, CoP is a point about which the horizontal moment of the ground-reaction
force is zero. This point is often used in biomechanics for postural and gait stability anal-
ysis [S1] [52] [53] [54]]. The ZMP balance criterion is sometimes referred to as the CoP
constraint in biomechanics [51]].

According to our proposed definition of walking stability, the ZMP balance criterion is
a sufficient condition for stable walking when applied with accurate joint trajectory track-
ing. For bipedal robots with flat feet, keeping ZMP strictly within the support polygon
ensures that the support foot does not tip over its edge and that the underactuation caused
by foot rotation about the edge is avoided. Hence, a walking robot essentially becomes a
fully actuated, fixed-based robotic manipulator under ZMP-based walking control, which
enables high walking versatility [55] [56] [57] [58] [59] [60] [61] [62] [63] [64].

Despite the high walking versatility, conservative walking performance is the major
disadvantage of the ZMP-based accurate trajectory tracking. The ZMP balance criterion
requires flat-footed walking and prohibits a biped’s support foot from rotating about its
edge. However, a foot rotation does not necessarily lead to a fall. Thus, enforcing the
ZMP balance criterion with accurate joint trajectory tracking is not a necessary condition
for guaranteeing walking stability [6]]. In summary, stable walking realized through ZMP-
based accurate joint-trajectory tracking is highly conservative; i.e., the achievable walking
speed of the ZMP approach is highly limited.

Also, high energy consumption is another undesirable feature of the ZMP approach,
which is partly caused by accurate joint-trajectory tracking [65]. Furthermore, the ZMP

approach cannot deal with underactuated bipedal robotic walking.



1.2.3 Foot Rotation Indicator

The concept of Foot Rotation Indicator is very similar to ZMP in the sense that they
are both indicators of support foot rotation. Therefore, using Foot Rotation Indicator as a
balance indicator suffers from the same problems as ZMP.

Foot Rotation Indicator - A Foot Rotation Indicator (FRI) is a point at which the
ground-reaction force would have to act to keep the support foot stationary [44] [45].

FRI Criterion - The support foot does not rotate if and only if the FRI and the CoP

coincide [44] [45]]. Foot rotation occurs only when FRI deviates from CoP.

Figure 1.2. An illustration of Foot Rotation Indicator.

First, let us consider the dynamic equilibrium of the support foot (see Fig. [I.2)). The
force and the torque applied to the support foot by the rest of the links can be denoted as
Fr1 and 7y, respectively, which act at the center of the ankle, O;. With respect to the world

coordinate frame, the equation of the support foot’s dynamic equilibrium can be written as:
— — .
OPrr; X FrR+M, + 0%1 xmg+ T, +00 xFg; = 0%1 x mia; +Hgj, (1.4)

where O is an arbitrary point fixed on the ground, Prg; is the FRI, OPrg; € R3 is the vector
—
pointing from O to Prg;, Gy is the CoM of the support foot, 0G| € R3 is the vector pointing
—
from O to Gy, m is the mass of the support foot, 00| € R is the vector pointing from O

to 01, a; is the acceleration of the support foot, and Hg; is the angular momentum of the



support foot about its CoM. Because the foot will be stationary when the ground-reaction

force acts at the FRI, one has
—
(OPFRIXFR—FO%Ixm1g+T1+@1xFR1)h=0 (1.5

and

Fr+Fgi +mig=0. (1.6)

Also, considering

07>71 = 0P—>m+m1 (1.7)
and
00, = OPrg1 + PrriO1. (1.8)
one has
(ml xm1g+r1+m1me)h:0- (1.9)

For bipedal robots with rigid, flat feet walking on a horizontal even terrain, FRI and
ZMP coincide only when the support foot is stationary. When the support foot tips over its
edge, the ZMP will stay at the edge of the support polygon while the FRI will be outside
the support polygon. For robots walking on horizontal even terrains with flexible or multi-
joint feet, the support foot can tip over its edge while both ZMP and FRI are strictly within
the support polygon. Because support foot rotation does not necessarily imply unstable

walking [66], the FRI may not be a good indicator of bipedal walking stability.

1.2.4 Centroidal Moment Pivot

Centroidal Moment Pivot has been used to indicate the whole-body angular momentum
about a biped’s CoM. It has been verified that the whole-body angular momentum with re-
spect to the whole-body CoM is strictly regulated in normal human walking [48]]. However,
this strict regulation is not a necessary condition for guaranteeing walking stability, which,

similar to the ZMP balance criterion, can lead to conservative walking performance.
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Centroidal Moment Pivot - A Centroidal Moment Pivot (CMP) is a point at which the
ground-reaction force would have to act to keep the rate of the whole-body angular mo-

mentum about CoM to be zero (46| [47]].

CMP Criterion - CMP coincides with ZMP/CoP only when the rate of change of the

whole-body angular momentum about CoM is zero [46] [47].

Zy
:YW 0
Ow XW_

Figure 1.3. An illustration of Centroidal Moment Pivot.

From Eq. (1.2) and Fig. and by the definition of CMP, one obtains:
(PCMPéxm(g_aG))h =0, (1.10)

where Pcysp is the CMP and fm € R3 is the vector pointing from Pcyp to G.

The coincidence of CMP with ZMP/CoP is not a necessary condition for balance/stability.
For example, the rate of change of angular momentum is typically not zero during a sit-to-
stand motion of a human, but the motion can still be stable.

A few facts about ZMP, FRI, and CMP are summarized as follows:
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1. On horizontal even terrains, ZMP always coincides with CoP and thus only exists

within the support polygon;

2. On horizontal even terrains, FRI coincides with ZMP/CoP only when the support foot
does not tip over its edge, and the ZMP criterion and the FRI criterion are equivalent

for robots with rigid, flat feet walking on horizontal even terrains;

3. On horizontal even terrains, CMP coincides with ZMP/CoP if the rate of change of

the whole-body angular momentum about the whole-body CoM is zero.

According to our proposed definition of walking stability, the above balance indicators
when applied with accurate joint trajectory tracking are not necessary stability measures,

although they have been successfully implemented on many bipedal robots:

1. The three balance criteria (i.e., ZMP, FRI, CMP) are essentially three different con-
straints, and they are not ideal stability criteria because the key factors to walking
stability are not considered such as joint motion range, joint actuation limits, and

controller performance limits.

2. The ZMP balance criterion is essentially a constraint, which requires that ZMP/CoP

should never move to the edge of the support foot.

3. The FRI criterion requires no foot rotation of the support foot, which is overly con-
servative, and, in fact, previous studies have found that support foot rotation during

the single-support phase contributes to the high efficiency of human walking [67].

4. The CMP criterion is also overly conservative as strict regulation of the whole-body
angular momentum about the whole-body CoM is not necessary for guaranteeing

stable walking.

When these balance criteria are utilized to guarantee walking stability with accurate
joint trajectory tracking, the resulting walking performance will be highly conservative and

energy consuming.
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1.2.5 Capture Point and Capturability

As discussed previously, the complete set of viability is too computationally expensive
to calculate. Capturability, proposed by Pratt and Tedrake [6] [68], provides a reasonable
approximation of viability, and it has been successfully implemented on real walking robots
for push recovery tasks and walking tasks [[69] [[70]. Because capturability-based walking
strategies no longer require flat-footed walking, the achievable walking performance may
be less conservative than ZMP-based approaches. However, there are other critical prob-
lems associated with this walking control method. Before reviewing its advantages and
disadvantages in greater detail, we will first review the definition of Capture Point and
capturability.

Capture Point - A Capture Point is a point on the ground where the biped can step to in
order to bring itself to a complete stop [49].

N-step Capture Point - An N-Step Capture Point is a point on the ground where the
biped can step to in order to bring itself to a complete stop in N steps [49].

N-step Capturability - N-Step Capturability is informally defined as the ability of a
biped to come to a stop without falling by taking N or fewer steps, given its dynamics and
actuation limits [68]] [6].

The Extrapolated CoM [[71]] [[72] was independently proposed in the area of biomechan-
ics, which has the same mathematical expression as a Capture Point when derived based
on a linear inverted pendulum model with point feet. In addition, the concept of feasible
stability region proposed in the area of biomechanics [51] is closely related to the concepts
of capture point and capturability. In fact, stability measure of human walking has been
extensively studied in the area of biomechanics [S1] [52] [54] [[71] [73]] [74].

The derivation of the capture point utilizes simplified dynamic models of walking
robots [6] [49] [68]], for example, a three-dimensional Linear Inverted Pendulum Model
(3-D LIPM) with point feet. The 3-D LIPM was first proposed by Kajita, et.al, [55], and
it has then been widely used for ZMP-based bipedal walking control as well. In a 3-D

LIPM, a walking robot is modeled as a point mass with a massless leg. The point mass is
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assumed to move on a constant horizontal plane. Equations of motion with respect to the
world coordinate frame can be derived based on Eq. (I.T) with M, and Hg both equal to
Zero:

OPcop X Fr +0C x Mg = OC x mag, (1.11)
Fg+mg = mag. (1.12)

—
Denote the projection of G on the horizontal plane as G’, and define rg := OG’ and r¢,p :=

—
OP¢,p. Combining Egs. (I.11)) and (I.12)), one has:

iG = > (rg—rcop). (1.13)
€20

Since the system dynamics in the X,,- and the Y, -directions are decoupled under the
constant CoM height assumption, Eq. (1.13) can be written as:
Y Y
X = ——(xg —xp) and yg = = (yg —yp), (1.14)
€20 €20
where xg and yg are the x- and y- coordinates of rg, and xp and yp are the x- and y-
coordinates of r¢,p.
Because the dynamics in the X,,- and the Y, -directions are identical, without loss of

generality, only the X, -direction component of dynamics is considered and rewritten as:
= s (1.15)

where X := xg — xp.

The equilibrium point of the system Eq. (I.13) is a saddle point, which proves that
a walking robot is essentially unstable. The two eigenvalues of the system in Eq.
are :I:\/% , and the corresponding eigenvectors are determined by %)EG FiG=0. The
negative eigenvalue —\/% corresponds to the stable eigenvector \/%)ZG + %6 = 0 (see
Fig.[[.4). The states that lie along the stable eigenvector in the phase plane will eventually

converge to the equilibrium; i.e. the robot will come to a complete stop. If an unstable state

can be instantaneously moved to a point that is along the stable eigenvector in the state
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space, the biped will come to a complete stop [55]. The point that the support foot should

instantaneously move to is called a Capture Point [49], which is defined as r¢p:

I'cp =rg-+ %i‘g. (1.16)
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Figure 1.4. Phase portrait of Eq. (I.13). (The x-axis and the y-axis represent
%G and X, respectively.)

Taking the first derivative of Eq. yields

fcp = i(I'CP—I‘P)- (1.17)
Cz0

Equation ((1.17)) shows an important property of a capture point; that is, the capture point
diverges from the CoP exponentially fast with a diverging velocity always pointing from the
CoP towards the capture point. Thus, the swing time and the swing length of the stepping
foot are important for push recovery strategies that utilize the capture-point approach. In
human walking, push recovery can be achieved by the hip strategy that regulates the rate

of change of the whole-body angular momentum to bring the human body to come to a
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stop [75]]. Accordingly, a reaction mass was incorporated in the 3-D LIPM to emulate this
strategy [68]].

Although modeling simplification such as the 3-D LIPM helps to reduce the computa-
tional burden of motion planning and control of bipedal robotic walking, some key elements
of bipedal walking are omitted when a simplified model is utilized in the development of
walking strategies. For example, due to modeling simplification, a controller design based
on capturability ignores variations of the CoM height during walking, the performance
limitations of a controller design, and the internal kinematics and dynamics during bipedal

walking.

1.2.6 The Hybrid-Zero-Dynamics Framework

The last group of walking strategies that will be reviewed in this Chapter is the Hybrid-
Zero-Dynamics (HZD) framework. Instead of relying on a ground-reference point to in-
dicate walking stability, the HZD framework approaches the problem of bipedal walking
control through full-order dynamic modeling, nonlinear feedback control design, and for-
mal closed-loop stability analysis. As the HZD framework does not enforce overly con-
servative walking criteria such as no foot rotation or strict regulation of the whole-body
angular motion, it has enabled much higher walking performance in terms of agility and
energy efficiency as compared with the ZMP approach and the capturability based walk-
ing strategies. Furthermore, the HZD framework can realize high-performance walking for
underactuated bipeds.

However, the HZD framework has been largely focused on bipedal periodic gaits. Ac-
cording to our proposed definition of walking stability, periodic gaits are not a necessary
requirement for stable walking. Therefore, walking control performance of the HZD frame-
work lacks gait versatility.

As the HZD framework focuses on feedback control of periodic gaits, we will first
review a few concepts related to the definition and evaluation of the stability of a periodic

solution of a dynamical system.
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The stability of a periodic gait can be determined by the stability of the orbit generated
by the periodic gait.
Let x be the n'"-dimensional, full state space of a dynamical system. Let X € x be a

state of the system. Suppose that the system dynamics are autonomous:
x = f(x), (1.18)

where f: y — Ty is continuously differentiable on x € ). Suppose that the dynamic system

in Eq. (I.18)) has a nontrivial periodic solution p(¢) for 7 > 0 and that
p(t+T) = p(t), v >0, (1.19)

where T is a finite positive number, which represents the least gait period of p(¢). Then,

the periodic orbit I" generated by p(¢) can be formally defined as:
I''={xeyx:x=p(),vt>0}. (1.20)

Define an §-neighborhood of I" by Uy := {x € x : dist(x,I") < 8}, where dist(x,I’)
represents the distance between x and I'. The stability definition of the orbit I" will be
reviewed as follows.

Stability - The orbit T is stable if, for each € > 0, there is 6 > 0 such that [76)
x(0) e Us = x(t) € Ug, ¥Vt > 0. (1.21)

Asymptotic Stability - The orbit T is asymptotically stable if it is stable and O can be
chosen such that [[76]]

x(0) € Us = ZILm dist(x(r),I') = 0. (1.22)

Exponential Stability - The orbit T is exponentially stable if there exist 6 > 0, k > 0,
and ¢ > 0 such that [[77)

x(0) € Us = dist(x(¢),I") < ke™, ¥Vt > 0. (1.23)
A nontrivial periodic solution p(¢) of Eq. (I.18) is called:

e Orbitally stable if the orbit I" generated by p(¢) is stable;
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e Orbitally asymptotically stable if the orbit I' generated by p(z) is asymptotically

stable;

e Orbitally exponentially stable if the orbit I" generated by p(¢) is exponentially stable.

The orbital stability of a periodic solution can be numerically evaluated by the following

equivalent conditions:

e The eigenvalues of the linearized Poincaré return map at the fixed point [50];

e The eigenvalues of the monodromy matrix of the variational equation [39] [ 78] [79].

There are two groups of bipedal walking whose stability can be determined by this
stability measure [39]. The first group is passive walkers that utilize the natural dynamics
of a biped to achieve stable walking and thus consume very low to zero actuation power
(801 [81]] [82] [83] [[84] [85] [86] [87] [88] [39] [78] [89] [90] [91]. During flat-terrain
walking, only a small amount of energy needs to be injected into the system to compensate
for the energy loss caused by impact and friction. During down-hill walking, the external
energy consumption can be zero. Although passive walkers are highly energy-efficient,
they severely lack versatility because the orbitally stable gait is mainly determined by the
mechanical design, which leaves little freedom to achieve different types of gaits, not to
mention to negotiate unstructured environments.

The second group is the actuated bipeds, and the most successful and dominant trend
in this group is the Hybrid-Zero-Dynamics (HZD) framework [50]. Orbital stabilization of
bipedal walking can also be realized through oscillator-based stabilization [92]] and trans-
verse linearization [77] [93]] [94]] [95]]. For transverse linearization, a transverse coordinate
along a curve, not necessarily an orbit, in the state space is constructed analytically, and
the transverse dynamics is linearized. Convergence to the curve in the state space is then
guaranteed through receding-horizon control of the linearized transverse dynamics. Be-
sides closed-loop feedback control, stable periodic walking has also been realized based on
open-loop optimal control [96] [97] [98]].

As this dissertation research is largely inspired by the HZD framework, it will be re-

viewed in greater detail next.
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The Hybrid-Zero-Dynamics Framework (HZD) was first introduced for feedback con-
trol of underactuated bipedal walking by Grizzle et al. [3]] [7] [S0]. Instead of focusing on
a ground-reference point or utilizing the natural dynamics of a bipedal robot, this approach
stabilizes a walking process by stabilizing the closed-loop control system based on nonlin-
ear feedback control and formal stability analysis. This is the first time that the provably
stable walking was achieved for bipedal robots based on feedback control, and the HZD
framework has achieved high walking speed and high energy efficiency [99] [100] [101].

In the HZD framework, the walking process is modeled as a hybrid dynamical system,
which captures the full-order walking dynamics and consists of continuous phases and

impulse rigid-body impacts of foot landings:

X =f(x) +g(x)u, forx™ ¢S(x); (1.24)

xT=A(x"), for x~ € S(x);
where f:y — Tx,g: x — Tx,u € RF (k <n) represents the control input, S(x) := {x € y :
Zsw(X) = 0, Zg(x) < 0} is the switching surface that defines the moment of a swing-foot
touchdown (zy,, represents the swing foot height above the ground), the symbols 4 and —
represent the moments right before and after an impact, respectively, and A(x) is the reset
map that represents the landing impact dynamics.

The controller design utilized in the HZD framework is state feedback control based on
input-output linearization. The output functions are defined as virtual constraints, and they
are asymptotically driven to zero by the controller during continuous phases. The virtual
constraints were initially defined as functions of a biped’s generalized coordinates alone
[S0] [102] [103]. Specifically, the virtual constraints are defined as the tracking error of
the desired walking pattern that defines the desired evolution of the directly actuated joint
variables with respect to a reference joint in a complete gait cycle. The Beziér curves [104]
have been used for defining the walking pattern:

S K! m K—m
d(s) := mzoamms (1—s)k-m, (1.25)
where s represents the encoding variable of the walking pattern, a,, € R¥ is the parameter

of the Beziér curves (recall that k is the number of independently actuated joints and k < n),
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and K is the order of the Beziér curves. Later on, angular momentum and velocity have
been used to define the virtual constraints [105] [106]. Recently, the virtual constraints have
been defined as time-dependent functions to solve some implementation issues caused by
sensor noise, which is associated with the state-based definition [[107]].

Based on the concept of virtual constraints, hybrid zero dynamics is introduced to re-
duce the dimension of stability analysis. In the early exploration, underactuated walking
with a single degree of underactuated is studied, and the convergence of the output func-
tion to zero during a continuous phase is assumed to be finite-time. Under this assumption,
the continuous-time zero dynamics are invariant with respect to the impact event, and thus
the orbital stability of the closed-loop system can be inferred from that of the hybrid zero
dynamics, which greatly reduces the stability analysis dimension [50]. Later on, the finite-
time convergence is relaxed to be exponential convergence, and the hybrid zero dynamics
can be constructed by properly defining the virtual constraints [102]]. If there exists an ex-
ponentially stable orbit in the hybrid invariance manifold and the convergence rate to the
hybrid invariance manifold is sufficiently fast, then the closed-loop system is exponentially
orbitally stable. However, hybrid invariance fails to hold for high degrees of underactua-
tion. To extend the construction of hybrid zero dynamics from a single degree of underac-
tuation to higher degrees of underactuation for underactuated walking, an update law of the
output function definition was developed to be applied at the moment right after a landing
impact [[103] [108] [109]. Recently, rapidly exponential stabilization has been developed
to deal with the potentially expansive effect of the reset map based on control Lyapunov
functions [110].

In addition to underactuated walking, the HZD framework of orbital stabilization has
also been extended to fully actuated bipedal walking [111]]. With the advantage of full actu-
ation, velocity tracking in Cartesian space has been realized. Human-like walking has been
achieved by extracting human walking patterns from experimental data and then using it to
define the output function [111]] [112] [113]]. Furthermore, the HZD framework has been
extended to compliant HZD [[114]] [115] [116], planar bipedal running [[117] [[118]], three-
dimensional walking [[10] [119] [120] [121] [122] [123] [124], aperiodic walking [125],
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uneven terrain walking [[105] [126] [127] [128]] [129], multi-domain gait control [130],
walking with nontrivial foot motion [[131] [[132] [133]] [134]], control of prosthetic de-
vices [135]] [[136], and control of exoskeletons [137]]. Barrier functions have also been

extended to bipedal walking control based on the HZD framework [138]].

1.2.7 Summary

To tackle the challenging problem of bipedal walking control, different walking control
strategies have been proposed based on different measures of walking stability. Among
them, the most widely used approaches are the ZMP Approach, the Capture-Point ap-
proach, and the HZD framework.

The ZMP approach relies on a highly conservative stability criterion and accurate joint
trajectory tracking to guarantee walking stability. One of the main advantages of the ZMP
approach is its high versatility. The ZMP approach has been utilized to realize a variety
of walking motions, such as climbing stairs, making turns, and dancing [S5[] [S6] [S7] [S8]]
[59] [60] [61] [62] [63] [64]. However, the achievable walking speed of the ZMP approach
is limited, and the resulting energy consumption of walking is high. For example, the
energy consumption of ASIMO’s walking is ten times higher than human walking [65].
Furthermore, the ZMP approach cannot handle underactuation well.

The walking strategy design based on the Capturability suffers from the same limita-
tions as the ZMP approach, i.e., limited walking speed and high energy consumption. Sim-
ilar to the ZMP approach, the Capture-Point approach can realize highly versatile walking
for bipedal robots.

In contrast with the ZMP and the Capture-Point approaches, the HZD framework can
achieve bipedal robotic walking with provable stability, high walking speed, and high effi-
ciency. This is because the controller design is established based on the full-order hybrid
dynamics of bipedal walking and the formal stability analysis of the closed-loop control
system. However, the major limitation of the HZD framework is its low walking versa-

tility. As reviewed previously, the HZD framework focuses on periodic walking, which
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severely limits its potentials in real-world applications. Although the HZD framework has
been extended to aperiodic walking [139], the resulting walking motions are not truly ver-
satile. For example, position tracking in Cartesian space has not been fully addressed by
the HZD framework, but the capability of satisfactorily controlling a biped’s position on

the walking surface is critical to real-world applications such as multi-agent coordination.

1.3 Objectives and Proposed Approaches

Although various controller design methodologies have been previously developed to
enable impressive walking motions, the performance of today’s bipedal robotic walking is
still far from satisfactory for real-world applications. Therefore, the objective of this dis-
sertation is to develop a model-based controller design methodology that realizes stable,
versatile, agile, and efficient bipedal robotic walking based on nonlinear control theories
and formal stability proof. Specifically, we will focus on achieving stable, agile, and effi-
cient walking for both fully actuated and underactuated bipeds. In addition, the proposed
controller design methodology will be utilized to achieve high walking versatility for fully
actuated bipeds and improved walking robustness for both fully actuated and underactuated
bipeds.

Inspired by the HZD framework, we will synthesize state feedback controllers that uti-
lize full-order dynamic modeling and input-output linearization. Therefore, similar to the
HZD framework, the proposed controller design methodology can realize stable, fast, and
efficient walking because of its model-based nature. However, different from the HZD
framework that utilizes state-based control design, we will explicitly define the output
function as time-dependent, which will not only significantly improve walking versatility
for fully actuated bipeds [140] [141] but also greatly enhance walking robustness for both
fully actuated and underactuated bipeds [142] [[143]. High walking versatility is critical for
accomplishing complex tasks in the real-world environments, and the lack of versatility has
been a major problem of the HZD framework because this state-based approach has been

limited to realizing periodic gaits. High robustness is also a desirable feature for real-world
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applications, and experimental results have shown that walking robustness can be greatly
improved by time-dependent control design as compared with the state-based HZD frame-
work [107]]. Despite these advantages of time-dependent approaches, they have not been
fully explored for bipedal walking control based on nonlinear control theories and formal
stability proof.

Because full actuation and underactuation are both common in bipedal robotic walk-
ing, we will apply the time-dependent controller design methodology to both fully actuated
and underactuated bipeds. A bipedal robot is fully actuated if the number of independent
actuators equals the number of degrees of freedom, and a bipedal robot is underactuated
if the number of independent actuators is less than the number of degrees of freedom. For
fully actuated bipeds, we will investigate both planar and three-dimensional (3-D) walking
for versatility improvement. For underactuated bipeds, improving walking versatility may
not be realistic due to the lack of actuators to control each joint. Instead, we will develop a
time-dependent feedback controller to improve walking robustness for underactuated peri-
odic walking, and we will show that our proposed controller design can be directly applied
to fully actuated bipeds as well.

In this dissertation, controller designs for three types of bipedal robots will be proposed
and developed based on the same time-dependent controller design methodology, which

consists of the following four steps:

Step 1: The full-order, hybrid walking dynamics will be modeled;

Step 2: The desired motions will be planned such that the energy consumption of walking is
minimized and that necessary constraints and conditions are satisfied;

Step 3: The tracking error of the desired motions will be utilized to design a time-dependent
output function;

Step 4: The input-output linearization will be utilized to synthesize the needed control law;

Step 5: The sufficient stability conditions for the hybrid, time-varying closed-loop system

will be established based on nonlinear control theories and formal stability analysis.
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Based on this controller design methodology, three types of bipeds will be studied: a)

a fully actuated planar biped, b) a fully actuated 3-D biped, and c) an underactuated planar

biped. Because of the differences in actuation types and control objectives, the controller

designs for these three types of bipeds will be distinctively different from one another, and

they are summarized next.

a)

b)

Walking Control of Fully Actuated Planar Bipeds for Improved Walking Ver-
satility: High walking versatility is potentially achievable for a fully actuated biped
because such a biped can directly control each of its joints. High walking versa-
tility is important for accomplishing complex tasks in real-world applications. For
example, realizing aperiodic, asymmetric gaits may become necessary when a biped
operates in a complex environment, and satisfactory position tracking in Cartesian
space is critical for complex tasks such as multi-agent coodination. However, previ-
ous work such as the HZD framework has been heavily focused on achieving periodic
gaits for fully actuated walking, and position tracking in Cartesian space has not been
fully studied. To improve the walking versatility of a fully actuated planar biped as
compared with previous studies, we will develop a controller design that can achieve
exponential tracking of aperiodic, asymmetric gaits and the desired position trajec-
tory in Cartesian space. To our best knowledge, it is the first time that satisfactory
position tracking in Cartesian space has been realized for fully actuated planar biped
through model-based feedback control design and formal stability analysis. This

controller design will be introduced in Chapter 3]

Walking Control of Fully Actuated Three-dimensional Bipeds for Improved
Walking Versatility: Because real-world applications of bipedal robots typically re-
quire three-dimensional (3-D) walking, we will extend our controller design for fully
actuated planar bipeds to fully actuated 3-D bipeds in this project. Our main goal is
to achieve exponential tracking of the desired position trajectory in Cartesian space.
Due to the complexity of 3-D bipedal walking, position tracking in Cartesian space is

much more difficult for 3-D walking than planar walking. Position tracking in Carte-
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sian space for 3-D bipeds includes both the convergence to the planned path on the
walking surface and the convergence to the desired motion along the path. However,
convergence to the planned path on the walking surface is a trivial task for planar
walking because a planar biped is confined to only moving in the sagittal plane. In
this project, we will utilize our proposed time-dependent design methodology to syn-
thesize a walking controller that achieves exponential tracking of the desired path on
the walking surface as well as the desired motion along the path. As the first step of
our ongoing research, only straight-line paths will be considered as the desired path

in this project. The details of control design will be presented in Chapter 4]

¢) Walking Control of Underactuated Bipeds for Improved Walking Robustness:
As previously explained, underactuation is a common phenomenon in bipedal robotic
walking, and thus it is necessary to investigate controller designs for underactuated
walking. Because it is difficult to handle underactuation due to the lack of actu-
ators to control each joint, achieving high versatility such as position tracking in
Cartesian space will not be addressed in this project. Instead, we will focus on time-
dependent orbital stabilization of underactuated, periodic walking. Orbital stabiliza-
tion of underactuated walking has been extensively studied under the state-based
HZD framework. However, experimental results have shown that, as compared with
the state-based HZD framework, a time-dependent approach can effectively improve
walking robustness by effectively solving the implementation issue caused by sensor
noise [[107]]. Although time-dependent walking control is advantageous in achieving
high walking robustness for underactuated, periodic walking, it has not been fully
studied. In this project, we will establish the first time-dependent feedback controller
design that can achieve orbitally exponential stabilization of underactuated bipedal

walking. The details of control design will be presented in Chapter [5]

1.4 Organization of Dissertation

The organization of the remainder of the thesis is listed as follows.
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In Chapter 2] two common gait characterizations will be first explained. The first gait
characterization describes a bipedal gait by the support and the swing legs, which can be
used to compactly express walking dynamics. The second gait characterization describes
a bipedal gait by the left and the right legs, which can be used to conveniently define a
symmetric gait. Then, the full-order, hybrid dynamics of bipedal robotic walking will be
presented, which include both continuous-time dynamics and impulsive rigid-body impact
dynamics. Based on the full-order, continuous-phase dynamic model, we will introduce
and develop the measure of Feasible Center of Mass Dynamic Manipulability (FCDM),
which can be utilized to explain some of the contributing factors to the difficulty of bipedal
walking control.

Chapter [3| presents the controller design for fully actuated planar walking with the ex-
ponential global position tracking capabilities. Following the proposed time-dependent
controller design methodology, the output function is designed as time-dependent, which
represents the tracking error of the desired time-varying global position trajectory as well
as the desired state-based walking pattern. Based on the full-order walking dynamics, an
input-output linearizing controller is synthesized to drive the time-dependent output func-
tion exponentially to zero during continuous phases. Also, we will introduce a new method
of walking pattern design to guarantee the hybrid invariance of the desired motion, and we
will develop sufficient conditions of the closed-loop stability based on the construction of
multiple Lyapunov functions. Finally, the proposed controller design will be validified on
a simulated planar biped with three revolute joints.

Chapter 4| provides the controller design for fully actuated three-dimensional (3-D)
walking. To accomplish the task of exponential position tracking on the walking surface,
we will develop a contouring control strategy that decomposes this task into two subtasks.
One subtask is the exponential convergence to the desired path (i.e., contour), and the
other subtask is the exponential convergence to the desired motion along the path. Similar
to Chapter [3] sufficient stability conditions for the closed-loop system will be developed
based on the construction of multiple Lyapunov functions. Finally, a 3-D biped with nine

revolute joints will be simulated to validate the proposed controller design.
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Chapter [S]introduces the time-dependent orbitally exponential stabilization of underac-
tuated bipedal robotic walking. The objective of the controller design is to realize expo-
nential convergence to the desired orbit in the state space. The desired motion to be tracked
by the controller design is defined by modifying the periodic joint trajectories that reside
on the desired orbit, and the output function is designed as the tracking error of the desired
motion. Based on the full-order walking dynamics presented in Chapter [2] input-output
linearization will be utilized to synthesize a feedback control law that drives the output
function exponentially to zero during continuous phases. In the closed-loop stability analy-
sis, we will first transform the hybrid, time-varying closed-loop system into a time-invariant
one, and then we will establish the closed-loop stability conditions based on the variational
equation of the transformed system. Furthermore, we will introduce a systematic motion
planning method such that walking stability can be guaranteed through integrated motion
planning and control. The results of this Chapter will be tested on a simulated underactu-
ated biped with five revolute joints. Through discussions, it is concluded that the results
of this Chapter can also be directly applied to underactuated bipeds with high degrees of
underactuation as well as fully actuated bipeds.

Chapter [6] presents concluding remarks and briefly introduces potential directions for

future work.
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2. MODELING AND ANALYSIS OF BIPEDAL ROBOTIC WALKING
2.1 Introduction

Before introducing the walking controller designs in Chapters 3 - 5, we will first review
and study dynamic modeling of bipedal robotic walking. Dynamic modeling is critical to
the performance of a model-based controller design. For the purpose of achieving high-
performance walking, all of our controller designs in this dissertation will utilize the full-
order dynamic model of bipedal robotic walking. Specifically, the walking process will be
modeled as a hybrid dynamical system that consists of both continuous phases and impulse
rigid-body impacts.

In this Chapter, we will first describe and compare two common bipedal gait character-
izations. Then, we will present the dynamic model of bipedal robotic walking. Both gait
characterization and dynamic modeling will be used for controller designs in Chapters 3 -
5. Finally, to analyze the contributing factors to the difficulties in bipedal walking control,
the measure of Feasible Center of Mass Dynamic Manipulability (FCDM) will be proposed

and analyzed.

2.2 Bipedal Gait Characterization

There are two common types of bipedal gait characterization. The first one utilizes the
support and the swing legs to describe a bipedal gait, which will be called the support-
swing gait characterization in this dissertation [S50] [77] [110]. A leg/foot that moves in
the air is called a swing leg/foot, and a leg/foot that contacts the ground is called a support
leg/foot. During bipedal walking, a swing leg and a support leg switch their roles when the
swing foot touches the ground. Therefore, when a bipedal gait is described by the support-
swing characterization, the states that represent positions and velocities of the support and

the swing legs are always discontinuous at a swing-foot touchdown.
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The second gait characterization utilizes the left and the right legs to describe a bipedal
gait, which will be called the left-right gait characterization in this dissertation [9]] [[124] [[144].
It is straightforward to know that the states representing joint positions will be continuous
and well-defined at a swing-foot landing. The states representing joint velocities will still
experience sudden jumps at an impulse rigid-body landing impact, but the definition of
these states will be consistent throughout a walking process.

As compared with the support-swing characterization, the expression of dynamics is
more complicated under the left-right characterization. However, the left-right gait char-
acterization can be used to conveniently define both symmetric and asymmetric gaits, and
the support-swing characterization can only conveniently define symmetric gaits. The ad-
vantage of the left-right gait characterization in defining asymmetric gaits will be detailed
in Chapter [3] and the support-swing gait characterization will be utilized for the controller

designs in Chapters [ and [5] for simplicity of expressions.

2.3 Hybrid Dynamics of Bipedal Robotic Walking

A complete bipedal step typically consists of two phases — a single-support phase (SSP)
and a double-support phase (DSP). During a SSP, one foot is the support foot, and the other
is the swing foot. During a DSP, both feet are support feet. A SSP and a DSP are connected
by the switching event of a swing-foot landing. If a biped has full-sized feet, each of the
two phases can be further decomposed into several subphases depending on the movement
of both feet [[111]].

In this dissertation, the following model assumptions are considered [7] [50]:
1. The mass of each link is lumped at the center of the link;

2. The two legs are identical;

3. The walking surface is flat, horizontal;

4. During a SSP, the support foot is in static, full contact with the walking surface;
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5. The landing impact at a swing-foot touchdown is modeled as a contact between rigid

bodies;

6. At the impact event, the former swing foot neither slips nor rotates upon touching the
walking surface, and the former support foot releases from the walking surface right

after the impact;

7. A DSP is instantaneous.

Based on these model assumptions, we will present the full-order dynamic model of bipedal
robotic walking.

Consider a bipedal robot with n revolute joints and k (k < n) independent actuators. Let
Q be the n-dimensional configuration space of the bipedal robot when the support leg is in
static, full contact with the walking surface and the joint position limits are satisfied. Let
x = TQ C R*" be the full state space.

Under the assumption that the support leg is in static, full contact with the walking
surface, the bipedal robot during a single-support phase will have n degrees of freedom
(DOFs). The single-support-phase dynamics can be obtained with Lagrange’s method,
which can be expressed in terms of the joint positions q € Q and the joint torques u €
R¥ [7] [50]:

M(q){ +c(q,q) = Byu, 2.1)

where M : Q — R™*" is the inertia matrix, ¢ : TQ — R” is the sum of the gravitational, the
Coriolis, and the centrifugal terms, and B, € Rk is full column rank.

Let z;,(q) : @ — R represent the height of the swing foot above the walking surface,
and then the occurrence of a swing-foot landing can be determined by the switching surface
S(a.4) [7):

Sq¢(4,4) == 1{(q,9) € TQ: z5w(q) = 0, Zw(q,q) < 0} (2.2)

When the swing foot hits the walking surface, an impact occurs. The impact dynamics

can be modeled as:

=A(q,q"), (2.3)
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where A : TQ — R?" is the reset map.

The details of dynamic modeling can be found in the reference [50]].

2.4 Feasible Center of Mass Dynamic Manipulability of Bipedal Robots

Locomotion stability of a bipedal robot is closely related to the capacity to regulate its
Center of Mass (CoM) motion. In this section, the concept of Feasible Center of Mass
Dynamic Manipulability (FCDM) is introduced and analyzed as a measure of this capacity.
The FCDM measure indicates the ability of a bipedal robot to regulate its CoM motion
at a given posture (i.e., joint position () under ground-contact constraints. Specifically,
three common and important ground-contact constraints — the unilateral contact-force con-
straint, the friction constraint, and the Center of Pressure constraint — are incorporated in
the derivation of FCDM. It geometrically shows how each of the three constraints reduces
the original torque-bounded manipulability polytope and affects the maximum achievable
CoM acceleration in different directions. Finally, we will investigate the effects of postures

on the maximum feasible CoM acceleration in a specific direction.

24.1 Center of Mass Dynamic Manipulability

Before introducing the FCDM measure, the concept of CoM dynamic manipulability
(CDM) [[145] [146] is first revisited. The CDM measure is developed based on Dynamic
Manipulability, which was originally introduced for robotic manipulators [[147] [148]] [149]
[150] [151]] [152] [153] [154].

Here, only the flat-footed single-support phase in Eq. is considered.

The relationship between the CoM velocity and the joint velocities via the CoM Jaco-

bian can be expressed as:

. =J:(q)q, (2.4)
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where r, = [xc,yc,zc]T € R3 is the CoM position and J. : Q — R3*7 i the CoM Jacobian.

Taking the time derivative of Eq. (2.4) and combining it with the single-support-phase

dynamics in Eq. (2.1)), the CoM acceleration can be obtained as:
i =JM '(Bu—c)+J.q.
To analyze the effect of the joint-torque limit, we consider
U € [~ Wax, Wnax),
where Wy = [tmaxl s Umax2s -+ umaxn]T € R”, and J.M~'B,u can be rewritten as:
JM 'B,u=J.M 'B,Wuy,

where

PO 1 nxn
W = diag[umax1 , Umax2, -, Umaxn) € R

is a scaling matrix and

T n
uy = [uy1,un2, ..., una). €R

is the normalized joint-torque vector with
uni| <1

forie {1,2,...,n}.

(2.5)

Denoting J = J.M~'B, W and applying singular value decomposition, J can be decom-

posed as
J=uzv’,
where
U= [py, o, ] € RV
and

V:=[v,Vva,...,V,] e RP"

are orthogonal matrices and
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Figure 2.1. A CoM dynamic manipulability ellipsoid.

J maps the sphere ||uy|| < 1 onto an ellipsoid (see Fig. in the CoM acceleration
space, which is the CoM Dynamic Manipulability Ellipsoid. The ellipsoid semi-principal
axes are of length o1, 0> and 03 in the directions of uy, u; and u3, respectively. Although
the complete torque-bounded set of CoM acceleration at a given posture with given joint ve-
locities is not an ellipsoid but a polytope, which is bounded by |uy;| < 1 fori € {1,2,...,n},
the ellipsoid is a reasonable approximation [147] and it shares the same center as the poly-

tope.

2.4.2 Feasible Center of Mass Dynamic Manipulability

Different from a fixed-based robot manipulator, bipedal locomotion is subject to vari-
ous ground-contact constraints. These constraints decide the feasible subset of the torque-
bounded CoM dynamic manipulability polytope. This feasible subset is defined as the
Feasible CoM Dynamic Manipulability (FCDM) Polytope. Here, three common ground-

contact constraints in bipedal robotic walking are considered, including: 1) the unilateral
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ground-contact constraint, 2) the friction constraint, and 3) the CoP constraint (i.e., the

ZMP balance criterion). They are mathematically and respectively described as:
1) F2>0;
2) JF2+F2<plE|; (2.6)
3) r,e{SP}\JI{SP};
where F, F, and F; are the x-, y- and z-components of the ground-reaction force Fg, re-
spectively, u is the friction coefficient, r, = [xp,yp,O]T is the CoP/ZMP position on the

horizontal even terrain, {SP} is the support polygon, and d{SP} is the boundary of {SP}.

To analyze the effects of the above constraints, a planar bipedal robot (see Fig. [2.2)) is

considered.
ZW
_S e OIW_'XW
“/c
eh I ed -~
L4 iy =
S CoMl 7
F, CoP/ZMP

Figure 2.2. Support foot geometry (17 = 0).

Combined with the unilateral constraint, the friction constraint becomes
—uF; < F < uF. (2.7)

Since Fy = M. and F, = MZ.+Mg (g = 9.81 m/s? and M is the total mass), the set of

achievable CoM acceleration bounded by the friction constraint is then described by
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For a planar robot, the CoP constraint becomes
xo < xp < xo+dy,

where xq is the heel location and dy is the length of the support foot. The CoP position

along the X,,-axis of the world coordinate frame O,,X,,Z,, is [155]]

megcy— Ty —M)'C'th
M(g+7%.)

Xp=Xxo+hs+ (2.9)

where my, ¢, hy and 17 are the mass, ankle-CoM distance, ankle-heel distance, and height
of the support foot, respectively, and -7y is the joint torque applied to the support foot
(see Fig.[2.2). Combined with the unilateral constraint, the subset of the achievable CoM
acceleration bounded by the CoP constraint then becomes

megcy— Ty —MXle

0<

+Fhy <dy. (2.10)

2.4.3 Effects of Ground-Contact Constraints on Achievable Center of Mass Accel-

eration at a Given Posture

From Eq. (2.8)), it is clear that the subset bounded by the friction constraint only de-
pends on the friction coefficient. However, Eq. indicates that the subset bounded
by the CoP constraint is dependent on the given posture and the torque limit. Therefore,
it is not straightforward to determine how the CoP constraint shrinks the original torque-
bounded polytope geometrically. The FCDM polytopes for two planar robots with zero
joint velocities are shown in Fig. [2.3] The planar biped corresponding to Fig. [2.3]a) has
two revolute joints — an ankle joint and a hip joint. The planar biped corresponding to
Fig.[2.3[b) has three revolute joints — an ankle joint, a knee joint, and a hip joint.

Figure shows that the friction constraint is indeed not affected by the torque con-
straint or the posture because the corresponding boundaries in two cases are the same.
Also, the 3-DOF robot at the given posture has a relatively larger subset bounded by the
CoP constraint as compared with the 2-DOF robot. It indicates that the higher DOFs may

have the higher capacity to regulate CoM acceleration.
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Figure 2.3. Feasible CoM dynamic manipulability polytopes (FCMP). (a):
FCDM of a planar biped with an ankle joint and a hip joint. (b): FCDM of a
planar biped with an ankle joint, a knee joint, and a hip joint. Black dot-dashed:
the boundary of the subset bounded by the joint-torque limit. Red solid: the
boundary of the subset bounded by the friction constraint (implicitly with the
unilateral constraint). Blue dashed: the boundary of the subset bounded by the
CoP constraint (implicitly with the unilateral constraint and the joint-torque
limit). Green shaded: the subset bounded by the joint-torque limit and the
three ground-contact constraints; that is, FCMP).
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From Fig. we can also see that the achievable CoM acceleration in different direc-
tions is drastically different due to the existence of the ground-contact constraints. Previous
research on evaluation of a robot’s dynamic performance is more focused on the global per-
formance [148]] [152]. Here, our interest is in the maximum achievable CoM acceleration
in a specific direction. Thus, it is necessary to first analyze the effects of ground-contact
constraints on the maximum achievable CoM acceleration in different directions. The fol-

lowing analysis is based on Fig. [2.3]b).

e Horizontal Direction: When the CoM acceleration is exactly horizontal, its mag-
nitude is at most (g due to the friction constraint. It also indicates that the CoM
acceleration, in this case, may be realized by an infinite number of postures for a

redundant robot.

e Downward Direction: The vertical downward CoM acceleration is at most g in
magnitude, which is determined by the unilateral constraint. For general downward
acceleration, its magnitude is bounded by the friction constraint (implicitly with the
unilateral constraint). There may exist infinitely many postures for CoM acceleration

maximization.

e Upward Direction: The upward CoM acceleration is bounded by the CoP constraint
(implicitly with the joint-torque constraint) and the friction constraint. For the di-
rections bounded by the friction constraint, an infinite number of postures may exist
for maximization of CoM acceleration. For the directions bounded by the CoP con-

straint, a unique optimal posture may exist.

2.4.4 Effects of Postures on Achievable Maximum CoM Acceleration in Different

Directions

From Eq. (2.5), it is clear that the shape and the orientation of the CoM dynamic el-
lipsoid/polytope are affected by the robot’s posture; that is, a biped’s posture can affect

the maximum feasible CoM acceleration in different directions. Maximizing the feasible
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CoM acceletion is desirable for bipedal walking control because walking stabilty is closely
related to a biped’s capcity to regulate its CoM motion. Therefore, it is necessary to inves-
tigate the effects of postures on a biped’s maximum feasible CoM acceleration.

To help understand the effects of postures on a biped’s maximum feasible CoM accel-
eration, we will first utilize the numerical search to obtain the optimal posture that results

in the maximum CoM acceleration in a specified direction:

max [(q, )| 1D
subject to q € [qumin; Amax]

U € [~ Uy, U]

q4=1qo

fe=JM ' (Bu—c)+J.q

F >0

2+ < u|F|

r, € {SP}\ d{sP}

é(i:c) =7

where 7y specifies the desired direction of the CoM acceleration and (g is the given joint
velocities.

Simulation results on a planar robot confirmed the previous analysis. The maximum
feasible CoM acceleration bounded by the friction constraint can be achieved by an infinite
number of postures. For each of the other directions, there exists a unique optimal posture.
Figure [2.4a) shows the optimal postures for seven of those directions. Figure [2.4(b) shows
the corresponding CoM dynamic ellipses.

From Fig. we discover that:

1. The maximum CoM acceleration in the upward direction as shown in Fig. [2.4(a)

seems to be achieved when the hip joint is close to singularity;
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2. Because the changes of both the knee and the hip angles are relatively small at differ-
ent optimal postures as shown in Fig. [2.4(a), the ellipse orientation seems to change

with the ankle angle monotonically;

3. The major axis of the torque-bounded ellipse aligns approximately with the specified

CoM acceleration direction (see Fig. 2.4(b)).

From the simulation results, it is clear that the posture affects a biped’s feasible CoM
acceleration range. Hence, a biped’s posture can be optimized in motion planning so as to

maximize its feasible CoM acceleration capacity.
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Figure 2.4. Optimal postures for achieving maximum feasible CoM accel-
eration in different directions and the corresponding torque-bounded CoM dy-
namic manipulability ellipses (specified CoM acceleration directions (from left
to right): 45°, 60°, 75°, 90°, 105°, 120°, 135°).

2.5 Summary

In this Chapter, two types of bipedal gait characterization are described, the hybrid
dynamics of bipedal robotic walking are modeled, and the stability measure of FCDM is

introduced for walking analysis.
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A bipedal gait can be typically characterized in two ways, one by the support and the
swing legs and the other one by the left and the right legs. The support-swing characteri-
zation yields compact expressions of bipedal walking dynamics when symmetric gaits are
of interest. But it cannot be conveniently used for characterization of asymmetric gaits. In
contrast, the left-right characterization can be utilized to conveniently describe asymmetric
gaits, but the resulting dynamic model is not as compact as the support-swing characteri-
zation. In this dissertation, both characterizations will be utilized to describe bipedal gaits.
The dynamic model presented in this Chapter will be used in the model-based feedback
controller designs for different bipedal models and control objectives in later Chapters.
With the analysis based on the FCDM measure, one can visualize the limiting effects of
ground-contact constraints on the feasible Center of Mass (CoM) accelerations, which also
explains one of the main contributing factors to the difficulties in bipedal walking control.
This measure can also be used in motion planning for selecting the desired postures to

maximize a biped’s feasible CoM acceleration capacity.
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3. EXPONENTIAL TRACKING OF GLOBAL POSITION TRAJECTORY FOR
FULLY ACTUATED PLANAR WALKING

3.1 Introduction

This Chapter and Chapter 4 focus on the study and development of model-based feed-
back controllers for fully actuated bipedal robotic walking, and Chapter [5] investigates
walking control of underactuated bipeds. A bipedal robot is fully actuated if its number
of degrees of freedom (DOFs) matches the number of independent actuators. Compared
with underactuated walking, control design for fully actuated walking is relatively straight-
forward, which opens up opportunities for designing advanced controllers to achieve more
control objectives. One such control objective that will be investigated in this Chapter is to
achieve high versatility of walking. Specifically, exponential tracking of the desired global
position trajectory in Cartesian space will be explored for planar bipedal robotic walking.

Controlling a biped’s global position trajectory in Cartesian space is desirable because
it enables planning and control of high-level tasks such as multi-agent coordination and
obstacle avoidance. Previously, the HZD framework has been extended to realize the expo-
nential tracking of the desired walking pattern as well as the desired walking speed for fully
actuated bipedal walking [7] [111]. Because only velocity tracking has been addressed in
those studies, satisfactory position tracking is not guaranteed, thus limiting the walking
versatility of previous studies.

In this Chapter, we focus on achieving high versatility for fully actuated planar walking
by realizing exponential position tracking in Cartesian space. Furthermore, the left-right
gait characterization is utilized to describe a bipedal gait and express the dynamic model
such that asymmetric gaits can be conveniently planned and controlled. Although this type
of gait characterization has been previously utilized [124]], the planning and control of

asymmetric gaits have not been fully studied.
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To achieve exponential tracking of the desired global position trajectory as well as the
desired walking pattern, input-output linearization is utilized to synthesize a feedback con-
troller, and the closed-loop stability conditions are derived based on the construction of
multiple Lyapunov functions [156]. In the controller design, the full-order walking dynam-
ics are considered, and the time-dependent output function is designed as the global posi-
tion tracking error and the walking pattern tracking error. By driving the output function
to zero, exponential tracking of the desired global position trajectory can be realized along
with that of the desired walking pattern. Moreover, a new method of walking pattern design
is presented, which guarantees that the planned motion respects the impact events and en-
ables decoupled planning of the desired global position trajectory and the desired walking
pattern. The proposed walking strategy was validated through simulated walking of a pla-
nar biped model with full-sized feet and three revolute joints. Simulation results showed
that exponential tracking of the desired global position trajectory in Cartesian space, as
well as the desired walking pattern in the configuration space, was satisfactorily realized.
A comparison with previous studies on orbital stabilization is also presented to show the

improved versatility.

3.2 Problem Formulation

This chapter explores the control strategies to achieve exponentially stable walking
with improved versatility for a fully actuated, planar biped as compared with previous
studies on orbital stabilization. To improve walking versatility, we will focus on realizing
exponential tracking of the desired walking pattern, both symmetric and asymmetric, as
well as the desired global position trajectory in Cartesian space. With this goal in mind, we
will formulate the control design problem by utilizing the left-right gait characterization to
conveniently define asymmetric walking patterns, modeling the hybrid walking dynamics
of a fully actuated, planar biped, and deriving the mathematical expression of the position
tracking error in Cartesian space as well as the walking pattern tracking error. Based on

the proposed problem formulation, we will develop a model-based feedback control law, a
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new method of desired gait design, and a set of sufficient conditions for guaranteeing the

closed-loop stability.

3.2.1 Planar Walking Dynamics under Left-Right Gait Characterization

A planar bipedal robot with three revolute joints and finite-sized feet are shown in
Fig.[3.1] In addition to the model assumptions listed in Section [2.3] it is assumed that the
feet are massless, thin and that the swing foot always lands flat. Suppose that the actuator
of the support leg’s ankle is activated and that the actuator of the swing leg’s ankle is not

activated. Then, the bipedal robot is fully actuated. Its model parameters are given in

Table B.11

Figure 3.1. A planar biped with three revolute joints. (/ and r are the lengths
of the trunk and the legs, respectively. M7, My, and m are the masses of the
trunk, the hip, and the legs, respectively.)

To conveniently define asymmetric gaits as explained in Chapter 2] we use the left and

the right legs to characterize the biped’s gaits (see Fig.[3.2)).
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Table 3.1.
Mass and length parameters of the planar biped model in Fig. [3.1]

m(kg) My (kg) Mr(kg) [, 5 (m)

10 5 5 0.5

walking
direction
>

Figure 3.2. A fully actuated planar biped represented by the left-right gait
characterization. (The left leg, the right leg, and the trunk are represented in
blue, green, and orange colors, respectively.) (a): Left leg in support. (b):
Right leg in support.

Under the left-right characterization, the joint position q is defined as

q1
q= (¢ | €0, (3.1)

q3
where Q C R3 is the configuration space of the bipedal robot when the support leg is in

static, full contact with the walking surface and the joint position limits are satisfied, g; is

the joint position of the left leg, ¢» is the joint position of the right leg, and g3 is the joint
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position of the trunk. The joint position q is defined with respect to the world coordinate

frame O,,X,,Z,, as shown in Fig. Let

ui
uz

us3

Uy

denote the joint-torque vector as illustrated in Fig.[3.2]

When the roles of the left and the right legs are differentiated, a complete gait cycle will
include four subphases: a) left-in-support single-support phase (SSP), b) left-in-support
double-support phase (DSP), ¢) right-in-support SSP, and d) right-in-support DSP.

Let S;.(q,q) denote the switching surface that connects the left-in-support DSP and the

right-in-support SSP:

SL(q7q> = {(q7q> € TQ : ZSWL(q) = 07 Z.SWL((L(‘]) < 0}7 (32)

where zg,7(q) is the height of the swing foot during a left-in-support SSP and zy,(q) :=
Icos(qy) —Lcos(q2).

Let Sg(q,q) denote the switching surface that connects the right-in-support DSP and
the left-in-support SSP:

SR(q,Q) = {(qvq) € TQ . stR(q) = 07 stR(qaq) < 0}7 (33)

where zg,g(q) is the height of the swing foot during a right-in-support SSP and z;,z(q) :=
Icos(gr) —1cos(qy).
Based on the dynamics equations in Section [2.3] and under the left-right characteriza-

tion, the hybrid walking dynamics can be expressed as:

/

5 . Mr(q)4+cr(q,q) =Byuz, if (q7,q7) ¢ S.(q,q);
[ -
\[q+;q+] :AL<qiaq7)7 if (qiaqi) GSL((Lq);
, (3.4)
5 Mg (q)q+cr(q,q) =B,gug, if (q7,q7) ¢ Sr(q,q);
R -
|[a7:a"] = Ar(a.q7), if (q7,47) € Sr(q,9);
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where i € {L,R} indicates whether the left (L) or the right (R) leg is in support, M; : O —
R3*3 is the inertia matrix, ¢; : 0— R3 is the sum of the Coriolis, the centrifugal, and the
gravitational terms, B,; : R3*3 is the nonsingular input matrix, u; € R? is the torque vector
of the active joints, and A; : TQ — RO is the reset map. The expressions of M;, ¢;, B,;, and
u; are given in Appendix and the expression of A; is given in Appendix

From the expression of A; in Appendix it can be known that

: q
Ai(q7 q) = e (35)
Aji(q)q
where the expression of Ay : QO — R3*3 can be obtained from that of A; in Appendix
Equation (3.5) indicates that the states representing joint velocities may experience a
sudden jump at the switching event, but the states representing joint positions are always

continuous because of the left-right gait characterization.

3.2.2 Tracking Error of the Desired Position Trajectory in Cartesian Space

To accomplish tasks such as multi-agent coordination and obstacle avoidance, it is nec-
essary for a biped to follow the desired travel path with desired motion in Cartesian space,
which can be formulated as a contouring control problem in general. By constructing
an orthogonal global task coordinate frame along the desired travel path, the contour er-
ror and the motion along the desired travel path can be separately represented in two sets
of coordinates, based on which contour error minimization and desired motion following
along the contour can be decoupled into a stabilization problem and a trajectory tracking
problem [[157]. In this Chapter, we want to solve this contouring control problem for the
planar biped model in Fig. which reduces to the problem of position trajectory track-
ing along the X,,-axis because the X,-axis is the only feasible travel path for the planar
biped. The complete problem of straight-line contouring control will be considered for a
three-dimensional (3-D) biped in Chapter [4]

A biped’s global position in Cartesian space is needed in order to define its desired

motion along the travel path. With reference to Fig. let the biped’s hip position s(t)
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along the X,,-axis represent its global position in Cartesian space. Let (x;,z;) and (x,,z,)
represent the positions of the left and the right feet with respect to the world coordinate
frame, respectively. The hip position s can then be expressed as:

x;+1sin(q;)  (left-leg-in-support);
§ = (3.6)

x,+1sin(gy) (right-leg-in-support).
Accordingly, let s;(¢) denote the desired hip position trajectory along the X,,-axis.
Hence, the global position tracking error can be expressed as s — s4(t).

Let
q1  (left-in-support)
qst - =
q>» (right-in-support)
be the support-leg angle. Under the assumption that the support foot position is known, the
desired position trajectory of the support leg can be obtained from s4(z) as:
qia(t) :== sin_l(sd(tlﬁ) (left-in-support);

Gaa(t) = (3.7)

G2a(t) :== sin_l(M) (right-in-support).

Then, the tracking error of gg — ¢4(f) can be used to indicate the global position tracking
error s — s54(¢). If a control law is synthesized such that gy — gy4(f) is driven to zero
exponentially, then the exponential tracking of the desired global position trajectory s;(t)

is realized.

3.2.3 Tracking Error of the Desired Walking Pattern

A walking pattern represents the relative evolution of a biped’s joint positions with re-
spect to a reference (or, encoding) variable in a complete walking cycle [50]. Note that a
complete cycle under the left-right characterization includes two successive steps. Track-
ing a preplanned walking pattern is desirable not only because the joint motion can be
synchronized with respect to the reference variable but also because a proper walking pat-
tern design will lead to some advantages in motion planning and control design. The latter

will be explored and explained in Sections [3.4]and
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To integrate walking pattern encoding with a biped’s global motion, the relative position

of the hip with respect to the support ankle, denoted as §, is used as the encoding variable:

s—x; (left-leg-in-support);

el
Il

(3.8)
s—x, (right-leg-in-support).

Note that §(¢) increases monotonically in time during a forward step.
The desired motion of the swing leg and the trunk can then be encoded by §, and the

corresponding desired walking pattern is introduced as

gi(§7QSW>q3) = 07 i€ {L7R}>

where g;(5, ¢sw,q3) is defined as:

) _ -
a2 — 91..(3)
left-leg-in-support: g.(5,qsw,q3) := ;
g3 — ¢21.(3)
= e (3.9
: : _ g1 — 91r(3)
right-leg-in-support: g (S, gsw,q3) :=
\ |43 = $2r(5) |

Hence, the walking pattern tracking error is simply g;(5, gsw,q3), i € {L,R}. The function
0;i(5) (i € {L,R}, j € {1,2}) will be determined with a new method of walking pattern
design in Section[3.4]

From Egs. (3.6) and (3.8)),

§=1sin(qy).

Hence, one has

9ji(dst) == 9ji(5) = ¢;i(Isin(gy)) (3.10)
S
for i € {L,R} and j € {1,2}. Also, by the definition in Eq. (3.9), and
8L(5. 95w+ 93)
K
are both local diffeomorphisms on q.
gR(‘ST7CISW7q3>
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With the above walking encoding method, the walking pattern in terms of the swing-leg
joint position is represented by

left-leg-in-support: g2 — ¢12.(q1) =0
(3.11)

right-leg-in-support: g1 — @1r(g2) = 0.
Such a walking pattern is also shown in Fig. [3.3]in terms of the support-leg angle g and
the swing-leg angle ¢y,. From Fig. an asymmetric gait can be conveniently defined
by differentiating the left and the right legs because @17 (gy) and @1z(gs) can be chosen
independently. However, as shown by the dashed line in Fig. [3.3] the traditional walking
characterization based on the support and the swing legs can at most represent a symmetric

walking pattern where 431L(61st) = (z;lR(qs,) =@ (qst)-

Aow = P11 (@st)
(left-leg-in-support)

Asw = ‘51}2 @st)
(right-leg-in-support)

> qst

Figure 3.3. Encoding the swing-leg pattern using the support-leg angle g and
the swing-leg angle g,,.

3.3 Model-based Feedback Control through Input-Output Linearization

The control objective of this Chapter is to realize exponential tracking of the desired
walking pattern in the configuration space as well as the desired position trajectory in Carte-

sian space. Under the assumption that there are no modeling errors or disturbances, input-
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output linearization is utilized to synthesize the needed controller to achieve these objec-
tives. Specifically, the swing leg and the trunk are driven to realize exponential tracking
of the desired walking pattern encoded by the support-leg angle, and the support leg is

controlled to realize exponential tracking of the desired motion in Cartesian space.

From Egs. (3.7), (3.9), and (3.10), the output function is designed as:

left-leg-in-support: YL :=q—qr4(t,q1);
(3.12)

right-leg-in-support:  yg := q—qra(t,¢2);
where
q14(1) o1r(42)
Aa(t,q1) = | diL(q1) | and dra(r,92) := | goa(t)
$21.(q1) $2r(q2)
Then, by driving the output function y;(¢) (i € {L,R}) to zero exponentially fast, exponen-
tial tracking of the desired global motion s,(¢) and the desired walking pattern g; (5, gsw,q3) =
0 can be realized simultaneously.

From Eq. (3.12)), one obtains

yi — Pi(q‘vt)q_Zl’(tacISl‘aq'St) ’ i€ {L;R}9 (313)

where P;(gy ) is proved to be always invertible. The expressions of P;(g) and z;(¢, g, g5 )
are given in Appendix

Under the holonomic constraints in Eq. (3.2), motion during each continuous phase
can be completely characterized by the reduced-dimensional generalized coordinates q,
and the ground-reaction force F; (i € {L,R}) can be eliminated from the continuous-phase

dynamics in Eq. (3.2)). Accordingly, one has
4 =M;(q) "' (B, —ci(q,q)) . i € {L,R}. (3.14)

From Eqgs. (3.13) and (3.14), one has

yi =Ni(q)w;i—Li(t,q,4) . i € {L,R}, (3.15)

where N; = P;M.~ lBui is proved to be invertible and L; = P,-Ml-_lci +z;.
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Therefore, the feedback control law based on input-output linearization is defined as:
w; =N; ' (v;+L)), (3.16)
which results in a linear system:
yi=vi,i€{L,R}. (3.17)
If v; is chosen as a proportional-derivative (PD) controller,
vi = —Kpiyi —Kpiyi, , i € {L,R}, (3.18)

where Kp; and Kp; are both nonsingular diagonal matrices, one then obtains the following

linear system:

X = Ai(Kpi,KDi)X NS {L,R} (3.19)
with -
x|
X2
X .
xi= 2= Y| eq (3.20)
X4 \fi
X5
X6
and
0353  Izx3
Ai(Kpi,Kpy)i= | L (3.21)
—Kp; —Kpi

where y C RO is the full state space and I33 € R? is an identity matrix.

If Kp; and Kp; are chosen such that A;(Kp;, Kp;) is Hurwitz, then there exists a real
positive-definite-symmetric matrix W; such that V;(x) = x’ W;x is a Lyapunov function
candidate for the continuous-phase dynamics in Eq. and there exist positive constants

1> ¢2i» and ¢3; (i € {L,R}) such that V;(x) satisfies
clinHz <Vi(x) < czinHz and Vj(x) < —c3;Vi(x) (3.22)

for all x during continuous phases [76].
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3.4 Desired Walking Pattern Design for the Construction of Hybrid Invariance

The desired walking motion q;4(,qs) (i € {L,R}) is completely defined by the desired
global position trajectory and the desired walking pattern. Suppose that the desired global
position trajectory s4(¢) is determined by the high-level task planner, which is continu-
ously differentiable and monotonically increasing for ¢+ > 0. Then, the remaining task of
motion planning is walking pattern design, which should guarantee that the desired motion

qiq(t,qs) will satisfy the following conditions:

(C1) AL(7g,0) =0and Ag(7g,,,0) =0,V K € {1,3,5,...};

(C2) Joint position and velocity limits;

(C3) Joint-torque limits;

(C4) Ground-contact constraints including the friction cone and the unilateral constraint.

Since the last four conditions (C2) - (C4) can be easily met through trajectory optimization,
they are not further discussed here. The first condition (C1) essentially states that the de-
sired gait should respect the reset map; that is, if X(7 ) = 0, then x(73 ) = 0 should always
hold. As will be presented in Section [3.5] the first condition (C1) is important because it
can greatly simplify the stability analysis of the hybrid closed-loop control system. How-
ever, the satisfaction of (C1) is not straightforward as it involves both the desired global
position trajectory and the desired walking pattern. In this section, a new method of walk-
ing pattern design is proposed, which guarantees that (C1) is always satisfied for any s4(7)
that is continuously differentiable and monotonically increasing for # > 0. This is advan-
tageous because the high-level planning of the desired global position trajectory s;(¢) and
the low-level planning of the desired walking pattern represented by ¢ ii(gs) are decoupled
for the satisfaction of (C1).

To minimize the energy cost of walking, the integral-squared motor torque per step

distance can be minimized with the cost function J defined as [[7]]:

1 T
7= [ wate) P, (323)
0
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where d is the planned step distance and u, is motor torque corresponding to the desired
walking motion. This constrained nonlinear optimization problem can be solved by the

MATLAB command fmincon.

3.4.1 Invariance of x = 0 upon Impacts for Desired Motion

The condition (C1) can be decomposed into two parts. One part requires that the desired
walking pattern should respect the reset map, which can be satisfied based on the same
method of walking pattern design for constructing HZD [103]]. The other part is tricky to
meet, which requires that the desired position trajectory of the support leg should respect
the reset map. As indicated in Eq. (3.7), the desired support-leg trajectory is updated at
the beginning of each step and depends on when and where the last actual swing-foot
touchdown occurs. In the following, a new walking pattern design is presented, which
guarantees that (C1) is always satisfied for any s4(7) that is continuously differentiable and
monotonically increasing for ¢ > 0.

Without loss of generality, suppose that the walking process begins with the left-leg-
in-support continuous phase. Then, the K™ step (K € {1,3,5...}) is a left-leg-in-support
phase and the K™ switching is a left-to-right-support switching. For any K € {1,3,5,...},
the assumption that x = 0 during the K" continuous phase and the definition of switching

surface in Eq. (3.2) indicate that there may exist a positive number g, which satisfies

qi +o1L(qr) =0, (3.24)

such that the K" switching aways occurs at the fixed support-leg angle qj. Because s,4(t)
increases monotonically, ¢14(¢) also increases monotonically within the K" step. Hence,
for any K € {1,3,5,...}, q14(7x) = ¢} always holds and uniquely determines the desired
K™ impact time 7.

Assuming x(7, ) = 0, one has

q(tx) = Hyr(qy) and q(7¢ ) = Hyr(q7)q1a(7x ), (3.25)
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where
q1 1
Hy(q1) = | $i.(q1) | and Hor(q1) == | Gk(q, | - (3.26)
~ d~
$22(q1) L (q1)

Then, att = ”L',}ﬂ due to the continuity in joint positions and the reset map on joint velocities,

q(tx) = q(tx) = Hyr(q1),

B (3.27)
A(7x) = Agr(a(tx))a(tg ) = Agr(d)Har(q7)d1a(Tg ),
where Az (q7) := Agr(Hyr(q7)) = Age(a(tg ).
Assuming x(7¢ ) = 0, one has
a(tg) = Hyr(q24(7¢)) and q(¢ ) = Hyr(q24(T¢ ) )G2a (¢ ) (3.28)
where i
91r(42) T (g2)
Hr(q2) == 9 and Hyr(q2) := 1 . (3.29)
~ d"’
92r(q2) D (qo)
Because s4(f) is continuously differentiable for # > 0, one has
Sd(fl—é_) :Sd(TI;) (3.30)
and
Sa(Td) = STy ). (3.31)

Also, s(t) is continuous for # > 0. Therefore, considering Eqs. (3.7) and (3.24), one obtains

924(T¢) = P1.(q7) (3.32)
and
] = L(qn ; =) .— *\ - _
Goa(Tg ) = cos(élL(q’{))qw(TK) = Y(q1)d1a(7g ) (3.33)
where

Therefore, if ¢;; (i € {L,R}, j € {1,2}) can be designed to satisfy

H,.(q7) = Hyr(91.(g1)) (3.34)
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and
Aqr(qi)Hyr(qi) = Har($r(a7)) m(at), (3.35)
then x(7) = AL(7%,0) = 0 holds for any K € {1,3,5,...}.
Similarly, assume that x = 0 holds during the (K + 1)"* (K € {1,3,5,...}) continuous

phase and that the (K + 1)"* impact occurs at the fixed support-leg angle g, = q; . If ¢ i
(i € {L,R}, j € {1,2}) is designed to satisfy

Hyr(q5) = Har(91r(43)) (3.36)
and
Air(05)H4r(q5) = Hyr (01r(45)) Yr(45) (3.37)
with
Ajr(93) := Agr(Hyr(g3))
and
. cos(q])
) = Fialad))

then Ag(7x,0) =0 forany K € {1,3,5,...}.

3.4.2 Walking Pattern Parameterization with Beziér Curves

Introduce the reference variables as:

A(qr) = q1 — 410 and Ag(q2) = q2 — 420 (3.38)

*

41 —q10 a5 — a0’

where g1 and g are the initial support-leg angles of the left-leg-in-support and the right-
leg-in-support phases, respectively, determined by the desired walking pattern and the

switching surfaces.
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Similar to the previous study [[102], the function ¢ i (i € {L,R}, j € {1,2}), which

defines the desired walking pattern, can be parameterized by the M'"-order Beziér curves:

Gr1(q1) == 1(Ar) =
Gar(q1) == Por(Ar) =

d1r(q2) :== P1r(Ar) =

Par(q2) == Por(Ar) =

Z T
Z 7
Z TRy
Z ﬁRp

—p)!

)

—p)!

—p)!

e At AL
AP )M
AR (- A
AR A

where @, and B, (i € {L,R}) are parameters of the Beziér curves.

7

7

(3.39)

Because Beziér curves are chosen to define ¢;(4;) (i € {L,R}, j € 1,2), the desired

function ¢;;(A;) has the following properties:

1. ¢1:(0) = 040, 92:(0) = Bio;
2. ¢1;(1) = aim, $2i(1) = Binss

3. ZH1(0) = May) — ato, %‘(0)

= M

— Bios

These properties can be utilized to construct the desired walking pattern that satisfies

the hybrid invariance conditions in Eqs. (3.34) - (3.39), which will be explained with an

example next.
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3.4.3 A Walking Pattern Design Example with Third-order Beziér Curves

In this subsection, the procedure of obtaining the unknown parameters of ¢ i (i € {L,R},

Jj€{1,2}) in Eq. (3.39) is explained. Suppose M = 3. From Egs. (3.34) - (3.38) and the
properties of ¢;; (i € {L,R}, j € {1,2}), one has:

g1 = 0o, 9> = 0o, q10 = OR3, §20 = 043, (3.40)
q1 — OR3 q2—0q3
A = 2 =12 = (3.41)
L) Oro — OR3 #(a2) 0o — 03
Br3 = Bro, Bro = Brs, (3.42)
-305R1*05R0- [ 1 i
Oro—0r3
=1 3oz —oyp
Y.(Qro) 1 Li(ogo) |Gz |, (3.43)
3Br1—Bro 3Br3—Bio
L Gro—0r3 | | XRo—QR3
i 1 3oR3—ORo
Oro—0r3
3api—ap | —§
YR(0ro) | h=fio | = Ir(oo) 1 : (3.44)
3Br1—Bro 3Br3—Bro
L Qro—QR3 | | Oo—0p3 |

When the desired walking direction is forward, the function ¢;; (i € {L,R}, j € {1,2})

should satisfy the following switching conditions:

Icos(agp) —Lcos(oy3) =0,

3003 — @
1(—sin(ago) + sin(oy3) —=—"2) < 0,

Oro — (g3 (3.45)
Icos(ap) —Icos(agsz) =0,

30p3 — O
1(—sin(oy) + sin( g3 ) —2—2) < 0.

Oro — 03
There are 16 unknown parameters of the eight 3"?-order Beziér curves, and there are 10
equations and 2 inequality constraints in Egs. - (3.45). Therefore, the function ¢ ji
(i € {L,R}, j € {1,2}) can be determined through numerical search in order to satisfy the

first condition (C1).
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3.5 Closed-Loop Stability Analysis

Based on previous analysis, the closed-loop walking dynamics can be compactly writ-

ten as
X =ArX, if(l‘_,X_)¢SL R(Z‘,X)
- (3.46)
xT=Ar g(t~,x7), if(17,x7) € Sr(t,X)
during the left-leg-in-support phase and
X = ARgX, if(l‘_,X_)¢SR L(Z‘,X)
- (3.47)

xT =Agp(t7,x7), if (17,x7) € Spr(2,X)
during the right-leg-in-support phase, where the expression of A;(t~,x7) (i € {L,R}) can
be derived from Egs. (3.4) and (3.12). The switching surfaces S;_,g(7,x) and Sg_,1(¢,X)
can be obtained from Egs. (3.2)) and (3.3)) as:
Sy r(t,X) :={(t,x) : hy (t,x) = 0,7 (t,x) < 0},

SR%L(I,X) = {(Z‘,X) ZhR(t,X) = O,hR(t,X) < 0},

(3.48)

where the expression of 4;(f,x) (i € {L,R}) can be derived from z,,(q).

Suppose that the walking process begins with the left-leg-in-support continuous phase
att =to. Without loss of generality, suppose fo = 0. Let 77, and T, k € {1,2,...}, represent
the actual moments of the k' left-to-right-support and the k" right-to-left-support impacts,
respectively. Without loss of generality, assume Tg, = fo. Let 77, and t,, k € {1,2,...},
denote the desired moments of the k" left-to-right impact assuming x(¢) = 0V > Tg, , and
the k" right-to-left impact assuming x(¢) = 0 V¢ > Ty, , respectively.

Properties of 77, and Tk, are summarized in Theorem 3.1, which is introduced based on
Lemma 2 in [79]].

Theorem 3.1 Consider the fully actuated walking system in Eqgs. (3.46) and (3.47). Let the

following conditions hold:

(A1) There is no beating effect at impacts;

(A2) The desired global position trajectory s,(¢) is continuously differentiable and mono-

tonically increasing for ¢ > 0;



58

(A3) The function ¢ ii(qs) (i € {L,R}, j € {1,2}) that represents the desired walking pat-

tern is continuously differentiable in gg.

Then, there exists a small neighborhood U of the point (7;,,0), i € {L,R}, k € {1,2,...},
such that 7; (7, ,p;, (7, )) is a unique continuously differentiable function in U, where pyz, (¢)
is the solution of X = A;x on r € (T, ,,+o0) with initial condition ka(T,;;l) = X(T,Q;l)
and pg,(7) is the solution of X = Agx on ¢ € (T}, ,+o0) with initial condition ka(TLJI:) =

X(TEZ). Also, T;, has the following properties:

(P1) Tr,(71,,0) = 11, Tr, (TR,,0) = TR,;

(P2) There exists a positive number L such that |T; (t,w) —T;, (7,u)| < L¢||lw—u||, V(7,w),

(t,u) e U.

|
Proof: By the definitions of 7;, and 7;,, (P1) holds. From the conditions (A1) - (A3) and
Egs. (3.46), (3.47), and (3.48)), it is easy to know that the functions that define the continu-
ous dynamics, the reset maps, and the switching surfaces are all continuously differentiable
in ¢ and x. Then, by the implicit function theorem, (P2) holds. |

We are now ready to present the main theorem of this study.

Theorem 3.2 Let the conditions (A1) - (A3) hold. Assume that Az (7;,,0) =0 and Ag(1z ,0)
0 for any k € {1,2,...}. There exist sufficiently large Kp; and Kp; (i € {L,R}) and a posi-
tive number 6 such that for any x(0) € Bg(0) := {x € x : ||x|| < 8} the hybrid closed-loop
system in Egs. (3.46)) and (3.47) is locally exponentially stable. [

Proof: Without loss of generality, suppose that the walking process begins with the left-
leg-in-support continuous phase.

Let V. (x) and Vg(x) be the Lyapunov functions associated with the left-leg-in-support
and the right-leg-in-support phases, respectively. Let Vg|3: and Vi |} L (Ke{l,3,5,...})
denote the values of Lyapunov functions right after the K™ and the (K + 1)”’ impacts, re-
spectively. By stability analysis via multiple Lyapunov functions [[156], the overall system

is exponentially stable if V(x) and Vg(x) are exponentially decreasing in the left-leg-in-
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support and the right-leg-in-support phases, respectively, and if {Vz|{,Vz|3, V|7 ...} and
{VL|3,VLI$,VL|¢ ...} are both strictly decreasing sequences.

As explained in Section if Kp; and Kp; (i € {L,R}) are chosen such that A;(Kp;, Kp;)
is Hurwitz then the continuous-phase subsystems are exponentially stabilized. Therefore,
the remaining task is to derive stability conditions so that the sequences {Vz 1*, Vr |§r, VR\;“...}

and {V.|3,VL|{, V1| ...} are both strictly decreasing. This requirement can be rewritten as:
+ + + +
VRIgso < VRlg and VL |g 3 <VLlg. s, (3.49)

forany K € {1,3,5,...}.

First, we prove that there exist positive-definite diagonal matrices Kp;, Kp; (i € {L,R}),
and a positive number & such that V|, , < V| for any x(0) € B, (0).

From Eq. (3.22), one has

Vr(x) < e Ry E (3.50)
during the continuous phase right after the K’* impact and
Vi(x) < e el Trey b (3.51)

during the continuous phase right after the (K + 1)’ impact.

Because of the assumption Ag(7g,,,0) =0,

Ixlg 1l = AR(Ticy 1 Xl )
< [|AR(Tyy 15Xk 1) — Ar(Try X[yl (3.52)
+[|AR(Tx 15 X[y 1) — Ar(T 1, 0)
where Ty is the moment of the actual (K + 1) impact, X[, and x|}, | represent the
values of x right before and after the (K + 1) impact, respectively, and x| is the moment
of the desired (K + 1) impact assuming x(¢) = 0 V¢ > T.
Because the reset map A;(z,X), i € {L,R}, is continuously differentiable in 7 and x, it

is locally Lipschitz continuous in ¢ and x. Hence, there exists rp > 0 such that for any

x(0) € B,+(0), one has

1AR (T 1 Xk 1) = Br(Tx 15 0) | < L [IX[ 1 | (3.53)
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and
IAR(T 1 X g 1) = Ar(T 1 Xl g DIl < L | Ti+1 — T11 (3.54)

for some Lipschitz constants Ly _and Ly, .

Define

< AR(t—Tx

(1) :=e x|, Vi > T, (3.55)

and then by Theorem 3.1 there exist positive numbers /5 and L; such that

Tk 1 — T&+1] = | Txk+1(Tk+1,Xr(Tk+1)) — Tk +1(Tk41,0)|

(3.56)
< Le|[Xr(Tx+1) |l
for any x(0) € By: (0).
From Egs. (3.52)), (3.53)), (3.54)), and (3.56)), one has
Il 1117 < Laag Il 1[I+ %R (20 1), (3.57)
where Ly, := maX{ZLiRX, ZLinL%}'
Similarly,
%121 < Lay (1%l o + R (zk42) 1), (3.58)

where L, is a constant and can be obtained similarly to La, and X () is defined as
%1 (t) == AU TR x| F VS Ty (3.59)
According to Eq. (3.22), the following inequalities hold:

Vilks1 = crlXlg 1%, VR(Rr(Tx41)) > cirll&r(tx+1) ]|

Vilgan = cinlXlgn s Ve(Re(tk12)) > cizlRe(tr42)l7, (3.60)
2 2

Vilgy S callXE 117, Vel < corllx[Foa |l

Furthermore, from Egs. (3.50), (3.51), (3.53), and (3.59)), one has

Vi(Xg(Tes1)) < e R TRy (3.61)

and

Vi(Re(Thsn)) < e_C3L(Tk+2_TK+1)VL|;_H. (3.62)
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Combining Eqgs. (3.57) - (3.62)), one obtains

C2LCOR —cy A —e3p (T —
VR|7(—+2 <L, Lag (67 L8+ (e ese T2 TKH)"’I)

CIRCIL (3.63)
+ ¢ CRATK (e*CSR(TK+1*TK+1) + 1))VR|IP
where Atk := T — Tk and Atk = x40 — Tx+1, K € {1,3,5,...}. Note that Atk is

the desired duration of the (K -+ 1) step, which is known right after the K’ actual impact

occurs.
From Egs. (3.22) and (3.55)),
_ R
%R (T )| < o/ 2R e 2% x| (3.64)
+ K
CIR
holds, and thus from Egs. (3.56) and (3.64) one has
_ 3R
T +1— Tk+1] < Loy /%e 2CzRMK||X|;||, (3.65)
Similarly,
€L —53LA
[Tk 12— Tkv2| < Ly /ae 2 S x| (3.66)

Therefore, it is easy to know that for any €g > 0 there exist sufficiently large c3g and 31,

and a positive number [* such that
e RTke1=%+1) < | 4 g and e~ 3t(Tk2-Tk42) < | 4 ¢ (3.67)

hold for all x(0) € B+ (0).
Then, it can be obtained from Eqs. (3.63) and (3.67) that

C2LC2R

VR‘E& S LALLAR(I + 8)26—(C3LAT[(+1+63RATK)VR|} (3.68)

C1LCIR
holds for any x(0) € B;, (0) where 8g := min{rg,hy,[*}.
Similarly,

C2LC2R

Lp, La,(1+ 8)26—(6‘3LATK+3+C3RMK+2)VL | + (3.69)
C1LCIR

+
VL|K+3 < K+1»

holds for any x(0) € B, (0) where &, can be found similarly to the above analysis.
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Note that c3; is determined by Kp; and Kp;, i € {L,R}. Hence, if the PD gains are suffi-

ciently large such that A; is Hurwitz and that there exists a positive number 6 < min{dr, Og }

such that
Cy1.C
3L ATk + carATg > 2In(ZE2R Ly L (14-€)) (3.70)
C1LCIR
and
C1.C
3L ATk 3 + C3RATK 12 > 21n(cjzcj2 La,La(1+€)) (3.71)

hold for any x(0) € B5(0) and any K € {1,3,5,...}, then Vg|},, < Vg|} and Vz|§ 5 <
Vi|%, hold for any x(0) € B5(0) and any K € {1,3,5,...}; that is, the closed-loop system

in Egs. (3.46)) and (3.47) is locally exponentially stable. |
The stability conditions in Egs. (3.70) and (3.71) indicate that the output function should

converge to zero sufficiently fast so as to diminish the divergence caused by reset maps.
Note that gait recharacterization does not affect the expansiveness of a reset map. In previ-
ous studies, rapidly exponential convergence of output function has been proposed to deal
with the expansiveness of a landing impact [110], which can also be applied here to further
increase the convergence rate.

Also, note that the assumptions Az (7 ,0) = 0 and Ag(7y, ;,0) = 0 in Theorem 3.2 will
always hold for any K € {1,3,5,...} if the desired walking pattern is designed properly as

introduced in Section 3.4l

3.6 Simulation Results

Computer simulations are carried out on a fully actuated, planar biped (see Fig.[3.2) to
show the validity of the proposed walking strategy. We first compare our proposed gait de-
sign and control with previous studies based on the same desired symmetric walking pattern
to show that we can achieve exponential tracking of the desired global position trajectory
s4(t) but the previous study can only track a constant walking speed. Moreover, an asym-
metric walking pattern, which cannot be realized based on previous gait characterization,
is simulated with two different desired global position trajectories s;(f) — one with a con-

stant walking speed and the other with a time-varying walking speed — to further show the
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versatility of the proposed walking strategy. Simulation results show that the desired gait
respects the reset map regardless of the choice of s;(#) when the desired walking pattern
is designed as introduced in Section [3.4] Finally, effects of the continuous-phase conver-
gence rate on the closed-loop stability are analyzed through simulations, which validates
the stability conditions in Section

A symmetric walking pattern and an asymmetric walking pattern are generated through
the proposed gait design in Section [3.4] For the purpose of illustration, the symmetric
walking pattern of the swing-leg angle g,, with respect to the support-leg angle g, is shown

in Fig.[3.4] (a), and the asymmetric one is shown in Fig.[3.4](b).

3.6.1 Comparison with Orbitally Exponential Stabilization

In the previous work on orbital stabilization [[111]], the bipedal gait is characterized by
the support and the swing legs. Thus, only a symmetric walking pattern can be exponen-
tially tracked. Besides walking pattern tracking, another control objective of the previous
work is velocity tracking in Cartesian space.

In order to compare our proposed walking strategy with the previous orbital stabi-
lization [[111], the desired walking pattern is chosen as the symmetric walking pattern in
Fig. a). The desired global position trajectory s;(¢) is defined as monotonically in-
creasing with a constant speed. Because the previous walking strategy focuses on velocity
tracking in Cartesian space, its desired global motion is defined as s4(t).

The simulation results corresponding to the previous work are shown in Fig.[3.5] From
Fig. it is clear to see that exponential tracking of the desired symmetric walking pattern
is achieved. However, there is always a nonzero steady-state tracking error of the desired
global position trajectory s4(2), although the desired global velocity trajectory s, () can be
exponentially tracked.

In contrast, with our proposed walking strategy, we can realize exponential walking

pattern tracking and exponential global position tracking, as shown in Fig. [3.6]
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0.4
0.2
5
s 0
E qsw = d;l (qst)
S.0.2
0.4
-0.6 : : : :
06 -04 -0.2 0 0.2 04
qs; (rad)
@
0.6
0.4
< 0.2}
S E
L ~
= o} 41 = $1r(q2)
= (right-leg-in-support)
-0.2 ;
04 q; = ‘51L(Q1)
: (left-leg-in-support)

06 04 02 0 02 04 0.6
qy (rad)

()

Figure 3.4. Desired walking patterns of swing-leg angle ¢, with respect to
support-leg angle g. (a): Symmetric. (b): Asymmetric.

This comparison clearly illustrates that our proposed walking strategy can greatly im-

prove walking versatility as compared with the previous work on orbital stabilization.
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(rad)

-0.5F — st ()~ (t)—0s3(t) ]

0 1 2 3 4

—~

g

Figure 3.5. Simulation results of previous studies with walking characteri-
zation by support leg and swing leg. Green (blue) dashed: desired swing-leg
(trunk) trajectory determined by the desired walking pattern.



66

(rad)

Figure 3.6. Simulation results of proposed desired gait design and control with
walking characterized by left leg and right leg. Dashed lines (red, green, blue):
desired trajectories determined by g;(5,gsw,q3) =0 (i € {L,R}) and s4(7).

3.6.2 Stable Symmetric Walking

In this subsection, we will show two sets of bipedal walking with the same desired sym-
metric walking pattern (see Fig. a)) but different desired hip trajectories s,4(f). Without
loss of generality, the control gains are chosen the same for both cases: Kp; = Kpr =
diag[28,28,28], Kp;, = Kpg = diag[11,11,11]. These control gains are chosen such that
the matrices Ay and A in Eq. (3.19) are both Hurwitz and that the conditions in Egs.
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and (3.71) are met under relatively large initial tracking errors. These two sets of bipedal

walking also share the same initial conditions:

q2(0) — ¢12.(¢1(0)) = 0.1(rad),

43(0) — $2(¢1(0)) = —0.1(rad), (3.72)
42(0) — 212 (41(0))g1(0) = ~0.1(radss),

43(0) — %2 (1 (0))1 (0) = 0.1(radss).

Due to the identical control gains, A = Ay = Agr. Then, without loss of generality, the
Lyapunov functions during the left-leg-in-support and the right-leg-in-support phases are
chosen to be the same:

Vi (x) = Vr(x) = x' Wx, (3.73)

where W is the solution of the Lyapunov equation AW +WAT +Q = 0 with Q = I [76].

Figure shows the results with s;(¢) = 0.6 — 0.1(m), and Fig. corresponds to
sq(t) = 2.3¢7030+05) 4 0.6 — 2.1(m). From the plots, we can see that exponential track-
ing of the desired hip trajectory s,(¢) with either constant or time-varying walking speed
is achieved under the same desired walking pattern. It confirms that a walking pattern
generated through the proposed gait design method in Section can be automatically
incorporated with an arbitrary hip trajectory s, (¢) that is differentiable and monotonically
increasing. Note that the Lyapunov function plot in Fig. shows a relatively large jump
at the first impact at # = 0.5 (s) while the one in Fig. shows no significant jump at the
first landing impact at = 2 (s). Because the desired global position trajectory in Fig.
has a much lower velocity in the first few seconds than that in Fig. the duration of the
first step is much longer in Fig. [3.8] which results in the much smaller trajectory tracking
error right before the first impact and the much smaller jump of the Lyapunov function

right after the first impact in Fig. [3.8]
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0.5 |

———

(rad)

-0.5¢ \ —q (t)—l(h(t)—qg(t)
0 1 2

0.05r |

Figure 3.7. Symmetric walking with s4(f) = 0.6 — 0.1(m), Kp;=
diag[28,28,28,28,28], and Kp,= diag[11,11,11,11,11]. Dashed lines (red,
green, blue): desired joint trajectories determined by g;(5,qsw,q3) =0 (i €
{L,R}) and s4(1).
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N

—q1(t)—q2(t)—qs(t)

I | |

0 1 2 3 4

0.05F —
0 | | | |
0 1 2 3 4
t (s)
Figure  3.8. Symmetric ~ walking ~ with  s4(t) =
2.3¢7030+05) 1 06—  2.1(m), Kpi= diag[28,

28,28,28,28], and Kp;=diag[11,11,11,11,11]. Dashed lines (red, green,
blue): desired joint trajectories determined by g;(5,¢sw,q3) = 0 (i € {L,R})
and s4(1).

3.6.3 Stable Asymmetric Walking

As stated earlier, the left-right gait characterization enables planning and tracking of

an asymmetric walking pattern, which is illustrated with two sets of simulation results in

Figs[3.9/and Except for the desired global position trajectories s4(t), these two sets of
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simulations share the same desired asymmetric walking pattern as in Fig. [3.4(b), the same
control parameters Kp; = Kpg = diag[12,12,12,12,12] and Kp; = Kpg= diag|7,7,7,7,7,

and the same initial conditions and definitions of Lyapunov functions as in Section [3.6.2]

0.5

(rad)

0.1 T
— Vi (x)—Vr(x)

0.05

0 o b
0 1 2
t (s)
Figure 3.9. Asymmetric walking with s4(f) = 0.6r — 0.1(m),

Kpi=diag[12,12,12,12,12], and Kp,=diag[7,7,7,7,7]. Dashed lines (red,
green, blue): desired joint trajectories determined by g;(5,¢sw,q3) = 0
(i € {L,R}) and s4(1).
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=
3
=
-0.5F —aq1(t)—q2(t)—qs(t) T
| | | |
0 1 2 3 4
1.5+ f '
1 _ -
st .
0 —s(t)=-—s4(t) .
1 | | |
0 1 2 3 4
0.1 T T T

0.05 4
0 1 | | |
0 1 2 3 4
t(s)
Figure 3.10. Asymmetric walking with
sat) = 23e7030405) 1 06 —  2.1(m), Kpi=diag[12,

12,12,12,12], and Kp;=diag|7,7,7,7,7]. Dashed lines (red, green, blue):
desired joint trajectories determined by g;(5, gsw,q3) =0 (i € {L,R}) and s4(7).

3.6.4 Effects of Proportional-derivative Control Gains on Closed-Loop Stability

Theorem 3.2 introduced in Section [3.5]indicates that the continuous-phase convergence
rate determined by the PD gains should be sufficiently fast to guarantee the stability of the
closed-loop hybrid dynamical system in Eqs. (3.46) and (3.47). Here, two sets of simu-
lated bipedal walking (see Figs.[3.11] and [3.12) are presented under different PD gains but
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with the same initial conditions, desired walking pattern, and desired hip trajectory as in
Fig.[3.9] Definitions of the Lyapunov functions are the same as in Eq. (3.73). The PD gains
corresponding to Fig. [3.T1]is larger than those that correspond to Fig.[3.12] Accordingly,
the actual joint trajectories q(t), as well as the hip position s(¢), converge to the desired mo-
tions faster in Fig.[3.11|than in Fig.[3.12] This trend is also shown by the plots of Lyapunov
functions. This comparison illustrates Theorem 3.2 and shows that a higher convergence

rate during the continuous phases results in faster closed-loop convergence.

” //_\ //_\ :
0 ]

(rad)

4/’
- ==
—"—

-0.51 —qt)—aq@t)—ae
0 1 2

0.1 T T
—_— VL (X) VR (X)
0.05F -
0 1 'y
0 1 2
t (s)
Figure 3.11. Asymmetric walking with
sq(t) = 0.66 — 0.1(m), Kpr=Kpr=diag[28,28,28,28,

28|, and Kpr= Kpg= diag[11,11,11,11,11]. Dashed lines (red, green,
blue): desired joint trajectories determined by g;(5,¢sw,q3) = 0 (i € {L,R})
and s4(1).
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Figure 3.12. Asymmetric walking with s4(¢) = 0.6z — 0.1(m),

Kp;=diag[6,6,6,6,6], and Kp;,=diag[5,5,5,5,5]. Dashed lines (red, green,
blue): desired joint trajectories determined by g;(5,¢sw,q3) = 0 (i € {L,R})
and s4(1).

3.7 Summary

In this Chapter, provably stable, fully actuated, planar bipedal robotic walking has been
achieved with improved versatility as compared with previous studies. In order to define
both symmetric and asymmetric walking patterns, the left and the right legs were used
to characterize a bipedal gait. A feedback controller was then synthesized in order to re-
alize exponential tracking of the desired global position trajectory in Cartesian space as

well as the desired walking pattern, both symmetric and asymmetric, in the configuration
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space. Closed-loop stability conditions were analyzed based on the construction of multi-
ple Lyapunov functions, which essentially require that the continuous-phase convergence
rate of the output function should be sufficiently fast in order to overcome the possibility
of divergence caused by landing impacts. A new method of walking pattern design was
proposed, which guarantees that the low-level planning of the desired walking pattern can
be decoupled from the high-level planning of the desired global motion. Provably expo-
nential stabilization and versatility of the proposed walking strategy were confirmed with
simulated bipedal walking.

The result of this Chapter will be extended to a fully actuated three-dimensional (3-D)

biped for contouring control in Chapter 4]



75

4. EXPONENTIAL TRACKING OF GLOBAL POSITION TRAJECTORY FOR
FULLY ACTUATED THREE-DIMENSIONAL WALKING

4.1 Introduction

In Chapter |3 exponential tracking of the desired global position trajectory was inves-
tigated for fully actuated planar bipedal robotic walking. To our best knowledge, it is the
first time that global position tracking of planar bipedal robotic walking has been addressed
based on nonlinear feedback control and formal stability analysis. However, the walking
strategy developed in Chapter |3|is for planar bipedal robots that are confined to moving in
the sagittal plane. In this Chapter, the controller synthesis in Chapter 3 will be extended
to the global position tracking problem for fully actuated three-dimensional (3-D) bipedal
robotic walking.

For many complex tasks such as multi-agent coordination, it is important that a bipedal
robot can satisfactorily track the desired global position trajectory on the walking surface.
This problem has been studied mainly by the Zero-Moment Point (ZMP) approach, which
utilizes the ZMP balance criterion to stabilize bipedal walking and track the desired mo-
tion [41] [158]. However, it has not been fully explored using model-based feedback con-
trol that utilizes full-order dynamic modeling and formal stability analysis. Velocity track-
ing in Cartesian space has been studied for fully actuated walking based on the concept of
partial hybrid zero dynamics [[111], but global position tracking for 3-D bipedal robots has
not been addressed under the HZD framework.

The objective of this Chapter is to realize exponential tracking of the desired posi-
tion trajectory in Cartesian space as well as the desired walking pattern for 3-D bipedal
robotic walking. The desired walking pattern is defined as the desired relative evolution
of joint positions with respect to a phase variable that represents how far a step has pro-

gressed [[50]. The desired position trajectory in Cartesian space is defined as the planned
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path on the walking surface along with the desired motion along the path. The problem of
position tracking in Cartesian space will be formulated as a contouring control problem.
Contouring control has been extensively studied for machining tasks such as cutting and
milling [[157] [159] [160]. Here, the concept is adapted to legged robotic locomotion. A
contour is defined as a 1-D geometric path on the walking surface, and the contouring con-
trol problem will be decomposed into two subproblems. One is a stabilization problem,
and the objective is to realize exponential convergence to the shape of the desired contour.
The other is a position tracking problem, and the objective is to realize exponential con-
vergence to the desired position trajectory along the desired contour. In this Chapter, the

desired paths/contours on the walking surface are limited to straight-line paths/contours.

4.2 Problem Formulation

The controller design in this Chapter focuses on the realization of exponential tracking
of the desired position trajectory in Cartesian space as well as the desired walking pattern
for fully actuated, 3-D bipedal robotic walking. For simplicity, only symmetric gaits are
considered here, which will be described using the support-swing gait characterization.
The first step of the proposed controller design is to model the full-order hybrid dynamics
of 3-D bipedal robotic walking under the support-swing gait characterization. Then, we
will derive the mathematical expression of the tracking error of the desired walking pattern

as well as the desired contour and motion.

4.2.1 Three-dimensional Walking Dynamics under Support-Swing Gait Character-

ization

A 3-D bipedal robot with nine revolute joints is shown in Fig. [121]]. Different from
the planar biped model in Chapter 3 that only has pitch joints (see Fig. [3.1)), the 3-D biped
model as shown in Fig. 4.1] also has roll joints. To clearly show the distribution of joint

actuators, their arrangement is illustrated in Fig. @.1]



b

L

(b)

Figure 4.1. A fully actuated 3-D biped represented by the support-swing gait
characterization. (a): The right leg is in support. (b): The left leg is in support.
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In addition to the model assumptions listed in Section[2.3] it is assumed that the biped’s
feet are massless, thin. Also, for simplicity and without loss of generality, it is assumed
that the swing foot always lands flat pointing towards the positive direction of the X,,-
axis. Hence, the orientation of the support foot coordinate frame O¢X(YrZ; is always
aligned with the world coordinate frame O,,X,,Y,,Z,,. This 3-D biped model is fully actuated
because it is supposed that the actuator of the support ankle is activated and that the actuator
of the swing ankle is not.

Parameters of the simulated biped model are shown in Table

Table 4.1.
Mass and length parameters of the three-dimensional biped model in Fig.

my (kg) mo (kg) mp (kg) I1, b, 3 m) w(m)

3 6 20 0.4 0.3

For the simplicity of expression, only the support-swing characterization will be con-
sidered here to describe a 3-D bipedal gait. Therefore, a complete gait cycle consists of a
SSP and an instantaneous DSP.

Under the support-swing characterization, the joint position q is defined as:

q1
q2
q3
44
q= [gs| €0, 4.1)
g6
q7
q3
q9
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where Q C R? is the configuration space of the bipedal robot when the support leg is in
static, full contact with the walking surface and the joint position limits are satisfied, g1,
q2, 43, 94, and g5 are joint positions of the support leg, g¢, g7, and gg are joint positions of

the swing leg, and gg is the joint position of the trunk. Let

ui
u
us
Ug
U= |ys GRQ
Ug
uz

ug

ug

represent the joint-torque vector.

Although a complete gait of the 3-D biped in Fig. §.1] consists of a SSP and an in-
stantaneous DSP under the support-swing characterization, the expressions of the dynamic
matrices for the left-in-support phases are different from the right-in-support phases.

Let Sz.(q,q) represent the switching surface that connects the left-in-support DSP and

the right-in-support SSP:

SL(Q»Q) = {(qu) € TQ . stL(‘l) = OaZSWL(qaq) < 0}7 (42)

where zg,2.(q) is the height of the swing foot when the left leg is in support.
Let Sg(q,q) denote the switching surface that connects the right-in-support DSP and
the left-in-support SSP:

SR(qvq) = {(q,q) S TQ : stR(q) = OaZ.sz(qaq) < 0}= (43)

where z;,g(q) is the height of the swing foot when the right leg is in support.
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The hybrid walking dynamics for the 3-D biped in Fig. under the support-swing

characterization can be expressed as:

5 M. (q)4+er(q,q) =Buu, if (q,q7) ¢ S.(q,q);
L .

[a":a" 1 =Auq™q7), if (q7,q7) € S(q,4q);

;

4.4)

y MR((])(]—}-CR((],(]) = Buua if (q77q7) ¢ SR((],(]),
R -

\[q+;q+]:AR(q_7q_)7 if (q_vq_) GSR((Lq);

where i € {L,R} indicates whether the left (L) or the right (R) leg is in support, M; : O —
R2*? is the inertia matrix, ¢; : 0— R? is the sum of the Coriolis, the centrifugal, and the
gravitational terms, B,, : R?*? is the nonsingular input matrix, u € R? is the torque vector
of the active joints, and A; : TQ — R!8 is the reset map. The expressions of M;, ¢;, B,
and A; will not be given in the Appendices due to space limitations. Once the expressions
of My, ¢z, and Ay are determined, the expressions of Mg, cg, and Ag can be obtained by

replacing w with —w in My, ¢z, and Ay, respectively [122]].

4.2.2 Tracking Error of the Desired Walking Pattern

A walking pattern represents the relative evolution of joint positions with respect to a
phase variable within a complete walking cycle [50]. Denote the desired walking pattern

hi(q) :=h.(q) —¢(6(q)) =0, (4.5)

where 6 : O — Q¢ C R is a phase variable, which is monotonically increasing during a step
and used to encode the walking pattern, h. : 9 — Q. C R’ is continuously differentiable in
q. and ¢(0) : Oy — R is continuously differentiable in 0. The desired walking pattern in
Eq. (4.5) is also called virtual constraints [50].
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The function h.(q) is defined as follows:

q9
61(q)
0.1(q)
he(q) = | x200(q) | (4.6)
Yiasw(Q)

zsw(Q)
| w(a) |

where qo is already define, zy, is the swing foot height, and the rest of the elements are

defined with respect to the world coordinate frame as follows:

. . —_—
e 0,,(q) is the angle from the horizontal plane to the vector HyHy,, where Hy; and Hy,,

represent the hip points of the support and the swing legs, respectively (see Fig. §.T));
e 0,,(q) is the angle from the z-axis to the trunk link;

o (xXn25w(9)Yn25w(q)) is the relative position of the swing foot with respect to the pelvis

H, projected on the walking surface;
e 7,(q) is the height of the pelvis H above the walking surface.

The desired function ¢ () is defined as:

¢ :=[01(6),62(0),03(0),94(0),5(0),05(8),9:(6)]" . 4.7)

Similar to the HZD framework [102] and our previous work [140] [141] [[142] [143]],

Bezier Curves are used to define the desired function @ (0):

0(0)i= Y. gy (041 s()" @3)
L -,
with
5(0):= 2= (4.9)



82

where k € {0,1,...,M},
k1
a2
a3
a, — R7
k= |ag| €

ags

ake

ag7

is the unknown vector to be optimized in Section and 6y and 0" are the planned values
of 0 at the beginning and the end of a step, respectively.

For simplicity, only symmetric gaits are discussed in this Chapter. Therefore, the de-
sired function ¢ (0) is the same for both the left-in-support and the right-in-support phases
except for the desired function ¢5(0) that defines the desired pattern for yy;y,,. Define ¢5(0)

as:

0) (left-in- :
45(6) = ¢5.(0)  (left-in-support) 4.10)

¢sg(0)  (right-in-support) .

Because of the left-right symmetry, ¢s;(0) = —@sz(0).

4.2.3 Tracking Error of the Desired Contour and Position Trajectory in Cartesian

Space

Suppose the walking process begins with the continuous phase. Let (X k, Yy ,0) de-
note the the support foot position right after the k' (k € {1,2,...}) swing-foot touchdown,
which is defined with respect to the world coordinate frame. Without loss of generality,
(x50, ¥st,0,0) represents the initial support foot position at ¢+ = 0. During the k'™ step, the
horizontal hip position (x,,y;,) with respect to the world coordinate frame can be expressed

as:

Xp = Xy j—1 +Xn(q); @11

Yh = Ystk—1+3n(d),
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where X, : Q0 — Oy C Rand yj, : Q — Oy C R, defined with respect to the world coordinate
frame, represent the x- and y-coordinates of the relative position of the hip with respect to
the support foot, respectively.

Let I'; be the desired contour. An orthogonal coordinate frame can be established along
the desired contour [157]: the curvilinear coordinate r. along the normal direction of the
desired contour represents the contour error, and the curvilinear coordinate r,, represents
the motion along the desired contour. Define the desired motion along I'; as s,(¢), which is
monotonically increasing and continuously differentiable in z. The objectives of contouring

control are then:
1. To drive r. to zero, and
2. To drive 1y, to s4(1).

For simplicity, we consider a straight-line contour on the walking surface and define

the contour as the Y, -axis:

Ty = {(xn,y0) € R?: y, = 0}. (4.12)
Then,
e =Yn;
(4.13)
'm = Xp.

4.3 Model-based Feedback Control through Input-Output Linearization

Similar to Chapter 3, a model-based feedback controller will be designed to achieve ex-
ponential tracking of the desired walking pattern and the desired global position trajectory
in Cartesian space. It is then natural to define the output function y as the tracking error
derived in Section4.2] Because the biped in Fig. 4.1 has nine independent actuators, nine
output functions can be designed.

First, the output function y; is designed as the walking pattern tracking error:

yi =hi(q). (4.14)
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If y; is exponentially driven to zero, h.(q) will accordingly converge to the desired function
#(6(q)) exponentially, and the desired walking pattern will be exactly followed at the
steady state.

Second, the output function y, during the k' (k € {1,2,...}) step is designed as:

N T it I et B (4.15)

Vh (q) Vst k—1

where (X x—1, Vs k—1) is the projection of the support-foot position on the walking surface
during the k™" step and s4(¢) is a monotonically increasing and continuously differentiable
function that defines the desired motion along the desired contour.

Finally, the output function y can be compactly written as:

y =h(t,q), (4.16)
where
y= | 4.17)
y2
and
h
h(r,q) := | (4.18)
h2(l7q>

As a straight-line contour is of interest and the desired motion along the contour is
defined as monotonically increasing in this study, X, (q) will be chosen as the phase variable

to encode the desired function ¢ in Eq. (4.5)); that is,
0 :=,(q). (4.19)

To drive the output function y to zero such that the desired position trajectory in Carte-
sian space and the desired walking pattern are both satisfactorily followed, a feedback
controller is synthesized based on input-output linearization.

The feedback control law is chosen as [76]]

_ _ _ 2 LN -
u=(5oM;'B) " (v+ oM, fep - 98 — 2 (%q)d) (4.20)
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when the left leg is in support and
- _ 2 N
u= (%EMRlB) 1(V+§—'(}MRICR—Q—1(@<1)Q) (4.21)

when the right leg is in support.

The continuous-phase dynamics then become:
y=v. (4.22)
Choosing v as the following proportional-derivative (PD) control law:
v=—Kpy — Kpy, (4.23)

where Kp € R?*? and Kp € R*? are positive-definite diagonal matrices, one then obtains

the following linear dynamics of output function:

y 0 |
y _ 9%9 9x9 y ::A(KP,KD) y 7 (4.24)
y -Kp —Kp| |¥ y

where 09,9 € R?*? is a zero matrix and Ig.9 € R?*? is an identity matrix.

Defining

where ¥ C R!3 is the full state space, one can compactly rewrite the closed-loop dynamics

as:
5 x = A(Kp,Kp)x, if (17,x7) ¢ S.r(t,X);
L
X+:AL%R(Z‘,X_), if (t_,X_> ESLHR(I,X);
) (4.25)
x=A(Kp,Kp)x, if (t7,x7) & Spr(1,X);
ZR .
X" =Apop(t,x7), if (17,X7) € Sror(t,%);

where the expressions of S;_,g(¢,x) and Sg_,1(¢,Xx) can be obtained from Egs. (4.2)) and
(4.3), respectively.
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If Kp and Kp are chosen such that A(Kp,Kp) is Hurwitz, then there exists a real
positive-definite-symmetric matrix W such that V (x) = x/ Wx is a Lyapunov function can-
didate for the continuous-phase dynamics. Furthermore, there exist positive constants ¢y,

2, and c3 such that V(x) satisfies
c1|x|]> < Vi(x) < ea|x|? and V (x) < —c3V (x) (4.26)

for all x during continuous phases [76].

4.4 Closed-Loop Stability Analysis

In this section, the closed-loop stability of the hybrid time-varying system is analyzed.
Before introducing the main theorem on the closed-loop stability of this study, we first
present some properties of the system.

Suppose that the walking process begins with the left-in-support continuous phase at
t=0.

Let 7; be the moment of the k' (k € {1,2,...}) actual impact, which is defined as the
moment of the first intersection with the k' switching surface Sy (¢,x) onz > Tktl . Without

loss of generality, define Ty = 0. The k' switching surface Sy is defined as:

Sror(t,x), ifke{l1,3,5,..};
Stx) =4 (5:x) t J 4.27)

Sror(t,x), ifke{2,4,6,...}.
In the following, (7~ ;) and x(7;" ;) will be denoted as *|,_, and x|, ;, respectively,
when notational simplicity is preferred.
Let X(#;10, X0) = [q(¢370,A0); q(t; %0, A0)] denote a solution of X = A(K,,K;)X with the
initial condition X(t9) = Ao, V¢ > fo. Note that a solution x(¢) of the hybrid dynamics in
Eq. with impact moments 7 (k € {1,2,...} satisfies

X(t) =X(; T, |, X[} ), Vi € (Ti—1, T (4.28)

Let 7; denote the k' (k € {1,2,...}) desired impact moment, which is defined as the mo-
ment of the first intersection with the x’" switching surface Sy (z,x) on ¢ > Tktl assumsing

x=0V:>T",.
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Theorem 5.1 Consider the following assumptions:

1. The desired function ¢¢(6) has at least one intersection with zero for both 6 < 0 and

0 > 0 (denote the interaction for 8 < 0 that is nearest to zero as 6y);

2. The phase variable 0 increases monotonically from 6y to a positive number during a

step.

Then, there exists a constant 6* such that 6(7, ) = 6* always holds under the assumption
that x = 0 V¢ > T;" |. Therefore, h.(7, ) = ¢(6*). Furthermore, if ¢;(6) =0, ¢2(6) =0,
$3(0) =0, and yy k1 = yuq := ¢5(0%), then q(7, ) € Q, if exists, is also fixed and equal

to a unique value, denoted as q*. [ |

Proof: By the definitions of 7; and the switching surface, one has
zow(T, ) =0. (4.29)
By the definition of y; and under the assumption that x =0 V¢ > T,f_l, one has

Zow(T, ) = ¢6(0). (4.30)

Therefore,
¢6(6(7,)) =0 (4.31)
holds. Because 6 increases monotonically from a negative number during a step and ¢(6)

has at least one intersection with zero for 8 > 0, Eq. (4.31)) indicates that 6(7, ) is fixed;

that is, there exists a constant 6* such that
6(7, ) =0" (4.32)

always holds. Accordingly, h.(7,") = ¢(6*) always holds.
When yg k-1 = ysta := ¢5(0*) and the desired function is chosen such that ¢;(6) =0,

$2(0) =0, and ¢3(6) = 0, it can be proved that the following equation
h.(q) ¢(67)
Sn(q) | =] 6°

n(@) ~Ystd
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has a unique solution for q € Q. |
In fact, when g9 =0, 6,,(q) = 0, and 6, ,(q) = 0, it can be proved that there exists a
diffeomorphism D : Q. X Qf X Oy — Q.

Theorem 5.2 (Convergence of the Support Foot Position along Y,,-Axis) Define yy; :=

¢s(0"). Then there exists positive numbers B and r, such that

[Vrde = Vsral < X[ |+ BorlI% (2 Ty X[, ) (4.33)
holds for any x(07) € B,,(0) := {x e R : ||x|| <} and k € {1,2,...}. |
Proof:

The y-coordinate of the support-foot position during the (k+ 1) (k € {1,2,...}) step

can be expressed as

Vst = (T ) +Ymosw(T; ). (4.34)

Therefore,

|yst,k_ystd| |yh< )+yh2sw(T ) ystd| < |yh( )| + ’thSW( ) ystd| (435)

Because y; g = ¢5(0*), one has:

‘thSW(T ) ystd|<‘yh2sw( k_)_¢5(9(T_))|
+1¢5(6(T;)) — 9s5(6(T T 1, X3 )))] (4.36)
+[¢5(6 (Tk»Tk 1aX|k 1)) —5(07)].

By the definition of yy,

Wrasw(Ti) = ¢s(8 (T )| < [x(T)-

Recall that 0(T,") = 6(Ti; T," |, x|, ,)). Because ¢5(0) and 6(q(z)) are continuously
differentiable in 6 and 7, respectively, there exists a positive number r; and Lipschitz con-

stants Ly and Lg, such that

195(8(T; ) = 95(0 (s TE | X[ ) < Lo [16(T ) = O(ma Ty x|, )l (4-37)
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and
16(T ) — é<Tk;Tktl’X|Z—l)|| < Lg,|Ti — w|

hold for any x(0") € B,,(0) Also, by [Theorem 1, [[141]], there exists a positive number r;

and a Lipschitz constant L7, such that
T — | < Lp|[&(ts T x|E ) (4.38)

for any x(07) € B, (0).
Because 6* = é(‘ck_;Tkt],O) = 54(Tk) — Xs k—1, one has
16(7 3T X)) — 07| = 1% (1 T X ) — (sa(8) = x|

<|%(z T x[ -

(4.39)

Let B = Lys(Lo, L7, + 1) and d; = min(r,r2). Then, from Egs. (4.36)-(#.39), one ob-

tains
stk — Yseal < 1% 1|4 Bl (T T x| )l (4.40)

for any x(07) € By, (0). |

Theorem 5.3 (Hybrid Invariance under y ;1 = yyq) Denote

L
|_§‘F
—~
=
N——

[
.n|§<
—
=
N—

H,(q) := (4.41)

NS
A5
—~
=
N—

If the desired function ¢ () is designed such that the following conditions are satisfied:

(A1) he(Ay(q)) = ¢ (n(84(q%)));

(A2) E(Ag(q"))A(@)H (@) | 1 | =1

(A3) H,(Ag(q)A¢(q")H (¢*) | 1 | = 1
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Then, under the condition yg 4| = Ysq, the hybrid invariance holds; that is, if x(7, ) = 0

then x(77") = Ai(7,,0) =0. [
Proof: From Theorem 5.1 and x(7, ) = 0, one has
q(t) =qo:=A.(q"), 6(t)=60:=x4(qo). (4.42)
Then, from (A1), one has

yi(7") =he(qo) — ¢(6p) = 0. (4.43)

Because x(7, ) = 0 and x;, y;,, and s4(¢) are all continuous in #, one has

y2(tf) = ya(1,) =0. (4.44)

Therefore, from Egs. (#:43) and #.44), y(7;") = 0 holds.

Now, because y(7, ) = 0, one has
d *
(6%
H,(q")q(t, ) = 1 Q(T,:)- (4.45)

Without loss of generality, suppose that H,(q) is locally invertible within a small neighbor-

hood about q*. One obtains

q(t, ) =Hy(q") ! 1 0(1). (4.46)

Then, from the reset map in Eq. (2.3)), one has:

a(ty) = Ay(q")a(Ty). (4.47)

.+ . _.+_ o e _' — o, .
Because X),; — Xk = Xj; = Xpy = Xpy — X5 1 = 6(7, ) and by the definition of y, one

has:
22(00)6(7)

v =H(@)alz) - | b(z) |- (4.48)
0
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From (A2), one has:
) dx . -
6" =g (w)a(w) =06 (4.49)

Then, from (A3) and Eq. (4.49)), one has
yr=0. (4.50)
|

Theorem 5.4 (Closed-Loop Stability Conditions) Let the conditions (A1) - (A3) in The-
orem 5.3 hold. The closed-loop control system in Eq. (4.25) is locally exponentially sta-
ble if the PD gains in Eq. (4.23) are chosen such that A(K,,K) is Hurwitz and that the

continuous-phase convergence rate is sufficiently fast. [

Proof: Let V(x) be the Lyapunov function candidate. By stability analysis based on
the construction of multiple Lyapunov functions [156], the hybrid time-varying system
in Eq. (@.25)) is locally exponentially stable if there exists a positive number d, such that
V(x) is exponentially decreasing during each continuous phase and that {V|{,V|;,V|7...}
is a strictly decreasing sequence for any x(0") € By, (0).

If the PD gains Kp and Kp are chosen such that the matrix A in Eq. (¢.23) is Hurwitz,
then, from Eq. (4.26)), one has

V| < 6—63(Tk+1—Tk)V|I:17 4.51)

during the k' (k € {1,2,...}) step.
Now, consider the k' (k € {1,2,...}) impact event. The corresponding k" reset map Ay

1s defined as

A Rr(t,x), ifke{l,3,5,...};
Arx) =4 (r.x) t J (4.52)
ARHL(Z‘,X), ifk € {2,4,6,...}.

To explicitly discuss the effect of yy 1 on the reset map, the reset map is rewritten as:

Ak(Tk_,X|1:) = Ak(Tk_axlk_vyst,k—l)'
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Because x|;” = A¢(7,”,x|; ), one has

||x|]—:|| = ||Ak(Tk_7X|k_7yst,k—1)|| S“Ak(Tk_aXb:ayst,k—l) _Ak(rk_axlk_ayst,k—l)u
+ 1A (T X s Vst k—1) — Ar(T 50, y5k—1) ||
ko ko (4.53)
+ | A (7,0, Y5 k—1) — Ar(T 5 0,y5a) ||
+ 1A (T 0, y5a)-
As the desired function ¢ (0) satisfies the conditions (A1) - (A3) in Theorem 5.3, one
has

1Ak (7,0, v51a) || = 0. (4.54)

Because the reset map A (#,X,yy x—1) is continuously differentiable in 7, X, and yg x—1,
there exist a positive number r3 and Lipschitz constants Ly, La , and L, such that the

following inequalities hold for any x(0") € B,,(0):
AT X ysek—1) — BT Xl s Vst - 1) < L | Tk — Tels
| AK(Te X[ s Ysrh—1) — A( T, 0,5 4— 1)1 < La, X[, I3 (4.55)
AT, 0,y k1) — Ar(T 5 0,y50a) || < Ly, [Yst k=1 — Vst al-

From Eqgs. (4.38) and (4.55)), one has

AT X[ Vst 1) — A(T Xl ysek—1)|| < Lo Lr & (T T x| )| (4.56)

for any x(0) € By, (0), where dy = min{ry, r3}.
From Theorem 5.2 and Eq. (4.55)), one has

1AK(T 0, y50 k1) = AT 0,35a)l| < Lay (Xl |+ Ball&(ns T2 x| I (4:57)
for any x(0) € By, (0).
Therefore, from Eqs. (#:53)) - (@.57), one has, for any x(0") € B4, (0),

el 1= AT X[ s Ysrae1) | < (Lay L + Ly Bor) [R(T Ty X )+ (Lo, + Ly ) [

= L% (7 T X ) el D
(4.58)

where L := max(L Lz, +La, Bst, La, + La,)-
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From Eq. (4.26)), one has:

- — 3 (LT,
L e A |
/ (4.59)
— 5= (T —1
HX<T/€’Tk 1’X|k I)H < Cl 262( —Tk-1) “x‘;{tl“

Therefore, from Eqgs. (4.58) and @.59), one has

a3
o | <22y e O (1 e BB e (4.60)

For any € > 0 there exist PD gains Kp and Kp that correspond to sufficiently high

continuous-phase convergence rate 2‘—;2 such that

3
e*@(Tk*Tk)

<l+e. (4.61)

Hence, from Eqs. (4.60) and (4.61), one has
_ 8B A
i I < Be™ 22 nf iy, (4.62)

with B :=2L %(2—1— €) and Aty := 7 — T—; for any x(0) € By, (0).

If Kp and K are chosen such that
_a
Be 2% < | (4.63)

holds, then the sequence {V|{,V|3, V|5 ...} is strictly decreasing for any x(0") € By, (0).
Therefore, if the PD gains are chosen such that A (Kp, Kp) is Hurwitz and that Eq.(4.63))

is satisfied for any x(0") € B, (0), then the closed-loop hybrid system is locally exponen-

tially stable. [

4.5 Simulation Results

Computer simulations on a 3-D bipedal robot with nine revolute joints (see Fig. . 1)) was
performed to validate the proposed walking strategy. Motion planning of ¢ (6) is developed
to find the desired function @ such that necessary constraints are satisfied. To demonstrate

the high versatility of the proposed walking strategy, two sets of desired position trajectory
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on the walking surface are chosen for simulations along with a symmetric walking pattern.
The first desired position trajectory has a constant velocity, and the second one has a time-
varying velocity. For both cases, the proposed walking strategy can realize exponential
tracking of the desired position trajectory in Cartesian space as well as the desired motion
along the contour. Furthermore, the effects of the continuous-phase convergence rate on

the closed-loop stability are illustrated through simulations.

4.5.1 Motion Planning

The objective of motion planning here is to find the desired function @ (6) such that nec-
essary constraints and conditions are satisfied. Planning of the desired position trajectory
s4(t) is not addressed in this Chapter, which is monotonically increasing and continuously
differentiable in ¢ and assumed to be provided by a high-level planner.

Similar to our desired gait design for a fully actuated, planar biped in Chapter 3, op-
timization is utilized to find the desired function @(0) that defines the desired walking
pattern (i.e., virtual constraints). In addition to the conditions (A1) - (A3), the following

constraints are considered in the motion planning:
(B1) Feasibility constraints:

(a) Joint position limits;
(b) Joint velocity limits;

(c) No scuffing the ground of the swing leg.
(B2) Performance specifications:
(a) The desired step distance.

As the focus of this Chapter is on control design and stability analysis, the above list is not
intended to be exhaustive. The Matlab command fmincon is used to search for the desired
function @ (0) such that the constraints (B1) - (B2) are satisfied. The optimization variables
are a; (k € {0,1,2,...,6}) as defined in Eq. (4.8).
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In the following, three sets of 3-D bipedal walking will be simulated, and they share
the same desired walking pattern. The desired contour is chosen as the Y,,-axis. The ini-
tial conditions are chosen such that the tracking errors projected on the joint position and
velocity are the same for three cases:

e, =0.1x[-1,1,-1,1,-1,1,—1,—1,—1](rad);

(4.64)
é,=02x[1,1,1,1,1,1,1,1,1](rad/s).

4.5.2 Exponential Tracking of a Straight-Line Contour with Constant Velocity

The desired motion along the straight-line contour y, = 0 is chosen as:
s4(t) = 0.5t —0.16 (m).

Without loss of generality, the PD gains are chosen the same for all output functions, and

their values are denoted as K, and K, respectively. Choosing
K, =841 and K; = 58,

we obtain a pair of real closed-loop poles at pj > = —29 for the continuous dynamics.
Therefore, A(Kp,Kp) in Eq. (4.25)) is Hurwitz.

Figure 4.2 shows the tracking of the desired walking pattern as defined in Eq. (4.5)). As
clearly shown in the graph, the actual gait converges to the desired walking pattern expo-
nentially. The exponential convergence of y, to the Y;,-axis, which is the desired contour, is
shown in Fig. Also, the desired motion along the Y, -axis is exponentially tracked (see
Fig.{.4). These two plots clearly show the exponential tracking of the desired contour and
the desired motion along the contour is realized. Figure d.5]shows that the actual support

foot position along the Y,,-axis converges to a constant value as predicted by Theorem 5.2.

4.5.3 Exponential Tracking of a Straight-Line Contour with Time-varying Velocity

One of the main advantages of the proposed walking strategy is that it decouples the

higher-level planning of the desired motion along the desired contour from the lower-level
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planning of the desired walking pattern. The walking pattern encoded and planned as in this
study can be automatically used in the contouring tracking of an arbitrary, feasible motion
along the contour. This argument is illustrated with the simulation results in Figs. .6]- 4.9

The same desired function ¢(6) as in the last set of simulations is used here. The

desired position trajectory along the straight-line contour y; = 0 is chosen as:
sa(t) =2.3e7030F05) L 0.6t —2.2 (m). (4.65)
The PD gains K, and K are chosen as:
K, = 625 and Kp = 50. (4.66)

These values yield a pair of real closed-loop poles at p > = —25 for the continuous dy-
namics. Therefore, A in Eq. (4.23) is Hurwitz.

Figures and show that the biped exponentially converges to the desired con-
tour as well as the desired motion along the contour. Also, the desired walking pattern
is exponentially followed as shown in Fig. 4.6] These simulation results validate the high

versatility of the proposed walking strategy.

4.5.4 Effects of Proportional-derivative Control Gains on Closed-Loop Stability

To analyze the effects of PD gains on the closed-loop stability through simulation re-
sults, this set of simulation shares the same conditions as the first set except for the PD
gains. Here, higher PD gains are chosen as compared with the first set of simulations, and
they are selected as:

K, = 6400 and Kp = 160. (4.67)

The corresponding closed-loop poles for the continuous phase are then pj > = —80, which
are much faster than the first simulations. Accordingly, the overall convergence rate is

much faster than the first simulations, as shown in Figs. -
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4.6 Summary

Based on nonlinear feedback control and formal stability analysis, this Chapter has pro-
posed and developed a controller design that can realize exponential tracking of a straight-
line contour for fully actuated 3-D bipedal robots. With the output function designed as the
tracking error of the desired straight-line contour, the desired motion along the contour, and
the desired walking pattern, an input-output linearizing controller was synthesized to drive
the output function exponentially to zero during continuous phases. By carefully selecting
and encoding the walking pattern, hybrid invariance was constructed for the desired motion
at the steady state. The sufficient stability conditions for the hybrid time-varying closed-
loop system were established, and the simulation results on a 9-DOF, 3-D biped confirmed
the effectiveness of the proposed walking strategy in improving walking versatility for fully

actuated bipedal robots.
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Figure 4.2. Exponential tracking of the desired walking pat-
tern h, = 0. Desired contour I';:  Y,-axis. Desired position
trajectory along Ty: sq(t) = 0.5t — 0.16(m). Control gains:

K, = 841; K; = 58. Initial conditions: e, = 0.1 x [-1,1,—1,1,
—1,1,-1,—1,—1)(rad); &, = 0.2 x [1,1,1,1,1,1,1,1, 1)(rad/s).

98



Yh, yh{l(t) (('rn)

0.08F ' I
004+ .
\\
\
0 - — L
o yhd(t) —Yn
d 0.5 7 7.5
t (s)
Figure 4.3. Exponential tracking of a straight-line contour
vp = 0). Desired contour I';:  Y,-axis. Desired position tra-

jectory along TI'y: s4(t) = 0.5 — 0.16(m).  Control gains: K, =
841; K; = 58. Initial conditions: e, = 0.1 x [-1,1,—1,1,—1,1,—1,
—1,—-1]((rad)); &, =0.2x[1,1,1,1,1,1,1,1, 1]((rad/s)).
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Figure 4.4. Exponential tracking of the desired motion s4(¢) along the
contour. Desired contour I';: Y,-axis. Desired position trajectory along
Ly: sq4(t) = 0.5t — 0.16(m). Control gains: K, = 841; K; = 58. Ini-
tial conditions: e, = 0.1 x [—1,1,—1,1,—1,1,—1,—1,—1](rad); ¢, = 0.2 x
[1,1,1,1,1,1,1,1, 1](rad/s).
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Figure 4.5.  Support foot position (xg,Ys).
axis.  Desired position trajectory along I'y: s4(f) = 0.5t — 0.16(m).
Control gains: K, = 841; K; = 58. Initial conditions: e; = 0.1 x
[—1,1,—1,1,—1,1,—1,—1,—1](rad); &, = 0.2 x [1,1,1,1,1,1,1, 1, 1](rad/s).

Desired contour I'y: Y-
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Figure 4.6. Exponential tracking of the desired walking pattern h, = 0. De-
sired contour I'y: Y,-axis. Desired position trajectory along I'y: s4(f) =
2.3¢7030405) 1 0.6t — 2.2(m). Control gains: K, = 625; K; = 50. Ini-
tial conditions: e, = 0.1 x [-1,1,—1,1,—1,1,—1,—1,—1](rad); &, = 0.2 x
[1,1,1,1,1,1,1,1,1](rad/s).
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Figure 4.7. Exponential tracking of a straight-line contour (y, = 0). De-
sired contour I'y: Y,-axis. Desired position trajectory along I'y: s4(f) =
2.3¢7030405) 1 0.6t — 2.2(m). Control gains: K, = 625; K; = 50. Ini-
tial conditions: e, = 0.1 x [-1,1,—1,1,—1,1,—1,—1,—1](rad/s); &, = 0.2 x
[1,1,1,1,1,1,1,1,1](rad/s).
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Figure 4.8. Exponential tracking of the desired motion
sq(t) along the contour. Desired contour I';:  Y,-axis. De-
sired  position trajectory along Ty: sq(t) = 2.3e703(405)
+0.6t — 2.2(m).  Control gains: K, = 625; K; = 50. Initial con-
ditions: e, = 01 x [-1,1,-1,1,—1,1,—1,—1,—1](rad); &, =

0.2x[1,1,1,1,1,1,1,1, 1](rad/s).
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Figure 4.9. Support foot position (xg,yst)- Desired contour
I'y:  Y,-axis. Desired position trajectory along I'y:  s4(f) =
2.3¢7030405) 4 0.6t — 2.2(m).  Control gains: K, = 625; K; =
50. Initial  conditions: e, = 01 x [-1,1,-1,1,—-1,1,—-1,—1,

—1](rad); &, =02 x[1,1,1,1,1,1,1,1,1](rad/s).
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Figure 4.10. Exponential tracking of the desired walking pat-
tern h, = 0. Desired contour I';:  Y,-axis. Desired position
trajectory along I'y:  s4(1) = 0.5t — 0.16(m). Control gains:

K, = 6400; K; = 160. Initial conditions: e, = 0.1 x [-1,1,—1,1,
—1,1,—1,—1,—1](rad); ¢, = 0.2 < [1,1,1,1,1,1,1, 1, 1](rad/s).
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Figure 4.11. Exponential tracking of a straight-line contour
p = 0). Desired contour I';:  Y,-axis. Desired position tra-

jectory along TI'y: s4(t) = 0.5 — 0.16(m).  Control gains: K, =
6400; K; = 160. Initial conditions: e, = 0.1 x [-1,1,—1,1,—1,1,
—1,—-1,—1|(rad); &, =0.2x [1,1,1,1,1,1,1,1, I](rad/s).
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Figure 4.12. Exponential tracking of the desired motion s,4(¢) along the
contour. Desired contour I';: Y,-axis. Desired position trajectory along
Iy: sq(t) = 0.5t —0.16(m). Control gains: K, = 6400; K; = 160. Ini-
tial conditions: e, = 0.1 x [-1,1,—1,1,—1,1,—1,—1,—1](rad); &, = 0.2 x
[1,1,1,1,1,1,1,1, 1](rad/s).
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Figure 4.13. Support foot position (xg,ys). Desired contour I'y:

Y,-axis. Desired position trajectory along I'y: s4(f) = 0.5t — 0.16(m).
Control gains: K, = 6400; K; = 160. Initial conditions: e; = 0.1 X
[—1,1,—1,1,—1,1,—1,—1,—1](rad); , = 0.2 x [1,1,1,1,1,1,1,1,1](rad/s).
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S. TIME-DEPENDENT ORBITALLY EXPONENTIAL STABILIZATION OF
UNDERACTUATED WALKING

5.1 Introduction

Underactuation is a common phenomenon in both human walking and bipedal robotic
walking [111]. When a biped has higher degrees of freedom than the number of actua-
tors, underactuation occurs. For example, bipedal robots with point feet are underactuated
because they have no ankle actuators. Even for bipedal robots with full-sized feet, under-
actuation may occur when the support foot rolls about its edge. Robots with compliant
transmission systems are also underactuated [28] [109]]. Hence, it is important to study
walking control for underactuated bipedal robots.

Underactuation is more difficult to handle than full actuation due to the lack of actu-
ators to control each joint. Thus, it is challenging to improve the walking versatility of
underactuated walking by utilizing a controller design that is based on full-order dynamic
modeling and formal stability analysis. Instead, we will focus on improving the robustness
of underactuated periodic walking by developing a time-dependent feedback controller that
orbitally exponentially stabilizes underactuated walking. This Chapter focuses on the more
difficult problem of stabilizing underactuated walking, and the result of this Chapter can be
applied to fully actuated walking as well.

Motion control of underactuated bipedal robotic walking has been extensively stud-
ied 9] [10] [28] [50] [[77] [102] [103] [105] [110] [138] [161] [162]. Because of the cyclic
nature of normal bipedal walking, periodic gaits are the focus of these studies. As re-
viewed in Chapter 1, the HZD framework has been heavily focused on orbital stabilization
of underactuated walking. Besides the HZD framework, the stabilization of underactuated
bipedal robotic walking has also been studied based on transverse linearization and op-

timal control [77] [93] [95]]. A transverse coordinate is analytically constructed along a
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periodic orbit in the state space, and the transverse dynamics are linearized based on which
a receding-horizon controller is synthesized to stabilize the orbit. In addition, stable under-
actuated walking has been achieved based on reduced-order dynamic modeling and energy
regulation as well [28]].

In all of the above-mentioned studies that are developed based on the HZD framework,
the output function is defined by the tracking error of the desired walking pattern, which
can be encoded by functions of joint positions [[S0] [102] [[103], angular momentum [106],
velocity [[105], and/or time [[107] [[162]. Previous studies have shown that state-based en-
coding can cause implementation issues due to sensor noise and that the time-dependent
encoding can solve that problem effectively by improving the robustness of the closed-loop
control system [107]]. Therefore, it is meaningful to investigate time-dependent control and
provide stability conditions for the closed-loop system.

When states such as joint positions, angular momentum, and/or joint velocities are
used to define the output function, the resulting closed-loop system is autonomous whose
stability can be evaluated by the first approximation of the Poincaré return map at the fixed-
point on the Poincaré section [7]. However, when the encoding variable is chosen as time,
the output function becomes an explicit function of time, and the closed-loop dynamics will
be aperiodically time-varying with internal dynamics caused by underactuation. Since it is
not straightforward to evaluate the stability of a periodic orbit for such a system, no explicit
conditions for orbitally exponential stability are provided in the previous studies on time-
dependent feedback control [107] [162]. Sufficient conditions for exponentially stabilizing
underactuated bipedal walking have also been developed based on time-dependent open-
loop control [98]], but open-loop control is problematic when dealing with uncertainties and
modeling errors in the real-world environment.

In this Chapter, sufficient conditions for orbitally exponential stabilization of under-
actuated walking are developed based on time-dependent feedback control. The output
function is designed as linear combinations of the actual joint positions and some desired
time functions, which leads to an aperiodically varying closed-loop system. To evaluate

the stability of the nonautonomous closed-loop system, a new state variable is introduced
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and used to define an augmented set of states. The system dynamics in terms of the aug-
mented states are autonomous whose stability is more straightforward to evaluate than that
of the original, aperiodically varying system and is thus used to determine the closed-loop
stability conditions. Because the stability of the zero dynamics caused by underactuation
can only be affected by the definition of output function but not the control law, the def-
inition of output function is systematically optimized in motion planning so as to satisfy
the proposed stability conditions and create an exponentially stable orbit of the closed-loop

system.

5.2 Problem Formulation

In this Chapter, a feedback control law based on input-output linearization will be pro-
posed to stabilize the walking process for an underactuated biped model. In problem for-
mulation, the full-order dynamics of underactuated bipedal robotic walking will be first
established, which will be utilized in the proposed model-based controller design. For no-
tational simplicity and without loss of generality, the support-swing gait characterization
is utilized to describe the gait. Then, the desired gait is presented, which is periodic and

symmetric.

5.2.1 Planar Walking Dynamics under Support-Swing Gait Characterization

A planar bipedal robot with five revolute joints and point feet is shown in Fig.[5.1] Be-
cause this biped has point feet instead of finite-sized feet, its ankles are not actuated. Hence,
this biped has four actuators, and it is underactuated. Also, this planar biped satisfies all of
the model assumptions listed in Section[2.3] Its model parameters are given in Table 5.1}

Without loss of generality, we only consider symmetric gaits in this Chapter, and the
robot’s gait is characterized by the support and the swing legs. When the support-swing
gait characterization is used to describe a bipedal gait, a complete gait cycle will consist of

two subphases — a single-support phase (SSP) and an instantaneous double-support phase

(DSP) (see Fig.[5.2).
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Figure 5.1. A planar biped with five revolute joints. (I;, > and /3 are the
lengths of the lower limbs, the upper limbs, and the trunk, respectively.)

Table 5.1.
Mass and length parameters of the planar biped model in Fig. [5.1]

my (kg) may (kg) mr (k) 11, h, 3 (m)

3 6 20 0.4

Define the joint position q as

q1
q2
qa= |[q3| €0, (5.1
q4
4qs

where Q C R’ is the configuration space of the bipedal robot when the support leg is in

static, full contact with the walking surface and the joint position limits are satisfied, g
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(a) (b)

Figure 5.2. An underactuated planar biped represented by the support-swing
gait characterization. (a): The right leg is in support. (b): The left leg is in
support. (The left leg, the right leg, and the trunk are represented in blue,
green, and orange colors, respectively.)

and g, are joint positions of the support leg, g4 and g5 are joint positions of the swing leg,

and g3 is the joint position of the trunk. Let

uj
12%)
u3
Uy

represent the joint-torque vector as illustrated in Fig.[5.2]

The switching surface S,(q,q) is defined as
S(q,4) :={(q,9) € TQ: zsw(q) =0, Zsv(q,4) <0}, (5.2)
where z;,(q) is the height of the swing foot above the walking surface and
Zsw(q) := 11 cos(q1) + lrcos(q) — I cos(ga) — 11 cos(gs).

The hybrid walking dynamics can be compactly written as:

M " v‘ :Bu7 f 77.7 S 3‘;
(q)d+c(q,q) u, if(q7,q7) ¢ S,(q,9) 5.3)

Q"4 =A(q,q7), if(q7,q7) € S,(q,q);
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where M : O — R53%5 is the inertia matrix, ¢ : 0 — R is the sum of the Coriolis, the
centrifugal, and the gravitational terms, B, : R>*4 is the input matrix and is full column
rank, u € R? is the joint-torque vector, and A : TQ — R!9 is the reset map. The expressions
of M, ¢, and B, are given in Appendix [C.I] Due to space limitation, the derivation instead

of the expression of A is given in Appendix

5.2.2 A Periodic Symmetric Gait

Before introducing the control law, we shall first describe the desired periodic gait,
which corresponds to a periodic orbit in the state space. The desired periodic gait in this
study is defined as symmetric. A gait is called symmetric if the relative evolution of joint
positions (i.e., walking patterns) characterized by the support and the swing legs is identical
for both the left-leg-in-support and the right-leg-in-support phases. However, the proposed
controller synthesis in this Chapter can be readily extended from symmetric gaits to asym-
metric gaits by recharacterizing the gait with the left and the right legs instead of the support
and the swing legs [[140].

Suppose that the walking process begins with the initial moment of a single-support
phase (SSP) at 7 = £ . Without loss of generality, define 7o = 0. Let G4(¢) denote a set of

desired joint position trajectories defined by the desired orbit,

)
)
)| eR, (5.4)
)
)

and then
Qu(t) = qq(t +kt), V1 >0, (5.5)

where k € {1,2,...} and the positive number 7 is the least gait cycle of the desired gait. The

desired periodic orbit, where (qy(2),qq(2)) resides, can then be formally defined as

Ly:={(q,94) €TQ:q=7q4(r), q=qq(1), t > 0}.
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Due to the coordinate swap and the rigid impact, q,(¢) is piece-wise continuous with
discontinuities caused by the desired swing-foot touchdown at 7y = k7, k € {1,2,...}. With-

out loss of generality, define 79 =19 = 0.

5.3 Model-based Feedback Control through Input-Output Linearization

Although the control objective is to realize exponential convergence to the desired orbit
[y, qq(t) cannot be directly used to define the output function. The reasons are that the
landing moments associated with g, (#) do not necessarily coincide with the actual ones
and that both joint positions and velocities experience sudden jumps upon a swing-foot
landing. Therefore, the desired periodic joint trajectories q () are modified to define the

desired time functions qg (%),

ol

q2a4(t)

ga(t)| ER. (5.6)
(r)
(1) ]

qaallt

| 9541
Let 7}, (k € {1,2,...}) denote the moment of the k' actual swing-foot landing. Without loss
of generality, define Ty = o = 0. During the (k4 1)” step, the desired time functions qg(z)

are defined as
qq(t) :==qo(t —Tx), Vt € (Ti, Tit1], (5.7)

where qo(t) € R’ is a smooth extension of qu(¢) from ¢ € (0,7] to t € (—oo, +o0). The
definition of qu(¢) indicates that the discontinuities of q,(7) are at T}, (k € {1,2,...}) instead
of 7 and that q4(7;") = @4(7;"). An illustration of g24(¢) and g24(¢) is shown in Fig.
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Figure 5.3. An illustration of gp4(¢) and go4(7).
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In our previous study [142], the lower-limb joint position of the support leg g (¢) is

chosen as the indirectly controlled joint, and the directly controlled joints q,(z) are denoted

as: o
q2
q3
e €0, C0O. (5.8)
q4
_qs_
The output function y is then defined as
Y =da—qaa(t), (5.9)
where _ _
q24(t)
q3a(t)
Qua(t) == e R*. (5.10)
qaa(?)
| g5a(t) |

This previous definition is limited in the sense that the definition of output functions is fixed
and thus cannot be optimized in order to find a stable gait in motion planning. Although
the proposed feedback controller can directly drive y(¢) to zero as t — o, the stability of
internal dynamics caused by the underactuation is also affected by the definition of output
function [76]]. Therefore, a more general definition of output function is introduced and
investigated, from which a systematic optimization method for finding a stable gait will be
proposed and presented in Section[5.5]

Introducing the coordinate transformation as

qri
qr2
qr := |gr3| = Hrq, (5.11)

qr4

qrs

where Hy € R is a nonsingular matrix, we then design the output function y as:

y = H(qr — qra(1)), (5.12)



where H € R** is full row rank and

qriall

qr24\t

(

(

ara(t) = | qraq(t
qraa(t

(

qrsql\l

)
)
)| =Hrqq(2).
)
)]

The continuous-time dynamics during an SSP in Eq. (5.3) becomes
Mr(qr)dr +cr(qr,qr) = Buu,

where Mr(qr) := M(H}qu)H;1 and c7(qr,qr) := c(H}qu,H;qu).

The reset map is obtained as:

Ar(qr,qr) = HrAH;'qr, Hy 'qr).
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(5.13)

(5.14)

(5.15)

Without loss of generality, suppose that g7 is not directly controlled. Denote the di-

rectly controlled variables as qr,:

qrq := Hqr = ,

where

Accordingly, denote

qrad(t) == = Hqry(t).

(5.16)

(5.17)

(5.18)
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From Eq. (5.14)), one has
ir =M;' (B,u—cr). (5.19)
From Egs. (5.12) and (5.19), it can be obtained that

¥ =HM; 'B,u— (M, er +drq())). (5.20)

Assume that there are no disturbances or modeling errors and suppose that HM . B, is

globally invertible [50]. Then, input-output linearization is utilized to construct the control

law based on Egs. (5.14) and (5.20),

u=(HM;'B,) ' (v+HM; er +drq(t))), (5.21)

which linearizes the nonlinear dynamics in Eq. (5.14) into
y=v (5.22)
during each continuous phase. If v is chosen as a proportional-derivative (PD) control law,
v=—Kpy — Kpy, (5.23)

where Kp € R4 and K € R*** are positive-definite diagonal matrices, one then obtains

the following linear dynamics of output function:

y 0 |
y _ [ Paxa e y — A(Kp,Kp) y 7 (5.24)
v |-Kr —Kp| |y y

where 04,4 € R*** is a zero matrix and Ly.4 € R*** is an identity matrix.

Suppose that HM . lBu is globally invertible [50]. Furthermore, if the PD gains in Kp
and Kp are designed properly such that A is Hurwitz, then y will exponentially converge
to zero during each continuous phase, and the convergence rate can be adjusted by tuning
Kp and Kp [[76].

Let x denote the full state space. Define

X
x:=| ey, (5.25)
X2
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where x| := qr and X3 := qr. Accordingly, define

X1a(t) Qra(t)

%(1) := = | c R, (5.26)
X4 (1) Qra(?)
From Eq. (5.2)), the switching surface S(x) can be written as:
d
ﬂ@::&ex:w@%ﬂL§¥m<0L (5.27)
1

where y/(x) ::zSW(H}]xl). From Eqgs. (3.12)), (5.14)), (5.21)), (5.23), and (5.27)), the closed-

loop control system can be rewritten as:

x=f(t,x), ifx¢S(x), (5.28)

Ax =1(x), ifxe S(x),
where Ax(¢) = x(t7) — x(¢) and the expressions of I(x) and f(z,x) are given in Appendice
D] For notational simplicity, left continuity at a switching moment is assumed here, i.e.,

x(1r) =x(t7).

5.4 Closed-Loop Stability Analysis

With the proposed feedback control law, the output function will be driven to zero
at an exponential rate determined by the gain matrices Kp and Kp. However, internal
dynamics exist due to the underactuation, which determines the closed-loop stability [76].
It is, therefore, necessary to investigate the sufficient conditions for closed-loop stability.
In contrast to previous studies where the internal dynamics are explicitly considered in
the stability analysis [50] [[77] [[102] [103], the stability conditions will need to be derived

based on the complete closed-loop control system.

5.4.1 Augmented Autonomous System

The stability of the nonlinear, aperiodically varying, hybrid closed-loop system in Eq.
(5.28) is challenging to evaluate. However, it can be converted into an equivalent, au-
tonomous system, based on which the closed-loop stability conditions are established in

this section.



122

Introduce a new variable p as
p=1t—"T Vt € (T, Trr1], k€{0,1,2,...}. (5.29)

From Eq. (5.29)), p can be viewed as a phase indicator of the actual walking process within
each step. Another important property of p is that it is reset to zero at the initial moment
of each step; that is, p(T,j) =0, k€ {0,1,2,...}. By its definition, one can obtain the
dynamics of p as
p=1, if x ¢ S(x); (5.30)
Ap =—p, ifxeS(x);
where Ap(¢) :=p(t7)—p(t)” = p(t7) — p(¢). When all of the joints follow the desired pe-

riodic trajectories q,(¢) exactly, the phase variable p will also evolve on its desired periodic

trajectory py(t) given by
Pa(t) =1 — T, Vt € (Te, Tesn], k€ {0,1,2,...}. (5.31)
From Eqgs. and (5.29)), q4(¢) can be rewritten as
9a(1) := qo(p)- (5.32)

Hence, from Egs. (5.14), (5.21)), and (5.32), f(z,x) can be rewritten as some function g(p, x)

during a SSP. The expression of g(p,x) is given in the Appendix [E|

Introduce the augmented state X, as

%= |P| €%, (5.33)

X

where ¥, C R!! is the augmented state space. Accordingly, denote

Roa(t) = 0 (5.34)

X,(t)

Then, an autonomous system equivalent to Eq. (5.28) can be obtained as

X, = 8(Xe), if X, & Se(Xe); (5.35)

Ax, = L,(x.), ifx, € S.(Xc);
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where
1 —p
g.(X,) := , L(Xe) i= , (5.36)
g(p,x) I(x)
and the switching surface is defined as
—1 Y,
Se(Xe) = {XeXe : We(xe) = st<HT Xl) =0, 8_X<Xe)ge(xe) < O}-

The expression of g.(p,x) is given in Appendix

5.4.2 Stability Conditions

Stability of the hybrid periodic orbit I'; can be numerically evaluated in two equivalent
ways. One is the method of Poincaré section [50], and the other is based on the mon-
odromy matrix of the variational equation [[79] [98]. We shall employ the second method
to establish the closed-loop stability conditions.

The variational equation of the augmented autonomous system in Eq. (5.35) can be

obtained as [[79]]:

dz, 0Jg.,_ )
= —(Xeq(t))ze, ift# 1y
Q- oy, () s (5.37)
Az, = M.z, ift =1,
where 5
o1 N, | F=
My = 55+ —g— 5 “gl 50~ (5.38)
aXe 8X€ ig
ox, 8¢
and
8o = ge<ied(fk))7 g;r = ge(ied(flj))v
M, oL, v, oy, (5.39)

= —(Xed (1)), == (Xed(Tr))-
axe axe( Ed( k)) axe axe( Ed( k))
The closed-loop stability conditions are now introduced based on the equivalence of the
original and the augmented systems.

Theorem 5.1 (Closed-loop Stability) Let the following conditions hold:

oIy

(A X(id(fk))id(fk) # 0;
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(A2) There is no beating at a landing impact;

(A3) The monodromy matrix of the linear, periodically varying system in Eq. (5.37) has
only one unity-modulus eigenvalue, and the moduli of all the other eigenvalues are

strictly less than one.

Then, X;(¢) is a locally orbitally exponentially stable solution of the closed-loop system in
Eq. (5.28); that is, the hybrid periodic orbit I'; is locally exponentially stable. [
Proof : The linear system in Eq. is the variational equation of the augmented au-
tonomous system in Eq. [163]. It can be proved that the biped model in Eq.

satisfies the following conditions:

1. The function f: R x y — R?" is piecewise continuous on € RT and continuously

differentiable on x € y;
2. The function I: ¥y — R?" is continuously differentiable on ¥;
3. The function zg, : Q@ — R is continuously differentiable on Q.

Then, by Theorem 1 in [163]], the condition (A3) guarantees that there exists a positive
number & > 0 such that for any x,(0) € Bg(I"), where T'py := {X, € Xe : Xe = Xeq(t),t > 0},
X, (1) will converge to the periodic orbit I',; exponentially fast for the system in Eq. (5.35]).
Because the original system in Eq. (5.28)) is equivalent to Eq. (5.35)) and by the definition
of X4 in Eq. (5.34)), x4(¢) is a locally orbitally exponentially stable solution of the original
closed-loop system in Eq. (5.28). [

These three conditions are straightforward to evaluate in motion planning. Because we
are dealing with orbital stabilization, the monodromy matrix of the variational equation in
Eq. always has a unity-modulus eigenvalue. Therefore, according to the condition
(A3), the eigenvalue with the largest modulus among all the other eigenvalues determines
the stability of the hybrid periodic orbit I'; and is denoted as A;. Also, there is always
an eigenvalue zero because p is reset to zero upon an impact, and this property will be

formally summarized in the next subsection.
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5.4.3 Obtaining the Eigenvalues of a Monodromy Matrix

Because applying Theorem 5.1 requires the evaluation of the eigenvalues of the mon-
odromy matrix in the condition (A3), steps to obtaining a monodromy matrix of the varia-
tional equation in Eq. are explained in details.

Let Z.(t) € R""*!! be a fundamental matrix of the linear, periodically varying system
in Eq. (5.37). The monodromy matrix W, € R associated with Z,(¢) is a nonsingular
(constant) matrix such that Z,(r + 7) = Z.(t)W, for r > 0 [79]. Note that the monodromy
matrices associated with different fundamental matrices are similar, and thus they share
the same set of eigenvalues. Therefore, if Z,(0") is chosen as an identity matrix Ijjx1; €
RIIx11

, one has

Z.(t7) =Z.(0T)W, = W,, (5.40)

and the monodromy matrix W, can be obtained by numerically computing Z.(7"). Specif-
ically, let Zo1(t), Zez(t),..., Ze10(t), and z.11(¢) € R!! be the solutions of Eq. under
the initial conditions z. (0") = [1,0,0,...,0,0,0]”, z,,(07) = [0,1,0,...,0]7, ..., Z.10(0T) =
0,0,0,...,0,1,0]7, and z.1{ (0T) = [0,0,0,...,0,0,1]7, respectively. Then, one has

We:[zel(f—i_)a Ze2(7+), ooy Z810(1+)7 Zell(T+>]' (541)

Note that z,;(") (i € {1,2,...,11}) can be computed numerically.
To reduce the computational burden of obtaining the monodromy matrix W,, it can be
analytically decomposed as summarized in Theorem 5.2.

Theorem 5.2 (Analytical Decomposition of Monodromy Matrix) Define

Iy
B 2l | n 2l | Ix
Mk—g—k[g —8- 54 ]Eg’
ox
(5.42)
W, = Z](T), ZZ(T), ceny Z]()(T) s
WP_ZP(T)’
where
g:=g(Xq(w)), g i=g(X(1)),
a1 oI, vy dy (5.43)



z1(t), 22(t),..., 29(t), and z;o(¢) € R!? are the solutions of

dz dg, _
= _=2 t

O

under the initial conditions

Z1(0+)

1,0,0,...,0,0]7,

7,(0%) =10,1,0,...,0,0]7,

ceey

79(0") =10,1,0,...,1,0]7,
and

z10(07) =[0,0,0,...,0,1]T,
respectively, and z,(¢) is the solution of

dz Jg,_ og
s _-5 t -5

R
under the initial condition z, (07) = 059 .

S (1)

Then, W, in Eq. (5.41]) can be decomposed as

(5.45)
oy oy
Ix W Jx WC
W, = Mg P Yo (5.46)
(Mg +Ti0x10)Wp (Mg +Ti0x10)We
[ |
Proof: By the definitions of My, and My, one obtains
ay
0 2
Mye +1i1x11 = x8 (5.47)
010x1 My +Tiox10
Denote
Weei=|2(1), 22(1), o zet0(D), zenn(7)]- (5.48)
Then, by the definition of z;(7) (i € {1,2,...,11}), W,, and W, one has
1 0
Wec _ 1x10
W, W,

(5.49)
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(5.44)
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Then, from Eqgs. (5.37) and (5.41),
W, = (Mg, +T11x11)Wee. (5.50)

Therefore, from Egs. (5.47), (5.49), and (5.50)), one obtains

y y

WW WW
W, = Ny P My . (5.51)

(My +Ti0x10)Wp (Mg +Ti0x10)We

|
By Theorem 5.2, W, can be computed by integrating the 10""-order differential equa-
tions in Eqgs. (5.44) and (5.43)) instead of the 11""-order differential equation in Eq. (5.33)),
which leads to a relatively lower computational load.
Besides matrix decomposition, another important property of W, is summarized in
Theorem 5.3.
Theorem 5.3 (Zero-modulus Eigenvalue of Monodromy Matrix) Any monodromy ma-
trix of the variational equation in Eq. always has an eigenvalue zero. |
Proof: From Eq. (5.47), My, + 11111 is a singular matrix that possesses an eigenvalue
zero. Hence, from Eq. (5.50), W, has an eignenvalue zero. Because different monodromy
matrices associated with different fundamental matrices are similar and share the same
eigenvalues, any monodromy matrix of the variational equation in Eq. has an eigen-

value zero. [ |

5.5 Systematic Optimization of Output Function Design

In order to find an exponentially stable hybrid orbit I'; with desired features, a sys-
tematic optimization approach has been developed. There are several reasons why opti-
mization is needed for finding the desired hybrid orbit I';. First, due to the underactuation,
I'; should satisfy the continuous-time zero dynamics during an SSP as well as the peri-
odicity constraint at switching. Second, the desired gait should meet necessary feasibility
constraints, such as torque limits, joint position and velocity limits, and ground-contact

constraints. Third, there may be other performance specifications on walking speed, step
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length, energy consumption, etc. Last but not the least, the stability conditions in Theorem
5.1 should be satisfied to realize orbitally exponentially stable walking. Note that internal
dynamics exist due to the underactuation and that its stability depends on the definition of
output function. Therefore, the closed-loop stability is determined by both the feedback
controller and the definition of output function.

There are two steps in the proposed systematic optimization. The first step is to find a
hybrid periodic orbit that meets necessary constraints. Because the same periodic orbit ob-
tained from the first step may have different stability properties under different definitions
of output function, the second step is to guarantee that the orbit obtained from the first step
is exponentially stable by optimizing the definition of output function in Eq. (5.12)). Specif-
ically, the transformation matrix Hr in Eq. is optimized to ensure the closed-loop
stability.

Without loss of generality, the optimization constraints are limited to the following

items:

(R1) Periodicity;

(R2) Hybrid walking dynamics in Eq. (5.3));
(R3) Feasibility constraints:

(a) joint position limit;
(b) joint velocity limit;

(c) no scuffing the ground for the swing leg;
(R4) Performance specifications:

(a) the desired range of step period T;

(b) the desired step distance;

(RS) Orbitally exponential stability.
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5.5.1 Step 1: Finding Periodic Gaits

The first step of the proposed motion planning is to reach the requirements in (R1) -
(R4), which is inspired by the method based on walking pattern encoding [7] [[102] [[103].

Without loss of generality, choose the lower-limb position ¢ of the support leg as the
encoding variable to define the walking pattern of q,. Then, there exists a unique walking

pattern ®(g1) € R?* that corresponds to q,(¢) and satisfies

Qaa (1) = P(q1a(1)) (5.52)
ont € (0, 7], where i .
G2a(t)
Qaa(t) := Tal?) cR*. (5.53)
Gaa(t)
| 95d() |

The walking pattern ®(g;) can be parameterized by Beziér curves [[103]. Here, we choose

to use 6"-order Beziér curves (M = 6),

M M!

R - ek M-k
®(q)) :=P(s) '_k;)a"k!(M—k)!s (1—s5) (5.54)
with
§= M7 (5.55)
ao4 —daes
where L
k1
a
agi= | | eR¥™! ke {0,1,...,6), (5.56)
a3
_ak4_
is an unknown parameter to be optimized.
Then, quq(f) can be written as
. 2 _ - — o
Qaa(?) = %—5(61151)61@@) +52(q10)d1a (1), (5.57)

ont € (0,1].
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Let B;- denote a 1 x 5 matrix that satisfies B;"B,, = 0. Multiplying both sides of Eq. (5.3)
by B+ and substituting Eq. (5.57) into Eq. (5.3)), one obtains

a(G1a())dra(t) + B(@1a(t))d14(1) + ¥(G1a(t)) = 0 (5.58)

ont € (0, 7], where the expressions of ¢, 3, and ¥ can be derived from Eq. (5.3).
Suppose that p; () (t > 0) is a solution of Eq. (5.58)) with the initial condition [0, ®;¢] :=
[p1(07), p1(07)]. Define

pip):=| 71| (5.59)
®(p1)
If there exists a positive constant T such that
p(p1(7) € 5,(p.p) (5.60)
p(p1(7))
and _
P _ Py (), p0(0))
p(pi1(t7)) p(p1(7)) (5.61)
_ p(p1(07))
| p(p1(07))
hold, then
(_]d(l‘) = p([ — Tk), YVt € (Tk,Tk_H], ke {0, 1,2, }, (562)

is a periodic solution of the continuous-time zero dynamics and the reset map for ¢ > 0;
that is, X4(¢) = [qq(2);qq(?)] (¢ > 0) is a periodic solution of the closed-loop dynamics in
Eq. (5.3) under the control law in Egs. (5.21)) and (5.23).

In the first step of optimization, the optimization variables are chosen as a, (n € {0, 1, ...,6}),

010, and w;o. To achieve energy-efficient walking, the integral-squared motor torque per

step distance is minimized, and the cost function J is defined as [[7]:

1 T
7= [ luao)Par (5.63)
0

where d is the step distance and u, is defined by substituting q = q; = p and ¢ = gy =
;—;’1 p1 into Egs. (5.21)) and (5.22)). This constrained nonlinear optimization problem can be
solved by the MATLAB command fmincon.
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5.5.2 Step 2: Optimization of Output Function

In Step 2, the objective is to optimize the definition of output function so as to meet
the closed-loop stability requirement in (RS). The optimization variables are the elements
of Hy. The single constraint in Step 2 is that Hy should be nonsingular. The MATLAB
command fmincon is again utilized to optimize the eigenvalues of the monodromy matrix
associated with Eq. such that there is only one unity-modulus eigenvalue and that
the largest modulus |A| of all the other eigenvalues is strictly less than one.

Note that the optimization results can be a local optimum instead of a global one. Fur-
thermore, not all of the necessary ground-contact constraints are considered here, for ex-

ample, the friction-cone and the unilaterality constraints.

5.5.3 Optimization Results

The proposed optimization method is applied to the planar biped model in Fig. [5.1]
After the first step of optimization, the energy consumption is minimized to 2134.40 (N2 -
m-s), the step length is 0.41 (m), and the walking speed is 0.85 (m/s). The optimization

variables are found to be:

6y = —0.36 (rad),

wp = 3.39 (rad/s),

ag = [—0.16,0.18,0.23,0.34]" |

a; =[—0.27,0.27,0.02,0.67]7,

a; =[—0.24,0.19,0.10,0.62])",

a3 = [—0.53,0.62,—0.34,1.13]",
as = [—0.38,0.43,-0.22,—0.11]7,
as = [0.61,0.04,—0.17,-0.56]",

ag = [0.23,0.16,—-0.07,—0.34]".
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With the control gains chosen as Kp = diag[40000,40000,40000,40000] and Kp =
diag[400,400,400,400], the stability index A, is optimized to be |A;| = 0.56 after the second
step of optimization. The moduli of the other eigenvalues are 1.00, 0.53, 0.00, 0.00, 0.00,
0.00, 0.00, 0.00, 0.00, and 0.00. Hr is found to be

(010 003 0.1 001 —005
0.02 —0.11 0.02 —0.05 0.11
Hr =1 0.10 -0.00 —0.02 0.05 0.01 |. (5.64)
—0.01 0.10 —-0.02 0.06 0.09
003 004 015 001 000

5.6 Simulation Results

The proposed walking control is implemented on a planar biped model (see Fig.
with the optimization results in Section[5.5] Simulation results show that orbitally exponen-
tial stabilization is achieved based on the proposed time-dependent control. Furthermore,
the effects of the definition of output function, as well as the PD gains, on the closed-loop

stability are illustrated with simulation results.

5.6.1 Orbitally Exponential Stabilization

Based on the output function design in Egs. (5.12) and and the proposed control

design, ten steps of walking are simulated with initial conditions and PD gains specified as:

[ 0.1 ] [ 0.1 ]
—0.1 —0.1
q(0") —qq(0%) = | 0.1 | (rad), q(0") —qq(0") = | —0.1| (radss);
0.2 0.2 (5.65)
_—0.2_ I 0.2 |

Kp = diag [40000, 40000, 40000, 40000] ;

Kp = diag [400, 400, 400, 400] .
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Under the proposed control law with the above PD control gains, the directly controlled
variables qr,(7) should converge to the desired time functions qr,,(¢) exponentially fast
during each continuous phase, which matches the results in Fig. [5.4 Figure [5.4] shows
the actual transformed variables q7(¢) and the desired time functions qr4(¢) during the
ten steps of walking. Within each step, the directly controlled variables qr,(¢) indeed
exponentially converge to the desired time functions qr,4(¢), which means that the output
function y converges to zero exponentially fast. This is because the PD gains in Eq. (5.65))
guarantee that A(Kp,Kp) in Eq. is Hurwitz.

With the proposed optimization method in Section[5.3] the optimized definition of out-
put function in Egs. (5.12) and (5.64)) should ensure the exponential stability of the desired

periodic orbit I';. As shown in Fig. all of the actual joint trajectories q(z) do not con-
verge to the desired periodic joint trajectories g (7). Instead, they converge to the desired
orbit I'; where X;(¢) resides. Furthermore, there is a constant steady-state phase delay be-
tween q(¢) and q,(¢); that is, there exists a constant number AT such that q(7) = qu(t +AT)
at the steady state. To show the exponential stability of the desired orbit I'; clearly, the rel-
ative evolution of ¢s () with respect to gs(¢) during the ten steps is shown in Fig. which
indeed shows the exponential convergence of the actual joint trajectories to the desired orbit

T,.

5.6.2 Effects of Output Function Design on Closed-Loop Stability

As discussed previously, the design of output function affects the stability of internal
dynamics and is thus optimized in Section[5.5] To illustrate the effects of output function on
closed-loop stability, a different design of output function other than the optimized one is
applied in the control design, based on which bipedal robotic walking is simulated. Define
the output function as in Eq. (5.9), or equivalently, set the coordinate transformation matrix
Hry in Eq. as an identity matrix Hy = Isys. Then, qr = q, qr4 = qq, and Q74 = qq.

Since the definition of output function is different from the optimization results, it is

expected that the eigenvalues of the monodromy matrix associated with Eq. (5.37) will
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also be different. The modulus of A, under the output function definition in Eq. is cal-
culated as |As| = 3.93, and the moduli of the other eigenvalues are 1.00, 0.25, 0.00, 0.00,
0.00, 0.00, 0.00, 0.00, 0.00, and 0.00. Because |As| > 1, the desired periodic orbit I'; ob-
tained in Section[5.5]is unstable under the output function definition in Eq. (5.9)). Figure[5.7]
shows the divergence of the actual joint trajectories q(¢) from the desired periodic orbit I';.
This comparison confirms that the definition of output function can affect the closed-loop

stability.

5.6.3 Effects of Proportional-derivative Control Gains on Closed-Loop Stability

The effects of PD gains on the closed-loop stability are also investigated. The PD
gains are changed to Kp = diag[400, 400, 400, 400] and Kp = diag[40, 40, 40, 40]. The
corresponding |As| is computed as |A;| = 0.98, and the moduli of the other ten eigenvalues
are calculated to be: 1.00, 0.96, 0.03, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, and 0.00. The
simulation result in Fig. shows that the actual joint trajectories () converge to a small
neighborhood of the desired orbit within five steps, while Fig.[5.5|shows the convergence to
the same neighborhood in about four steps. The simulation results seemed to indicate that
the output function should converge to zero sufficiently fast to guarantee the closed-loop
stability. In our future study, the effects of PD gains on the closed-loop stability will be

analyzed based on formal theorem proof.
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Figure 5.4. Exponential convergence of the actual tra-
jectories qr(t) to the desired time functions qry4(f) during
each continuous phase. Control gains: Kp = diag[40000,
40000,40000,40000]; Kp= diag[400,400,400,400]. Initial condi-

tions: q(0)—qg(0)= [0.1,-0.1,0.1,0.2,—0.2]7 (rad);  q(0)—qu(0)=
[0.1,-0.1,—0.1,0.2,0.2]7 (rad/s).
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Figure 5.5. Exponential convergence of the actual joint
trajectories q(z) to the desired orbit T. Control  gains:
Kp = diag[40000,40000,40000,40000]; Kp = diag[400,400,

400,400]. Initial conditions: q(0) — qq(0) = [0.1,—0.1,0.1,0.2, —0.2]7 (rad);
q(0) —qq(0) = [0.1,—0.1,—0.1,0.2,0.2] 7 (rad/s).
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Figure 5.6. Exponential convergence to the desired orbit I';.

—q1(t)--q1a(t) —q5(t) -~ @sa(t)

Figure 5.7. Effects of output function on closed-loop stability: divergence
of the actual joint trajectories q(¢) from the desired orbit I'y. Control gains:
Kp = diag[40000, 40000,40000,40000]; Kp= diag[400,400,400,400]. Ini-
tial conditions: q(0)—qg(0)= [0.1,-0.1,0.1,0.2,—0.2]7 (rad); q(0)—@q.(0)=
[0.1,—0.1,—0.1,0.2, 0.2]7 (rad/s).
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Figure 5.8. Effects of PD gains on closed-loop stability: exponential con-
vergence of the actual joint trajectories () to the desired orbit I';. Con-
trol gains: Kp = diag[400, 400,400,400]; Kp= diag[40,40,40,40]. Ini-
tial conditions: q(0)—qg(0)=[0.1,—-0.1, 0.1,0.2,—0.2]7 (rad); ¢(0)—q(0)=
[0.1,—0.1,—0.1,0.2,0.2]7 (rad/s).

5.7 Discussions and Extensions

The proposed walking strategy including motion planning and control design is intro-
duced based on a planar biped model with five revolute joints and point feet. A DSP is
assumed to be instantaneous, and there is a single degree of underactuation (DOU) during
an SSP. A more general biped model should include more joints, full-sized feet, a finite-
time DSP, and high DOU during an SSP. To point out the practicality of the proposed

walking strategy, the extension to such a biped model is discussed.
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5.7.1 From One to High Degrees of Underactuation

A biped model with a compliant transmission system may have high Degrees of Un-
deractuation (DOU) [[103]]. Since the incorporation of a compliant transmission system can
potentially reduce the energy consumption of robotic walking, it is necessary to extend
the proposed strategy to such models. Although the biped model considered in this study
has only a single DOU, the proposed motion planning, control design, and stability condi-
tions are general in terms of DOU. Thus, the results of the proposed walking strategy can
be applied to bipedal walking with high DOU, as long as the robot is not purely passive.

Furthermore, the proposed walking strategy can also be extended to fully actuated walking.

5.7.2 From Planar to Three-dimensional Walking

Since there are no underlying assumptions on the number of degrees of freedom (DOFs)
or walking space dimensions in the theoretical analysis, the results of this Chapter are
also valid for higher DOFs and three-dimensional (3-D) walking. However, one of the
major concerns for practical implementation is that high DOFs can lead to an even heavier
computational load in motion planning. It is then necessary to develop efficient searching

algorithms to solve this problem, for example, a direct collocation method [164]].

5.7.3 From Instantaneous to Finite-time Double-Support Phase

The biped model considered in this study has point feet, and it is thus reasonable to
assume that the Double-Support Phase (DSP) is instantaneous. If a biped model has full-
sized feet, this assumption will be no longer realistic and a finite-time DSP should be
included in the dynamic model. A complete bipedal walking cycle will then include an SSP,
a rigid impact with an impulse effect, and a finite-time DSP. This essentially only increases
the number of subphases in a complete walking cycle, to which it is straightforward to
extend the proposed walking strategy. In fact, because the biped will be overactuated during

a DSP when both full-sized feet are in full contact with the ground, the extra degrees
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of control freedom due to the overactuation might be advantageous in terms of walking

stabilization.

5.8 Summary

In this Chapter, orbitally exponential stabilization of bipedal robotic walking has been
realized based on time-dependent feedback control. The desired gait of interest is symmet-
ric and periodic, which defines the desired periodic orbit in the state space. A feedback
controller based on input-output linearization was then utilized to exponentially stabilize
the desired periodic orbit. Because the moments of swing-foot touchdown associated with
the desired periodic joint trajectories do not necessarily coincide with the actual ones and
because both joint positions and velocities experience sudden jumps at swing-foot touch-
downs, the desired periodic joint trajectories were modified to define the desired time func-
tions that determine the output function. The output function was then designed as linear
combinations of the actual joint positions and the desired time functions. The resulting
closed-loop system is nonlinear, aperiodically varying, and hybrid with internal dynamics
caused by the underactuation. An augmented autonomous system equivalent to the orig-
inal closed-loop system was constructed, from which the closed-loop stability conditions
were established. A systematic optimization method was proposed for finding a stable, pe-
riodic gait that satisfies the walking performance specifications and necessary constraints.
Specifically, the optimization method involves optimizing the output function definition to
guarantee the orbitally exponential stability of the closed-loop system because the stability
of the zero dynamics depends on the definition of output function. A planar biped was sim-
ulated to confirm the effectiveness of the proposed walking strategy. Through discussions,
it was also concluded that the proposed walking strategy can be extended to 3-D biped

models that are subject to full actuation and/or underactuation.
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6. CONCLUSIONS AND FUTURE RESEARCH
6.1 Summary and Conclusions

Because bipedal robots are capable of highly versatile motion, they will become a very
important part of our society in many applications such as disaster response and rescue,
space exploration, education and social studies, and personal assistance. However, the
walking performance of today’s bipedal robots is still far from satisfactory. Therefore, it
is critical to developing controller design methodologies for achieving high-performance
bipedal robotic walking.

The objective of this research is to study and investigate a controller design methodol-
ogy that can be applied to both fully actuated and underactuated bipedal robots. Specifi-

cally, we have focused on the controller designs of the following three types of bipeds:

1. A fully actuated planar biped with 3 revolute joints and 3 independent actuators (the

controller design is effective for any fully actuated planar bipeds);

2. A fully actuated 3-D biped with 9 revolute joints and 9 independent actuators (the

controller design is effective for any fully actuated 3-D bipeds);

3. An underactuated biped with 5 revolute joints and 4 independent actuators (the con-

troller design is effective for any underactuated bipeds).
The characteristics of the proposed controller design methodology include:
1. Modeling of full-order hybrid walking dynamics;

2. Motion planning based on optimization techniques that minimize the energy cost of
walking under necessary constraints and conditions such as joint limit, actuator limit,

and ground-contract constraints;
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3. Model-based feedback control design based on nonlinear control theories and formal

stability analysis.

Among these three characteristics, the key difference between our proposed controller de-
sign and the previous controller designs based on Hybrid Zero Dynamics is that our con-
troller design is explicitly time-dependent while the HZD framework utilizes time-invariant
controller designs. This difference is caused by the fact that our output function design
is explicitly time-dependent instead of time-invariant as in HZD framework. A time-
dependent design of output function opens up many opportunities in defining complex
tasks such as position tracking in Cartesian space. It can also be utilized to achieve high
walking robustness.

With these characteristics of the proposed control strategy, the impact and contributions

of this research are listed as follows:

1. We have achieved provably stable walking for both fully actuated and underactu-
ated bipeds based on time-dependent walking control design. Because our controller
design is time-dependent, the overall closed-loop control system is accordingly time-
varying. It is challenging to evaluate the stability of a time-varying control system,
but we have established sufficient conditions for such evaluation based on nonlinear

control theories and formal stability analysis;

2. We have achieved highly versatile walking for fully actuated, planar bipeds. Because
fully actuated bipeds can directly control each of its joints, high walking versatility
is potentially achievable for fully actuated planar bipeds. The capability of position
tracking in Cartesian space is crucial to accomplishing complex tasks such as multi-
agent coordination, but global position tracking has not been fully studied in previous
studies on model-based walking control. In this dissertation, we have developed
the first walking controller design that utilizes formal stability analysis to achieve
position tracking in Cartesian space for fully actuated planar bipeds [140] [141].
Furthermore, we have realized exponential tracking of asymmetric gaits, which is

potentially meaningful for walking control of impaired human walking.
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3. We have achieved highly versatile walking for fully actuated, 3-D bipeds. In com-
parison with a planar biped, walking control of a 3-D biped is much more difficult
because of its extra degree of freedom on the walking surface. Although velocity
tracking in Cartesian space has been studied for fully actuated 3-D bipeds under the
HZD framework, position tracking in Cartesian space has not been explored. In this
dissertation, exponential tracking of a straight-line path on the walking surface has
been achieved for fully actuated 3-D bipeds, which greatly improves the walking
versatility as compared with previous work. Potential applications of this controller
design include complex tasks such as multi-agent coordination and obstacle avoid-

ance.

4. We have achieved robust walking for underactuated bipeds. Due to the lack of ac-
tuators to directly control each joint, underactuated bipeds are difficult to stabilize,
especially under a time-dependent controller design methodology. This dissertation
research has established the first set of sufficient conditions for orbitally exponen-
tial stabilization of underactuated walking [[142] [143]]. This controller design can
achieve improved robustness of bipedal robotic walking as compared with the HZD
framework. Furthermore, the proposed walking strategy can be applied to any de-

grees of underactuation as well as any types of actuation including full actuation.

A comparison with previous work on bipedal walking control for fully actuated and

underactuated bipeds is shown in Tables [6.1]and [6.2] respectively.
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Table 6.1.
Comparisons with previous controller designs for fully actuated walking.

Walking strategies Provable High High High

stability ~ versatility speed efficiency

The ZMP approach X v X X

The HZD framework v X v v

Proposed control design v v v v
Table 6.2.

Comparisons with previous controller designs for underactuated walking.

Walking strategies Provable High High High

stability robustness speed efficiency

The ZMP approach NA NA NA NA
The HZD framework v V' /% v v
Proposed control design v v v v

6.2 Future Research

There are several limitations of the proposed controller design methodology. To fully
leverage the effectiveness of our proposed controller design methodology, these limitations

will be addressed in our future research listed as follows.

e General Contour Tracking: One limitation of the developed contour tracking con-
troller for fully actuated walking is that the controller is developed for straight-line
contours alone. To realize the satisfactory tracking of a general contour on the walk-
ing surface, the current control law needs to be extended. One promising solution is

to design transition gaits that piece together straight-line contours so that the biped
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can access the entire walking surface. Furthermore, a high-level motion planner
can be developed to determine the transition gaits. Because the proposed controller
can track any feasible motion along a straight-line on the walking surface, it can be
conveniently integrated with a high-level planner. Future investigations will include
online motion planning and control design for achieving satisfactory tracking of a

general contour on the walking surface.

Construction of Time-dependent Hybrid Zero Dynamics: One weakness of the
developed time-dependent orbital stabilization is that the motion planning has a high
computational load. For example, to plan the desired periodic orbit for underactuated
walking, it involves the numerical integration of the variational equation of the full-
order closed-loop dynamics, which can be highly computationally expensive. For
example, the state space of a bipedal model with five revolute joints is 10/ dimen-
sional when the support foot maintains full, static contact with the ground. With
the proposed decomposition of the monodromy matrix, finding the monodromy ma-
trix requires integration of the 10 x 10 matrix over the least gait cycle. A promising
solution to significantly reduce the computational load is to construct hybrid zero

dynamics for the time-dependent feedback control system.

Time-dependent Multi-Domain Control: In this dissertation study, bipedal walk-
ing control of underactuated bipeds and fully actuated bipeds are addressed sepa-
rately. Our ultimate goal is to incorporate phases of both full actuation and underac-

tuation in a complete gait cycle.

Observations of human walking show that there are several advantages of integrating
both actuation types in a complete bipedal gait: a biped can be significantly acceler-
ated by lifting the toe of its support foot during the take-off phase, and a biped can
be re-stabilized during a finite-time double-support phase when both feet are in sup-
port. Inspired by human walking, it will be interesting to explore the possibility of

utilizing the underactuated take-off phase to efficiently accelerate a biped. Also, the
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finite-time double-support phase may be the key to realizing contour tracking even

in the presence of underactuated phases within a complete gait.
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A. PLANAR WALKING MODEL WITH THREE REVOLUATE JOINTS UNDER
LEFT-RIGHT GAIT CHARACTERIZATION

The following denotations are used here:

S; :=sing;,
C; :=cosgq;,
Sij =sin(qi —q;),
Cij :=cos(qi—q;j),

where i, j € {1,2,3}.

A.1 Continuous-Time Dynamics

The dynamic matrices in Eq. (3.4)) can be derived based on the Lagrange’s equations [50].
Details of the model derivation can be found in the reference [|50].

The dynamic matrices are given as follows:

(%m+MT+MH)r2 —%mrzclz MTI’ZC13
M. (q) = —%mrzClz %mrz 0 ,

MrriCys 0 Mrl?

—%mrlezq% —I—MTrlSBq% — (%m + M7 +MH)grSI
c.(q,9) = Imr2S12G3 + Amgr$; ,

—MrriSi347 — MrglSs
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up
U, = lusz|

Uq

—%mrzClz (%m+MT+MH)r2 M7riCys
Mr(@)=| mr? —smr?Cyy 0 v

0 MrriCos MTl2

%mrszﬁ —f—MT}"lSQ:,’q% — (%m + M7 +MH)gI’S2
cr(q,q) = —%mrlezq% + %mgrSl )

—MTrlSzg,q% — MrglSs

0 0 -1
Br=1|1 1 0],
0 -1 1
us
UR = (us
uy

A.2 Reset Map

Derivation of the reset map A;(q,q) (i € {L,R}) in Eq. (3.4) can be found in the refer-

ence [[50]. Its expression is given as:

a9
q
Jem@an=| 5|
q oy (q7,47)
@ (q7.q")
@3 (a7,47)
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where

o7 (q,q) :é[mql — (4m+4Mpy + 2M7)§; cos(2q1 — 2q)
+2Mrq) cos(2q1 — 2q3) +2mgaCra],

@, (q,4) :é 2M7¢1 cos(—q1 +2q3 — q2)

— (2m+4Mpy +2M71)4,C12 +mqs],

é[(zmrﬂL 2Myr +2Mrr)di cos(qs +q1 —2q2)

— 2MHrq'1C13 — (2mr+ ZMHr)q'1C13

+mrqy cos(—3q1 +2q2 + q3) — rmg2Cas
— (3ml +4Myl +2M71) g3 +2mlg3 cos(2q) — 2q2)
+2Mrlg3cos(—2q2 +2q3)]

a=—3m—4My —2M7 4 2mcos(2q1 —2q»)

+2Mr7 cos(—2q2 + 2q3);

— Arla.d) = e A

where

1
a

+2M7 s c08(2g2 —2q3) 4+ 2mq; C12],

O»(4,q) =—[mgy — (4m+4My + 2Mr )¢ cos(2q1 —2q>)

1 .
03%(q,4) = [2M7 > cos(—q2 +2q3 —q1)

— (2m+4Mpy +2M71)G2Cr2 +mgy],
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©3%(9,9) Zé[(zmﬂ- 2Mpr+2Mrr)g2c0s(q3 + 92 — 2q1)
—2Myr¢rCoz — (2mr + 2M7r)¢2Ca3
+mrgy cos(—3q2 +2q1 +q3) —rmqC13
— (3ml +4Myl +2M71) g3 +2mlgs cos(2q; —2q2)
+2Mrlg3cos(—2q1 + 2q3)],

a=—3m—4My — 2Mr +2mcos(2q; — 2q>)

+2M7 cos(—2q1 +2q3).



163

B. INPUT-OUTPUT LINEARIZATION

The expressions of P; and z;, i € {L,R}, in Eq. (3.13)) are given as follows:

1 0 0

PL= | -%u g of;

by o

7] = g qi | s

Pr=10 1 0f;

ZrR = | God
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C. PLANAR WALKING MODEL WITH FIVE REVOLUATE JOINTS UNDER
SUPPORT-SWING GAIT CHARACTERIZATION

The following denotations are used in this section:
S; :=sing;,
C; :=cosgq;,
S,‘j = sin(qi — qj),
Cl'j = COS(C],’ — q]'),

where i, j € {1,2,...,5}.

C.1 Continuous-Time Dynamics

The dynamic matrices in Eq. (5.3)) can be derived based on the Lagrange’s equations [50].

Their expressions are given as follows.

M(q):[ml](q)]7 l7J€{172775}7 (Cl)
where

miy = %(51711 + 8my + 4Mpy + 4M7 )13,

myp = myj = %(27711 +3my + 2My + 2M7) 11 1 Cy2,
mi3 =m3) = %MT”ZICB,

myg = myy = —%(Zml +m2)l1hC14,

1
2
mys = ms; = —§m111C157

1
My = Z(4m1 + 5my +4Mpy +4M7)13,



where

with

1
my3 = mszp = EMT"ZZCZ%

1
Myg = My = —5(21711 +mp)[5Co4,
1
Mmas = Msy = _Emlll L Cys,
IM 2
ms3 = —Myr
3= Mrr,

m34 = my3 =0,

m3s = ms3 =0,

Mmas = %(41%1 +my)l3,
My5 = Msy = %m11112C45,

1
mss = Zmll%

c(q,9) = C(q)q+G(q), i €{1,2,..,5},

C(q) = [Cij(q)]7 i,j€ {1727'“75}7

ci1 =0,

crp = %(21%1 +3my +2Mp + 2M7) 11251242,
c13= %MT"IISBCB;

cl4 = —%(Zmllz +malp)11S1444,

c15= —%m1l%515q'5,

021 = —%(21711 + 3my +2Mpy + 2M7) 11151241,
¢ =0,

1
23 = EMTFZZSZ3Q3a

1
€% =—7 (2my +m3) 1352444,
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(C.2)

(C.3)



and

ST ST

1

€25 = —§m1l1125256}5,
1

c31 = _EMTFZISI3417

1
c32 = —=Mrrl$2342,

2
c33 =0,
c34 =0,
c35 =0,

1
c41 = 5(21711 +my) 11581441,

1
C4p = E(Zml +mp) 1582442,

c43 =0,
c44 =0,
1 .
C45 = §m1111254545,
1

c51 = §m1l125156)1,

1 .
cs2 = =ml11r85254>,

2
cs3 =0,
1 .
C54 = _Emlll 1284544,
C55 = 07

(3m1 +4my +2My + 2MT)gll sin(ql)
(2m1 +3my +2My + ZMT)glz Sin(C[2)

—%MTgrSin(CB)
%(2m1 +my) gl sin(qy)

smigly sin(gs)
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(1 0 o0 o]
11 0 o
B,=|0 -1 1 0 (C.4)
0 0 -1 1
0 0 0 -1

C.2 Reset Map

The reset map A(q, q) in Eq. (5.3) includes a coordinate swap and the rigid-body impact
dynamics. Because the impact involves the motion of the point feet, an extended set of
generalized coordinates are needed to derive A(q,q), which includes the support foot’s
position p = (py, p;) in the world coordinate frame X,,0Z,, in Fig. Let O, C R’ be the

extended configuration space. Let q, € Q. be the extended generalized coordinates:

q
q
qe px -
P
Pz

The impact is assumed to be instant with an impulse effect, and the swing foot remains
in static contact with the ground upon impact. Based on the derivations in the previous

study [50], one has

-1

. Me —J7 Me .e
o; | |Mq) —Jy(q) (@de | ©5)

st sz((I) 02><2 02><1

where @] represents the first derivatives of the extended coordinates right after an impact,
F,, € IR? is the impulse force at the swing foot, M, : Q — R7*7 is the extended inertia
matrix, and J,, : @ — R>*7 is the Jacobian matrix relating ¢, to the swing foot velocity.
The upper-left 5 x 5 block of M, = [m;;] (i,j € {1,2,...,7}) is M, and the other elements

are:
1
mig = Mgy = §(3M1 +4My + 2My +2MT)11C1,

1
my7 =my; = —5(3M1 +4M> +2My —|—2MT)1151,
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Moe = Mgy = %(Zml +3my + 2My + 2M7) L Cy,
My =My = —%(Zml +3my +2My +2M71) S5,
m3e = Me4 = Me3 = %MT’"C%

m37 =mj3 = —%MTFS&

Mag = —%(Zml +my) 1 Cy,

my7 = myy = %(Zml +my)lrS4,

Mse = Mes = —%mllﬂs,

ms7 = mys = smilSs,

2
mee = 2my +2my + My + My,

me7 = mge =0,

my7 = 2my +2my + My + My

The Jacobian matrix J;,, is defined as

Ly LC, 0 —LCy —11C; 1 0
Jsw = . (C.6)
—0IS1 —DhS 0 bhCy LCs 0 1

Then, the reset map A(q, q) is defined as

. R 0sxs5( | ¢q
A(q,q) = s , (C.7)
0s.5 R o
where _ _
000 O0°1
00010
R=/00100 (C.8)
01 000
10000

represents the coordinate swap caused by the role switching between the support and the

swing legs and @ is the vector of the first seven elements of @,.
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D. STATE-SPACE REPRESENTATION OF CLOSED-LOOP DYNAMICS

The expression of f(z,x) in Eq. (5.28) is given as follows:

fl (Z,X)
fz(t,X)

f(z,x) :=

with
f1 (I,X) =Xp,

f5(r,x) :=M7 ! [B,(HM;'B,) ™ (—KpH(x| — qry)

—KpH(x2 — 4r4) + HM7 "hr + érg) — hr).

Define I,(q,q) as
Iy(q,9) =A(q,q) — |
q
Then, the reset map I(x) can be obtained from I,(q,q) as
Hr 055

I(x) := I,(H; 'x;, Hy 'xp).
0ss Hr

(D.1)

(D.2)

(D.3)

(D.4)



E. AUGMENTED AUTONOMOUS SYSTEM

The function g(p,x) in Eq. (5.36)) is defined as:

g1<p,x>]

g(p,X) =
[gZ(pvx)

with
g1(p,x) :=xa,

2(p,x) :=M;'[B,(HM;'B,) ' (-KpH(x; — Hrqo(p))
—KpH(x; —Hrgo(p)) + H(M; 'hr +Hrio(p))
—hr],

2
where do(p) — 242 and do(p) — ZREL 7 1 22,
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