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Introduction

Walking robots

Classification of walking robots

Static walking:
center of mass always above the feet, the robot can not fall, even
if stopped at any time.

Dynamic walking: center of mass not always above the feet, it
should go on moving not to fall

Two-dimensional walking (2D-walking):
Only sagittal plane studied, the forward movement and stability is
believed to be the crucial for the walking-like movement.

Three-dimensional walking (3D-walking):

Full orientation including the lateral movement studied, the lateral
balance should be (even intuitively) easier to handle, than the
forward movement.
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Introduction

Walking robots

Classification of walking robots

Fully actuated walking robots:
@ Large feet in full contact with the ground and actuated ankles.
e Stable (static) walking usually fully actuated.
e Unstable (dynamic) walking can be also fully actuated.
@ Zero moment point (ZMP) should be computed and ensured
to be bellow the feet.
Underactuated walking robots:
@ Unstable (dynamic) walking only.
@ Underactuated angle is at the pivot point.
@ Feet are absent or very small with weakly actuated ankles.
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Introduction

Walking robots

Fully actuated walking

@ Slow movement, weak coupling between links and strong
actuators - the kinematic trajectory planning possible and
implementable through the standard control engineering
design (e.g. PD or PID controllers). ZMP condidion impose
actuators limitations.

@ Fully actuated mechanical system is theoretically well
understood even if its full dynamics (including forces and
torques) should be considered - computed torque principle.

@ The typical fully actuated static walking humanoids (like
HONDA) are heavy, with strong joints actuation and very
slow dynamic walking coupling between the links dynamics, or
even with the static walking only.
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Introduction

Walking robot with knees, ankles, feet and torso
Fully actuated state - ZMP bellow the foot
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Introduction

Walking robots

Intrinsic walking is the underactuated walking

o BUT! What if the walk should be swift, legs light, energy
efficiency strived for? Then the fully actuated walking
robotics is not an option.

@ The ZMP condition is demanding and therefore the torque in
ankles should be, anyway, small, only the balancing one and
to facilitate the full foot contact with the ground.

o If the ZMP condition is violated, the full flat contact of the
foot is lost and another angle - another degree of freedom
appears - yet, there is unactuated angle again and the whole
robot becomes underactuated.
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Introduction

Walking robot with knees, ankles, feet and torso
Underactuated situation - ZMP not bellow the foot
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Introduction

Walking robots

Intrinsic walking is the underactuated walking

@ Real walking: both the fully actuated and the underactuated
walking phases present.

@ Conclusion: It is reasonable to study the underactuated
walking, as a natural abstraction of weak ankles up to the
case with NO ankles.
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Introduction

Walking robots

Planar walking
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Introduction
Walking robots

Plan: The underactuated planar walking will be further studied
in detail.

Indeed, as noted before, the control along the sagittal plane is the
most challenging and interesting one. Instability is actually the
source of the movement forward.
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Underactuated 2D-walking

Underactuated mechanical systems

Introduction

@ Less actuators than degrees of
freedom (DOF] Y

@ The n-link with n — 1 actuators X
@ Nonlinear techniques needed
@ Pendubot
@ Acrobot
@ Rotational inverted pendulum
ST
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Underactuated 2D-walking

Underactuated mechanical systems
Acrobot (aka Compass-Gait Walker (CGW))

@ The simplest underactuated y
walking model, 2 DOF, 1 L)
actuator. X T2
o To model walking, the 0
underactuated angle is at the
pivot point.

e "“Planar” walking-like movement |
possible only theoretically. q

@ Acrobot, or Compass-Gait
Walker (CGW), ...
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Underactuated 2D-walking

Underactuated mechanical systems

The four-link walker

@ Acrobot walking: unrealistic

@ 4-link: more realistic

@ 4-link: 4 DOF, 3 actuators

o Legs with knees, without feet
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Underactuated 2D-walking

Underactuated mechanical systems

The four-link walker - Configuration and physical parameters

my,mg || 1[Kg] || m2,ms || 1.5[Kg]
h,ly || 0.5[m] ||| le1,/ea || 0.3[m]
/2, /3 0.6 [m] /c27 /C3 0.4 [m]
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Underactuated 2D-walking

Underactuated mechanical systems
The three-link (aka Compass-Gait Walker with Torso)
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Underactuated 2D-walking

Underactuated mechanical systems

Possible general underactuated planar n-link walker scheme
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Modeling

Modeling of the walking robots

Two different model phases

1. Continuous-time phase (aka single support phase, ...). Model:
ordinary differential equations with control inputs, resulting in the
standard controlled continuous-time system studied in various
subjects before (B3B35ARI, B3M35NES, B3M35LSY).

2. Discrete-time phase (aka double-support phase). Model:
uncontrolled mappings of the state to the new state, with some
jump, or also impulsive system. It is a single application of a
discrete-time system without input.
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Modeling

The continuous-time models of the mechanical systems

Euler-Lagrange formalism

@ Choose the generalized coordinates g = (q1,...,g,)" and the
generalized velocities ¢ = (d1,...,dn) .

e Compute the system kinetic energy K(q, g), potential energy
V(q) and Lagrangian L(q, q):

£(9.4) = K~V = 347 D(q)d — V().

@ System dynamics given by the Euler-Lagrange formalism

d oL _ oL
dt Oq1 oq1 71
: = ;
daL _ oL -
dt 9gn  Oqn n
@ T7i,...,Tp are generalized external forces acting along the
generalized coordinates qi, ..., gn, respectively.

o D(q) = D(q)" > 0 is the inertia (aka mass) matrix.
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Modeling

The continuous-time models of the mechanical systems

Euler-Lagrange formalism

@ The Euler-Lagrange formalism gives the system of the
second-order ordinary differential equations

)

D)+ Cla. )+ 6(@) = (r....7) . 6(a) = | o

. =aD(@) . | . [oTl.r., 1"
C = ilg—|=|=z9q'D ,
(g.9)d [’; 5e. 4| 4= |74 |29 Pla)d
C(q, g) is the matrix of the Coriolis and centrifugal forces,
G(q) is the gravity vector.

@ The choices of generalized coordinates and generalized
velocities are related: 27:1 7;dg; should be the infinitesimal
increment of energy of the system done by work of external
forces. In particular, if generalized coordinates are angles,
then the generalized forces are torques.
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Modeling

The continuous-time models of the mechanical systems

Fully actuated controlled system in standard form of the first-order ODE

e Controlled inputs (actuators) are the generalized forces, all of
them available and independent - full actuation:

o The state vector is x = (x,...,xn) = (x},x?)T
xP=(q1,- 5 qn), X = (G1,- - dn)-
@ The standard form of the first-order controlled system:
x=fT(x)+ G (x)u, G°T(x)=D(x})7!

FST(x) = (2 F(x) |, F(x) = D7(xY) (= C(xE, )52 — G(xY))

S. Celikovsky Modelling and Control of the Walking Robots 2025



Modeling

The continuous-time models of the mechanical systems

Exact feedback feedback linearization and computed torque principle (inverse dynamics)

For fully actuated system take the feedback (introduce the new
“virtual” input @)

0 =f(x)+ G (x)u, u=[CT(x)] (@ F(x)),
which gives the simple linear system of n double integrators
X1 = Xn41,--+>Xn = Xon, Xpt1 = U1,...,Xon = Up.

This gives the simple model based implementation of any smooth
kinematically planned trajectory ¢"(t), containing some PD
controller (but any gains k” < 0, k? <0,i=1,...,n, sufficient):

G5 + k(g1 — qf) + k{' (61 — 6f)
u=[GT(x)]" : — f(x)
G, + kﬁ(qn - qfr1) + kg(qn - q:r1)
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Modeling

The continuous-time models of the mechanical systems

Exact feedback feedback linearization and computed torque principle (inverse dynamics)

Indeed, for virtual input T that is equivalent to

g7+ k{(qr — q7) + k{ (g1 — a7)

<l
I

Gn + kf[l)(qn - q’r)) + kg(c.ln - qrry)

Recalling, that x* = (q1,...,qn), x> = (41, .., dn),

X1 = Xpt+1s---,Xn = X2n, Xp4y1 = U1,...,X2n = Up and introducing
— r _ r
el—ql_qla"‘7en_qn_qn
gives
e = €ntly- - én = €2n,
: _ P d S d
€nt1 = kl e + kl €ntl,---,62n = k,’,’e,, + kn €.
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Modeling

The continuous-time models of the mechanical systems

Exact feedback feedback linearization and computed torque principle (inverse dynamics)

Since G°T(x) = D(x')71, [G°T(x)]7! = D(x') = D(q), one has
[T ()] F(x) = C(a,4)d + G(q)

§7 + k(g1 — qf) + kf(4u — 4f)

u=D(q) : +C(9,49)4+6(q).
Gy + kR (qn — a5) + kS (dn — d7)
COMPUTED TORQUE PRINCIPLE (CTP): the required
torque is computed by substituting the desired linear second order
dynamics of g into the second order Euler-Lagrange robot
dynamics u = D(q)d + C(q, d)d + G(q).

CTP introduced in robotics earlier than the exact feedback
linearization (EFL) in nonlinear control theory.

Clearly, for the fully actuated mechanical systems EFL=CTP.
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Modeling

The continuous-time models of the mechanical systems

Underactuated mechanical systems

@ Underactuated system dynamics given by the Euler-Lagrange

formalism
d 0L _ 9L
dt 0q1 oq1 T1
: = , m=---=71,=0.
d oL oL ™
dt 9qn 9qn
o Coordinates qy, ..., gk directly unactuated, gx11,...,qp

directly actuated, k is the underactuation degree.

@ Analogously, as for the fully actuated systems (D, C, G the
same), the second order dynamics obtained.

D(q)q + C(q7 q)q + G(q) = (Oa s 7077_k+17 s 7Tn)T
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Modeling

The continuous-time models of the mechanical systems

Underactuated controlled system in standard form of the first-order ODE

0 0
0 0
u= = , x:(xl,...,xzn)T:(xl,x2)T
Uk41 Tk+1

Xl:(ql?"‘?qn)? X2:(¢17"'7‘7n)'

x=fT(x)+ G (x)u, GT(x)=D(x')™?
FST(x) = (A F(x) ", F(x) = D7H(x) (= C(xE, x2)x% — D(xY))
Exact feedback linearization and computed torque principle clearly
not possible using the previously described approach.

T
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Modeling

The continuous-time models of the mechanical systems

Underactuated mechanical planar walking-like chains

@ 2D-walking models have usually underactuation degree k = 1.
The angle at the pivot point g; is unactuated, qo,...,qn
directly actuated.

@ For these planar walking-like chains, kinetic energy does not
depend on ¢y, i.e. D(q) = D(q2,93,...,qn) and g1 is called
cyclic variable, g, ..., g, are called shape variables. Any
absolute orientation angle is also cyclic variable. Relative
angles are shape variables.

@ 3D-walking models have underactuation degree k = 2, but
only one cylic variable.

S. Celikovsky Modelling and Control of the Walking Robots 2025



Modeling

The continuous-time models of the mechanical systems

Underactuated mechanical planar walking-like chains

Summarizing, the underactuated planar walking models are

as follows:
0
; . u2
D(q)d+ C(q,49)g + G(q) =
Up

But, how to obtain these models in detail?
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Modeling

The continuous-time models of the mechanical systems

Euler-Lagrange formalism for planar mechanical chains - computing the K and V

e Lagrangian L requires kinetic and potential energy

L(q,q)=K-V= %dTD(q)d = V(q).

@ The kinetic energy IC of the each rigid link:
K= %mvTv + %OJTIW.

Here, m is the total mass of the each rigid link; v is the link center
of mass (COM) velocity vector, w is the link rotation angular
velocity with respect to its COM; Z is the symmetric 3 x 3 inertia
tensor of the link. In 2D case, just a scalar.

@ The potential energy V of the each rigid link: ¥V = mgh. Here,
h is the height of the center of mass of the link.

@ Choice of g, g depends on available inputs. This causes often
complex D(q).
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Modeling

The continuous-time models of the mechanical systems

Euler-Lagrange formalism for planar mechanical chains - Acrobot (aka CGW) example.
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Modeling

The continuous-time models of the mechanical systems

Euler-Lagrange formalism for planar mechanical chains - Acrobot (aka CGW) example.

base frame
Y link #2

/IC/ - /e ko
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Modeling

The continuous-time models of the mechanical systems

Euler-Lagrange formalism for planar mechanical chains - Acrobot (aka CGW) example.

K = 34" Dla)d. (@)= |

01 + 05 + 205 cos go 0> + 03 cos go ]
2

0 + 03 cos g 02
N | —@ef3sings  —(g1 + g2)03sin g2
C(q7 q) - |: (']103 sin Q@ 0
V(q) = [0a cos g1 + 05 cos (g1 + g2)]

| —basing; —6Ossin(q1 + q2)
G(q) = [ —0ssin(q1 + q2) ,

O = mil2 + ml2 + Iy, 0o = mal%, + b,
03 = [‘)’}2/]_IC27 94 = gm]_lc]_ + gm2/17 95 = gm2/C2'
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Modeling

The continuous-time models of the mechanical systems
The three-link (aka Compass-Gait Walker with Torso)
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Modeling

The continuous-time models of the mechanical systems
The three-link (aka Compass-Gait Walker with Torso)

Mathematical model

D =[dj], i,j=1,2,3, D' =D >0, G=][Gi, G, G]",
dii=h+h+bhk+Emy+ Fmg+ 2 m+

/C22 mo + /C23m3 4+ 2hlcomy cos ga + 21 I.3ms3 cos g3,

dio(q2) = mal2, + lymy cos qaleo + b

di3(q3) = msl% + hmscos qzles + 3, do3 =0,

d(q2, q3) = malZ + b, ds3(qo, g3) = m3l% + ks,

Gy = —g (hmasingy + hmzsin g + lcymy sin g1+

leoma sin g1 + g2 + lecamz sin g1 + g3) ,

Gy = —gleomasin gt + g2, G3 = —gleamssin g1 + gs.
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Modeling

The continuous-time models of the mechanical systems

The four-link model

my,mg || 1[Kg] || m2,ms || 1.5[Kg]
h,ly || 0.5[m] ||| le1,/ea || 0.3[m]
/2, /3 0.6 [m] /c27 /C3 0.4 [m]
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Modeling

The continuous-time models of the mechanical systems

The four-link model

dii dio diz du C ; G
thr drp s du - C Gy
D - b C b - b G - b
(a) d31 dp diz dy (g,4) c3 (a) Gs
dyy dao daz dag ct G
dii = (h+h+h+la+R2m+RPms+Zmy

Bms + Bmg 4 Bmg + 2 m
lfz mo + l33m3 + l34m4 — 2hlmy cos(gz2 + q3)
—  2hleamz cos(q2 + q3) — 2blcams cos(qz + qa)
+  2lhihmssin(g3) + 2hkhmysin(qs) + 2hlkmasin(qz2) + 2/ lcam2 sin(g3)
+  2hleamssin(q2) + 2Blcamy sin(qa) — 2hlcama sin(qz2 + g3 + qa))
diz = (B4 l+Bms+ Zms+ 12,ms
—  hlimgcos(q2 + q3) — hleams cos(q2 + q3)
—  hleamg cos(qa + q4) + blmya sin(go) + hlcsms sin(qo)
+  2hklcamgsin(qs) — hlcamssin(q2 + g3 + qa))
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Modeling

The continuous-time models of the mechanical systems

Four-link model

diz= (h+h+l+Bms+ Bms+ 2mg+ 12mp + 123m3 + 12,ms—
hlzmgcos(qa + q3) — hlczms cos(qg + q3) — 2hlcama cos(q2 + qa)+
hhmssin(qz) + hlhmasin(gs) + 2hlkmasin(q2) + hlcomo sin(q3)+
2hlesmz sin(q2) + 2klcama sin(qa) — hlcama sin(g2 + g3 + q4))

dia = (I + 12yms — blcams cos(q2 + qa)+
Bleamy sin(qs) — hlcamasin(ga + g3 + qa))

dn = (mal2 +2mysin(qs)lslcs + mal% + mal2, + 15+ 1y)

dz = (mal2 +2mysin(qa)lsles + hmasin(qz)ls + m3l% + hmssin(qgz)lez+
mal?, — bmy cos(qo + qa)lea + I3 + 1s)

doy = (m4lf4 + I3m4 sin(q4)lc4 + /4)

dz= (h+h+IL+ 12m3 + Bmy + 2ma+
12mp + 123m3 + 12,my — 2blcamy cos(qz + qa) + 2blsmy sin(q2)+

2hlczmssin(qa) + 2k1lcama sin(qs))
dsa = (la+ 12,ms — hlcamy cos(qz + qa) + Blcamasin(qa))

das = (mal?, +1s)
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Modeling

The continuous-time models of the mechanical systems

Four-link model

Gr = —gleamysin(qr + g2 + g3 + qa) — ghmzsin(q1 + q3) — ghmgsin(q1 + q3)
—glcomy sin(q1 + q3) — ghmasin(q1) — ghmssin(g1) — ghmasin(q1)—
gleimysin(q1) — ghmasin(q1 + g2 + g3) — gleamz sin(q1 + g2 + g3)

Gy = —gleamgsin(qr + g2 4 g3 + q4) — ghmy sin(q1 + g2 + g3)
—gleamssin(q1 + g2 + g3)

Gz = —gleamasin(qr + g2 + g3 + q4) — ghmssin(qr + g3)—
ghmysin(q1 + q3) — gleam sin(q1 + g3)
—ghhmgsin(q1 + g2 + q3) — glesms sin(q1 + g2 + g3)

Gy = —gleamasin(gr + g2 + g3 + qa).
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Modeling

The hybrid models of the mechanical systems

Swing and impact phases

o Contact mechanical systems are modeled using both
continuous-time and discrete-time dynamics.

@ Hybrid systems combine both dynamics:
e continuous-time dynamics

x=F(x,u), xeC
o discrete-time dynamics.
xt=T(x",u), x€D
Usually, D is some lower dimensional submanifold of C.

e For walking I'(x~,u) = I'(x™), as only impulsive forces acting.
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Modeling

The hybrid models of the mechanical systems
Swing and impact phases

e Actually: ¢ = ®(qg7)g~ and g undergoes some simple
relabeling map due to switching the legs. @ is called as the
impact matrix.

@ Switching of legs is to keep the same continuous time model
for both legs being the swing one. Alternative would be hybrid
systems with two continuous-time models.

@ Both leg are usually assumed to have the same properties.
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Modeling

Discrete-time dynamics modeling

Impact matrix modeling

@ When the swing leg of the Acrobot hits the ground, the
impact occurs.

@ Impact causes instantaneous jump in angular velocities g
while angular positions g remain continuous in time.

@ The impact is modeled as a contact between two rigid bodies:

double support phase is instantaneous,
overall energy and momentum is preserved,
no swing leg rebound,

no swing leg slipping.

@ The impact modeling is based on the continuous-time models
shortly “just before the impact” and “just after the impact”.
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Modeling

Discrete-time dynamics modeling

Impact matrix modeling

@ The extended continuous-time model is needed that unifies
both situations. It has more DOF generalized coordinates
denoted qe, its matrix of inertia denoted De(ge).

@ The impact matrix computation is based on the equations:
D. [q: - qe_] = Fext, EZ(qe_)c.]: =0,

where Ex(g;) = m qe (gz), T represents swing leg's end point
Carthesian coordlnates, g. corresponds to the double support
configuration. Vector Fe: is the assumed cumulative effect of the

impulsive forces during the infinitesimally small time interval.

@ Feyt is unknown, but can it be eliminated.
E.g., for Acrobot there are 10 scalar variables: ¢, gF, Fext and 6
equations. So, one can obtain 4 linear equations relating g and g7, i.e.,

consequently, two linear equations for ¢, g% in the form ¢t = ®(q7)g~.
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Modeling

Discrete-time dynamics modeling
Relabeling map

o At impact, the swing leg, respectively stance leg, becomes the
new stance leg, respectively the new swing leg.
@ Example: the Acrobot'’s relabeling of g1 and g coordinates.

\ >~ ~
\ 7N

/

@ This picture also helps to undestand the essence and the need
of that previously mentioned extended model.
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Virtual constraints

Virtual holonomic constraints
Definition and regularity

Virtual holonomic constraints (VHC) of g € R" are equalities

v1(q) = w2(q) = ... = ¢1(q) = 0.
Smooth functions 1, ..., ¢ satisfy rank{dei1(q),...,dyi(q)} =1
Vg € {q € R"¢p1(q) = -~ = ¢i(q) = O}.

VHC are called global if ¢1(q),...,/(q) can be completed to a
global diffeomorphism of R".

VHC Purpose: Design problem decomposed: a) VHC
enforcement; b) design for the less DOF constrained dynamics

Regular VHC: can be enforced by feedback control

Further peculiarity: Hybrid invariance needed
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Constraints realization

Realization of the virtual holonomic constraints

Regular VHC and input-output exact feedback linearization

x = f(x)+u1g  (X)+. . Aumg™(x), y = [P*(X), ..., hP(x)], m > p,

x€R"y e RP. ue R™, f(xo) = 0,rank[g?|---|g™](x0) = m, h(xo = 0.
Lie derivative:

Oh Oh
Leh:=fi—+. . +f=——, LOh:=h L5h.=Lelknvk=12...
f 18X1+ + 8X,,’ f ) f fLf 7v )
Vector relative degree (r1,...,r,) :

Lyilfhj=0, Yk=0,....,;—2,i=1,...,m, j=1,...,pand

Lalf ™ hy oo LgnlP My
rankD(xp) = p, D(x) := : : (x)
LalP ™ hy oo Lgml? 'hy

D is called as the decoupling matrix.
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Constraints realization

Realization of the virtual holonomic constraints
Regular VHC and input-output exact feedback linearization

It holds (here (-){") stands for the r-th order time derivative):

() u L3 by
: =D(x)| * |+ :
"(#) um | L LPhe
Moreover, there are r; + r» + ... 4 r, independent functions:

yi= hl(X)7 )/1(1) - thl(X)7 e 7y{r1_1) = L?ilhl(x)7

r,—1 r,—1
Vo = hp(x), YV = Lehp(x), .. ys* D = L2 ().

These function can be used as a part of new coordinates, giving
(ri + r2+ ...+ rp)-dimensional linear subsystem, consisting from /
independent integrators chains having lengths ry, ..., rp.
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Constraints realization

Realization of the virtual holonomic constraints

Regular VHC and input-output exact feedback linearization

Note that: )
n(t)
Dix) = — :
(=55 |
yi(t)

In other words, regular VHC are such that the mechanical system
with n — k inputs u,_k41,...uU, and [ outputs

= 01(q), Y2 =¢2(q), -, y1=1i(q)

has the vector relative degree (2,...,2).
Therefore, the assumption | < n — k is needed. One can enforce at
most as much constraints as it is the number of inputs.
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Constraints realization

Realization of the virtual holonomic constraints

Regular VHCs and input-output exact feedback linearization

Realization can be done e.g. by

V1= —kiyi — ki, ...,y = —kly — kP,

where all k's are positive reals. Recall, that

=¢1(9), y2=¢2(9), ..., vi = ¢i(q) and therefore also
. 3(,01 . 84,0/
yi= aq qa”'ay/ aq
x=(q",¢")", f(x)=(x1,..., %, —D"HC4—G)")", G=D71,
n L2 y1— L2y
| =D(q. q)ut| = u=[D(q,9)]""
Yi L2¢; yi— L2
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Sensors

Sensors, estimation and identification

Sensors

All previous approaches to be implemented require state
estimation, or direct measurements of all states.

@ Angular positions measurement at rotary joints efficient and
almost noisy free.

@ Relative measurements: only increments of angle relative to
their initial value measured, e.g. IRC (Incremental Rotary
enCoder) - usually optical, very good precision and low noise.

@ Absolute measurements: absolute angle, e.g. potentiometer
(simple, cheap, but low precision), magnetic position sensor
(Hall effect sensor, much better, but not as IRC), ...

@ Angle not related to any rotary joint, e.g. the angle at the
pivot point (or any other absolute orientation angle),
measured indirectly only, if the robot is autonomous:
inertial sensors, digital gyroscopes, laser distance sensors...
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Sensors

Sensors, estimation and identification

State estimation

@ Velocities either measured directly by gyroscopes, or
estimated.

@ For noisy-free angular positions measurements (e.g. IRC),
numerical time derivative applicable, or filtered numerical time
derivatives, fast evaluation circuit needed.

@ For the absolute orientation angle estimation more
complicated.

@ In 2D-walking platforms often noisy-free measurement of the
absolute orientation angle implemented in supporting
platform.

e Kalman filtering and other methods from control courses used
as well, with some adaptation (Extended Kalman Filter,
Hybrid Kalman Filter, ...).
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Sensors

Sensors, estimation and identification

Identification

@ Mechanical parameters can be well-measured in advance
(weights, lengths, moments of inertia).

@ These measurements may serve for further tuning as the
parameters initial estimates.

@ Noise in drives effects need to be attenuated.

o If all angles are well measured, angular velocities and angular
accelerations well computed, estimation of 1, 65, ... becomes
a standard linear problem, e.g. least squares and maximal
likehood method applicable.

@ Again, there is a problem with absolute orientation angle. But
it can be handled easier, than in state estimation problem, as
for identification off-line experiments possible, using some
frames and platforms with extra measurements,...
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Sensors

Sensors, estimation and identification
Identification - Acrobot (aka CGW) example

D)+ C(a.d)i+6(a) = | | |

u2

.y _ | —G203singa  —(d1 + G2)03sin g2
C(q7 q) - |: q193 sin Q@ 0

| —Oasingy —bOssin(q1 + q2)
G(q) = [ —05sin (g1 + q2) ’

01 = ml? +malZ + I, O =mal% + b,
03 = mohlco, 04 = gmiler + gmoly, 05 = gmaleo.
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Related skipped problems

Running robots

Jumping robots

And many others ...

Note, that running and jumping may be in a certain sense easier
than walking (compare to track and field athletes experience!)
Mathematical modeling explanation: no need for the complex
continuous-time walking-like dynamics, with no contact with

ground, robot is governed just by laws of passive free movement
under the gravity and air resistance influence.
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