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Abstract. The Dual Smart Drive is a specially designed nonlinear actuator
intended for use in climbing and walking legged robots. It features a continuously
changing transmission ratio and dual properties and is very suitable for situations
where the same drive is required to perform two different types of start-stop motions
of a mobile link. Then, the associated control problem to this nonlinear actuator is
established and a backstepping design strategy is adopted to develop Lyapunov-
based nonlinear controllers that ensure asymptotic tracking of the desired laws of
motion, which have been properly selected using time-optimal control. The approach
is extended for bounded control inputs. Both simulation and experimental results
are presented to show the effectiveness and feasibility of the proposed nonlinear
control methods for the Dual Smart Drive.
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1. Introduction

In the current state of the art, legged robots’ performance is
characterized by very low speeds and high energy expenditure, resulting
in low efficiency for these machines. This feature, which is due mainly
to the use of conventional drives in actuators, considerably restricts
the potential of legged robots (Armada et al., 2003) and limits their
autonomous operating time. Selecting an appropriate drive system is,
then, one of the most telling factors in overcoming the stated drawbacks
(Pfeiffer et al., 2000), (Sardin et al., 1998). Conventional analysis of the
walking process in legged robots distinguishes between two different
phases in the locomotion cycle. The first phase takes place when all the
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legs are on the ground and the body is moving forward. The second
one is the swing phase, where one or more legs are on the ground while
the other(s) are swinging. A leg drive therefore works in two different
regimes. First, it moves the heavy robot body in relation to the fixed
leg. Then, the same drive moves the leg in relation to the fixed body.
These two working regimes are quite different, because of the great
difference between the body’s mass and the mass of each of the legs
(see Figures 1(a) and 1(b)). Thus, when a drive is tuned to one of the
regimes (usually the first one, since that is the more taxing regime), it
appears to be inefficient during the second regime, because it generally
makes the leg movement too slowly, despite the high power of the drive
motor. An additional difficulty with walking robots is that the motors
need to operate in a start-stop mode, where traditional motors exhibit
low efficiency (Chilikin and Sandler, 1981).

Figure 1. (a) The Silo-4 robot. (b) The six-legged TUM-Walking Machine.

All these considerations are sound reasons for developing new drives
to provide practical solutions to the aforementioned problems. Several
authors (Akinfiev et al., 1999), (Akinfiev and Armada, 2000), (Bruneau
et al., 2000), (Budanov, 2001), (Caballero et al., 2001), (Ingvast and
Wikander, 2002), (Roca et al., 2002), (Van De Straete and De Schutter,
1999) have demonstrated that using drives with some sort of variable
reduction is a good way to increase robot efficiency. Some such drives
(Bruneau et al., 2000), (Caballero et al., 2001), (Roca et al., 2002),
are based on quasi-resonance drives (Akinfiev and Armada, 1998).
They use variable geometry to accomplish variable reduction, and the
arrangement yields different transmission ratios at different positions
of the output joint. The quasi-resonance drive can thus be optimized
for a specific task.

The drive described here, the Dual Smart Drive (Akinfiev et al.,
2005), is also a further development of quasi-resonance drives, and it
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provides a continuously changing transmission ratio that depends on
the angular position of the mobile link. The drive consists of a DC
motor coupled with a constant transmission ratio gear, a mechanism
of linkages, and the supporting electronics. Its nonlinear transmission
ratio changes smoothly from a minimum value at the middle position
of the mobile link to an ad-infinitum value at the extreme positions of
the mobile link. Nevertheless, this drive has the additional advantage
of presenting two possible magnitudes of the reduction ratio for each
position of the mobile link, due to the particular configuration of
the mechanism of linkages. This dual property permits the linkage
mechanism to be arranged within the limits of one angle when the load
(or external force) is small (for high displacement speeds), or within the
limits of another angle when the load is greater (at accordingly smaller
displacement velocities). Consequently, the Dual Smart Drive can be
especially useful for climbing robots, which experience severe changes in
external forces due to gravity while ascending or descending a vertical
wall or an inclined surface. Moreover, use of this drive allows the motion
speed of walking machines to be increased, because the Dual Smart
Drive provides fast acceleration and deceleration at the beginning and
at the end of the driving trajectory, for both legs and body (high
absolute magnitude of the reduction ratio), while maintaining high
speeds in the intermediate part of the driving trajectory for both
legs and body (low absolute magnitude of the reduction ratio), and
providing higher speed and lower torque for the motion of the legs and
higher torque and lower speed for the movement of the body.

Using this kind of nonlinear actuator makes control systems more
complex. A first approach for the Dual Smart Drive control was
presented in (Ferndndez et al., 2003). That algorithm (originally
created for resonance drives (Akinfiev, 1990)) divided the movement
trajectory in each working regime into two equal parts, passive and
active. In the passive part, the system operated under open-loop
control while the angular positions and the angular velocities were
recorded. In the active part, the algorithm mirrored the stored pairs
of data and used them as the reference signal in phase-plane control.
Thus, the system’s behavior was perfectly symmetrical and took into
account the intrinsic dynamics of the Dual Smart Drive. Nevertheless,
any noise or disturbances during the passive part could have an
unpredictable effect on the resulting scheme. To solve that problem,
a combined backstepping/time-optimal control strategy is proposed,
which increases robustness and guarantees asymptotic tracking. The
basic idea is to use the backstepping design technique to develop
Lyapunov-based nonlinear controllers for the Dual Smart Drive that
conduct asymptotic tracking of the reference trajectories, which have
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been suitably selected using the time-optimal control method (Athans
and Falb, 1966). The problem is also extended to include bounded
control inputs (Lin and Sontag, 1991). The backstepping approach
(Kanellakopoulos et al., 1991), (Kokotovic, 1992) is a flexible, powerful,
well-studied (Isidori, 1989), (Khalil, 2002) design tool for stabilizing
nonlinear systems in output feedback and strict feedback forms, for
both tracking and regulation purposes (Krstic et al., 1995). The key
idea of this technique is the systematic construction of a Lyapunov
function for the closed loop, which allows its stability properties to be
analyzed. Thus, at every step of backstepping, a new Control Lyapunov
Function (CLF) is constructed by augmentation of the CLF from the
previous step by a term that penalizes the error between a “virtual
control” and its desired value (the so-called “stabilizing function”).
Thus, the derivative of the Lyapunov function can be made negative
definite by a variety of control laws, rather than by a specific control
law.

The rest of the paper is organized as follows. Section 2 describes
the Dual Smart Drive and its nonlinear mathematical model. Section
3 is devoted to the time-optimal control problem for the calculation of
the reference trajectories. Section 4 explains the nonlinear controller
design using the backstepping technique. Section 5 discusses and
solves the problem of stabilization with bounded control. Section 6
demonstrates through simulations and experimental testing not only
the improved performance of the Dual Smart Drive in comparison with
other actuators, but also the effectiveness and feasibility of the proposed
nonlinear control algorithms. Lastly, section 7 summarizes the major
conclusions and future research directions.

2. System Description

The design of the actuator was presented in (Ferndndez et al., 2003).
It comnsists of a crank connected to the reducing gear of a DC motor,
a mobile link that rotates around a fixed point, and a slider that slips
along the mobile link in a radial direction thanks to the movement of
the crank to which it is connected. An essential characteristic of this
actuator is that the length of the crank is smaller than the distance
between the mobile link’s rotation axis and the crank’s rotation
axis (see Figure 2). The kinematics is determined by the following
parameters: £5;;, = distance between the mobile link’s rotation axis
and the crank’s rotation axis; £ = length of the crank; ¢ = angular
position of the rotor measured clockwise from the ox axis; a = angular
position of the crank measured clockwise from the ox axis; and § =
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Mobile Link

Figure 2. Elements and kinematic schema of the Dual Smart Drive.

angular position of the mobile link measured clockwise from the ox
axis. Taking into account that o < fprr, the mobile link will move
between two extreme positions (see Figure 2):

—Bo < B < By where [y=arcsin (#) i (1)

ML

The mobile link can be shifted from one end position to the other in

two different ways: by displacement of the crank within the limits of
angle I'; (so-called first regime) or by displacement of the crank within
the limits of angle I'y (so-called second regime). The variation of the
angular position of the mobile link, 8 , as a function of the angular
position of the crank, «, is given by:

(2)

8 = arctg ( Sina ) .

(Uymr/lc) + Cosa

Since the relationship between the angular position of the rotor, ¢,
and the angular position of the crank is ¢ = Kga, (K¢ = constant
transmission of the reduction gear), the relationship can be rewritten
as:

f = arctg ((eML /i) + Cos (p/Kc)
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The transmission ratio between the reducing gear and the mobile
link can be calculated using:

Kp = —, (4)

where ¢ is the angular velocity of the crank and 3 is the angular velocity
of the mobile link. As a result,

1+ (EML/fc)Z +2(lprp /o) Cosa
1+ (prp/lo)Cosa '

Kp = (5)
Then, the nonlinear transmission ratio, as a function of the angular
position of the rotor, is given by:

oo L+ (/o) + 2(bur/to)Cos 9/ Ko) (6)
P 1+ (Curr/bc)Cos (p/Ke) |
The angular velocity of the rotor as a function of the angular velocity
of the mobile link is given by:

¢ = KcKp 5. (7)

Consequently, the angular acceleration of the mobile link may be
stated as: .
_ % Kppyy
KaKp(y) KGKzQ)(go).

Equation (5) is a 27 periodic equation, consisting in two different
parts: one with negative values (part I'y), and one with positive values
(part I'1) (see Figure 3(a)). The negative magnitude of the reduction
ratio means that the crank and the mobile link are rotating in opposite
directions. It is interesting to note that the reduction ratio tends to
infinity at the end points, —(y, By, where the crank is perpendicular to
the mobile link. At these points, the deviation of the mobile link from
its medium position is maximal. That is why the movement from one
end position to the other ensures the best change of the reduction ratio
for maintaining high accelerations of the mobile link at the beginning
and at the end of driving (high absolute magnitude of the reduction
ratio) and for maintaining high speeds in the intermediate part of the
trajectory (low absolute magnitude of the reduction ratio). Moreover,
when the mobile link is moved by displacement of the crank within
the limits of angle I'1, the absolute average magnitude of the reduction
ratio will be greater than when displacement is within the limits of
angle TI'y (see Figure 3(b)). The movement of the crank can therefore
be used within the limits of angle I's when the load is small (i.e. for

(8)
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moving the robot’s leg) and displacement speeds are high, or within the
limits of angle T'; when the load is great (i.e. for moving the robot’s
body), at correspondingly smaller displacement velocities. Therefore,
the drive allows the mobile link to shift easily from one end position
to another, with two different laws for changing the drive’s reduction
ratio (Ferndndez et al., 2003), and makes independent tuning for two
different movements possible. One important point is that, although
the mobile link of the Dual Smart Drive could move from any position
to any other position between —(Gy and 3y, only movement from one
end position to the other ensures maximum effectiveness.
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Figure 3. (a) Kp vs. a.. (b) Absolute magnitudes of Kp vs. (.

Figures 4 and 5 display some examples of Dual Smart Drive
connections with legged robots. In Figure 4, the Dual Smart Drive
is used to perform a horizontal movement of the legs and the body in a
multi-legged robot with Cartesian DOF. In this configuration, gravity
does not affect the drive’s dynamics. Additionally, this design facilitates
analysis of the drive’s dynamics within the whole robot system, without
having to take into consideration the kinematic connection of leg parts
(unlike designs where the robot has rotational DOF). There is only
one problem: synchronization of leg velocities when all the legs rest
on the horizontal plane and all the Dual Smart Drives are working
simultaneously to move the robot’s body horizontally. Accordingly, it
is necessary to have a control system that can provide high-quality
tracking of the reference trajectory for the Dual Smart Drive, which is
characterized by several nonlinearities. A control of this kind comes
under consideration in sections 4, 5 and 6 of this paper. Although
the Dual Smart Drive could also be used for rotational or progressive
movement with vertical displacement of the leg’s center of gravity, as
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shown in Figure 5, the analysis of this configuration lies beyond the
scope of this paper.

BODY OF THE ROBOT

90° REDUCTION

SLIDER T
MOBILE LINK

CRANK \ PULLEYS

MOTOR WITH T

REDUCTION l ‘
\ h“"

Figure 4. Example of a Dual Smart Drive connection on a legged robot.
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Figure 5. Example of a vertical Dual Smart Drive connection on a legged robot.
Resuming the analysis of the Dual Smart Drive, note that, at

the singular points where the drive changes its working regime, the
velocities are null. This essential feature enables the Dual Smart Drive’s
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dynamics to be modeled independently for each working regime and
allows the two models to be combined for an overall representation. The
drive is also assumed to be operating horizontally in order to achieve
gravitational decoupling. Bearing these facts in mind, the mobile link
equation is given by:

JiBi = KpKaM; — b;3; — Mpr;sign (51) ; 9)

where J; is the equivalent inertia of the mobile link in each working
regime ¢ = 1, 2, 3; is the angular acceleration of the mobile link, M; is
the moment that acts on the mobile link, b; is the equivalent viscosity
friction coefficient, and Mgpg; is the moment of dry friction during the
movement in each regime. The rotor equation is given by:

Inmpi = v — My — bardi, (10)

where J)y is the rotor inertia, ¢; is the angular acceleration of the rotor,
Tarq is the motor torque, M; is the moment that acts on the rotor gear,
and by is the viscosity friction coefficient on the motor shaft.

The motor torque 7y; is given by:

™M = kmd A, (11)
where k,, is the torque constant and [4; is the armature current:

Iy = RL [wi — kil (12)
M
where u; is the voltage fed into motor by control system, Rj; is the
motor resistance, and kg is the back-EMF' constant.
Combining all these equations, the dynamic model of the system
with a nonlinear transmission ratio is:

T1; = T2i,
. 1 Jk?}% T2
To; = o [( zKéXxlxz)__fgwa_
I+ - ! D(z15)
D(z1;)
13
_bai >x2A_MFRGiSZ.gn< To; ) N (13)
T
K e Kp(ay) Kp.) Ke
K
+ M?IG' Uj .
Iv+ —5—
D(z1;)
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where z1; denotes the angular position of the rotor, ¢; xg;, the
corresponding angular velocity, ¢; Kp,,), the derivative of the
nonlinear transmission ratio given by:
<5ML)2 1
— -1
le

i . <%>
—SIn | —

locKq Kqg
Dip)) = v N (14)
{1+—cos< ! )}
Lo K¢g
and J kk b
Joi = w5y Kuma=bu+ 2" bgi =
G K% M M + RM G Ké
(15)
MFprg; kpm
M i , Kyp = —
FRG K. Mb RM

3. Time-Optimal Control

The section above argues that the movement from one end position
to the other ensures a favorable change of the reduction ratio for each
working regime. The desired control objective is, then, to make this
displacement in a minimum time using all the capabilities that the
electromotor and the transmission have available. For this reason, a
time-optimal control (Athans and Falb, 1966) is used to calculate the
reference trajectories.

For nonlinear systems, optimal control theory only provides the
necessary conditions for optimality. Hence, only a set of candidate
controls can be deduced using the general theory. So, once the equations
of motion have been derived, Pontryagin’s Minimum Principle is
applied to obtain the necessary conditions for optimality. Then, the
equations for the state and costate vector that satisfy the necessary
conditions are determined, and, subsequently, the control sequences
that can be candidates for time-optimal control are obtained. The
control problem is to minimize the cost functional

T
W@ﬂ:/ﬁ:T—m T is free, (16)
to

subject to a magnitude-input constraint of the form |u;(t)| < uUmax,
Vt € [to,T]. The Hamiltonian function for system (13) and cost
functional (16) is given by:

Hi(z,p,u) =1+ xoip1; + f (215, 22;) pai + K (T15) wip2i, (17)
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where,
1 JGzK T1,T
f (i, 2:) = T K KgD( L) K-
KD ()
(18)
bGl > 0 — MFRGZSigTL( X2 >‘|
Kl2)(x1) D(=1) Kp()Ka
and
km
K (x1;) = 7 . (19)
]%AI <bhw+'——§——l——j;>
KD(ml)KG

Since the Hamiltonian function is linear at w;, the optimal control

is of the form
u; (t) = Umaxsign[K (z7;(t))pa (1)] (20)
almost everywhere at [tg, "], where T™* is the minimum time, and
x7;(t) and p3,;(t) are the state and costate trajectories under the optimal
control law. Thus, the time-optimal control is bang-bang. This means
that the state space can be partitioned into two regions, one in which
U; = Umax and another in which u; = —upax. The boundary between
the two regions is called the switching curve. For second-order systems
such as this one, the switching curve can be determined by plotting
system trajectories in the phase plane for the two extreme control
values. Figure 6 shows trajectories of system (13) for u; = umax (solid
curves) and u; = —umax (dashed curves). The arrows indicate the
direction of motion of the state. All the trajectories due to wu; =
+umax can be seen to tend to the line x9; = ¢, and all the trajectories
due to u; = —umax can be seen to tend to the line x9; = —cq. The
trajectories that pass through the origin are labeled 4 and vy_ (Athans
and Falb, 1966). The v, curve is the locus of all points (z1;, z2;) that
can be forced to (0,0) by the control u; = +umax, and the y_ curve
is the locus of all points (z1;,z2;) that can be forced to (0,0) by
the control u; = —umax. The v curve, called the switching curve, is
the union of the «4 and y_ curves, and it divides the state plane
into two regions, Ry and R_. R4 consists of the points to the left
of the v switching curve, and R_ consists of the points to the right
of the « switching curve (cf. Figure 7). Since the bang-bang control
has a finite number of switches in every bounded time interval, it
can be demonstrated that the extremal controls for system (13) can
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switch at most once, and that only the four control sequences {+umax },
{—Umax}, {+Umax; —Umax}, and {—uUmax, +Umax} can be candidates
for time-optimal control. The arguments are illustrated in Figure 8.
If the initial state = = (&1,&2) belongs to the ~y, by definition,
control sequence {+umayx} results in trajectory =0, which reaches the
origin. Control sequence {—umax} results in trajectory ZA’, which
never reaches the origin. Control sequence {+umax, —Umax} results in
trajectories of the ZB’C’ type, which never reach the origin. Control

sequence {—Umax, +lmax} results in trajectories of the ZD'E’ type,
which never reach the origin.

150

1001

50F

C !

-50 ' ‘ '

-100 | ! " ‘

\
-150 b
150 100 50 0 50 100 150

Figure 6. State-plane trajectories for the system given by (13). For illustration
purposes, Umax = 1.

Therefore, if the initial state is on the 4 curve, then, of all
the control sequences that are candidates for minimum-time control,
only {+umax} can force state = to 0. Thus, by elimination, it must
be time optimal. Using analogous arguments, it can be shown that
if the initial state belongs to the ~_ curve, then the time-optimal
control is u; = —Umax. Thus, the time-optimal control law for
initial states on the v curve has been derived. Let us now consider
an initial state X that belongs to the R; region. If the {+umax}
control sequence is used, the resulting trajectory is X F’, shown in
Figure 8, which never reaches the origin. If the {—wumax} sequence
is applied, the resulting trajectory, XG’, never reaches the origin.
If the {—umax, +umax} sequence is applied, the resulting trajectory
is of the XH'I" type, which does not reach the origin. However, if
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150 T
Y- X
1001 b
50 I ui* = - Umax -
R, /‘ R-
0 0 X1i
The v switch curve
-50F e 4
Uj =+ Upax
-100+ B
_‘] 50 L L L L L y+ L
-20 -15 -10 -5 0 5 10 15 20

Figure 7. Switching curve for second-order nonlinear system (13). For illustration
purposes, Umax = 1.

the {+umax, —Umax} sequence is used, then the origin can be reached
along the X J'0 trajectory, provided that the transition from the u; =
+Umax control to u; = —umax occurs at point J’, that is, at the
precise moment that the trajectory crosses the v switching curve. This
is true for every state in Ry. Thus, by the process of elimination,
the conclusion is reached that the {+umax, —Umax} Sequence is time
optimal for every state in R, provided that the control switches
from u; = +Umax 10 U; = —Umax at the  switching curve. Using
identical arguments, it may be concluded that, when the initial state
belongs to R_, the {—umax, +umax} sequence is time optimal with the
transition from —umax tO Umax over . The u] time-optimal control can
therefore be written as a function of the state as follows:

U:( = u;f (I‘li,l’gi) = +Umax for all (xlivai) € V+ U R+7

(21)

uf = ul (14, T2) = —Umax for all (z1;,x2;) € v~ UR_.

Bang-bang control is useful for establishing a theoretical bound on
the best possible controlled system performance, but it is generally
quite difficult to apply to practical problems (Song and Smith,
2000), (Meckl and Seering, 1985). Usually, its performance degrades
severely with modeling inaccuracies, unpredicted external disturbances
or measurement noise. A combination of time-optimal control and
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backstepping is proposed to add stability by using the time-optimal
trajectories as reference values for a controller designed using integrator
backstepping. The problem is also discussed for bounded control inputs
in section 5. Thus, the approaches will be quasi-time optimal rather
than exactly time optimal.

150

100

50

-50

-100

-150
-20 -15 -10 -5 0 5 10 15 20

Figure 8. Various trajectories generated by the four possible control sequences. For
illustration purposes, tUmax = 1.

4. Backstepping

In order to solve the tracking problem, a nonlinear trajectory-tracking
controller is proposed following the integrator backstepping technique
(Kanellakopoulos et al., 1991), (Khalil, 2002), (Kokotovic, 1992),
(Krstic et al., 1995). Firstly, a coordinate transformation is introduced
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for system (13):

€1; = €2; + Tgoi — Tqti,

. 1 bai
€9; = T KMo — ——— +
Y — Gi D(e1itzais)
D(e1i+xq14)
JGi K Doy, +s.e0i+.m,
i (gl +Tg1i,€2 +Id2z)> (621' + xd?i) _
D(eri+zq1:) (22)
_ Mrprai sign < €2 + Tqoi ) n
l<j)(€1i4*xdli) }{i)(e1i4fwd1i)]K13
K .
+ Joi Ui — Ld2i-
JM + K2 !
D(e1i+xq14)

where e1; = x1; — T414, €2i = XT2; — T49; denote the position and velocity
tracking errors, and z41; = z7; and x4 = x3;, for ¢ = 1,2, denote
the time-optimal trajectories determined in Section 3. Now, a smooth
positive definite Lyapunov-like function is defined as follows:

1
Vh' = 56%2 (23)
Its derivative is given by:

Vii = exi (e2i + Tazi — Ta1i) - (24)

Next, eg; is regarded as a virtual control law to make Vh negative. This
is achieved by setting eo; equal to —x49; + % 41; — k1;€14, for some positive
constant ki;. To accomplish this, an error variable zo; that we would
like to set to zero is introduced:

Z9; = €2; + T — Ta1i + ki€ (25)

Then Vli becomes:

Vii = zaie1i — k1i€2,. (26)
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To backstep, system (22) is transformed into the form:

e = —kien + 29,

7321' = 3

1 JGiKD(€1i+:vd1i722i+id1i—k1i€u) .
J
Gi KD(eu-HEdu‘)

JIum + 2—
D(eri+zq1:)

bai .
—Kna — i i — kiierq) —
M K]% > (z2i + Ta1 1i€1i) (27)

(eri+q1i)

Mrrai . (Zzi + Tq1i — k?ueu)}
- _Sign +

KD(eu-H?dli) KD(eli“’-'Edli)KG

K
Jai

+ u; — La1i + K1i€ii.

Iy +
K3

(erit+zari)

Now, a new control Lyapunov function, Va;, is built by augmenting
the control Lyapunov function V3; obtained in the previous step using
a stabilization function. This function penalizes the error between the
virtual control and its desired value. So, taking

1
Voi = Vi + 5'%2%@" (28)
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as a composite Lyapunov function, we obtain:

. 1 bcy
Vo; = —klie%i + Kiz9; T [(_ v —+

. 2
I+ KD(€12‘+96d1z‘)
D(eri+zais)

JaiKp(

e1it+aiizeit+tai—kiien:) .
11{3 P — Kya | (220 + B
D(eri+zq1:)

(29)

+

Mrrai . 29; + Tq1; — ke
—kiier;) — sign

KD(equIdu) KD(eli+-Td1i)KG

KMa
Jai

€L . .
+ i+ -~ Tani K1ié1;

JM+ 2 !
KD

(e1i+zq1i)

Choosing

J JG' €14 .. .
u; = <KM t o : > [—i + Za1i — ki€
Mb MO D(eyi+a ;) v

1 [ ( JGiKD(eli+md1i722i+fbd1i*klieli) o
. 3
v+ 5 —— JGi D(e1i+zq1;)
D(e1i+xq1:) (30)
bai .
— K — KQ—Z> (22i + Eq15 — krie1s) —
D(e1i+xq14)

~ Mppei sign <Z2i + &ari — klz‘elz‘)] _ k2‘221
7 1|
Kp(eri+ean) Kp(eritaan K

yields

Vai = —kuie3; — kikaiz2;, (31)

where ki;, ko;> 0. This implies asymptotical stability according to
Lyapunov’s stability theorem.
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5. Boundedness of the Control Input

Since the controller built with the backstepping technique can cause
control-signal saturation in practical implementations, in this section
the study is extended to include the case of a bounded input. Thus, a
formula is used for a stabilizing feedback law with bounded control
(Lin and Sontag, 1991), under the assumption that an appropriate
control Lyapunov function is known. Consider transformed system (27),
rewritten as:

N=fi(n) +gi(mu;  for  i=[én 2], (32)

where
fi(n) == [fu fa)",

f1i == —kuier + 22,

fos 1= 1 l<JGiKD(€1i+md1i>z2i+j3d1ik’lz‘eli) B

1 T 3
Im+ —= JGi D(e1i+xd1:)

KD(GM-H?du) (33)

K bai ) i

“HMa T g (22i + Eq15 — krie1q) —

D(e1i+xq14)

Mrrai . 29; + Ta1i — k1i€1i
sign

— — Zq1i + k1iéii;
KD(eu-i-wdu) KD( Kg )] Z o

e1it+qdii)

J; > ’ (34)

2 2
KD(eu-l—wdu)KG

Ry (JM +

and the known appropriate control Lyapunov function (28)

1 1
Vo; = iei- + iniz;. (35)

For the particular case of scalar-valued controls, the resulting
bounded feedback law is

u; ==Y (xi; umax) Umax (36)
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where

LyVai + 4/ (LyVai)? + (umas | Lo Vail)*

s L Vi | 1 /1 (e | g Vi

(37)

Ti (xiu umax) =

LyVa; and LgVa;, which are the Lie derivatives of (35) with respect
to the vector fields defining the system, are given by:

KiZ24

LVa; = eqi (—kiier + 22i) + " (=K ma+t
IM+
D(eri+xq1i)
+JGiKD(elfz‘{-;Idu,ZQi-i-dsdli—kuelz‘) - bai ) (225
D(e1i+zq1i) D(e1i+wq1:) (38)
s — ktiess) — MFrrai sign <Z2i + La1; — klielz’)] B
1 2 3
Kp(ey,+aars) Kp(eyvaam)Ba
—Eq1iKiz2i + k1i€1iKi22i;
k . .
LyVai = m iz i . (39)
Ry (JM + = ! 5 )
}<i)(eli4‘xdli)]<k;
Since the derivative of V5; along the solutions of (32) is given by:
Vgi = LfVQi + LgVQiUi, (40)
then, using equations (36) and (37), if LfVy; < 0, stability is

N2
guaranteed. Nevertheless, if L;V; > 0, the condition of u? > (i’; “2 z)

has to be satisfied to guarantee stability.

6. Simulations and Experiments

6.1. COMPARISON OF THE DUAL SMART DRIVE PERFORMANCE
WITH THAT OF OTHER ACTUATORS

Several comparisons have been carried out through simulations and
experimental tests to confirm that the Dual Smart Drive outperforms
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Table I. Quantitative performance comparison between classical drive and Dual
Smart Drive.

FIRST REGIME: MOVEMENT OF THE BODY

CLASSICAL DRIVE DUAL DRIVE
VOLTAGE [V] 48 48
TIME [S] 241 0.75
ENERGY [J] 28.52 7.85
CLASSICAL DRIVE DUAL DRIVE

VOLTAGE [V] 48 48
TIME [S] 0.58 035
ENERGY [J] 6.77 3.98

other drives. Firstly, the performance of the Dual Smart Drive was
experimentally compared with that of a classical drive consisting in
a DC motor. For this test, a special prototype was used that is
dynamically equivalent to the one presented in Figure 4 and can be
connected to the Dual Smart Drive or a traditional DC motor. The
Dual Smart Drive, using the same motor, and an arrangement with
Ly = 0.11m and ¢c = 0.065m, proved to reduce motion time by
68.74% and energy consumption by 72.45% during the first regime, and
to reduce motion time by 39.63% and energy consumption by 41.15%
during the second regime. Figures 9(a) and 9(b) show, respectively, the
phase plane and the energy consumption of both the Dual Smart Drive
(solid lines) and the classical drive (dashed lines) during the movement
of the body with bang-bang control. Figures 9(c) and 9(d) display,
respectively, the phase plane and the energy consumption of both the
Dual Smart Drive (solid lines) and the classical drive (dashed lines)
during the movement of one leg with bang-bang control. Lastly, Table
I summarizes the quantitative experimental results.
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Figure 9. Performance comparison between classical drive (dashed lines) and Dual
Smart Drive (solid lines).

Secondly, taking as an example the inertias that support one of the
first joints of the four-legged robot Silo-4 (Garcia and Gonzilez de
Santos, 2001) (see Figure 1(a)), the Dual Smart Drive’s behavior was
simulated in this joint using the same motor and the same reduction
gear that the Silo-4 robot uses. The Dual Smart Drive proved to reduce
motion time by a factor of 3.77 and energy consumption by a factor
of 1.69 during the first regime, and to reduce motion time by a factor
of 5.3 and energy consumption by a factor of 1.47 during the second
regime. Figures 10(a) and 10(b) illustrate, respectively, the phase plane
and the energy consumption of both the Dual Smart Drive (solid lines)
and the first joint of the Silo-4 (dashed lines) during the movement
of the robot’s body. Figures 10(c) and 10(d) show, respectively, the
phase plane and the energy consumption of both the Dual Smart Drive
(solid lines) and the first joint of the Silo-4 (dashed lines) during the
movement of one robot’s leg. Table II summarizes the quantitative
simulated results.
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Figure 10. Performance comparison between first joint of the Silo-4 Legged Robot
(dashed lines) and Dual Smart Drive (solid lines).

Lastly, the performance of the Dual Smart Drive was examined
in comparison with that of other nonlinear actuators that have been
proposed for autonomous robots. In (Montes et al., 2004) the power
consumption of the nonlinear Smart Drive and a classical drive were
compared experimentally under the same working conditions in quasi-
static movement, and the Smart actuator demonstrated an average
energy savings of 48% in comparison with the classical drive. In Table
III, a comparison between the Dual Smart Drive and its predecessor,
the Smart Drive, is conducted. The drives are tuned for optimal leg
movement. Note that for body movement, the Dual Smart Drive proved
not only to reduce motion time by 54%, but also to reduce energy
consumption by 65%.

These results showcase the Dual Smart Drive’s performance edge
with respect to other actuation systems. Use of this drive could
considerably increase energy efficiency and the time of autonomous

robot operation.
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Table II. Performance comparison between first joint of the Silo-4 Legged Robot

and Dual Smart Drive.

FIRST REGIME: MOVEMENT OF THE BODY

JOINT 1-SILO 4 DUAL DRIVE
VOLTAGE [V] 30 19.2
TIME [S] 0478 0.1265
ENERGY [J] 76.8 4525

SECOND REGIME: MOVEMENT OF THE LEG

JOINT 1 - SILO 4 DUAL DRIVE
VOLTAGE [V] 30 19.2
TIME [S] 0.477 0.09
ENERGY [J] 75 51

Table ITI. Performance comparison between Dual Smart Drive and Smart Drive.

PART IN
REGIME TIME [S] ENERGY[J]
MOVEMENT
SMART | - LEG 0.17 1.1
DUAL SMART | SECOND LEG 0.17 1.1
SMART |  —oee- BODY 2.68 87
DUAL SMART FIRST BODY 1.23 30
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6.2. TRACKING CONTROL PERFORMANCE

To investigate the effectiveness of the proposed controllers, several sets
of simulations were carried out. The objective was to force the Dual
Smart Nonlinear Drive to track the reference trajectories derived with
time-optimal control (20) using control laws (30) and (36). The values
of the system parameters are given in Table IV. Inertias J; and Jo were

Table IV. System parameters.

’ Parameters Values ’ Parameters ‘ Values ’
Lo 0.065m Jm 0.00011Kgm?
E]\/[L 0.11m MFRi 0.1Nm
b; 0.01Nms Ka 66
by ONms K 0.06Nm/A
Ji 0.0946Kgm? R 0.6
J2 0.0046Kgm? K. 0.0425Vs /rad

chosen to simulate the motion of a robot’s body in the first regime and
the motion of a robot’s leg in the second regime. The initial conditions
for the Dual Smart Drive were (x1;,z2;) = (—145.4 rad,0 rad/s). The
time-optimal reference trajectories were obtained using the bang-bang
control laws:

u] =10.8V  for 0s <t <1.165s
u] = —10.8V for 1.165s <t < 1.183s
uy = —10.8V for 0s <t <0.5s

us =108V for 0.5s <t <0.518s

} first regime
(41)
} second regime.

The bang-bang components were restricted to values below full actuator
saturation, in order to reserve some actuator effort for disturbance
compensation and for coping with modeling imperfection.

Figure 11 displays the simulation results using controller (30) with
k11 = 80, ko1 = 80, k1 = 1 for the first working regime of the Dual
Smart Drive. Dotted lines represent the desired values, and solid lines
represent the actual values. The simulated tracking performance is so
satisfactory that in many of the graphics it is difficult to distinguish
between the controlled signals and the reference signals. Figure 11(a)
and Figure 11(b) show the time evolution of the angular position and
the angular velocity of the rotor, respectively. Figure 11(c) and Figure
11(d) show the time evolution of the angular position and the angular
velocity of the body, respectively. Figure 11(e) depicts the reference
and the actual Dual Smart Drive trajectories in the zy-plane, and
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Figure 11(f) shows the behavior of the control input signal. Figure 12
illustrates the simulation results using controller (36) with uyax = 12V,
k11 = 8, k1 = 0.00008 for the first working regime of the Dual Smart
Drive. Lastly, Figure 13 displays the same set of curves using controller
(36) with umax = 12V, k12 = 16, k2 = 0.0001 for the second working
regime of the Dual Smart Drive. Clearly, all simulation results show
that the control objectives were accomplished.

To corroborate the good tracking performance obtained in
simulations, different experiments were conducted using the Dual
Smart Drive prototype shown in Figure 14. Actual system parameters
were all the same as those given in the simulations. Pulse-width
modulation (PWM) was used to control the voltage delivered to the
motor. A 2000-pulse-per-revolution optical encoder was attached to
the motor drive to provide angular position feedback to the controller.
The control algorithms were implemented directly in a 486 Processor
running real-time operating system QNX.

The same set of curves as presented above were obtained for each
experiment. Figure 15 shows simulation and experimental results of
system (13) obtained using control law (30). Dotted lines represent
simulation results obtained with ki; = 80, ko1 = 80, k1 = 1, and
solid lines represent experimental results obtained with ki1 = 50,
ko1 = 80, k1 = 1, for the first working regime of the Dual Smart
Drive. Figure 16 displays simulation and experimental results of system
(13) obtained using control law (36) with umax = 12V, k11 = 8,
k1 = 0.00008. Dotted lines represent simulation results and solid lines
represent experimental results for the first working regime of the Dual
Smart Drive. Figure 17 illustrates simulation and experimental results
of system (13) obtained using control law (36) with umax = 12V. Dotted
lines represent simulation results obtained with ko2 = 16, ko = 0.0001,
and solid lines represent experimental results obtained with ko = 8,
ko = 0.0001, for the second working regime of the Dual Smart Drive.
Lastly, Figures 18 and 19 serve to illustrate the behavior of control laws
(30) and (36), respectively, in the presence of a disturbance voltage
taking place at 0.3s <t < 0.35s.

6.3. DISCUSSION

Autonomous robots must be energy efficient but also produce sufficient
torque to reach greater speeds. Ongoing research with the Dual
Smart Drive therefore attempts to introduce a significant improvement
in legged robots and other related mechatronic devices. Subsection
6.1 demonstrated the noteworthy advantages of this drive through
simulations and experimental trials. On the other hand, the added
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complexity of the control system is a manifest disadvantage that could
restrict the use of this drive. Because of that fact, the simulations
and experimental results of the proposed control algorithms are very
important from the standpoint of practical implementation. In all the
simulations and experiments presented in subsection 6.2, very good
tracking performance was obtained with a reasonable control effort.
While higher values of the gain kj; ensured close tracking of the
reference in simulations, during the experiments it was found that
increasing the gain allows the noise to excite the high-frequency modes
of the system and can lead to instabilities. So, it was preferable
to use lower values of kj; in order to make the system less noise-
sensitive, at the expense of reducing the convergence rate. It was also
observed that the first state variable (position) comes very close to
the desired level almost immediately, while the second state variable
(velocity) experiences lengthier transients. It is interesting to point
out that despite the tracking errors of the motor, the mobile link
tracks its reference trajectory almost perfectly, due to the intrinsic
properties of the Dual Smart Drive. Figures 18 and 19 reveal the
importance of having some overhead actuation available in order to
recover asymptotic tracking when modeling errors or disturbances
cause a deviation. Therefore, the proposed control methods for the
Dual Smart Drive provide enough stability, even in the presence of
noise and significant disturbances.

7. Conclusions and Future Developments

A nonlinear actuator, the Dual Smart Drive, which offers a continuously
changing transmission ratio and dual properties and could considerably
increase the energy efficiency and the time of autonomous robot
operation has been presented. Nonlinear tracking controllers that
reflect the idealized dynamics of time-optimal control have been
introduced for this drive. These controllers have been constructed
using a backstepping design procedure and a universal formula for
stabilization with bounded controls. Asymptotic stability and the
desired tracking performance have been achieved. The limitations
of bang-bang control due to modeling inaccuracies and unpredicted
disturbances have been alleviated using backstepping. As modeling and
timing accuracies approach perfection, the controllers presented here
can approach true time-optimal control. Simulation and experimental
results have shown the effectiveness of the controllers and demonstrated
that the control objectives were accomplished.
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Future developments shall investigate the influence of gravity on the
dynamic properties of the Dual Smart Drive, in order to enlarge the
drive’s area of application in autonomous robots.
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Figure 11. Simulation results of system (13) obtained using control law (30) with
ki1 = 80, k21 = 80, k1 = 1 for the first working regime of the Dual Smart Drive.
In (a)-(e), dotted lines represent the desired signals, and solid lines represent the
controlled signals.

nRF-JAR-04-034.tex; 28/07/2005; 18:32; p.32



Nonlinear Control for the Dual Smart Drive 33

150 - - - - . . 3007

2501
100

2001
50

1501

100-

-50
501

-100

Motor — Angular Position [rad]
°
Motor — Angular Velocity [rad/s]

ok
-150 -50
0 02 04 06 08 1 12 0 02 04 _ 06 08 1 12
Time [s] Time [s]
(a) (b)
08 16
— 06 — 14
B 3
= S 12
= 04 =
o 2
= G 1
@ 02 <}
g °
o 2 o8
g 0 =
E 2 o6
2 [=2]
S 02 =
<|( < 04
I
>-04
© > 02
] 8
a
-0.6 @
_ogl . . . . . o2l . . . . .
0 0.2 04 _ 06 038 1 12 0 0.2 04 _ 06 038 1 12
Time [s] Time [s]
(c) (d)
N 15
— 14 .
5 L
z S 10
© 1.2 [}
—_ =2
2 g ol
5 1 S
o >
Q
2 o8 (.
5 g
£ o0s >
= (7]
g o4 s 5
1 =
g
> 02 S
B O -10
@ 9
-0z -15
08 -06 -04 -02 0 02 06 08 0 02 04 038 1 12

0.6
Time [s]

(e) (f)

0.4
Body — Angular Position [rad]

Figure 12. Simulation results of system (13) obtained using control law (36) with
Umax = 12V, k11 = 8, k1 = 0.00008 for the first working regime of the Dual Smart
Drive. In (a)-(e), dotted lines represent the desired signals, and solid lines represent
the controlled signals.
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Figure 13. Simulation results of system (13) obtained using control law (36) with
Umax = 12V, k12 = 16, k2 = 0.0001 for the second working regime of the Dual Smart
Drive. In (a)-(e), dotted lines represent the desired signals, and solid lines represent
the controlled signals.
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Figure 14. Manufactured prototype of the Dual Smart Drive.
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Figure 15. Simulation and experimental results of system (13) obtained using control
law (30). Dotted lines represent simulation results obtained with k11 = 80, k21 = 80,

k1 = 1, and solid lines represent experimental results obtained with ki1 = 50,
ko1 = 80, k1 = 1, for the first working regime of the Dual Smart Drive.
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Figure 16. Simulation and experimental results of system (13) obtained using control
law (36) with umax = 12V, k11 = 8, k1 = 0.00008. Dotted lines represent simulation
results and solid lines represent experimental results for the first working regime of
the Dual Smart Drive.
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Figure 17. Simulation and experimental results of system (13) obtained using control
law (36) with umax = 12V. Dotted lines represent simulation results obtained with
ki2 = 16, ko = 0.0001, and solid lines represent experimental results obtained with
k12 = 8, k2 = 0.0001, for the second working regime of the Dual Smart Drive.
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Figure 18. Experimental results obtained using control law (30) with k11 = 50,
ko1 = 80, k1 = 1, for the first working regime of the Dual Smart Drive and with a
disturbance at 0.3s < ¢ < 0.35s. Dotted lines represent the desired values, and solid
lines represent the actual values.
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Figure 19. Experimental results obtained using control law (36) with umax = 12V,
ki1 = 8, k1 = 0.00008 for the first working regime of the Dual Smart Drive and
with a disturbance at 0.3s < ¢t < 0.35s. Dotted lines represent the desired values,
and solid lines represent the actual values.
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