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Abstract: In this paper we present the control of an underactuated brachiation
robot with only one unactuated joint using the nonlinear model based predictive
approach for the motion control. The robot used has 3 links, i. e., two arms and a
body. We adopt the MPC to control the underactuated brachiation robot due to
its advantages, mainly the construction of an optimal stabilizing control law and
due to its ability to consider, in a direct way, the constraints into the optimization
problem. At the end we present computational simulations with their respective
results and we highlight some important considerations. Copyright ©IFAC 2007
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1. INTRODUCTION

Along the past decades the worldwide use of
robotic systems has increased in a large vari-
ety of automatized activities, with a conserva-
tive forecast that points to about 1 million of
robots working around the world at the end of this
decade (UNECE 2004). The most robotized eco-
nomic activity is the automotive industry, where
the assembly and welding tasks are executed by
robotic manipulators.

There are various practical situations where one
can use service robots, for example, gas sta-
tion (refueling of vehicles), agriculture and forestry,
construction industry, renovation of nuclear power
plant, hobbies and recreation. Moreover, one ac-
tivity that is getting attention from researchers
and robot manufacturers is the inspection task.

! Email: vinicius@ieee.org
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Robots for inspection are already used in var-
ious sectors, such as nuclear power plants and
pipes (electrical and gas).

One of the inspection tasks that are on top of
research is the inspection of power transmission
lines, where the traditional methods of inspection
involve tedious and high cost procedures. Visual
inspection executed by human operators over long
extension of cables and a high number of isolators
is undoubtedly a problem. Due to the repetitive
scene of cables and isolators the inspection of
such elements is monotonous and the quality
of the inspection result cannot be guaranteed.
Many papers in the literature have considered the
application of service robots for this task, but it
is still an open subject for investigation (Co6té
et al. 2000, Aracil et al. 2002, Campos et al.
2003, de Souza et al. 2004, Rocha and ao Siqueira
2004).
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Considering the inspection of power transmission
lines, robots are already used in underground ca-
ble systems. Recently, in New York city, a robot
to inspect underground cables was commissioned.
This work proposes the development of a robot for
the inspection of overhead ground power trans-
mission lines, instead of underground ones. The
inspection of overhead wires implies a suitable
locomotion system to move along the line and
to avoid the fall of the robot. Hence, effective
locomotion systems to overcome obstacles, such
as aircraft warning spheres, counterweights and
towers are needed.

In the beginning of the past decade a new class
of mobile robot was proposed by Prof. Toshio
Fukuda in (Fukuda et al. 1991b), presenting a six-
link full-actuated brachiation robot that imitates
the movement of an ape swinging from branch to
branch. This robot makes effective use of gravity
for swinging and to move itself. In the sequel
a simpler two-link brachiation robot was pro-
posed (Fukuda et al. 1991a), where a control sys-
tem using CMAC (Cerebellar Model Arithmetic
Computer) was developed, considering heuristic
creation of input driving forces in a previous train-
ing. Moreover, this two-link robot was designed
as an underactuated system, i. e., the robot has
more degrees of freedom than control inputs. The
control of underactuated mechanical systems is a
research topic that during the past years has been
in vogue in the literature (Oriolo and Nakamura
1991, Reyhanoglu et al. 1996, Su and Stepanenko
1999, Nakanishi et al. 1999).

The study of brachiation systems, specifically the
underactuated ones, can be justified by situations
where it is necessary to reduce the weight of
the robot or when it is desired to maximize the
time of autonomy of the robot (minimizing the
energy consumption). Moreover, from the point of
view of the control theory, underactuated mechan-
ical systems present second order non-integrable
differential constraints, commonly referred to as
nonholonomic second order systems (Luca and
Tannitti 2002). The control of such systems has
attracted the attention of the community for a
long time due to the impossibility of stabilizing
it around an equilibrium point via smooth time-
invariant feedback control.

The objective of this work is to consider the
motion control of a 1-underactuated brachiation
robot, i. e., a robot with one degree of freedom
that is not directly controlled. The control archi-
tecture used is the NMPC scheme because it can
deal with constraints on inputs and state and gen-
erates an implicit optimal control law (de Oliveira
1996). Bearing in mind the idea of take advantage
of gravity forces to move the robot, it can be
supposed that the optimal control would be one
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that makes effective use of such forces. Hence, the
NPMC would generate a control that exploit the
gravity forces.

This paper is organized as follows. In section 2 is
presented the dynamics of the brachiation robot
and in section 3 the nonlinear model-based pre-
dictive control scheme is presented. In the sequel,
in section 4 we give some results from two differ-
ent initial positions. Concluding, some discussion
concerning the performance is carried out. We give
some directions for further development.

2. DYNAMICAL MODELING

Considering the brachiation robot (seen in fig-
ure 1) as a serial open-chain robotic manipulator,
its dynamics can be generally given by:

M(0)0(t)+V(0,0)6(t) + G(0) = Br — F,(0) (1)
where 6 = [0 05 03] is the vector with the joints
coordinates, M () € R3*3 is a symmetric matrix
representing the inertial terms, V (6, 6) € R3*3 is
a matrix with the Coriolis and centrifugal terms,
G(0) € R3*! is a vector with the gravity force
terms and F, € R3*! represents the viscous
friction terms.

Fig. 1. Underactuated brachiation robot.

The robot used in this work is designed as an
underactuated system, i. e., a system in which
the number of control inputs m is smaller than
the number of degrees of freedom n (m < n). In
other words, the dimension of the input vector
7 € R™*! is smaller than the dimension of the
state vector §# € R™*!. The input selection matrix
B is a real matrix of dimension (n x m).

The equations of the dynamics of the robot given
by (1) can be rewritten in a more suitable state
space form:

q(t) = f(a) + 9(q)u (2)
where ¢ = [0 0] is a 6 x 1 vector of generalized
coordinates, u = BT and
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and
o0 = %0

In this paper we have considered that the system
has m = 2 input controls, applied on joint 2 and
on joint 3, as depicted in figure 2, defined as:

I

73

and the input selection matrix B is given by:

00
B= (10 (4)
01

Fig. 2. Actuated and underactuated joints.

3. MPC SCHEME

In the following we will develop the the NMPC
scheme proposed in this work, represented by the
block diagram in figure 3.

Ref
Past Inputs Predicted
and Outputs Outputs
- Nonlinear Cj
Model
Tnputs Future
Errors
Nonlinear
Optimization
Objective Constraints
Function

Fig. 3. General NMPC scheme.

The basic elements of the model-based predic-
tive controller are: nonlinear prediction model,
nonlinear optimization procedure and objective
function. The model is used to predict the future
plant outputs, based on past and current values
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and on the proposed optimal future control ac-
tions. The optimization procedure is responsible
of calculating the optimal future control, taking
into account the objective function, as well as the
constraints (Camacho and Bordons 1999). The
objective function defines the criteria to be op-
timized (usually involving the future errors) in
order to force the generation of a control sequence
that drives the system as desired.

Now, consider a general nonlinear model, ex-
pressed as:

@(t) = f(x(t), u(t)) (5)

where z(t) is the state vector and w(t) is the
control input vector. The nonlinear model, now
described in discrete time, is given by:

w(k+1) = f(x(k), u(k)) (6)

The objective function to be minimized assumes,
in general, the following form:

N
(1) =@ (k4 jlk)Qu(k + jlk)

+Y wl (k45— 1k)Ru(k + 5 — 1]k) (7)

-

I
-

J

where N is the prediction and control horizon and
Q > 0 and R > 0 are weighting matrices that
penalize the state error and the control effort,
respectively.

Considering the fact that every real system is in
practice subjected to some constraint (for example
physical limits), we define the following general
constraint expressions:

x(k+jlk)e X,
u(k + jlk) €U,

j€[1,N]
j €[0,N]
where X is the set of all possible values for x and U/
is the set for all possible values for u. By supposing

that such constraints are linear with respect to x
and u, we can write:

Cz(k + jlk) <c,
Du(k + j|k) <d,
Thus, the optimization problem, to be solved at
each sample time k, is to find a control sequence
u* and a state sequence z* such that minimize

the objective function ®(k) under imposed con-
straints, that is:

u*, " = arg min {®(k)} (10)

subjected to:
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z(k[k) = o (11)
w(k+jlk) = f(x(k+ 5 = 1k),u(k +j — 1[k)),
je[LN]  (12)
jell, N (13)
jelo, Nl (14)

Cz(k + jlk) <c,
Du(k + jlk) < d,

where xq is the value of z in instant k.

The problem of minimizing (10) is solved for each
sampling time, resulting in the optimal control
sequence:

u* = {u*(klk),u" (k+1|k),...,u"(k+Nk)} (15)
and the optimal state sequence is given by:
x* ={a*(k+ 1k),...,z*(k+ Nk)} (16)

with an optimal cost ®*(k). Thus, the control law
defined by NMPC is implicitly given by the first
term of the optimal control sequence:

h(8) = u* (k|k) (17)

where h(d) is a continuous variable held constant
for the sampling interval 7. Hence, from the
above, the closed-loop system reads:

2(0) = f(x(9), h(9)) (18)

3.1 Brachiation Robot Control

According to the equations of the proposed
NMPC, it is necessary to describe the dynamics
of the system in discrete time. Thus, the system
given by (2) can be discretized by using the Euler’s
method and one can rewrite:

gk +1) = q(k) + Tf(k) + Tg(k)u(k)  (19)
where T is the sampling interval.

The objective function takes into account the
cartesian position and velocity of the end-effector
of the robot, instead of considering directly the
joint coordinates, because the robot must reach
the supporting line (y = 0) with null velocity,
independently of the joint configuration. It is
important to highlight the fact the robot is not
fully actuated. Thus, the objective function is
given by:

N
o(t)=>_ X" (k+jlk)QX (k + j|k)

j=1
N
+ X" (k+ jlk)RX (k + j|k)
j=1
N
+> ul(k+ 5 — 1]k)Su(k + j — 1/k)(20)
j=1
where X = [z y]T is the cartesian coordinates
vector, X = [# g7 is the cartesian velocities
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vector. The matrices Q, R and S are of dimension
2 % 2.

The NMPC deals with the system constraints
as described by equations (8) and (9): D =
11" d = [fmee Tmaa] > C = [I =1]7
and ¢ = [Hmm Hm,m} , where T4 1S maximum

torque and 6,,,, = 7 is the maximum angular
displacement of each joint.

4. RESULTS

In this section we present the results obtained
to the control of an 1-underactuated brachiation
robot using NMPC. We have considered 2 differ-
ent initial positions for the robot: the first one
with the two arms horizontally stretched (qo =
[-7 0 % 000]") and the second on with the arms

partially stretched (go = [-2* —Z Z 00 0]7).

The simulation was implemented using the soft-
ware Matlab©, with 500 iterations and a sampling
time of 10ms and a control interval of 20ms. The
dynamics parameters of the robot used in the
simulations are shown in table 1.

Table 1. Parameters of the robot.

| Parameter [ Unit | Joint 1 | Joint 2 | Joint 3
Mass Kg 1.5 1.5 2.0
Length m 1.0 1.0 1.5
Viscous Friction | Nm/s 0.1 0.1 0.4

For both simulations, the parameters of the con-
troller used are:

e prediction horizon N = 5;
o Q = diag(5,15);

e R = diag(0.01,0.01);

e 5 =0.01;

and the constraints values are:

e maximum joint displacement gq. = 7 (rd);
e maximum joint velocity ¢ = 20 (rd/s)
e maximum torque Tyq, = 30 (Nm).

Figure 4 shows the angular position of each joint,
for the horizontally stretched configuration and in
figure 5 one can observe the joints position for the
partially stretched initial position.

The external torques applied on joint 2 and on
joint 3 for both simulations can be observed,
respectively, in figures 6 and 7. In figure 8 we have
the values of the objective function for the two
simulations.

The end-effector trajectory of the robot for the
first simulation is in figure 9. and for the second
one is in figure 10.

Considering the horizontal displacement of the
end effector in both simulations, the robot moves
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Joint Position (rd)

| | | | | J
§ § [ 2
Time (5)

Fig. 4. Joint coordinates for simulation 1.

Joint Position (rd)
T a

Fig. 5. Joint coordinates for simulation 2.

Torque on Joint2 (Nm)

Torque (Nm)

— Smuaton 1
=+ Sinuaton2

Time (s)

Fig. 6. Torques applied on joint 2.

far from the origin when horizontally stretched
than partially stretched. Once the torques applied
are very similar (a bit smaller for the horizontal
configuration), we conclude that it is caused by
the gravity force.
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Torque on Joint 3 (Nm)

Torque (Nm)

5

— Simizon 1

t Sinaton?

Kl | | | | | | | | T J

0 1 2 3 4 § 6 7 8 9 1]
Time s)

Fig. 7. Torques applied on joint 3.

Objective Function

= Simiaon
+ Simiton?|

Time )

Fig. 8. Objective function values.

XY-Plan End Efector Trajectory

ety

Distance Y (m)
I &
T
-
~

1
Distance X (m)

Fig. 9. Cartesian position of the end effector for
simulation 1.

5. CONCLUSIONS

In this work we have addressed the control of
an l-underactuated brachiation robot using the
nonlinear model based predictive approach. Once
the system is underactuated, we have to consider
its constrained part to calculate the necessary
control action to move the robot. This is one of the
reasons why we have adopted the NMPC strategy
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XY-Plan End Efector Trajectory

Distance Y (m)

1 15 2 25

05
Distance X (m)

Fig. 10. Cartesian position of the end effector for
simulation 2.

of control. We observed that the controller was
able to control the brachiation motion of the
robot along the horizontal line, dealing with the
nonholonomic constraint and respecting the limits
imposed (torque, angular displacement, angular
velocity). The next steps are to perform a formal
analysis of the system stability and to implement
the proposed controller in real time.
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