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ABSTRACT

This paper aims to generalize the computed torque control
method for underactuated systems which are modeled by a non-
minimum set of generalized coordinates subjected to geometric
constraints. The control task of the underactuated robot is de-
fined in the form of servo constraint equationsthat have the same
number as the number of independent control inputs. A PD con-
troller is synthesized based on projecting the equations of mo-
tion into the nullspace of the distribution matrix of the actuator
forces/torques. The results are demonstrated by numerical sim-
ulation and experiments conducted on a two degrees-of-freedom
device.

INTRODUCTION

Computed torque control of robotic systemsis a control method
that is often applied in various applications which require high
accuracy [1]. By employing the concept of underactuation it is
aso possible to build agile and energy efficient devices by ex-
ploiting the natural dynamics of these systems. Their control
design is, however, chalenging due to the fact that the inverse
dynamics problem cannot be solved directly, since the number
of actuatorsis less than the number of degrees-of-freedom of the
system. In addition, when the nonlinear dynamics of the con-
trolled mechanical system hasto be considered, modeling and/or
computational difficulties may arise.
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In case of constrained dynamical systems, such as closed-
loop manipulators or robots contacting their environments, the
kinematic constraint conditions have to be considered explicitly
during dynamics modeling and analysis. These systems are often
described by a non-minimum set of generalized coordinates sub-
jected to constraints that provide an efficient formalism to gen-
erate the equations of motion. These equations, however, form a
system of differential-algebraic equations (DAE).

Control techniques, e.g., partial feedback linearization
(PFL) [2] and the computed desired computed torque control
method (CDCTCM) [3], are available only for underactuated
systems that are modeled by a minimum set of generalized co-
ordinates. These models can either directly be derived by us-
ing a minimum set of generalized coordinates or they can be
obtained from models having non-minimum set of generalized
coordinates. The transformation between these two representa-
tionsis always possible but it requires the use of a mixed set of
generalized coordinates and the corresponding calculations can
be time consuming.

In some cases the advantage of using the non-minimum set
of descriptor coordinates is to have a model which can effec-
tively be simulated. For example, using natural coordinates [4]
the mass matrix of the modeled dynamical systemis constant and
the constraint Jacobian is often linear function of these coordi-
nates that enable the real time solution of the equation of motion
of complex mechanical systems.
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This work presents a possible generalization of the com-
puted torque control method applied for underactuated systems
which are modeled by using a non-minimum set of generalized
coordinates. An important element of the presented approach is
the use of the concept of servo-constraints specifying the mo-
tion of the constrained system as function of the generalized co-
ordinates and time [5]. The proposed strategy is based on the
projection of the equations of motion into the nullspace of the
distribution matrix of the actuator forces/torques, and on stabi-
lizing the servo constraints by a PD controller. The applicability
of the investigated computed torque strategy is demonstrated by
simulations and by experiments conducted on a two degrees-of-
freedom (DoF) robot with one actuator.

GENERALIZED COMPUTED TORQUE CONTROL

The control methods of PFL and CDCTCM are especialy de-
voted to control underactuated systems described by minimum
sets of generalized coordinates [2, 3]. The PFL can be used
to feedback linearize the dynamics corresponding to the active
DoFs (collocated case), and in case of strong inertial coupling,
the dynamics corresponding to the passive DoFs of a system
(non-collocated case), respectively. Within the categories of pas-
sive and active DoFs, reference [ 3] introduces controlled and un-
controlled DoFs. Thetrajectories of the uncontrolled coordinates
are calculated on-line which makes the error feedback for all the
DoFs possible. The online calculation of these coordinates re-
quires the solution of the equation of motion projected into the
space of uncontrolled motion. This projection is possible by us-
ing the nullspace of the distribution (coefficient) matrix of the
input force/torgque vector.

Following the same idea reference [6] presents a computed
torque based solution for the position control of a suspended ser-
vice robot modeled by a non-minimum set of generalized coor-
dinates. In this paper, the desired values of the uncontrolled co-
ordinates and the computed forces/torques were determined via
the direct solution of the differential algebraic equations of mo-
tion by applying backward Euler discretization and the Newton-
Raphson method to solve the resulting nonlinear set of algebraic
equations. By introducing the concept of servo constraints [5],
here, a computationally more effective computed torque control
strategy is proposed.

It is assumed that the dynamics of the underactuated system
is modeled by using a non-minimum set of generalized coordi-
nates. Then the equation of motion of the system has the general
from

M(a)d + ¢(q,6) + g (a)A = Qq(a) + H(a)u 1)
¢(q) =0 2

where M(gq) € R™" is the mass matrix of the system,

C(qg,q) € R" is the vector that contains the Corialis, centrifu-
ga and damping terms and @4(q) = J¢(q)/dq € R™" is the
Jacobian associated with the geometric constraints ¢(q) € R™.
The matrix H € R™ is the distribution matrix of the actuator
forces/torques collected in the input vector u € R'. In addition
Qg(q) denotes the generalized force vector associated with grav-
ity. It is assumed that the dimension of the control input | isless
than the degrees of freedom n— m of the mechanical system.

For the sake of simplicity, for the recent derivation we as-
sume that the geometric constraints have no componentswith ex-
plicit time dependence. Then these constraints can be expressed
at the acceleration level as

¢ = @q(q)§ +Pq(q,a)q - 3

The servo constraint equations are formulated similar to the
geometric constraint equations, but they involve control speci-
fication terms that may depend on time explicitly. These con-
straints are represented by

¢S(q7t) = 0 9 (4)
which can a'so be defined at the acceleration level in the form

0= Gq(q)d+v(q,a,t)  with

e, 00 L 96 ®)
Y(qvqat)*GqQ‘FaW; Gq*a—q-

In addition, the equation of motion (1) can be projected into the
nullspace of the actuator forces by applying the transformation
V = Null(HT)T, which result in n — | equations that describe the
uncontrolled dynamics of system

V(@)M(a)§ + V(a)®q(a) = V(a)(Qq(a) —c(a,G)) . (6)

Combining the projected equation (6) with the constraint
equations (3) and (5) the internal dynamics of the closed loop
system is described by the (n—1) + m-+1 = n+ mequations

VM vy ; V(Qg—0)
® 0 = —®qq (D
Gq 0 o KD¢S— KP¢S

where A is the vector of Lagrangian multipliers, while Kp and
Kp arethe proportional and derivative gain matrices. These gain
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matrices have exactly the same role as the Baumgarte stabiliza-
tion parameters during the solution of differential algebraic equa-
tions of motion. The PD control mechanism stabilizes the servo
constraints and therefore it provides the desired motion of the
system.

Then, assuming that the augmented mass matrix is invert-
ible, equation (7) can be solved for the generalized accelerations
¢ and for the Lagragian multipliers A. The transformation HT
projects equation (1) into the image of H forming | independent
equations for the control inputsin the form

u=H"(Mg+c+®IA— Q) (8)

where HT = (HTH)~HT isthe generalized inverse of the actua-
tor force/torque distribution matrix H.

EXPERIMENTAL SETUP AND MECHANICAL MODEL

The validating experiments of the proposed control algo-
rithm were carried out by using the Quanser 2DoF haptic device
shown in Figure 1. This robot has two special cable driven ac-
tuators that drive the joints which have a common fixed rotation
axis. The centers of masses of the driven (proximal) links are
closeto this axis, while the distal links have low inertia.

In order to use the device as an underactuated robot one of
the actuators must be switched off, but the corresponding en-
coder signd is still necessary to determine the position of the
end-effector. For this reason, it is not possible to dismount the
unused actuator. In addition, it has to be noted that due to the
gear ratio (Kg = 19.3) of the special cable actuated system the
effective dry friction at the driven jointsis significant. Thisfact,
considering also the relatively low inertial coupling between the
links, may prevent the motion of the link with the inactive motor.

To overcome this problem, a partial friction compensation
was applied for the joint corresponding to the uncontrolled ac-
tuator. In addition, the wesk inertial coupling between the links
was strengthened by connecting the proximal links of the device
through avirtual spring as shown in Figure 2. The realization of
these solutions, however, requires the use of both actuators. Uti-
lizing that the robot is a haptic device both actuators were used
for the realistic rendering of the combined physical-virtual sys
tem, while the desired computed torque was superimposed to the
torque output of one of these actuators only.

The mechanical model and the joint angles used for the kine-
matic description of the 2DoF pantograph are shownin Figure 2.
Each link is modeled as a planar rigid body and the points
CMi,i=1...4in Figure 2 denote the centers of masses of the
corresponding links. The locations of these points are defined by
thelocal (or body frame) coordinates Ecmi and ncmi. The origin
of the local frames are attached to the input joints of the links
such that coordinate & points toward the output joint and axis 1

my, L,

inactivated
motor (joint3) ‘
motor
(jointl)

FIGURE 2. MECHANICAL MODEL

isimplicitly defined by aligning the local { axis with the z axis
of the fixed frame {x,y,z, A}.

The mechanical parameters were identified by a series of
experiments and they are collected in Table 1. These parameters
aso include the lengths, masses and mass moment of inertia pa-
rameters of the links that are obtained from the CAD model of
the device. The main sources of the viscous damping and dry
friction are the electrical motors and the specia cable based ac-
tuation mechanism. These parameters were also measured and
tuned based on comparison of simulation and experimental re-
sults.
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TABLE 1. MECHANICAL PARAMETERS

Description Parameter Value
Mass of Link_1 my 0.2820 kg
Mass of Link_2 my 0.0543 kg
Mass of Link_3 ms 0.2820 kg
Mass of Link_4 my 0.0543 kg
Length of Link_1 Ly 0.147m
Length of Link 2 L, 0.199 m
Length of Link_3 Ls 0.147 m
Length of Link_4 La 0.199 m
CM location of Link_1 Eomt -0.0456 m
Nlcma 0.0001 m
CM location of Link 2 Ecmz 0.0902 m
Ncmz 0.0075m
CM location of Link_3 Ecma -0.0456 m
Ncms -0.0001 m
CM location of Link 4 Ecma 0.0902 m
Nlcma -0.0075m
Inertiaof Link Lwrt. Joint 1 |4 3.10 3 kgm?
Inertiaof Link_2 wrt. CM2 lcm2 0.341- 103 kgm?
Inertiaof Link 3wrt. Joint3 I3 3.103 kgm?
Inertiaof Link_4 wrt. CM4 lcma 0.341-103 kgm?
Damping at Joint_1 dq 0.0045 Nms
Damping at Joint_3 ds 0.0045 Nms
Friction torque at Joint_1 Tf1 0.025 Nm
Friction torque at Joint_3 T3 0.025 Nm

The equation of motion of the model presented in Figure 2
can be composed of the equations of motion of two planar elbow
manipulators the free ends of which are constrained to move to-
gether by forming the tip of the depicted five-bar mechanism.

Thus, choosing the non-minimum set of generalized coordi-
nates q = [gz 02 g3 4] and using the notations cos(q;) = ¢ and
sin(gi) =s ,1=1...4, the mass matrix in (1) can be written in
the block diagonal form M(q) = diag(M1, M) with

(11 + lomz+ lemz+
Mo(Lf + &8+ M)+ Ma(E&ua + Néua)+
My = | 2Lame(Cademz —Sofema)  Lama(Colemz — Sofemz) | | (9)

lemz +M2(E&uz+ Néw2)+  lomz+ M2 (&G + Néw2)
L Limp(Coéemz — Seficm2) i

[+ lcmat+ lcma+
Ma(L3+ &va+ Méwa)+  Ma(EBua+ Méwa)+
M, — | 2LamMu(Calema —sunema)  Lamu(CaSoma — Satlema) | (10)

lema + Mu(Ea + Néua)+ loma+ Ma(&&ua + Méwa)
L Lamu(Caema — Saticma) i

The generalized forcevector ¢(q, ¢), whichincludesthe centrifu-
gal, Coriolis and damping terms as well asthe generalized forces
associated with the idealized virtual spring, becomes

—Lamy(Nem2C2 + Eomase) (65 + 20162)
Limy(Nemz2C2 + EcmaS) 42
—Lamy(NemaCs + Eomasa) (G5 + 205G4)
—Lamy(nemaCa + Ecmasa) 3
di T£1S9N(01) k(91 — 93— Q10+ 030)

0 0 0

d303 + T£35gN(03) —k(d1 — 03— 010+ G0)
0 0 0

(11)

where g9 and ggp refer to theinitial values of the corresponding
coordinates. The damping coefficientsd, d3 and the magnitudes
T¢1 and T3 of the dry friction torques at the joints 1 and 3 are
givenin Table 1.

The constraint equation (2) can easily be determined by
equating the xg and yg coordinates of the originally free ends
of the two planar elbow manipulators

Licy+ Locy — L3tz — LaCa
= . 12
¢ [L151+L252—L3S3—L4S4} (12)

The corresponding constraint constraint Jacobian is

_ | —Lis —Los Lsss Lasy
Pq = [ Lic; LyCcr —Lsc3 —L4C4] ’ (13)

Due to the selection of the relative joint coordinates as gener-
alized coordinates the distribution matrix of the input torques
U= [ty 73] hasthesimple form

10
00
H=1g1]" (14)

00

Oncethe control objectiveis defined through the servo constraint
equations (4) the derived generalized forces and coefficient ma-
trices can be used to calculate the desired actuator torques ac-
cording to equation (8) .

For the simulation of the controlled motion of the sys-
tem we transform the dynamic model into the minimum
form corresponding to the set of generalized coordinates
p=[g1qs)". Using the assumption of scleronomic constraint,
according to [7], this is possible by applying the transfor-
mation q = B(q)p which leads to the differential equation
BTMBp +BT(MBp +¢) =BT(Qg+H(q)u) .
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SIMULATION AND EXPERIMENTAL RESULTS

During simulation and experiments the robot was com-
manded to moveaong acircle shownin Figure 3. For the sake of
simplicity, afixed circlewith radius R= 0.075m was considered
havingitscenter at xo = O0mandyy = 0.25m. The corresponding
scalar servo constraint equation is

¢s = (X(0) —X0)+ (¥(q) —Yo)? —R* =0 (15)

where x(q) and y(q) are the task-space coordinates of the end
effector.
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FIGURE 3. SIMULATION AND EXPERIMENTAL RESULTS

For the digital realization of the computed torque controller,
the sampling time was selected to 2ms. This correspondsto the
half of the maximum available sampling frequency of the hard-
ware. The lower value was selected to obtain more reliable joint
velocity data for the friction compensation during the experi-
ments (without filtering). During the experiments, the viscous
damping and the dry friction torques associated with joint 3 were
partially eliminated via feedback compensation.

Another constraint on the experimentswas therelatively low
torque limit of the motor. The torque/current characteristic of
the built in Maxon motors (118774) become nonlinear above
the maximum continuous current limit which correspondsto the
maximumjoint torque Tmax = 0.6385 Nm. Thus, in order to avoid
nonlinear actuator force characteristics and saturation, the con-
trol gains were set to the relatively small values Kp = 100 and
Kp = 40. These values and the selected virtual spring stiffness
k = 1N/m provided linear current-torque characteristics during
the experiment.

The corresponding simulation results as well as the initial
configuration of the robot are presented in Figures 3 and 4. In
these figures the dashed blue lines correspond to the simulation
results and the solid black lines represent the experimental re-
sults. Despite of the applied friction and damping compensation
it can be seen that the experimental results are affected by con-
siderable damping and due to the limited value of the propor-
tiona gain the steady state position error is relatively high. Us-
ing equation (4) the signed Euclidean error can be calculated as
R— /¢s+ RZ= —5.4mm. Apart fromthisfact, the results show
a good qualitative agreement and the simulation results confirm
the applicability of the proposed computed torque controller.

x 10

of e im AP NSt P A = s St ]

0 2 4 6 8 10
t[s]

FIGURE 4. SERVO-COSNTRAINT VIOLATION
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CONCLUSIONS

In this paper ageneralization of the computed torque control
was presented for underactuated mechanical systems modeled by
a non-minimum set of generalized coordinates. The proposed
method relies on aformulation that can directly be applied to the
arising set of DAE equations of motions. The applicability of
the method was investigated by means of numerical simulation.
The obtained results were verified by experiments conducted on
the Quanser 2DoF pantograph. This haptic device has different
performance and dynamics characteristics than ordinary under-
actuated robotic systems, but its haptic rendering capability made
it possible to augment the physical system with a virtual spring
component to realize stronger coupling between the elements of
the device. The experimental results obtained by using the com-
bined physical-virtual system and the corresponding simulation
results show a good qualitative agreement.
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