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Abstrat The reent work presents the motion ontrol of a pendu-lum like under�atuated servie robot ACROBOTER. This robotis designed to be applied in indoor environments, where it an per-form pik and plae tasks autonomously and/or with lose oop-eration with humans. It an also serve as a platform that arriesother servie robots with lower mobility. The able suspended robothas a omplex struture and its dynamis is di�ult to model us-ing onventional roboti approahes. Instead, in this paper natural(Cartesian) oordinates are used to desribe the on�guration ofthe robot, while its dynamis is modeled as a set of di�erential al-gebrai equations. The method of omputed torque ontrol with aPD ontroller is applied to the investigated under�atuated system.The inverse dynamis solution is obtained via diret disretizationof the DAE system. Results for a real parameter ase study arepresented by numerial simulations.1 IntrodutionObstale avoidane is an important problem in servie and mobile robotis,espeially when the robots are operating in an everyday indoor environ-ment. Stati obstales on the �oor of a room inlude various objets suhas stairs, doorsteps, hairs, tables and even the edges of arpets. Hene,This work was supported in part by the Hungarian National Siene Foundation undergrant no. OTKA K068910, the ACROBOTER (IST-2006-045530) projet, the Hun-garian Aademy of Sienes under grant no. MTA-NSF/103, the HAS-BME ResearhGroup on Dynamis of Mahines and Vehiles and by National Siene FoundationDMS-0705247. 1



�oor based domesti robots need to have strategies to overome randomlyplaed objets.A new diretion in the development of indoor servie robots is the useof roboti strutures that an move on the, almost obstale free, eilingof a room. An appliation whih addresses the need for a robot to limbon the walls and rawl on the eiling inside a building is the MATS robot(Balaguer et al., 2006). Another examples inlude atuator mehanismsshowing similarities with gantry ranes, e.g., the mobile robot platformdesribed in (Sato et al., 2004) and the FLORA walking assisting systemdeveloped by FATEC Corporation (FATEC Co., 2004). These platformonepts solve the problem of avoiding obstales on the �oor, while they areable to roam over almost the whole inner spae of a room, and omparedto gantry ranes, they enable the use of o-operating multiple units.The present paper desribes a new indoor servie robot platform de-veloped within the ACROBOTER IST-2006-045530 projet (Stépán andet al, 2009). The eiling suspended robot (see Figure 1a) is equipped withwindable ables and duted fan atuators. Compared to (Sato et al., 2004;FATEC Co., 2004) the use of omplementary atuators makes it possibleto ontrol and utilize the pendulum-like motion of the system, and providelarger workspae and better maneuverability. The ACROBOTER robot isable to move along a presribed spatial trajetory while it performs varioustasks like pik and plae of objets and manipulating other servie robots.Despite of the large number of atuators, the ACROBOTER robot is stillunder�atuated. The appliation of the method of omputed torque ontrolfor this system leads to a set of di�erential algebrai equations adjoiningto the geometri onstraints whih also appear as algebrai equations. Thegeneralized oordinates that desribe the on�guration of the system areoupled and annot be partitioned into passive and ative oordinates ingeneral. Instead, in this paper the diret solution of the DAE problem ispresented for ACROBOTER system using the Bakward-Euler disretiza-tion method as it is also proposed in (Blajer and Kolodziejzyk, 2008). Thealgorithm is formulated semi-analitially. Its appliability is demonstratedby numerial experiments.2 Mehanial Model and Problem FormulationThe ACROBOTER system shown in Figure 1a onsists of Anhor Points(AP) plaed on the eiling, a Climer Unit (CU) that an swap betweenthese APs and a Swinging Unit (SU) whih has a mehanial interfae foronneting the payload. The CU is an RRT robot that moves parallel tothe eiling and provides the horizontal motion of the system. The windable
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()Figure 1. ACROBOTER (a), planar model (b), free body diagrams ()Main Cable (MC) onnets the CU and the SU through the Cable Connetor(CC) to whih the seondary orienting ables are also attahed. By using themehanial interfae the Swinging Unit (SU) an be equipped with grippersand various tools. In this onept the three seondary ables orient the SU,while the three pairs of duted fans are used for performing and stabilizingthe motion of the SU along its desired trajetory. The thrust fores providedby the duted fans make it possible to move the payload even when the CUdoes not move at all.For developing the ontrol algorithm of this devie we onsider the pla-nar model of the ACROBOTER (see Figure 1b). The free-body-diagramsorresponding to this model are shown in Figure 1. We treat the robot asa multibody system desribed by natural (Cartesian) oordinates (de Jalónand Bayo, 1994). This formalism provides the equation of motion for boththe planar and spatial ases in the same form. Modeling of the spatial AC-ROBOTER system does not require further omplexity, only the number ofdesriptor oordinates and geometri onstraints will be higher.In Figure 1b the SU is modeled as a rod with length L34 and mass mSU ,whih inludes the mass of the payload as well. The CC is onsidered as a3



point mass mCC . The length of the MC is denoted by L1 and the orre-sponding able fore is F1. The atuator fores ating upon the seondaryables are F2 and F3, respetively. The on�guration of the system is de-sribed by the oordinates (xi, zi) of the points Pi . In addition, the enterof mass of the SU is given by the vetor ρC in the body frame, and theloading point of the resultant thrust fore is represented by the vetor ρT .By onsidering that the CU moves exatly on a presribed trajetoryand using the set of desriptor oordinates q = [x2, z2, x3, z3, x4, z4]
T, theequation of motion of the ACROBOTER system an be written as

Mq̈ + ΦT
q
(q)λ = Qg + H(q)u , (1)
φ(q) = 0 , (2)

φs(q,p(t)) = 0 . (3)Equation (1) is a Lagrangian equation of motion of the �rst kind, where Mis the n × n sized onstant mass matrix (de Jalón and Bayo, 1994) whihmay also depend on the payload. Symbol Qg is the generalized gravityfore. The m geometri onstraints are represented by the vetor φ(q) in(2) and Φq is the Jaobian matrix of the onstraints. The orrespondingLagrange multipliers are denoted by λ . The l dimension input vetor is uand H is the generalized input matrix.The number of ontrol inputs, l, is less than the n − m DoFs of thesystem, thus it is under-atuated. The task of the robot an be formulatedby the servo-onstraints φs(q,p(t)) (Blajer and Kolodziejzyk, 2008) givenin equation (3). The dimension of the φs(q,p(t)) vetor is also l whihmeans that the l dimensional ontrol input an be determined uniquely.The servo onstraints depend on the funtion p(t) that an be handledas the desired system output and it may desribe the desired trajetory ofa ertain point and/or the desired orientation of the SU. For example, ifthe position of the enter of mass of the SU and its horizontal orientation ispresribed together with the elevation of the CC, the servo onstraints anbe expressed in the form
φs(q,p(t)) = h(q) − p(t) with (4)

h(q) = [1/2(x3 + x4), 1/2(y3 + y4), y3 − y4, y2]
T

, (5)
p(t) =

[

xd
C(t), yd

C(t), 0, yd
2(t)

]T
, (6)where h(q) gives the presribed system outputs as the funtion of the de-sriptor oordinates by assuming that ρC = [L34/2, 0]T .We assume that the servo-onstraints and a well hosen subset of geomet-ri onstraints an be solved for the ontrolled oordinates qc in losed form.4



Then the task an be de�ned by qc = qd
c , where the supersript d refersto the desired trajetory. In the ase of the planar ACROBOTER modelthe vetor of these desired oordinates is qd

c = [yd
2(t), xd

3(t), yd
3(t), yd

4(t)]T.For the partitioning of the desriptor oordinates we introdue the vetorof ontrolled and unontrolled oordinates with qc = ST
c q and qu = ST

uq,respetively, where Sc and Su are task dependent seletor matries.3 Computed Torque ControlThe omputed torque method was generalized in (Lammerts, 1993) for thease of under-atuated systems. The generalized method is alled ComputedDesired Computed Torque Control method (CDCTC), where the expression�omputed desired� refers to the fat that the unontrolled oordinates an-not be presribed arbitrarily, sine they depend on the internal dynamisof the system. In ase of the CDCTC method the equations of motion areordinary di�erential equations (ODE) and the null spae of the oe�ientmatrix of the input vetor is used to projet these equations into the spaeof unontrolled motions. The projeted set of di�erential equations anthen be solved for the desired values of the unontrolled oordinates andthe ontrol inputs an then be expressed.To apply the CDCTC method to the ACROBOTER model desribedby equations (1�3) an additional projetion is required. Sine the equationsof motion are given as a DAE system, �rst, the DAE system has to be re-dued to an ODE. This an be aomplished by projeting the equations ofmotion to the subspae of admissible motions by the onstraints (Köveseset al., 2003). However, the repeated projetions and the stabilization (on-�guration orretion) of the numerial solution make the appliation of themethod rather omplex and omputationally expensive.Instead, we apply the Bakward Euler disretization for the DAE systemand the resulting set of impliit equations are solved by the Newton-Raphsonmethod for the desired atuator fores. Considering a PD ontroller withgain matries KP and KD the ontrol law an be formulated as
Mq̈d + ΦT

q
(qd)λ = Qg + H(qd)u − KP (qd

− q) − KD(q̇d
− q̇) , (7)

φ(qd) = 0 , (8)where q and qd are the measured and the desired desriptor oordinates,respetively. Introduing yd = q̇d, equations (7) and (8) an be rewritten as
q̇d = yd , (9)
ẏd = M−1

(

Qg + H(qd)u − ΦT
q
(qd)λ− KP (qd

− q) − KD(q̇d
− q̇)

)

, (10)
0 = φ(qd) . (11)5



The set of equations (9�11) an be partitioned into the presribed on-trolled oordinates and the unontrolled oordinates yielding the vetor ofunknowns
z =

[

qd
u , yd

u , u , λ
]T

. (12)Using the Bakward Euler method, the set of di�erene equations F(z) = 0has to be solved for the (n+1)th value of z, where
Fn+1 =









qd
u,n+1 − qd

u,n − hyd
u,n+1

yd
u,n+1 − yd

u,n − hfn+1

gn+1

φn+1









with (13)
fn+1 = ST

uM−1
(

Qg + H(qd)u

− ΦT
q
(qd)λ −KP (qd

− q) − KD(q̇d
− q̇)

)

, (14)
gn+1 = −ẏd

c + ST
c M−1

(

Qg + H(qd)u

− ΦT
q
(qd)λ −KP (qd

− q) − KD(q̇d
− q̇)

)

. (15)The solution of the above system an be obtained for the onseutive timesteps with sampling time h, by iterating to zn+1 via the repeated solutionof the equation
Jn+1(zn+1 − zn) = −Fn+1 , (16)where J is the Jaobian matrix
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(17)with
(ΦT

q
λ)qd

u
=

∂ΦT
q
λ

∂qd
u

and (Hu)qd
u

=
∂Hu

∂qd
u

. (18)4 Real parameter ase study and simulationThe planar ACROBOTER model was simulated with realisti mehani-al and ontrol parameters. The mass of the swinging unit was set to6
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KP = 5 diag(1, 10, 1, 10, 1, 10)

KD = 2/3 diag(1, 3, 1, 3, 1, 3)

KP = 20 diag(1, 10, 1, 10, 1, 10)

KD = 5 diag(1, 3, 1, 3, 1, 3)

Figure 2. Simulation results
mSU = 5kg, while the mass mCC = 0.1kg was set relatively small omparedto it. In addition, the geometry of the SU was given by the length of therod L34 = 0.5m . As an important ontrol parameter the sampling time ofthe system was h = 10ms during the simulation.In the simulation the atuator fores were determined aording to Se-tion 3, while the equations of motion (1) and (2) were solved by using themethod of Lagrange multipliers with Baumgarte stabilization (de Jalón andBayo, 1994). This o-simulation made it possible to feed bak the state ofthe system for the alulation of the atuator fores.Figure 2 presents two sets of simulation results. In both ases the geo-metri enter of the swinging unit was ommanded to move along a straightline between the points (0, -1.5) and (0.6, -1) . The trajetory had a trape-zoidal veloity pro�le, haraterized by the maximum aeleration and ve-loity amax = 1m/s2 and vmax = 0.25m/s, respetively. In the simulationpresented in the top panels in Figure 2 the mass and inertia properties wereonsidered as exatly known parameters of the system, i.e., the enter ofgravity and the geometri enter were the same and the rod was onsideredto have homogeneous mass distribution. In ontrast, the bottom panelsshow the simulation result when the e�et of the payload were also on-sidered. In this ase, the mass of the SU was inreased with a payload of
1kg. The payload was onsidered as a point mass ausing the hange of theommon enter of gravity expressed by ρC = [0.3m ,−0.05m]T.7



5 ConlusionThe omputed torque ontrol of an under-atuated servie robot was pre-sented. The alulation of the desired ontrol inputs led to a DAE problem,whih was solved via the Bakward Euler disretization of the system andby using the Newton-Raphson method. The Jaobian matrix of the itera-tion algorithm was determined semi-analytially. The method is appliablefor broad lass of systems that an be modeled by natural oordinates.The presented numerial results learly show the appliability of theproposed ontrol method. On the other hand, ompensation is needed formodeling errors aused by unknown payloads. The traking error an bedereased by inreasing the values of the proportional gain matrix, whilethe stationary pose error at the �nal time may be eliminated by a PID on-troller. The limitations of the applied model based ontrol may be improvedby introduing an adaptation law for the ontrol gains. Possible large distur-banes are to be handled by the high level ontroller of the ACROBOTER,whih may ouple the separate ontrollers of the CU and SU.BibliographyC. Balaguer, A. Gimenez, A. J. Huete, A. M. Sabatini, M. Topping, and G. Bolm-sjö. TheMATS robot. IEEE Robotis and Automation Magazine, 13(1):51�58,2006.W. Blajer and K. Kolodziejzyk. Modeling of underatuated mehanial systemsin partly spei�ed motion. Journal of Theoretial and Applied Mehanis, 46(2):383�394, 2008.J.G. de Jalón and E. Bayo. Kinemati and dynami simulation of multibodysystems: the real-time hallenge. Springer-Verlag, 1994.J. Köveses, J.-C. Piedoboeuf, and C. Lange. Dynami modeling and simulationof onstrained roboti systems. IEEE/ASME Transations on mehatronis,8(2):165�177, 2003.I. M. M. Lammerts. Adaptive Computed Referene Computed Torque Control.PhD thesis, Eindhoven University of Tehnology, 1993.FATEC Co. Walking assist system by supporting from eiling (FLORA).http://www.fa-te.o.jp/FLORA-C/index.htm, 2004. Last aessed: De.2009.T. Sato, R. Fukui, H. Mofushita, and T. Mori. Constrution of eiling ad-sorbed mobile robots platform utilizing permanent magnet indutive trationmethod. In Proeedings of 2004 IEEEiRSJ International Conferene on Intel-ligent Robots and Systems, pages 552�558, 2004.G. Stépán and et al. A eiling based rawling, hoisting and swinging servie robotplatform. In Proeedings of Beyond Gray Droids: Domesti Robot Design forthe 21st Century Workshop at HCI 2009, 2009.
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