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Abstract—In this experimental paper, we would like to vali- a desired torque and provides a desired position to re ect
date a non linear optimal control solver to realize torque control  the desired torque at the actuator. In a similar spirit, Del
on actuators embedded in a TALOS humanoid robot. The prete et al.[16] implemented a torque control and inverse-

targeted application involves high payload, thus, it is necessary - . .
to handle the mechanical limitations of the system. To this dynamics control on the HRP-2 robot, originally designed

extent, we propose a method to model, identify and control the for position control. They estimate the joint torques from the
TALOS humanoid actuators. The model includes the actuator force sensors and the IMU by using the method proposed for
drive chain and the corresponding inertial parameters that are the iCub robot by Nori et al.[12].

identi ed at once using two experimental dataset. The identi ed . .

model is then used by a Differential Dynamic Programming In thls paper, we WOUId.“ke to _take advantage of the
(DDP) optimal control solver to take into account the actuator capabilities of the commercially available TALOS robot. Its
limits. We demonstrated that the DDP can decrease the quality industrial standard EtherCat bus allows to gather numerous
of the tracking to avoid physical limits in angular position, information about the actuators at a very high frequency.
velocity and current in extreme conditions such as carrying large  Thys, information related to the drive chain, the motor and
loads. Because of the solver high computational time, we validate . _. - ., .

our method on one actuator of the robot, the elbow joint, using joint posmon_s or the joint torques can be read simultaneously.
its main CPU. In the experiments, we charge up ta34kg on Ve would like to be able to generate extreme but safe
the arm of the robot at 5cm of the elbow joint, corresponding Motions, i.e. without breaking the motor. This event may
to 16 N at the joint level. The proposed implementation is occur if a large torque is sustained for an extended period of
working on this speci ¢ joint at 300s and provide an effective - time or when the robot is carrying a large additional payload.

solution to a real-world control problem. In the future, we will S . S
implement it over dedicated and embedded electronics board To avoid it, the current drawn in an actuator can be limited

attached to each actuator. by adapting its motion. Moreover, the motor current can be
saturated by the joint controller if the desired joint torque is
INTRODUCTION above its limit.

Having torque control on a humanoid robot is interesting 'd€ally, this could be done using a model-based predictive
for safe interaction with the environment and for its potenti&gontroller (MPC). The use of a Differential Dynamic Pro-
impact on cobotic applications. Historically, most of thgramming (DDP) as MPC allows to cope with the actuator
humanoid robots are controlled in position and few robot£XiPility while meeting the control loop timing constraints.
such as the TORO robot [3] or the DYROS-JET rObdﬁow.ever, such a controller requires the knowledge pf the
[14], are torque controlled. Recently, a new generation jertial parameter_s of the_rebot, of the motor drive ehaln and
humanoid robots, including the TALOS robot, has shown tHg nave a well calibrated joint torque sensor. As said before,
possibility to use their actuators either in position or in torquf€Se parameters may not be provided by the manufacturer
control modes [17]. Several whole-body control architectur& the robot or may be inaccurate. Indeed, for TALOS, the
have been proposed ([2], [8]) to compute and follow desiréH'Ve chain parameters are not dlscloeed, to protect mQus—
joint torques and PAL Robotics demonstrated, during IROG2! conception, and they do not take into account cabling,
2018, an accurate whole-body balancing control on TALO_@UGO_l ele_ments or cover. Fprtunately, the literature in system
[13]%. However regulating joint torques is still an openedflénti cation of serial manipulators proposes methods that
problem, which requires a low level controller able to followR!low to identify the joint drive gains and inertial parameters
a desired joint torque. However some humanoid robots do rftonce [6, 7.
provide access to their low level controller. In this situation, In this context, the objective of this paper is to push the

Khatib et al.[9] proposed a controller which takes in inpufALOS robot to its limits during joint torque control. For that
purpose, we propose to identify the joint drive chain of the

1The present paper is independent from the work in [13] elbow joint and the corresponding inertial parameters and to
Copyright ©2020 EUCA 724



use a Differential Dynamic Programming approach to proteatherel = I, + 1, Fy = Fym + Fyj, Fs = Fsm + F5; and
the system. off = off n + off .

|. SYSTEM MODELING AND IDENTIFICATION B. Identi cation of drive chain and segment inertial param-
A. Mechanical Model eters

Usually the segment mass, center of mass and inertia are
provided by the manufacturer of the robot with a relatively
good accuracy, whereas the friction and drive chain param-
. eters are unknown. The provided current gain diyg is
O % known to have 10 to 15% of inaccuracy [6]. Finally, the joint
g torque sensor should be calibrated prior to be used for control
8 applications. Thus, we propose to use the inverse dynamics

model and a total least square approach [7] to identify the
system described in Fig. 1 and its drive chain at once. To do
so, two experiments were performed with and without using
Fig. 1: Scheme of the retained mechanical model. 51 additional payload.
When the inertial parameters of the dynamic model are

The inverse dynamics model of the investigated systemdgpressed at the joint level, the model is linear, thus Eq.(1)
used to calculate the motor torqug and joint torques; pecomes:
as a function of the joint and/or motor positions, velocities . )
and accelerations. It is usually calculated using Newton-m - RKmim _ ., _ codg sin(g D D
Euler equations [18]. TALOS actuation chain is composed i Kiis cogqg) sin(e) 0 D 5)
of a brushless motor, that can be controlled in current, _ . .
S here D = [gq g sign(g 1] and W is the so-
connected to a harmonic drive and a torque sensor attache . -
. N : . . called regressor matrix. The vector containing the
to its corresponding link. In this study the investigated sub-" . . . . _
. . . : ._Inertial parameters to be identied is dened as =
system is composed of the actuation chain of a single joi
as represented in Fig. 1. The motor and joint positions -
. . ) e TALOS robot embeds motor current and joint torque
measured by two high-precision encoders (19 bits or 524,2 .
. . ensors, thus the regressor matvix is full rank and the
counts per revolution) and are considered equal thanks to the

harmonic drive high stiffness. Consequently, the variables pa':'zn:géirtisfyc?r?ebfu:?::tt I(fr?vje;r?drattheéy.tor e Sensor aains
g and ¢ will be used to refer to the joint position, velocity q 9 '

ans accoloraton, respecivay. The wtal e yramiie 'S © Fesr G e e o) o0
equations of the retained model are: 9

) experiments have to be consider&l:, for the experiment
m =(lm +1;)g+ g MY sing+ MX cosq + m *+ 1  without payload, andV ; for the one with a known payload

o 101"$#- I"H#$968%™()*
g

i =18+ g MY sing+ MX cosg + at the end-effector. The Eq.(5) can be reformulated as:
1) 2 _ 3 2 3

and Wg im O 0 0 RK 1

fm = Fymd+ Fsmsign(g) + off n Wo -0 N 0 g é Kj =0 (6)
= Fu g+ Fu si + off 2 Wi im 0 Wup Wkp

i = Fyja+ Fgsign(q) + off Wi 0 s W p W kp uP

wherel, is the rotor inertia of the motol,; is the corre- kp
sponding link inertia expressed at the joint levél,, and Wi "o =0 @)

Fsm are the motor viscous and dry frictions,; and Fg;

are the viscous and dry frictions at the joint levellf ,, and whereW ,, and W, are the observation matrices corre-
off j are the offsets of the torque motor and joiktX and sponding respectively to the unknown and known payload
MY are the rst moment of inertia expressed at the joinihertial parameters.

level andg is the gravity. W ot is the closest rank de cient matrix (Frobenius norm)
The motor torque , is related to the current by: from W, calculated using the singular value decomposi-
= RK mim ) tion of W = USVT becausaV i is a full rank matrix

[7]. The solution” o is given by the last column df and
. _ . o . is scaled [7] using the known position of the center of mass
manufacturer andr, is the input current of the motor. We  The success of the inertial parameters identi cation relies

can express the simple dynamic of our system as: on maintaining them excited. Thus, an exciting joint trajec-
1 ; ; tory is de ned using a double S-curve spanning the whole
= - RK F F n(qg) + off : . :
. [ mim  Fvd SSIgg(g) ) (4) range of motion of the elbow joint. The duration of each
(MY sing+ MX cosq)r phase (acceleration, constant velocity and deceleration) of the
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S-curve is set to be equal. The velocity plateau is increasBd State space partial derivatives

by steps of 286 up to its maximal value. Joint derivatives This section details the state space partial derivatives
are obtained to ful Il the regressor matrix using centered difeeded by the iLQR algorithm, obtained from eq. (8). The
ferences from the measured joint positions. All the recordeghn() function is not differentiable i, therefore we have
data are low-pass ltered at SHz (Butterworth lter, zero-chosen to approximate theign(q) term by an hyperbolic

phase lag order 5) and the number of sample is decimatgdgenttanh ( g), where = 1000. We obtain the following

considered exciting since the condition number of the base 3
parameter regressor matrix is lowohd(W ) = 36). 1
Il. DIFFERENTIAL DYNAMIC PROGRAMMING OPTIMAL f(xu)= % I RKmim Fva Fstanh( Q)g+ off ) é

CONTROL SCHEME (MY sinq+ MX cosq)r

This section presents the optimal control scheme used to (20)
nd the control sequences required to perform the desiredThe partial derivative inu can be directly computed
motion. In this paper we use the formulation given in [10, 4hecause the function is linearly dependentn
which maximizes the performance of the desired motion with 1 T
respect to the control under the actuator physical limitations fu = 00 =RKp (11)

i I
constraints. i L )
Concerning the derivative ix, we have non-linear de-

A. DDP State space representation pendencies betweeq and g, and ¢ and g. Moreover the
In state space, we denote the state vegter [q;q] and relationship betweem and q is not explicit. Therefore we
the command vecton = [i, ]. We then represent the directuse the spatial nite difference discretization of the equation

dynamics model (Eq.(4)) as the following: to obtainf, at each iteratiorn:
x=fOu)= f(aqin) = Xi«1 = f(Xi5ui) (12)
2
2 3 g + h=2 g h=2
f u) f s Ui
g T RKmim Fyva Fssign(q) + off) Z foo= h
, g9 T g . G .
(MY sing+ MX cosq), f( g+ h=2 ui)  f( q h=2 ;i)

B. Treatment of Constraints h

In comparison to the work achieved in [4], we do not solve (13)

a box QP problem to bound the command vector. Instead such Cost function

as the work in [10], we have introduced the joint and actuator This section presents the cost function used in our system
mechanical limits as constraints on the state and control spaggj the cost partial derivatives needed by the iLQR algorithm,
in the cost function formulation. The retained constrainisbtained from the equation (8). Considering the actual state
functions are expressed by the following equations, referrggctor x, the desired state vector , the actual command

as 'exponential barrier', at each time-step vectoru and the actual torque on the elbow motgy, we
max(¢) = 1 (Cmax  Ct) use the following cost function:
min(¢) = 1 (& Cmin) 9 J = (x x)TQ(x x)+u"Ru
©) T T (14)
c max (1) min (c) +Cs (X)W Cs(X)+ C5(m) P Cs(m)
= t) 4+ t
s(a) e € 400 00 _ Lo 00
where Cmin ;Cmax are the corresponding lower and upper Q = 00 001 W = 00 01
mechanical limits on angular position, velocity and torque, R = (:0001 P = 100
i.e.c 2fx(t);u(t)g. is a positive constant which de nes (15)

the smoothness of the function. The higher it is, the quicker The weighting matrixQ; W;R and P have been chosen
the cost will increase when approaching the limits (depending give a hierarchy from the most important error to control
on the difference between the limit and the current state).to the lesser one. Using the lexicographical order we have:

With these constraints, the total cost function will increasg i m a.q g q u. Wheret; c are
and reach a very high cost near the limits, keeping the systefe corresponding lower and upper mechanical limits. The
safe, in its mechanical bounds. tracking of the trajectory (in position) is the prioritized task,
C. lterative Linear Quadratic Regulator (iLQR) followed by the one controlling the torque bounds. =

To mitigate the DDP computational time it is possible t§'€ Obta'@QJth? following C@OSt_ partial derlv%E;/e,"s: @u
linearize the dynamics and approximate the cost function e = % lx = J(@);'xu Lol = %' =
guadratic form along th& trajectory. This method is called @éixéuu):
the iterative LQR (iLQR) approach [11] and we use the same dCs( m)T
formulation as in [10]. ly =2Ru+2 % WCs( m) (16)
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lwu =2R+2 chs + 9Gs( m)’ w 9Cs(m) — #$,-.$/ — $'0"#,0%/

du? du du -
17)
dC _ 3
B(Um): (m)2RK g e (mImaxCn) g Cnmin () i
(18) 3
o
d’C &
Teln) = (o RKmZClm) a9) 3
@
_ dCs(x)T
h=2Q 0 x)+2 —g—WGCs (20) & 7303.03.4-$  83'90%03.4-$
) 'II 0, 1 *+)
_ PC00T . . dCX)T |, dCy(X) HHSREL
lix =2Q +2 >—Cs + w (21)
dx dx dx Fig. 2: Results of the tting of motor and joint torques used
dCs(x) _ . (g)2 eMmax (@)  gmin (a) for the identi cation process.
dx - dlag (g)Z emax (@) gmin (9 (22)
2 3 . . N
()% Cs(g) 0:0 Overall the identied segment inertial parameters are
Cq(x) 0.0 0.0 similar to the ones provided by the manufacturer. These
= (23) parameters can be considered well identied due to their
i 0:0 0.0 relatively low standard deviatione,. The relative standard

0.0 (@)*Cs(a deviation gives in % a con dence index on the reliability of
) the identi cation of each parameter. See [15] for the detail of
with (m) = 0:5 (@) = 10 and (a) = 1. These cqicylation. The joint torque sensor was well calibrated
parameters have been chosen accordingly to the explanalfe its identi ed gain wak ; = 1.015. The total joint drive
on the of the section II-B. The ‘exponential barrier’ on thegain Rk - value is not disclosed, because of a con dentiality
position bounds will be sharper than the two others. It a'%%(r]eement with the robot manufacturer, but a difference of

depends on the difference between the limit and the curreiilo, \yith the value provided by the manufacturer was found.
state. For instance the maximal difference in torqué2a

whereas the one in position B35rad, then the ( ) do B. Controlling the actuator

not need to be as big as th¢g). The iLQR is implemented as described in [4] and com-
pleted by the 'exponential barrier' constraints in the cost
o ) . . . function. The cost functions and model dynamics are evalu-
A. Identifying the drive chain and inertial parameters a0 ysing the identi ed parameters (Table.l). This implemen-
Fig. 2 shows the results of the least square identi cation. fation is rst validated in simulation with the use of Gazebo
shows the tting of the measured motor and joint torque whesind then tested on the real TALOS robot. The noticeable
no payload was used. The corresponding Root Mean Squeoatribution of this paper compared to [4] remains in this
Difference (RMSD) was 0.6 N.m showing an excellent ttinglast point, the torque control is implemented on the robot and
Fig. 3.c shows the estimate of joint torque from the curreatchieve a satisfying real time control (with more protections
of the motor that is of importance for the proposed dynamian the mechanical limits of the robot).

controller. The experimental setup is the following: the robot is
Table 1 details the comparison between the identi ed paramentrolled in torque with high gains except for the elbow
eters and their values as provided by the manufacturer. actuator. A sinusoidal command for the elbow actuator is
] o _sent to the DDP algorithm which computes a resulting signal

TABLE I: Results of the identi cation process and comparizegpecting the limits. This signal is then sent to the robot. A
son with manufacturer data. heavy charge is nally put incrementally on the arm of the
robot, at 5cm of the elbow joint, until reaching 34kg (see

[1l. SIMULATION AND EXPERIMENTS

cab__ b % Fig.4). The load moment arm when the load is perpendicular
MX 008 011 21 ; N
MY 11 11 0.2 to the robot arm is equal to 16.67 N.m. Otherwise it is
I 034 033 99 expressed similarly to the mass of the arm at the center of
ESi_ 8 g-ig 1%-2 mass (see EQ.(8)LY sing+ LX cosq with LY and LX
off ] 0 027 34 the rst moment of inertia of the load.
I'm 021 045 95 The DDP algorithm is executed on the robot with a
ESm 8 ‘5‘-2 8-% 15ms preview window, a3:3ms discretization and has an
Vm .

execution time of300s (using an Intel CPU i7-3612QE
@ 2:1 GHz). On a standard laptop such as an Intel CPU
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¥ % Fig. 4: Exper_in"_nent where TALOS is holdingdkg at 5cm
§ of the elbow joint.
™ . . .
3 the torques needed are high and the DDP algorithm limits
g them. Nevertheless, in both cases the overall motion shape is
= respected.
=
I e . S o
!"#$%&'( ~1.2 — Angular limit of the exponential barrier
Fig. 3: (a) Velocity prole used to excite the dynamics ¢
system. (b) Estimate of the joint torques from motor current ¢
and the identied model. (c) Estimation of the difference :-1s
between the joint and motor torque. 350
<
-2.2
i7-8850H @ 2:6 GHz it can be executed with a longer oo 05 10 s 20
. . . Time t (s)
preview window (00ms) and with a faster control frequency
(Ims discretization) in a smaller execution tim200s ). Fig. 5 Simulated state trajectory illustrating the angular

exponential barrier.

1) Simulation: Fig.5 presents the action of the exponential
barriers on the position joint limits (see EQq.9). A sinusoidal
desired trajectory is given to track, but reaches the lower
angular position limit: 2:35rad. The computed trajectory
shows a plateau before reaching the limit, demonstrating the
activation of the protection in the DDP. We can notice the
small oscillations at the top of the sinusoide, due to the dry
frictions when the angular velocity reaches zero (see Fig.9).
This causes a small delay in the computed trajectory.

Fig.6 depicts the tracking results on two cases: rst without
additional load and second by adding3@ kg load to the
forearm. In the rst case, the trajectory follows the desired
one with a small delay (0.1s), which may be causes by the
dry friction as explain above. This bias can be removed Ipjig. 6: Comparison between simulated trajectories with and
increasing the state constraint gains but the system will loog&hout load.
compliance. In the second case, the delay with the desired
trajectory increases, in particular during the ascending phas@he control trajectories depicted in Fig.7 show how the
of the sinusoidal command (the robot raises its arm afichitation of 6A (seta-priori) is implemented with the expo-
the load). Indeed, to match the desired trajectory quickemntial barrier given by Eq.9. The cyan trajectory represents
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the current command when there is no additional load aislapproaching zero, the dry coef cieRt increases to reach

it does not reach the limit. The green trajectory representse Breakaway friction value (the sum of the Coulomb and

the current command when the robot carries a 30kg loatatic frictions). This behaviour can create the delay noticed

it shows that the command reaches a plateau (around -5.6#\the simulations. This is not currently taken into account

before the limit. It explains the delay of the computed angulér our model but would be in the future.

trajectory of Fig.6, the tracking of the desired joint trajectory Fig.10 shows a comparison between the desired joint

is degraded because the current is limited. This is due trajectory and the ones obtained without and with a 34kg load

the DDP action to preserve the actuator, i.e. the exponenfjake increase the load to have a better demonstration of the

barrier is activated by the DDP algorithm. activation of the current exponential barrier). As expected, the
trajectory without any load has a small delay and oscillates
when the angular velocity is around zero. The trajectory
obtained when the robot is carrying the additiorsd kg
displays greater oscillations due to the load movements. It
also presents a bigger degradation of the trajectory than
in simulation, the sinusoidal movement is reduced (stopped
at 1:7rad instead of 1:9rad) because large torques are
necessary to achieve it (but are prohibited by the DDP
algorithm, see Fig.11).

Fig. 7. Simulated control trajectories with and without an
additional load.

In comparison, Fig.8-bottom depicts the control going
over the current limit in the loaded case when the current
exponential barrier is not enabled in simulation. In this
con guration the joint position tracking is better, as shown

in Fig.8-up, but the actuator reaches its current limit.
Fig. 9: Experiments - State trajectory illustrating the angular

exponential barrier.

Fig. 8: Simulated state and control trajectories in loaded case
but without control input limitation.

Fig. 10: Experiments - State trajectories with and without a

2) Experiments:Fig.9 presents the action of the exponern34kg load.

tial barriers on the position joint limits on the real robot.
As in simulation, the desired trajectory reaches the lower The Fig.11 presents the control trajectories computed by
angular position limit: 2:35rad. The computed trajectory the DDP without and with the load. In the rst case (cyan
shows a plateau before reaching the limit, demonstrating tlree), the command is far from the limit and do not activate
ef ciency of the protection in the DDP. Notice the oscillationghe barrier. In the second case (green line), as in simulation,
at the beginning of the sinusoidal movement (when the arime command reaches a plateau before the limit, arous8
is raising), the arm of the robot has dif culties to perform @0 5:6A. The current is more reduced than in simulation,
smooth trajectory. As thought in the simulations, this is theducing a more degraded state trajectory in Fig.10. The
consequence of the dry frictions, when the angular velagityplateau is not as smooth as in the simulation, due to the
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computation time which is quite high, leading to picks in[3]
the calculation. Indeed, in these experiments the computation
time of the overall control system is arouridto 1:5ms.
Compared to the control frequency of the robot, which is
1kHz, this duration is large.

A video describing the
robot can be found at
https://lyoutu.be/YNoSnU7w4FY.

experiments
the following

on the[4]
location:

[5]

[7]

[8]

Fig. 11: Experiments - Control trajectories with and without

a 34kg load. [l

V. CONCLUSION [10]

In this paper we presented the actuator model, the identi -
cation and the control of the TALOS robot elbow joint. The
identi cation results of the drive chain and of the inertiaLJr
parameters at once proved to be accurate with low stand &]
deviation and physical consistency of the parameters. Using
the identi ed model and a DDP approach to avoid reachi
its limits, we have demonstrated that the robot is able to carlﬁsg
a load up to34 kg with a sinusoidal motion at low speed.
As expected, it is not possible to use this algorithm in the
main CPU as it take800s for one actuator, nevertheless
we validated the efciency of the solution. The extensiorLB]
of this work would be to identify all the actuators of the
robot and to implement the solution over high-performance
dedicated and embedded electronics board attached to ec[a}éll
actuator. For a short term solution on the TALOS robot, we
will use state-of-the-art and less computationally expensiY1e5
techniques [1]. ]
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