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Abstract— The principle of Series Elastic Actuation offers realizable impedance. As the force-elongation relatignsh
considerable advantages for haptic displays compared toift  the elastic element is known, the elongation can be used for
actuators. The interaction force between motor and load is 4 yery cheap force sensor. Furthermore, in contrast to stiff
directly proportional to their relative position, which co rre- tuat h tuat turation leads to hiah torati
sponds to the elongation of the elastic element. This way, ¢h af: uators, where ag uator saturation leads 1o high torgues
torque control task is transformed to a position control tak,  high load accelerations (such as the onset of a movement), a
which comes natural to traditional DC motors. In this paper, series elastic actuator takes on the natural impedancesof th
several existing control strategies are analyzed and comped  elasticity at high frequencies.
with respect to passivity concerns. Cascaded control with &ast A large number of SEA designs has been presented, e.g.

inner velocity loop results to be the best option. Based on th . .
analysis, boundaries for the parameters are presented, shc by the MIT [7], [8], Sensinger and Weir [9]-[11], or Wyeth

that the force controller may contain integral action without ~ [12]. Similar principles have also been investigated, sagh
jeopardizing passivity. e.g. the SDA (Series Damper Actuator) [13], or a compliance

in parallel with the actuator [14], [15]. Furthermore, thés a
large number of not actuated, but adaptable elastic element
For the control of haptic manipulators, which interaci.e. the Variable Stiffness Mechanism [16]. SEAs are used
with a human being, safety concerns are among the mast various applications, e.g. for walking robots [17], for
important issues during the design process. Stability ef thprosthetic and orthotic leg systems [18], or for force-gems
manipulator, however, does not suffice. The manipulator andbot arms [19].
the human, being in direct contact, become a coupled system;Force control of Series Elastic Actuators is generally kept
and, unfortunatly, coupled systems may become unstabigsry simple and based on linear control. However, in cohtras
even if all its components are stable. The main problend stability [20], passivity concerns have only rarely been
is that the control strategies of the human are far fl‘OfThvestigated_ In [3], a passive control concept is preskente
known, complicating the design process of the manipulatahat is based on several feedforward compensation terms and
The general procedure is to design the manipulator in sugh”’PID"-controller. The drawback is that the integral paft o
a way that the range of stable couplings with differenthe controller is replaced by a first-order lowpass in order
environments is as large as possible. For the family of passito ensure passivity. Thus, this controller does not coawter
systems, general statements about coupled stability can &a@tic errors (e.g. due to friction). Several years lateattP
made: It can be shown that passive systems coupled phesented another control scheme [21], which couples outer
feedback or in parallel manner again yield a passive systeifapedance loop and inner force control loop. Besides a
Therefore, it is comonly assumed that the human being aafesired offset torque, the outer impedance loop commands
as a passive system, resulting in the requirement that thgtual stiffness and damping to the inner loop, such that a
controlled manipulator needs to be passive. structure-varying system results. As stability and paissiv
For the actuation of haptic interfaces, a variety of acarati issues of such time variant systems are quite tedious, we
principles is possible, e.g. as surveyed in [1] or [2]. Whaere do not consider this control scheme here. Furthermore, this
the design of passive control for stiff actuators has beestheme seems not suitable for impedances close to zero,
investigated for a long time, series elastic actuators #&SE  because nonzero virtual elasticity and damping parameters
still represent a young actuation principle for haptic npani have to be given.
ulators. Pratt proposed such a compliant actuation togethe |n this contribution, several control schemes for Series
with a force control concept in [3]. Before, compliance hadlastic Actuators are investigated with respect to passivi
always been considered a disturbing component and wisues. As a result, cascaded control with inner velocibplo
treated as such [4]. Although an elastic concept does hake chosen and passivity-ensuring boundaries for controlle
several drawbacks, such as the limited bandwith [5] angarameters are calculated. The presented control design pr
stability limitations due to the non-collocation of sersor cess is straightforward and allows proceding from the isid
and actuators [6], it has its advantages in the extremely low the outside. A first application of this torque controller
. . . _ _ is the gait rehabilitation robot LOPES of the university of
Heike Vallery and Martin Buss are with the Institute of Autatic Control . .
Engineering, Technische Universitat Miinchen, 8029&kien, Germany. Twente [22]' In this treadmill-based exoskeleton, them
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I. INTRODUCTION



perimental results are presented to support the effectbfit combined with the control goal, a constrained optimization
the control approach. problem for the parameters results.

The controller suggested by Pratt [3] is a simple PID
torque controller with some feedback terms added to it:
In this section, the uncontrolled plant will be described,

II. SYSTEM DESCRIPTION

which consists of a motor coupled to a load via a series Mar = MLL]"i +Grip(Mr,a = My)

elasticity. + 2 2My g+ Ky Iy s*or, (3)
In a series elastic actuator, the load is coupled to the motor K

via a compliant element, in this case a spring with lineapith K gs K,

characteristic. A relative displacement of load and motor Gpip = K) + Tst1 + ?Z (4)

provokes a spring torqué/;. This principle is illustrated

in Fig. 1. The differential equation for this system is If there is no sensor for the acceleratignthen the last term

cannot be implemented, because filtered differentatioh wil
Jupnv = My — My = My — K(en — @), (1) derogate passivity for any value éf,. Therefore, we neglect
_ ) it from here on. Furthermore, the system will not be passive
with ;. and gy, denoting load and motor angles, respecs,; any value k; — 0, such that [3] decided to replace
tively, Jy, the motor moment of inertia)/ys the motor yhe integrator term by a first order lowpass, which, however,
torque andk’ the torsion spring constant. Fig. 2 displaySyses not counteract static errors. Later, the group prapose
the block chart. Seen from the motor, the uncontrollegriving the motor by a voltage source for the robot Troody
O or [21], this way closing an inner loop for the motor velocity,
which is in their case measured via Hall sensors. Wyeth [12]
also suggested using such a cascaded control loop with PI
controllers, but encoder-based.
Figure 3 shows such a cascaded control with inner velocity
loop.
With the desired velocity

Fig. 1. Series Elastic Actuator: The actuator is connectedhe load
through a compliant element (a spring). Thus, the springtleis a direct wym.a = Gprp.o(Mp.qa— Mp), (5)
measure of the torque.

the general control law can be written as:

SOM
My = Gpyilwnra — 6
oL M PI, [ M,d Td8+1] ( )
> M = GpralGripo(Mpa— Mp) — or e 7
K L= PI, [ pip,o(Mp.q L) (pMTdS—Fl]’ (7)

with the inner and outer controllers
My | e Gor i — Kot Bii iy Ko Kaos g
_>?_> TorsZ Pl,i pz+ P PID,o po"’ s +TS+1 ( )
_ As the encoder signal is less noisy than the sensor of

spring length measurement, the time constd@htof the
differentiation filter of the spring torque is larger thdp.

) _ If the inner velocity loop is already closed in the PWM with
system (/j; = 0) has the input-¢,, (load displacement that 5 hased velocity sensors instead of filtered differtate

provokes spring compression), and the outplf (the spring ¢ the encoder signal, the inner phase delay vanighes; 0.
torque that countergcts compression). Thus, thg POSItioN- | “contrast to the single-loop force control above, this
torque transfer function of the uncontrolled plant is: cascaded scheme can ensure passivity while still counter-
M, K Ju K s? acting static errors, if some boundaries on the parameters
Gp = o1 1+ 5K Juss+ K @ are obeyed. This will be outlined in the following.
M The plant output, the spring torque, can be calculated

Fig. 2. Block chart of the plant, i.e. the uncontrolled SEA

[1l. CONTROLLER SYNTHESIS based on superposition of its responses to load displademen
A. Generalization of Existing Strategies and control input to be:
Now, a torque controller is designed to make the spring My, = G My + Gaypr. (9)

torque M, track the desired spring torquey, 4. An impor-
tant constraint is the conservation of stability and pagsiv
aspects, and the goal is to reach a relationship as.closeaehsd it defines the system’s passivity. Hefeis thus defined
possible taM;, = M, 4, which would also allow for an ideal as

realization of zero impedance. Stability and passivityeatp My, Go

lead to certain boundaries for the control parameters, and Z = —prs B

In haptic systems, the impedanges generally defined as
the transfer function from input velocity to opposing toegqu

(10)



Fig. 3.
difference between motor angley, and joint anglepy,, the spring constant i%. A Hall-based velocitiy control in the PWM is a special casehis
chart, then no filtered differention has to be considered Bpe= 0.

and equals:
Z(s) = K(Kpis + Ky + JuTas® + Jas®)s(Ts + 1)
Z?:o d;s'
(11)
with
d¢ = JuTyT
ds = Ju(Ta+T)
di = K(KpoKpi +1)T4T + KKioKpiTo + Ju
HTEK,;
dy = Kpi+TKii+ K[(KioKpi + KpoKii)TaT
+(KpoKpi + 1)(Ta+T) + KaoKpi + KaoKii T4l
dy = K+ K[(KioKp + KiiKpo)(Td+T)
F+EKpoKpi + KoKy + 1+ KioKiiTTd]
di = K[KiKio(T+Ta) + KioKpi + Kii K po]
dy = KK;zKi.

—_ e — — e — —

My,

WM

B. Sability and Passivity of the controlled system

Torque controller with inner velocity loop. The mptdynamics are represented by the inerfigy. The spring torque is proportional to the

Equation (12) is nonnegative for all # 0, if all coefficients
a,b,c,d are nonnegative. Therefore, during the controller
design, these inequalities have to be checked. First, the ca
of encoder-based velocity control is considered, thus a@ha
delay in the differentiation withl; £ 0. Then, in order to
ensure positiveness of coefficieltthere are only two op-
tions: Either the integrators cannot be used, or an oldtgr
has to be implemented. However, the latter is undesirable in
most cases, because it requires numerical differentiatfon
two possibly noisy signals: the torque sensor signal, ared th
reference signal, which generally originates from an outer
impedance controller. Therefor&, should be as small as
possible, ideally it should completely be removed by using
a motor velocity sensor. However, this is a conservative,
theoretical case. In a technical realization, there is ydwa
damping present, e.g. due to friction. Viscous friction
which can be modelled by replacing the tefoh,s?) by
(Jas? + vs), also allows to implement nonzero values for
both K;. However, for the Bowden cables used, friction is
hard to quantify due to the complex and highly time variant
behaviour.

Necessary and sufficient conditions for passivity of linear ., easy tuning of both controllers separately, a possible
systems are [23]:

o Z(s) is asymptotically stable
e Re(Z(jw)) >0 .

First, the real part o (jw) is calculated, which gives:

(12)

with

Re(Z(jw)) = r(aw® 4 bw® + cw?* 4 dw?).

K2 JIuT3 [ Kao(Kyi — TK;)

~T*(KioKpi + KpoKii)]

K2[Kao|(Kpi — KiiT)Jur + (T — Tg) K]
FT2((K s — KiTa) + K2 (KioTa + Kpo))

— I (T? + T3) (KioKpi + KpoKii)]
K*[K3(Kao(T = Ta) + T (Kpo + KioTa))
+K[2Ji(Kion + Kpo) — I (Kii K po + Kpi Kio)
+Kpi — KiiTa)

K*K2(KioTa + Kpo)

0

set of simple rules that ensures obedience of the above
passivity boundaries is (assumifig < 7T°):

Ky > Jm
AN K < 05Ky,
AN Kip < 05Ky,
A Kgo > AT? K. (13)

By checking the Hurwitz determinants, it can be shown
that the conditions above also ensure asymptotic stahlility
T, = 0, the inequalities generating from (12) become very
simple andK,, may be omitted. However, the first 3 rules
should still be followed.

C. Choice of Parameters

The goal of the controller tuning is on the one hand
good tracking of the reference torque, on the other hand
good "disturbance rejection”, i.e. an impedance as low as
possible for zero-torque tasks. The transfer funct@®p
between desired and actual spring torque has the same
characteristic polynomial as the impedance transfer fanct
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0.4, <" analysis of the input-output data shows a bandwidth of
-120 -80 -40 0 16 Hz, with a phase lag of 122at this cutoff frequency.
Real Axis However, motor saturation prohibits amplitudes largemntha

. . . . 5 Nm at this frequency. The analysis is performed using
Fig. 4. Root loci of the controlled system with varyirfg,; and Kp,. id ificati hods (Matlab d . Th
Above: first order lowpass in the velocity signal wilfy = 0.008. Below: SyStem_' entification methods ( atla pr_oce ure: pem). €
no phase delay in the velocity control looff,,, varies between 0.01 and theoretic response for comparison also includes a measured
L5, Kp; between 0.1 and 14. The grid lines indicate constant dammii  gyerage viscous friction of 4 Nm/(rad/s). In order to ilhase
and natural frequency, respectively. . . .

the zero-torque behaviour, the joint was moved manually
at different frequencies. The resulting interaction t@sju

(11). Via root locus analysis, the wandering of the poles iftre displayed in F_|g. 6. At the onset of a motion, per_;\k
dependence of the parameters can be analyzed. to_rques can be noticed, probably due_to bac_klash a_nd stick-
In our technical realization with the LOPES robot, thesl|p..However, these are hardly perceivable in practice, an
mechanical properties motor inertia and spring constaff@ximum torques range around 5 Nm.

are Jyr = 0.131 kgm? and K = 155 Nm/rad, respec-
tively. Furthermore, an average measured viscous friaifon V. CONCLUSION
4 Nm/(rad/s) is also included in the model.

Fig. 4 displays the root loci for this system using techni- A systematic analysis of existing approaches to torque
cally realizable values of<,; and K,,, both for the case control of Series Elastic Actuators with focus on passivity
of no phase delay in the velocity signal (interna Pwnhas been presented. The resulting recommended control
velocity controller) and with a first-order-lowpass with = is based on cascaded PI controllers with an inner motor
0.008 (encoder-based control). The paramet&ishave no Velocity loop. Using stability and passivity analysis, pim
significant influence on the dominant poles of the systenffoundaries for the control parameters are calculated. The
especially not on the imaginary poles. They do improvadvantages of the scheme are the the possibility to include
the behaviour at low frequencies though. Furthermore, in iategral action without jeopardizing passivity. Both thet
practical realization, integrators can be used to avoiticsta cally and in practical experiments, the effectiveness afst f
offsets due to friction. In the simulations, both gains @qudnner velocity loop for good force tracking and low realifab

1/3 of the respective proportional gains, in order to safelimpedances has been shown. Further research will aim at
obey (13). improving the mechanical realization, i.e. the actuatidn o

the LOPES exoskeleton, by removing unwanted elasticity,
IV. PRACTICAL EVALUATION friction and backlash in the transmission.

For the practical evaluation, we use an inner velocity
loop in the PWM to control a brushless synchronous motor. VI. ACKNOWLEDGMENTS
The SEA is controlled via MATLAB/Simulink xpc, the
sampling frequency is 1000 Hz. For the force controller, we The authors would like to thank Gert Jan Nevenzel and
choose control parametefs,, = 0.8 rad/s/Nm andk,; = Jan Veneman (Laboratory of Biomechanical Engineering,
5 Nm/rad/s, with the integrator gains at 1/3 of the respectiveniversity of Twente) for their valuable contribution dogi
proportional gains. The joint is restrained manually in thémplementation and evaluation, as well as Marion Sobotka
experiments. In Fig. 5, the tracking performance for défer (Institute of Automatic Control Engineering, Technische
frequencies is illustrated. The time plot illustrates thBu-  Universitat Minchen) for her helpful comments on the
ence of friction, which is compensated quite well. Freqyenccalculations.
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