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Abstract— The principle of Series Elastic Actuation offers
considerable advantages for haptic displays compared to stiff
actuators. The interaction force between motor and load is
directly proportional to their relative position, which co rre-
sponds to the elongation of the elastic element. This way, the
torque control task is transformed to a position control task,
which comes natural to traditional DC motors. In this paper,
several existing control strategies are analyzed and compared
with respect to passivity concerns. Cascaded control with afast
inner velocity loop results to be the best option. Based on the
analysis, boundaries for the parameters are presented, such
that the force controller may contain integral action without
jeopardizing passivity.

I. I NTRODUCTION

For the control of haptic manipulators, which interact
with a human being, safety concerns are among the most
important issues during the design process. Stability of the
manipulator, however, does not suffice. The manipulator and
the human, being in direct contact, become a coupled system;
and, unfortunatly, coupled systems may become unstable,
even if all its components are stable. The main problem
is that the control strategies of the human are far from
known, complicating the design process of the manipulator.
The general procedure is to design the manipulator in such
a way that the range of stable couplings with different
environments is as large as possible. For the family of passive
systems, general statements about coupled stability can be
made: It can be shown that passive systems coupled in
feedback or in parallel manner again yield a passive system.
Therefore, it is comonly assumed that the human being acts
as a passive system, resulting in the requirement that the
controlled manipulator needs to be passive.

For the actuation of haptic interfaces, a variety of actuation
principles is possible, e.g. as surveyed in [1] or [2]. Whereas
the design of passive control for stiff actuators has been
investigated for a long time, series elastic actuators (”SEA”s)
still represent a young actuation principle for haptic manip-
ulators. Pratt proposed such a compliant actuation together
with a force control concept in [3]. Before, compliance had
always been considered a disturbing component and was
treated as such [4]. Although an elastic concept does have
several drawbacks, such as the limited bandwith [5] and
stability limitations due to the non-collocation of sensors
and actuators [6], it has its advantages in the extremely low
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realizable impedance. As the force-elongation relationship of
the elastic element is known, the elongation can be used for
a very cheap force sensor. Furthermore, in contrast to stiff
actuators, where actuator saturation leads to high torquesat
high load accelerations (such as the onset of a movement), a
series elastic actuator takes on the natural impedance of the
elasticity at high frequencies.

A large number of SEA designs has been presented, e.g.
by the MIT [7], [8], Sensinger and Weir [9]–[11], or Wyeth
[12]. Similar principles have also been investigated, suchas
e.g. the SDA (Series Damper Actuator) [13], or a compliance
in parallel with the actuator [14], [15]. Furthermore, there is a
large number of not actuated, but adaptable elastic elements,
i.e. the Variable Stiffness Mechanism [16]. SEAs are used
for various applications, e.g. for walking robots [17], for
prosthetic and orthotic leg systems [18], or for force-sensing
robot arms [19].

Force control of Series Elastic Actuators is generally kept
very simple and based on linear control. However, in contrast
to stability [20], passivity concerns have only rarely been
investigated. In [3], a passive control concept is presented
that is based on several feedforward compensation terms and
a ”PID”-controller. The drawback is that the integral part of
the controller is replaced by a first-order lowpass in order
to ensure passivity. Thus, this controller does not counteract
static errors (e.g. due to friction). Several years later, Pratt
presented another control scheme [21], which couples outer
impedance loop and inner force control loop. Besides a
desired offset torque, the outer impedance loop commands
virtual stiffness and damping to the inner loop, such that a
structure-varying system results. As stability and passivity
issues of such time variant systems are quite tedious, we
do not consider this control scheme here. Furthermore, this
scheme seems not suitable for impedances close to zero,
because nonzero virtual elasticity and damping parameters
have to be given.

In this contribution, several control schemes for Series
Elastic Actuators are investigated with respect to passivity
issues. As a result, cascaded control with inner velocity loop
is chosen and passivity-ensuring boundaries for controller
parameters are calculated. The presented control design pro-
cess is straightforward and allows proceding from the inside
to the outside. A first application of this torque controller
is the gait rehabilitation robot LOPES of the university of
Twente [22]. In this treadmill-based exoskeleton, the torques
are transmitted from synchronous motors via Bowden cables
and springs to the joints. A major challenge for the controller
in this setup is the added elasticity and high friction caused
by the Bowden cable transmission. Using this testbed, ex-



perimental results are presented to support the effectivity of
the control approach.

II. SYSTEM DESCRIPTION

In this section, the uncontrolled plant will be described,
which consists of a motor coupled to a load via a series
elasticity.

In a series elastic actuator, the load is coupled to the motor
via a compliant element, in this case a spring with linear
characteristic. A relative displacement of load and motor
provokes a spring torqueML. This principle is illustrated
in Fig. 1. The differential equation for this system is

JM ϕ̈M = MM − ML = MM − K(ϕM − ϕL), (1)

with ϕL and ϕM denoting load and motor angles, respec-
tively, JM the motor moment of inertia,MM the motor
torque andK the torsion spring constant. Fig. 2 displays
the block chart. Seen from the motor, the uncontrolled
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Fig. 1. Series Elastic Actuator: The actuator is connected to the load
through a compliant element (a spring). Thus, the spring length is a direct
measure of the torque.
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Fig. 2. Block chart of the plant, i.e. the uncontrolled SEA

system (MM = 0) has the input−ϕL (load displacement that
provokes spring compression), and the outputML (the spring
torque that counteracts compression). Thus, the position-
torque transfer function of the uncontrolled plant is:

Gp =
ML

−ϕL

=
K

1 + 1

JM s2 K
=

JMKs2

JMs2 + K
. (2)

III. C ONTROLLER SYNTHESIS

A. Generalization of Existing Strategies

Now, a torque controller is designed to make the spring
torqueML track the desired spring torqueML,d. An impor-
tant constraint is the conservation of stability and passivity
aspects, and the goal is to reach a relationship as close as
possible toML = ML,d, which would also allow for an ideal
realization of zero impedance. Stability and passivity aspects
lead to certain boundaries for the control parameters, and

combined with the control goal, a constrained optimization
problem for the parameters results.

The controller suggested by Pratt [3] is a simple PID
torque controller with some feedback terms added to it:

MM = ML,d + GPID(ML,d − ML)

+
JM

K
s2ML,d + KbJMs2ϕL, (3)

with
GPID = Kp +

Kds

T s + 1
+

Ki

s
. (4)

If there is no sensor for the accelerationϕ̈, then the last term
cannot be implemented, because filtered differentation will
derogate passivity for any value ofKb. Therefore, we neglect
it from here on. Furthermore, the system will not be passive
for any valueKi = 0, such that [3] decided to replace
the integrator term by a first order lowpass, which, however,
does not counteract static errors. Later, the group proposed
driving the motor by a voltage source for the robot Troody
[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

ωM,d = GPID,o(ML,d − ML), (5)

the general control law can be written as:

MM = GPI,i[ωM,d −
sϕM

Tds + 1
] (6)

= GPI,i[GPID,o(ML,d − ML) − ϕM

s

Tds + 1
], (7)

with the inner and outer controllers

GPI,i = Kpi +
Kii

s
, GPID,o = Kpo +

Kio

s
+

Kdos

T s + 1
. (8)

As the encoder signal is less noisy than the sensor of
spring length measurement, the time constantT of the
differentiation filter of the spring torque is larger thanTd.
If the inner velocity loop is already closed in the PWM with
Hall-based velocity sensors instead of filtered differentation
of the encoder signal, the inner phase delay vanishes,Td ≈ 0.

In contrast to the single-loop force control above, this
cascaded scheme can ensure passivity while still counter-
acting static errors, if some boundaries on the parameters
are obeyed. This will be outlined in the following.

The plant output, the spring torque, can be calculated
based on superposition of its responses to load displacement
and control input to be:

ML = G1MM + G2ϕL. (9)

In haptic systems, the impedanceZ is generally defined as
the transfer function from input velocity to opposing torque,
and it defines the system’s passivity. Here,Z is thus defined
as

Z =
ML

−ϕLs
= −

G2

s
. (10)
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Fig. 3. Torque controller with inner velocity loop. The motor dynamics are represented by the inertiaJM . The spring torque is proportional to the
difference between motor angleϕM and joint angleϕL, the spring constant isK. A Hall-based velocitiy control in the PWM is a special case of this
chart, then no filtered differention has to be considered andTd = 0.

and equals:

Z(s) =
K(Kpis + Kii + JMTds

3 + JMs2)s(Ts + 1)
∑6

i=0
disi

(11)
with

d6 = JMTdT

d5 = JM (Td + T )

d4 = K(KpoKpi + 1)TdT + KKdoKpiTd + JM

+TKpi

d3 = Kpi + TKii + K[(KioKpi + KpoKii)TdT

+(KpoKpi + 1)(Td + T ) + KdoKpi + KdoKiiTd]

d2 = Kii + K[(KioKpi + KiiKpo)(Td + T )

+KpoKpi + KdoKii + 1 + KioKiiTTd]

d1 = K[KiiKio(T + Td) + KioKpi + KiiKpo]

d0 = KKioKii.

B. Stability and Passivity of the controlled system

Necessary and sufficient conditions for passivity of linear
systems are [23]:

• Z(s) is asymptotically stable
• Re(Z(jω)) ≥ 0 .

First, the real part ofZ(jω) is calculated, which gives:

Re(Z(jω)) = r(aω8 + bω6 + cω4 + dω2). (12)

with

a = K2JMT 2
d [Kdo(Kpi − TKii)

−T 2(KioKpi + KpoKii)]

b = K2[Kdo[(Kpi − KiiT )JM + (T − Td)K
2
pi]

+T 2[(Kpi − KiiTd) + K2
pi(KioTd + Kpo)]

−JM (T 2 + T 2
d )(KioKpi + KpoKii)]

c = K2[K2
ii(Kdo(T − Td) + T 2(Kpo + KioTd))

+K2
pi(KioTd + Kpo) − JM (KiiKpo + KpiKio)

+Kpi − KiiTd]

d = K2K2
ii(KioTd + Kpo)

r > 0

Equation (12) is nonnegative for allω 6= 0, if all coefficients
a, b, c, d are nonnegative. Therefore, during the controller
design, these inequalities have to be checked. First, the case
of encoder-based velocity control is considered, thus a phase
delay in the differentiation withTd 6= 0. Then, in order to
ensure positiveness of coefficientb, there are only two op-
tions: Either the integrators cannot be used, or an outerKdo

has to be implemented. However, the latter is undesirable in
most cases, because it requires numerical differentiationof
two possibly noisy signals: the torque sensor signal, and the
reference signal, which generally originates from an outer
impedance controller. Therefore,Td 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 always
damping present, e.g. due to friction. Viscous frictionv,
which can be modelled by replacing the term(JMs2) by
(JMs2 + vs), also allows to implement nonzero values for
both Ki. However, for the Bowden cables used, friction is
hard to quantify due to the complex and highly time variant
behaviour.

For easy tuning of both controllers separately, a possible
set of simple rules that ensures obedience of the above
passivity boundaries is (assumingTd < T ):

Kpi > JM

∧ Kii < 0.5Kpi

∧ Kio < 0.5Kpo

∧ Kdo > 4T 2Kpo. (13)

By checking the Hurwitz determinants, it can be shown
that the conditions above also ensure asymptotic stability. If
Td = 0, the inequalities generating from (12) become very
simple andKdo 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 functionGF

between desired and actual spring torque has the same
characteristic polynomial as the impedance transfer function
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Fig. 4. Root loci of the controlled system with varyingKpi and Kpo.
Above: first order lowpass in the velocity signal withTd = 0.008. Below:
no phase delay in the velocity control loop.Kpo varies between 0.01 and
1.5,Kpi between 0.1 and 14. The grid lines indicate constant dampingratio
and natural frequency, respectively.

(11). Via root locus analysis, the wandering of the poles in
dependence of the parameters can be analyzed.

In our technical realization with the LOPES robot, the
mechanical properties motor inertia and spring constant
are JM = 0.131 kgm2 and K = 155 Nm/rad, respec-
tively. Furthermore, an average measured viscous frictionof
4 Nm/(rad/s) is also included in the model.

Fig. 4 displays the root loci for this system using techni-
cally realizable values ofKpi and Kpo, both for the case
of no phase delay in the velocity signal (interna PWM
velocity controller) and with a first-order-lowpass withTd =
0.008 (encoder-based control). The parametersKi have no
significant influence on the dominant poles of the system,
especially not on the imaginary poles. They do improve
the behaviour at low frequencies though. Furthermore, in a
practical realization, integrators can be used to avoid static
offsets due to friction. In the simulations, both gains equal
1/3 of the respective proportional gains, in order to safely
obey (13).

IV. PRACTICAL EVALUATION

For the practical evaluation, we use an inner velocity
loop in the PWM to control a brushless synchronous motor.
The SEA is controlled via MATLAB/Simulink xpc, the
sampling frequency is 1000 Hz. For the force controller, we
choose control parametersKpo = 0.8 rad/s/Nm andKpi =
5 Nm/rad/s, with the integrator gains at 1/3 of the respective
proportional gains. The joint is restrained manually in the
experiments. In Fig. 5, the tracking performance for different
frequencies is illustrated. The time plot illustrates the influ-
ence of friction, which is compensated quite well. Frequency
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Fig. 6. User-induced joint movement and resulting interaction torque in
”Zero Torque” mode of the controlled SEA.

analysis of the input-output data shows a bandwidth of
16 Hz, with a phase lag of 112◦ at this cutoff frequency.
However, motor saturation prohibits amplitudes larger than
5 Nm at this frequency. The analysis is performed using
system identification methods (Matlab procedure: pem). The
theoretic response for comparison also includes a measured
average viscous friction of 4 Nm/(rad/s). In order to illustrate
the zero-torque behaviour, the joint was moved manually
at different frequencies. The resulting interaction torques
are displayed in Fig. 6. At the onset of a motion, peak
torques can be noticed, probably due to backlash and stick-
slip. However, these are hardly perceivable in practice, and
maximum torques range around 5 Nm.

V. CONCLUSION

A systematic analysis of existing approaches to torque
control of Series Elastic Actuators with focus on passivity
has been presented. The resulting recommended control
is based on cascaded PI controllers with an inner motor
velocity loop. Using stability and passivity analysis, simple
boundaries for the control parameters are calculated. The
advantages of the scheme are the the possibility to include
integral action without jeopardizing passivity. Both theoreti-
cally and in practical experiments, the effectiveness of a fast
inner velocity loop for good force tracking and low realizable
impedances has been shown. Further research will aim at
improving the mechanical realization, i.e. the actuation of
the LOPES exoskeleton, by removing unwanted elasticity,
friction and backlash in the transmission.

VI. A CKNOWLEDGMENTS

The authors would like to thank Gert Jan Nevenzel and
Jan Veneman (Laboratory of Biomechanical Engineering,
University of Twente) for their valuable contribution during
implementation and evaluation, as well as Marion Sobotka
(Institute of Automatic Control Engineering, Technische
Universität München) for her helpful comments on the
calculations.



−1 1 2 3

2

M
(N

m
)

time t (s)

|G
F
|
(d

B
)

ϕ
(◦

)

Bode Diagram

Frequency (rad/s)

theoretical

experimental

spring torque

reference

0

0

0

0

0

20

−20

−10

−90

−180

4 6 8 10

1010101010

Fig. 5. Tracking performance of the Controlled SEA, assessed via a sine sweep. Above, an excerpt of the time response is plotted, with frequencies
ranging from 0 to 6 Hz. Below, the bode plot illustrates magnitude and phase of the experimental and the theoretically expected frequency response.

REFERENCES

[1] J. M. Hollerbach, I. W. Hunter, and J. Ballantyne.A comparative
analysis of actuator technologies for robotics, pages 299–342. MIT
Press, Cambridge, MA, USA, 1992.

[2] M. Zinn, O. Khatib, B. Roth, and J.K. Salisbury. Actuation methods
for human-centered robotics and associated control challenges. In
Second Joint CSS/RAS International Workshop on Control Problems
in Robotics and Automation, Las Vegas, NV, December 2002.

[3] G. A. Pratt et al. Stiffness isn’t everything. InFourth International
Symposium on Experimental Robotics, ISER 95, 1995.

[4] M. J. Balas. Active control of flexible systems.Journal of Optimization
Theory and Applications, 25(3):415–436, 1978.

[5] S. D. Eppinger and W. P. Seering. Understanding bandwidth lim-
itations in robot force control. InProceedings of the 1987 IEEE
International Conference on Robotics and Automation, pages 904–
909, 1987.

[6] Robert H. Jr. Cannon and Dan E. Rosenthal. Experiments incontrol
of flexible structures with noncolocated sensors and actuators. J.
Guidance, 7(5):546–553, 1984.

[7] D. W. Robinson, J. E. Pratt, D. J. Paluska, and G. A. Pratt.Series
elastic actuator development for a biomimetic walking robot. In
1999 IEEE/ASME International Conference on Advanced Intelligent
Mechatronics, 1999.

[8] E. Torres-Jara and J. Banks. A simple and scalable force actuator.
In Proceedings of 35th International Symposium on Robotics, Paris,
France, 2004.

[9] J.W. Sensinger and R. Weir. Design and analysis of a non-backdrivable
series elastic actuator. In9th International Conference on Rehabilita-
tion Robotics, ICORR 2005, pages 390– 393, 2005.

[10] J.W. Sensinger and R. Weir. Unconstrained impedance control using a
compact series elastic actuator. InProceedings of the 2nd IEEE/ASME
International Conference on Mechatronic and Embedded Systems and
Applications, pages 1 – 6, 2006.

[11] J. W. Sensinger and R. Weir. Improvements to series elastic actuators.
In Proceedings of the 2nd IEEE/ASME International Conference on
Mechatronic and Embedded Systems and Applications, pages 1–7,
August 2006.

[12] G. Wyeth. Control issues for velocity sourced series elastic actuators.
In Proceedings of Australasian Conference on Robotics and Automa-
tion 2006, 2006.

[13] C.-M. Chew, G.-S. Hong, and W. Zhou. Series damper actuator: A
novel force/torque control actuator. InProceedings of IEEE-RAS/RSJ
International Conference on Humanoid Robots, Los Angeles, CA,
USA, 2004.

[14] M. Hashimoto and Y. Imamura. An instrumented compliantwrist using
a parallel mechanism. InJapan/USA Symp. on Flexible Automation,
pages 741–744, 1992.

[15] T. G. Sugar and V. Kumar. Design and control of a compliant parallel
manipulator.Journal of Mechanical Design, 124(4):676–683, 2002.

[16] T. Hayashi, T. Tanaka, and M. Q. Feng. Smart power suit with variable
stiffness mechanism. InProceedings of the 2004 IEEE International
Workshop on Robot and Human Interactive Communication, pages
20–22, Kurashiki, Okayama Japan, September 2004.

[17] R. Van Ham, B. Vanderborght, B. Verrelst, M. Van Damme, and
D. Lefeber. Maccepa: the mechanically adjustable compliance and
controllable equilibrium position actuator used in the controlled pas-
sive walking biped veronica. InProceedings of the 15th International
Symposium on Measurement and Control in Robotics, 2005.

[18] H. Herr, A. Wilkenfeld, and J. Blaya. Patient-adaptiveprosthetic
and orthotic leg systems. InProceedings of the 12th Nordic Baltic
Conference on Biomedical Engineering and Medical Physics, pages
123–128., Reykjavik, Iceland, June 2002.

[19] M. Kim, J. Weber, and S. Cha. A design of a modular force sensing
robot arm for self-assembling robots in a system. InProceedings of
Robotics and Applications, Honolulu, Hawaii USA, August 2006.

[20] P.B. Goldsmith, B.A. Francis, and A.A. Goldenberg. Stability of
hybrid position/force control applied to manipulators with flexible
joints. International Journal of Robotics and Automation, 14(4), 1999.

[21] G. A. Pratt et al. Late motor processing in low-impedance robots:
Impedance control of series-elastic actuators. InProceedings of the
2004 American Control Conference, 2004.

[22] J. F. Veneman, R. Ekkelenkamp, R. Kruidhof, F. van der Helm,
and H. van der Kooij. A series elastic- and bowden-cable-based
actuation system for use as torque actuator in exoskeleton-type robots.
International Journal of Robotic Research, 25(3):261–281, 2006.

[23] E. Colgate and N. Hogan. An analysis of contact instability in terms
of passive physical equivalents. InProceedings of the 1989 IEEE
International Conference on Robotics and Automation, pages 404–
409, Scottsdale, AZ, USA, 1989.


