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Abstract—This paper discusses design and control of a pris-
matic series elastic actuator (SEA) with high power density in
a small and lightweight form factor. We propose a design that
pushes the performance boundary of electrical SEAs by using
motor over-volting techniques coupled with a highly efficient
drivetrain to enable large continuous actuator force while retain-
ing speed. Compact size is obtained through the use of a novel
piston-style ballscrew support mechanism and a concentrically
placed compliant element. Model-based controllers maximize
both force and position control performance of a bench top
UT-SEA powered joint with a nonlinear mechanical linkage.
We use these controllers to demonstrate the high speed, large
displacement position tracking performance of the actuator.

I. INTRODUCTION

Series Elastic Actuation (SEA) is a departure from the
traditional approach of rigid actuation commonly used in
factory room robotics. Unlike rigid actuators, SEAs contain an
elastic element in series with the mechanical energy source.
The elastic element gives SEAs several performance benefits
compared to rigid actuation including high force fidelity (by
measuring elastic deformation), low mechanical impedance,
tolerance to impact loads, and the opportunity for mechanical
energy storage [1], [2]. However, SEAs have much lower res-
onant frequencies than their rigid counterparts, thus reducing
achievable system bandwidth.

Motor-driven SEAs have been widely used in the fields
of legged robotics and human orthotics [3]. The design of
each motor-driven SEA (abbreviated "SEA” for the rest of
the paper) contains a motor, a speed reduction, a compliant
element, and a power transmission to route mechanical power
to the joint. There are many different possible implementations
for each of these SEA elements, each with its advantages and
disadvantages. [4], [5], [6] propose rotary designs based pri-
marily on commercially available off-the-shelf (COTS) parts,
using a planetary gearbox for reduction, rotary or compression
springs as the compliant element, and power transmission
through a bevel gear [6] or chain/cable [4], [5]. Other designs
opt to use more compact rotary actuators based on backlash-
free harmonic drives for the reduction and compact high-
rigidity custom planar springs [7], [8]. [9] also uses a harmonic
drive but chooses lower stiffness die/compression springs to
increase potential energy storage with one degree of freedom
being driven remotely by a chain. [10] uses a novel worm-
gear/rotary-spring/spur-gear design which allows the motor to

Fig. 1.

University of Texas Series Elastic Actuator (UT-SEA).

be placed orthogonally to the joint axis at the cost of reduced
efficiency and non-backdrivability due to the worm gear. [11],
[12], [13] propose prismatic designs which use highly efficient
and backlash-free ballscrews as the primary reduction followed
by a cable drive to allow the actuator to remotely drive a
revolute joint. [11] includes a belt drive between the motor
and the ballscrew to allow for an additional speed reduction.
Finally, [14] uses a ballscrew but directly drives the joint with
a pushrod style drive.

Variable stiffness actuators extend the SEA concept by
adding an additional degree of freedom which is capable of
mechanically adjusting the passive elastic stiffness [15], [16],
[17], [18]. Other SEA implementations have experimented
with non-linear spring stretching to maximize energy storage
[19].

This paper highlights research in development of a compact,
light-weight, high-power actuator designed to enable energetic
and high speed locomotion in electrically actuated legged sys-
tems (Figure 1). The design and control challenges associated
with this goal include studies in energy transfer from a power
source, through a motor, drivetrain, and mechanical actuator
dynamics, to the actuated joint efficiently and in a controlled
manner. These challenges are addressed with contributions in
high-voltage motor interfacing for increased actuator torque
and an efficient, power-dense mechanical design. We present
intelligent model-based controllers designed to maximize both
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Fig. 2. Motor operating range for Maxon EC-powermax 30 as taken
from the datasheet. The red area is an approximation of the thermally
permissible continuous operating region. The black line shows the motor’s
rated mechanical power (200W). A motor is capable of operating inside of
the area below the speed-torque curve for a given applied voltage. The green
line is the speed-torque curve for Vmax=48V while the blue line shows the
speed-torque curve for Vmax=80V.
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Fig. 3. PWM current control. The black line represents the PWM voltage
signal applied to the motor. Motor over-volting causes the amplitude of current
peaks to increase (red line). Adding series inductance increases the R-L time
constant and lowers current peaks to safer levels (blue line).

tracking accuracy and bandwidth. Finally, we present exper-
imental results showing real-world performance of the full
system.

II. DESIGN

We began design with a set of loose performance spec-
ifications (peak joint torques around 70Nm and maximum
velocities around 15 rad/sec) obtained from simulations of
legged locomotion in rough terrain and discussions with other
designers in the field. These values can easily be changed to
target alternate performance specifications due to the highly
dimensional space of the UT-SEA design parameters.

A. Motor

After a comparison of motors from several different ven-
dors, we selected a Maxon EC-powermax 30 BLDC to power
to our actuator due to its high power-to-weight ratio. This
motor is rated at 48 volts, but is capable of much higher speed
(maximum motor speed is proportional to voltage as shown in
Figure 2). By increasing source voltage from 48 volts to 80
volts, achievable motor speed is increased from 16600 rpm to
27600 rpm.

Motor over-volting must be approached carefully. A motor
may be modeled as an R-L circuit in series with a speed-
dependent voltage source. Current control mode amplifiers

Fig. 4.

Cross section of the UT-SEA showing drivetrain components
including: (a) small pulley (b) GT style belt (c) large pulley (d) angular-
contact bearings (e) ballnut (f) piston-style ballscrew support (g) miniature
ball bearing guides.

control current through this circuit using high-frequency pulse-
width-modulated (PWM) voltage. The PWM frequency must
be much faster than the R-L circuit time constant to limit
current oscillations (see Figure 3). Higher oscillation ampli-
tude increases RMS current through the motor which can
lead to overheating. To address these issues we chose a
motor amplifier with a fast PWM frequency (Elmo Ocarina
15/100) and placed high current inductors in series with each
motor phase to increase the inductance seen by the amplifier.
Calculations indicated that a series inductance of at least
0.082mH would ensure current loop stability.

The high motor speed provided by over-volting enables
the use of a large speed reduction which increases both
intermittent and continuous torque capability compared to
designs with lower voltages and lower speed reductions. A
large reduction scales maximum speed without intrinsically
decreasing dynamic performance since acceleration depends
on inertia, which is reduced from the load to the motor by
1/N? for an N reduction.

B. Drivetrain

To maximize mechanical power at the joint, energy must be
transmitted from the motor to the joint with as few losses as
possible. We chose a pulley/ballscrew reduction design similar
to [11] for several reasons. A pulley/ballscrew reduction is
efficient (typically above 90%), shock resistant, backdrivable
while the pulley ratio reduces the high motor speed to a speed
more suitable for driving the ballscrew.

Unlike other SEA designs, our design drives the ballnut in-
stead of the ballscrew ([20] uses a similar ballnut-driven design
but is a non-series-elastic cable-driven actuator). Driving the
ballnut enables two features which help reduce the size and
weight of the UT-SEA. First, ballscrew support is incorporated
directly into the actuator housing using an innovative piston-
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Fig. 5. Range of motion comparison between conventional prismatic

actuators (left) and the UT-SEA design (right). L is ballscrew travel length, C
is the effective carriage length, and A X is maximum spring deflection. Using
these terms, range of motion for both configurations is equal to L—2AX —C,
but the conventional SEA suffers from a much larger C.

style guide (see figure 4). This feature replaces the long,
bulky rails used to support the output carriage in conventional
prismatic SEA design. Secondly, the compliant element is
placed concentrically around the piston-style ballscrew support
which gives series elasticity without adding to the length of
the actuator.

The ballnut is supported by dual angular contact bearings
which allow the ballnut to rotate within the housing while
transmitting axial force from the ballnut to the housing.
Custom preloaded die springs (manufactured by Diamond
Wire Spring Co.) transmit force from the actuator housing
to the chassis ground. The die springs are supported by four
miniature ball bearing guide rails (Misumi) which are mounted
to the housing using grommets that allow for slight misalign-
ment during operation. The miniature ball bearing guides offer
both lower friction and higher tolerance to torsional loads than
bushing style guides. Force sensing is measured using a 20,000
CPR incremental encoder (Avago AEDA 3300) along with an
absolute sensor (Novotechnik Vert-X 1302) to remove the need
for startup calibration. A low stretch, low creep Vectran cable
is attached to the chassis ground and is routed using pulleys
and an idler around the two spring deflection sensors.

C. Spring Placement and Stiffness

Placing the spring between the motor housing and the
chassis ground instead of between the motor output and the
load ([11] refers to this style of SEA as “Force Sensing
Compliant (FSC) Actuation”) leads to several tradeoffs. FSC
style actuators have the advantage of being more compact
since the compliant element does not have to travel with the
load but may be placed statically behind the actuator (or it
can be remotely located as shown in [9]). Prismatic FSCs
also have greater range of motion for a given ballscrew travel
length compared to prismatic SEAs as shown in Figure 5. The
primary drawback of FSCs is that they do not allow control
of output force using motor position. For SEAs, output force
is equal to k(Zjoad — Timotor) Which turns force control into
a motor position control problem. For FSCs output force is
equal to EZpousing. Because Thousing 1 coupled t0 Tyotor
through the dynamics of the actuator and the load, it cannot
easily be controlled by motor position.

Spring stiffness was chosen to maximize energy storage. For
a given force, soft springs are able to store more energy than

TABLE I
UT-SEA DESIGN PARAMETERS

Weight 1168 g
Stroke 6 cm
Max Speed 32.5 cm/sec
Continuous Force 848 N
Intermittent Force 2800 N
Spring Stiffness 277.78 N/mm
Force Resolution 031N
Operating Voltage 80V

stiff springs. Peak force, desired deflection (maximum possible
deflection to minimize stiffness), and the geometric constraints
of the actuator were given as design specifications to Diamond
Wire Spring Co. The result was a spring with a stiffness
rate of 138 N/mm which effectively doubles to 277 N/mm
for the actuator spring constant since two springs are used
with precompression. Experiments using this spring rate yield
a small signal closed loop force bandwidth of approximately
18Hz as shown in section III.

The end result of design is a pushrod FSC-style SEA that
is compact enough to be placed at each joint of an articulated
leg. Such small size enables a modular leg design similar
to those seen in hydraulically actuated robots ([21], [22]).
Articulated leg designs using linear actuators benefit from the
nonlinear linkage kinematics created at the joint (see Figure
8). Torque generated by such a linkage has an angle dependent
moment arm which can be used to place high torque and high
speed capability where they are needed (high torque during
leg bending, high speed during leg extension). A summary of
the design parameters for the actuator can be seen in table 1.

III. MODELING AND CONTROL

Legged systems experience periods of high output
impedance during stance phase and low output impedance
during swing phase. A class of controllers that takes advantage
of this discrepancy is Raibert-style controllers which use force
control during stance phase and position control during swing
phase [23]. This strategy suggests that actuators for legged
systems should be capable of controlling both output force
and position.

A. Force Control

A common approach to control the force generated by
a SEA is by controlling either position or velocity of the
motor to track some desired spring deflection [6], [24], [25].
However, as previously mentioned, FSC style actuators cannot
be controlled in this manner because of the location of the
spring between the actuator housing and chassis ground.
Instead, output force must be controlled using motor torque
directly. In the static case output force of the UT-SEA (F},)
depends only on motor torque (7,,) and is parameterized by
pulley reduction (/V,,) drivetrain efficiency (1) and ballscrew
lead (1).
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Fig. 6. Block diagram of the control structure used for force control. The
notations represent: N: the speed reduction from the motor to the output, Jg:
extended motor inertia used to compensate for motor dynamics.
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Fig. 7. Frequency response of two force controllers and their respective
models. The red/blue curves show force control with no knowledge of the
actuator dynamics while the green/black curves show an improved response
with much lower resonance using a controller with dynamic compensation
(F'r). Small signal closed loop force bandwidth is approximately18Hz.

Inspired by [10], our force controller uses equation 1 as a
feedforward term combined with PID feedback, motor dynam-
ics compensation, and a simple disturbance observer (figure 6).
The motor dynamics compensation improves high-frequency
tracking performance while the disturbance observer, com-
bined with a low pass filter (Qr, f. = 1HZ), removes steady
State error.

Experimental analysis of the frequency response of this
controller clearly identifies its second order response profile
which was then fitted to a mass-spring-damper model (figure
7). A dynamic compensation filter (Fr, f. = 30Hz) is added to
the input of the force controller to remove resonant frequencies
in the response using model inversion.

Frp = LPF - (s*m + sb+ k) (2)

B. Position Control

Fast, stable position control is crucial for high speed legged
locomotion. A model-based position controller can accelerate
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Fig. 8. UT-SEA mounted on a test bench with the prismatic linkage geometry
shown. The notations represent: c: distance between the actuator pivot and
the arm pivot, b: distance between the arm pivot and the push rod pivot, F":
actuator force, 7: torque exerted on the output arm, Jg: inertia of the output
arm.

and decelerate leg mass smoothly and quickly even for large
changes in desired position.

Figure 8 shows the kinematic representation of the UT-SEA
mounted to drive a rotary joint. Actuator force F' generates
output torque 7 according to the following equation:

cbsin @
T:
Vb2 + 2 — 2bccos b

The dynamics relating effective torque to output angle are

3)

7=J,0+ B.6+7, 4

where 7, is the torque due to gravity and is parameterized
by the mass of the output link (m,), the distance from the
point of rotation to the center of mass (I,,,) and an angle (¢)
to correct for ¢ not being orthogonal to the gravity vector:

Tg = —MgGlm cos (0 + ¢) 5)

Combining (3) (4) and (5) the full dynamics from actuator
force to output angle are then represented by the following
nonlinear differential equation:

_ Vb2 + ¢2 — 2bccos b

F
cbsin @

(Job + Bob — magly, cos (6 + ¢))
(6)

Our position control approach first considers the simple
problem of controlling output angle given a torque: 7 =
J,0+B,0. This problem is easily solved using model inversion
with a low pass filter (f. = 20Hz) which yields a compensator

F,:

F, = LPF - (J,5° + Bys) (7)

The resulting torque signal can then be gravity compensated
by adding eq. 5. Multiplying this signal by the inverse of the
nonlinear kinematics (equation 3) converts desired torque into
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Fig. 9. Block diagram of the control structure used for position control. The
notations represent: (G: gravity compensation torque, L: nonlinear linkage
kinematics, F,+-;: the force control block shown in figure 6.

desired actuator force. This desired force is then passed to the
force controller as can be seen in Figure 9.

Without some form of feedback the position controller
would not be able to track a desired position due to mod-
eling error and external disturbances. A disturbance observer
resolves this issue by treating tracking error as model distur-
bance and feeding the error through a low pass filter (f. =
20Hz) and back into the position control loop.

IV. EXPERIMENTAL RESULTS

Experiments were performed on a PC-104 form factor
computer from Advanced Digital Logic (ADLS15PC) running
Ubuntu Linux with an RTAI patched kernel to enable real
time computation. Force control was performed at 1kHz while
position control was performed at 500Hz. Data was passed
to and from the actuator using analog and quadrature signals
which pass through a custom signal conditioning board. We
developed two auxiliary systems to aid in testing the actuator.
One system was used to measure spring stiffness versus dis-
placement (see Figure 11) to accurately determine the stiffness
of the springs received from the manufacturer. The second
system was uses to test misalignment tolerance for a variety
of linear guides including miniature ball bearing guides and
bushing style guides.

To simulate high speed swing-phase style position tracking,
we used a chirp signal with a peak-to-peak amplitude of 30
degrees and a maximum frequency of 2.5Hz (Figure 12).
While the measured arm angle follows the reference signal
closely, position overshoot develops at frequencies above 1Hz.
We believe this is primarily due to backlash that developed
in the system after a control input error caused excessively
high forces. This backlash reduces the performance of the
inner force control loop and also hinders position control. A
video submitted with this paper shows the high-speed position
tracking experiment.

By plotting the speed/torque points of operation during the
high speed position tracking experiment (Figure 13) it is clear
how the UT-SEA benefits from higher operating voltage.

V. CONCLUSIONS AND FUTURE WORK

This paper introduced the UT-SEA, a compact, light-weight,
high-power actuator designed to empower the next generation
of electrically actuated legged machines. Unlike other pris-
matic SEAs, the UT-SEA features a tightly integrated pushrod
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Fig. 10. Spring measurement data. A curve fit was applied to the data the

from F=1000N to F=2000N to obtain an accurate spring constant.

Fig. 11.
connected in series to deliver 80V (b) the UT-SEA actuator attached to the
rotary joint (c) spring measurement system (d) a system used to compare
various linear guide mechanisms (e) signal conditioning (f) oversized series

Experimental setup includes (a) a bank of six 12V lead acid batteries

inductance (300uH as compared to the required 82uH).
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Fig. 12. Position reference tracking for a chirp input signal from zero to

2.5Hz using a 30 degree peak-to-peak amplitude. The only load applied is the
arm mass (0.387 kg).
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Fig. 13.  Motor operating capability overlaid with operating points from high
speed position tracking sampled at 1kHz. Points above the green line would
be unattainable with a design using a 48 volt supply.

design which enables the actuator to be housed within a robotic
leg and use a nonlinear mechanical linkage to drive a rotary
joint. High motor voltage and current filtering enable the
use of a large speed reduction which significantly increases
both continuous and peak torque capabilities. Placement of
the elastic element between the actuator housing and chassis
ground creates a design with increased range of motion and
compactness. Controllers are designed to leverage knowledge
of the mechanical properties of the actuator to improve signal
tracking accuracy and dynamic response.

Experiments with the UT-SEA are still at an early stage.
Full performance characteristics such as maximum output
power and torque, operating efficiency, and maximum system
bandwidth all need to be studied in greater detail. Additionally,
comparisons with other types of control methods will indicate
if there is additional performance that can be attained. Small
changes can be made to the mechanical design which will
improve maintainability, ease of assembly, and remove sensor
cable slip. In the future we hope to experiment with higher
degrees of freedom to study problems such as jumping, passive
energy storage, and task space control.
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