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Abstract— We present a hydro-elastic actuator that
has a linear spring intentionally placed in series between
the hydraulic piston and actuator output. The spring
strain is measured to get an accurate estimate of force.
This measurement alone is used in PI feedback to con-
trol the force in the actuator. The spring allows for high
force fidelity, good force control, minimum impedance,
and large dynamic range.

A third order linear actuator model is broken into
two fundamental cases: fixed load — high force (for-
ward transfer function), and free load — zero force
(impedance). These two equations completely describe
the linear characteristics of the actuator. This model
is presented with dimensional analysis to allow for gen-
eralization. A prototype actuator that demonstrates
force control and low impedance is also presented. Dy-
namic analysis of the prototype actuator correlates well
with the linear mathematical model.

This work done with hydraulics is an extension from
previous work done with electro-mechanical actuators.

Keywords— Series Elastic Actuator, Force Control,
Hydraulic Force Control, Biomimetic Robots

I. INTRODUCTION

OBOT force control and force controllable actua-
tors typically reside in the electro-mechanical do-
main for several reasons. EM motors are well under-
stood and can typically be modeled as linear systems
which makes control significantly easier. They have
very fast response times and are operationally clean.
Unfortunately, EM motors have very low torque den-
sity and can only achieve high power density when run
at high speed. Most robot force control tasks, however,
run at low speeds and high forces which leads to the
use of transmissions or gear reductions. Transmissions
introduce many undesirable effects such as friction, re-
flected inertia and backlash, all of which create torque
noise. In addition, transmissions decrease backdriv-
ability or increased impedance, which is a measure of
the actuator’s force sensitivity. In summary, trans-
missions are problematic when trying to achieve good
force control.
While EM motors with a transmission can achieve
a measure of high force and power density, it is well
known that hydraulic systems provide a power and
force density that is far superior any other present-
day actuator technology [1]. Furthermore, hydraulics

Fig. 1. Prototype Actuator CAD model. A 20MPa pressure
source is connected to a MOOG series 30 flow control servo
valve which has a bandwidth of about 200 Hz. The pis-
ton is coupled to the output through four die compression
springs. The spring compression is measured with a linear
potentiometer which implies force.

can generate high loads with moderate response times
and can hold those loads indefinitely with very little
use of power. This is something that would causes ex-
treme heat generation in an EM motor. The downside
to hydraulics is its non-linearity, inherent complexity,
and messiness (especially in the case of a system fail-
ure.) Hydraulics, similar to EM motors and transmis-
sions, also have high impedance and are difficult if not
impossible to backdrive. Therefore, hydraulics have
typically not been used in robotic force control.
Previous actuator research in the Leg Laboratory
focused in the electro-mechanical domain. From this
work came the development of Series Elastic Actua-
tors [2], [3]. These force controllable actuators have an
intentional spring in between the motor transmission
and the actuator output. By controlling the deflection
of the spring, a simple control algorithm can gener-
ate excellent force control. The spring reduces large
force bandwidth. However, many biomimetic robots
only need high forces within a limited bandwidth. In
exchange for this reduction in bandwidth, Series Elas-
tic Actuators are low motion, high force density, high
power density actuators with good force control, im-



pact tolerance and low impedance.

Following the success of EM series elastic actuators,
a similar idea of putting a spring in series with a pis-
ton is applied to hydraulics. This paper documents
the creation of a Hydro-elastic Actuator which is a
force controllable hydraulic actuator. With a very sim-
ple proportional-integral controller using the deflection
of the spring for feedback, the actuator has very low
impedance thus making the controlled system back-
drivable and very force sensitive. It can also produce
any specified force up to 2500N maintaining the same
backdrivability at the higher forces. This prototype
actuator is pictured in figure 1. The prototype actua-
tor is compared to a mathematical model and simula-
tion which is formulated in non-dimensional terms for
generality.

II. RELATED FORCE CONTROLLABLE ACTUATORS
A. Electro-Mechanical Actuators

Many people have used compliant actuators or have
studied the control of robots with flexible links or
compliant joints [4], [5], [6], [7], [8]. This work has
been mostly concerned with mitigating the effect of
the compliance rather than taking advantage of it.

The highest performance force controlled actuator
has been a brushless DC motor rigidly connected to
a robot link, also know as direct-drive [9]. These ac-
tuators eliminate friction and backlash, typical of mo-
tors with transmissions. To compensate for the loss
of transmission, direct-drive actuators must be large
in order to achieve adequate torque. This means in-
creased motor mass and cost.

Howard [10] introduced the idea of measuring
springs in series with an actuator’s output by moni-
toring the displacement between actuator output and
motor position, thus inferring spring deflection. This
differential measurement is error prone because there
is noise between those two points due to the transmis-
sion.

Pratt and Williamson [2], [11] developed Series Elas-
tic Actuators by directly measuring the strain of a
spring in series with transmission and actuator out-
put. They pointed out that the actuators can trade off
small motion bandwidth for good force control. Also,
since the spring deforms a significant amount, the fi-
delity compared to typical strain gauge structures for
force control is much higher.

B. Hydraulic Actuators

Springs and other compliant mechanisms have also
been used for hydraulic actuators. Following exam-
ples from biology [12], Raibert’s [13] hydraulic legged
robots used linear air springs at the leg ends in se-

ries with the thrust actuator to recover impact energy
when running.

Wells [14] built a hydraulic piston with passive ac-
cumulators on each side of the piston chamber which
gave the actuator intrinsic compliance. The actuator
was better able to tolerate external disturbances.

A Lyapunov-based control algorithm was developed
by Alleyne [15] for use in non-linear force control of
an Electro-hydraulic actuator. Moderate bandwidth
was achieved with an experimental setup as well as in
simulation.

Attempts have also been made to infer force out-
put from the pressure in the cylinder. But, pressure
fluctuates remarkably in a cylinder and while easy to
monitor is very difficult to control. It is also a poor in-
dicator of the actual force on the output due to friction
and stiction on the piston and the seals.

Placing a mechanical spring at the end of a hydraulic
actuator and measuring the spring’s displacement for
force control is noticeably absent from the literature.

III. ACTUATOR MODEL
A. Model

The model we use for the hydro-elastic actuator has
a fluid flow input @ from the servo valve and and a
position input z, from the environment on the spring
(figure 2). The servo valve is assumed to be first order.
Higher order dynamics in the valve are more than an
order of magnitude above the frequency range of in-
terest and are therefore neglected. Also, assuming no
saturation in the actuator for now, flow is a direct
function of input current as seen in equation 1.

Q) = — 1)

Saturation effects will be discussed later.

The choice of a position constraint on the spring out-
put has been explained by previous authors in terms
of admittance/impedance and position causality of the
environment [16], [17], [18].

Even though the physical actuator prototype is not
double acting, we will assume that the piston areas
are equivalent for ease of analysis and understand-
ing. Having different piston area essentially changes
the “transmission ratio” from the fluid to the mechan-
ical domain depending on which side of the piston is
pressurized. In the real actuator they are not signifi-
cantly different from each other and is not important
in the analysis shown here. The spring in the model
represents a physical die compression spring. It is as-
sumed to be linear in both directions.

The force in the spring, Fj, is a function of two vari-
ables: the flow from the servo valve, (), and the relative
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Fig. 2. Simple spring model for the hydro-elastic actuator. The
force output of the actuator is determined by the compres-
sion of the spring. There are two inputs to the system. Q
is the fluid flow from the servo valve. x; is a position input
from the environment.

position of the load, x;. This relationship is derived to
be:

Fi(s) = @A) )
where k is the spring stiffness and A is piston area.

Feedback control of the actuator is closed by mea-
suring the deflection of the spring which implies the
force output, Fj, of the actuator. We use a PI con-
troller on the error with controller gain K and integral
gain K;. Even though there is already a free integrator
in the open loop system (equation 2), the additional
integrator helps to automatically compensate for the
wandering null bias offset in the servo valve not ac-
counted for in linear analysis. Assuming that the con-
trol gain K has the proper units to take voltage signals
F,; (desired force) and F; (load force) in the spring to
current ¢, control current sent to the servo valve is
determined by:

P= K0+ S - R 3)
This controller puts a pole at the origin and a zero at
—w; on the negative real axis where w; = K;.

In our analysis we are interested in the force through
the spring which is the force acting on the robot link.
Combining equations 1, 2 and 3 yields the closed loop
equation for the force through the spring:

_ kKK, K,(s/K;,+1)F; — kSASQ(TUS + 1)y
 AsX(1pys + 1) + ks KKys + ks KKK,
(1)

With the addition of the integral term in the con-
troller, the closed loop system characteristic equation
is now third order.

Equation 4 allows us to look at two cases. For the
forward transfer function we assume that the load end

Fi(s)

is fixed (z; = 0). The other case of interest is at zero
force with the load end free (F; = 0). This is the
output impedance. The transfer functions for these
two cases completely specify the linear characteristics
of the actuator.

B. Case 1: Fized Load

By imposing a fixed end condition on the output and
using equation 4, we can write the closed loop forward
transfer function for case one which relates the desired
force to the output force:

F(s) kKKK, (s/K; +1) 5)
Fy(s)  As?(rys+ 1)+ ks KKys + kKKK,

At low frequency, this transfer function is equal to
unity, and in the limit as frequency goes to infinity
the transfer function goes to zero. We are focusing
on driving frequencies significantly less than the servo
valve bandwidth. Therefore, the true bandwidth of the
system will depend on the servo valve characteristics.

C. Case 2: Free end with zero force

The other case is to assume that the desired force is
zero and the output is free to move. This will be the
zero load impedance. For case two, we write:

Fi(s) —ksAs? (1,5 + 1)
zi(s)  As (rys+ 1)+ ks KK,s + kKKK,

(6)

Opposite of the closed loop forward transfer func-
tion, the impedance at low frequency is equal to zero.
This is the property we desire in order to make the
actuator very insensitive to position inputs. With ac-
tive control, the actuator is backdrivable. At high fre-
quency, the transfer function is equal to the value of
ks, the spring constant of the physical spring.

IV. MODEL ANALYSIS
A. Saturation and Large Force Bandwidth

Regardless of the control system, the open loop char-
acteristics of the actuator will dominate the response
when operating at the force and power saturation lim-
its of the servo valve. The maximum flow rate assum-
ing a fully open valve is

Q=0y/P. -2 M)

where P; is the supply pressure, C' is a servo valve
sizing factor and F}; and A given previously. Equation
7 assumes a negligible return pressure.

Square root saturation is difficult to use in linear
analysis. By assuming a linear saturation profile which
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Fig. 3. The actual saturation profile for a hydraulic servo valve
is a square root relationship between flow and pressure. In
order to understand the effects of saturation on the actuator
at a simple level, a linear saturation relationship is assumed.

close to but a worse case than the square root satu-
ration (equation 7), it is possible to understand the
effect that the spring has on the large force bandwidth
of the actuator (figure 3).

Take the linear saturation profile

Q=¢ (Ps—%). ®)

In this case C} = %, where @, is the maximum flow
rate for the rated current of the valve. C in equation
7 and C in equation 8 are not equivalent.

As a baseline for understanding the large force or
saturation bandwidth, assume that there will be zero
load motion and insert the linear flow rate saturation
into the open loop dynamic equation for force in the

spring (equation 2).

F =ks————= 9
imac s 9)
Simplifying this equation, we can see that the max-
imum force possible in the spring follows a first order
bandwidth profile.
F 1
l'maa.- — (10)

P.A k?é; s+1

At low frequency, the system can achieve the max-
imum force output of the supply pressure times the
piston area. However, the capability of the actuator
declines sharply after the break frequency

kscl
Wo = Ve

(11)

The careful selection of this frequency is critical to the
performance of the actuator. Note that this relation-
ship was made independent of the control system.

B. Dimensionless formulation

In order to generalize and see the effects of the vari-
ous parameters, both the closed loop transfer function,
equation 5, and the output impedance, equation 6, can
be written in dimensionless form.

We will normalize frequency about w, (equation 11)
and generate the following dimensionless groups.

s = =
Wo
[
Wo
1
V =
TyWo
ks KK,
= 12
K oA (12)

e S is a scaled Laplace variable which normalizes s to
Wo-

e I can also be written as w;/w,. It is the scaled place-
ment of the zero on the negative real axis due to the
integral term in the controller.

o V is the scaled time constant from the servo valve
first order model. It is a measure of how much faster
the servo valve is in comparison to the saturation
bandwidth.

o K represents the scaled loop gain determined by the
spring, size of the cylinder, valve gain and controller
gain.

Using the dimensionless groups and the scaled
Laplace variable, the dimensionless forward closed
loop and output impedance transfer functions can be
written as:

F(S) _ KV (S + 1) a3)
Fy(S) (S+V)S2+kVS +KIV
F(S)  _ —(S+V)s* (14)
kst (S)  (S+V)S2+kVS +kIV

In order to make the impedance, equation 14, truly
dimensionless, it has been normalized to the spring
constant k.

C. Case 1: Closed Loop

Figure 4 shows a bode plot for equation 13. The plot
is normalized to w,. For reference, in the real actuator
wo = 152 rad/sec (25 Hz). The other values used in
the plot are Kk =2, I = 0.3 and V = 4.4. These values
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Fig. 4. This is a bode plot of the dimensionless closed loop
system scaled to w,. Values for the plot were calculated
from real parameters on the device: w, = 152 rad/sec (25
Hz), k=2, 1 =03 and V = 4.4.

are taken from the physical actuator discussed later.
At low frequency, the system tracks very well. The
system response dies quickly at a frequency above w,.
The apparent resonance in figure 4 is a strong function
of the zero introduced by the control system.

D. Impedance: Case 2

Equation 14 shows the dimensionless form of output
impedance. At low frequencies the impedance is zero
but in the limit as frequency increases, the impedance
is equal to the stiffness of the physical spring, ks.
Equation 14 normalizes to ks and figure 5 shows an
example of the impedance for the same values used
in the closed loop forward transfer function in figure 4
and equation 13. In this example, the impedance up to
the saturation frequency, w,, is significantly reduced.

Ideally the impedance should be as low as possible.
There are two ways to accomplish this.

o Increase the control gain.
o Decrease the spring constant.

Increasing the control gain is desirable for increas-
ing the bandwidth of the actuator. Here we see that
a larger control gain will also decrease impedance be-
low the cutoff frequency w,. At high frequency the
impedance will be equal to the stiffness of the spring
in the load sensor ks;. The unique part of series elas-
tic actuators is that ks is relatively low. Increasing
the spring constant will actually hurt the impedance.
For example, if ks — oo we will have the equivalent
of a stiff load cell in series with the output. On the
contrary, ks — 0 will be an actuator with almost zero
impedance. Including a compliant spring dramatically
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Fig. 5. The impedance of the actuator at low frequency is zero
and is ks at high frequency. The plot represents equation 14.
It uses values w, = 152 rad/sec (25 Hz), k = 2, I = 0.3 and
V' = 4.4 which were calculated from the prototype actuator.

reduces the impedance. Nevertheless, there must be a
engineering decision which balances the desire for large
force bandwidth and low impedance. We discuss this
tradeoff further in the next section.

V. PHYSICAL ACTUATOR

The following discussion elaborates on decisions
made during the design and construction of a proto-
type hydro-elastic actuator (figure 1). This section
also includes experimental results taken from the ac-
tuator.

A. Component Selection

The design space for hydro-elastic actuators is very
large. Along with geometry and topology there are
five major components in addition to the supply pres-
sure source: servo valve, piston, spring, sensor, and
controller. Of all five components, choosing the spring
is the only part of the actuator which requires unique
perspective and is discussed in the next section.

The specifications for the servo valve, piston, and
supply pressure need to be done based on the force,
speed, and power requirements for a given task. These
design requirements are not unique to hydro-elastic ac-
tuators and would be done for any hydraulic actuator.
It is just important to remember that the bandwidth
of the system will be some fraction of the servo-valve
bandwidth. Therefore, when choosing the servo valve,
it must have sufficient bandwidth to allow for that re-
duction.

Previous work done on force controllable hydraulics
sacrificed seal tolerances on the piston and cylinder to



help reduce stiction and coulomb friction during slid-
ing [13], [14]. In the hydro-elastic actuator, since there
is such a large motion to signal ratio, the effects of stic-
tion and friction are virtually eliminated. Therefore,
seals can be very tight with little to no degradation in
performance.

The other limiting component to achieve high feed-
back gain is the sensor. The sensor needs to di-
rectly measure the spring deflection. This insures that
the feedback measurement is a representation of true
force regardless of any hysteresis or other losses in the
spring. In the prototype, we use a linear potentiometer
to measure spring deflection.

B. Choosing the Spring Constant

Selecting the spring constant is a balance between
large bandwidth needing a high ks and impedance
needing a low one. We present some guidelines for
choosing a spring constant.

1. Select a servo valve, piston, and supply pressure
based on the force, speed, and power requirements for
the given task. The characteristics of the servo valve
will then define the maximum bandwidth of the actu-
ator.

2. Define a minimum acceptable break point w, for
large force bandwidth. Since the characteristics of
servo valve, piston area and spring constant define this
value, w, defines a lower bound on the stiffness of k;
(section IV-A).

3. Define a minimum tolerable impedance level (sec-
tion IV-D) which must also come from the task de-
scription. This places an upper bound on kj.

4. Choose a spring within the two set bounds. It may
be necessary to iterate. The non-dimensional equa-
tions will help in guiding to know whether to increase
or decrease ks and how much effect it will have.

C. Physical Actuator Characteristics

Since this prototype was built as an experimental
test bed, it did not have specific task requirements.
Nevertheless, as a guideline, we wanted the output
power to be 1kW with a max force of 2000N and a
max speed of 0.5m/s. Table I shows the actual physi-
cal characteristics of the actuator.

We use a MOOG series 30 servo valve with a supply
pressure of 20MPa. The 12.5 mm diameter cylinder
is from Custom Actuator Products. The springs are
Century die compression springs. The actuator output
is connected in series with these springs. Regardless of
whether the piston is pushing or pulling, the actuator
maintains a linear measurable stiffness and deflection.
The spring deflection is measured by a Novotechnik
linear potentiometer. This measurement is then used

TABLE I
PHYSICAL PROPERTIES OF PROTOTYPE ACTUATOR

Parameter Al A2 | Units
Area | 1.29 | 0.97 | cm?
Max. Force | 2500 | 2000 | Newton
Cont. Force | 2500 | 2000 | Newton
Min. Force 0.5 0.5 | Newton
Max Speed | 1.25 1.5 | m/s
Spring Constant | 315 | 315 | kN/m
Max. Power 1500 Watts
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Fig. 6. Open loop response for the servo, piston, spring and

sensor. The solid line represents the mathematical model
and the dashed line is experimental data. The simulation
model uses a full third order servo valve. The model cap-
tures all important features except the light damping on 800
Hz resonance.

in a feedback PI controller which has a desired force
input. The output of the controller then defines a con-
trol input current to the servo valve.

Frequency response for the open loop system of the
servo valve, piston, spring and sensor system is shown
in figure 6 for the both mathematical model and ex-
perimental setup. The figure is in units of Hertz and is
not scaled to the saturation frequency as in the previ-
ous section. For the simulation, a full third order servo
valve is included in the model. Model and experiment
match well in both magnitude and phase. The model
even predicts the frequency of the higher order reso-
nance but does a poor job of matching the damping of
that pole pair. Nevertheless, since the frequency range
of interest is more than an order of magnitude below
this frequency, the first order servo valve assumption
is justified.

The closed loop actuator experimental frequency re-
sponse is also very close to the mathematical model.
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Fig. 7. Closed loop response for the hydro-elastic actuator
under PI control. The solid line represents the mathematical
model and the dashed line is experimental data. As in figure
6, the simulation model uses a full third order servo valve.
The two models match very well in both magnitude and
phase for the useful frequency range.

Figure 7 shows the actuator force output response with
the fixed end condition (case 1). With the right selec-
tion of K and K; the actuator can achieve a bandwidth
that is more than adequate. Again, the 800 Hz pole
pair is visible but has no effect on the overall system
performance.

Formal impedance measurements have not been per-
formed on the actuator. However, informally one can
observe (experience) that it is easy to backdrive the
actuator with finger force. When the actuator is com-
manded to output zero force, it responds to the light-
est touch. We have also seen that even at higher forces
(500 N), the actuator is still backdrivable.

In general the prototype actuator performs as ex-
pected and verifys that good force control is possible
with a hydro-elastic actuator.

VI. CONCLUSIONS AND FUTURE WORK

We use a third order model of a Hydro-Elastic Ac-
tuator to investigate the closed loop forward transfer
function and the impedance of the system. These two
cases completely describe the linear characteristics of
the actuator. The model is generalized by using di-
mensional analysis. We examine force bandwidth and
minimizing impedance as a function of controller gain
and spring constant.

The model has helped to create a basic design guide-
line for hydro-elastic actuators with particular empha-
sis placed on choosing the spring constant for the elas-
tic element. Large bandwidth requires a high spring

constant. Minimizing impedance requires a low spring
constant. The choice of spring constant has been
shown to be a compromise between these competing
requirements.

In both the analysis and physical actuator, we use
a linear spring. Future work will investigate nonlinear
stiffening springs which may ease the design tradeoffs
currently required. Further testing will also be done
to experimentally verify impedance and saturation.
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