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Electro-hydrostatic actuators (EHAs) are hydraulic actuators with high power-to-weight ratios that exhibit low en-
ergy loss. Thus far, methods for determining the characteristics and parameters of EHAs have not been fully estab-
lished. Therefore, modeling methods for EHA are in demand. EHAs are driven by servomotors on the motor-side
and hydraulic motors on the load-side, and therefore, the actuators are expected to experience sympathetic vibrations.
Thus, EHAs can be considered as systems in which two rigid objects are connected to one another with a low-rigidity
shaft such as a spring. The occurrence of resonance in EHAs has not yet been discussed because of difficulties with
hydraulic systems. One major problem is the large friction in hydraulic motors. We apply a feedback modulator for
friction compensation to enable the experimental identification of characteristics. Assuming that EHAs experience
two-inertia resonance, the parameters of the motors can be calculated. In addition, vibration-suppression techniques
for two-inertia systems can be applied to EHAs. This study proposes the application of a two-inertia model to suppress
vibrations in EHAs and verify their dynamic characteristics.
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1. Introduction

In recent years, the demand for actuators with high power-
to-weight ratios has increased in the field of mechatronics.
This trend not only extends to the field of construction and
heavy equipment, in which robots with large output are in
demand, but also to environmental fields of human assistance
such as nursing care (1)–(3).

Hydraulic actuators generally have higher power-to-weight
ratios than other types of actuators, such as electric ones.
These ratios result from the separation of the driving units
and actuators. Hydraulic actuators also allow considerable
freedom in the system design (4). The driving units of hy-
draulic actuators include electric motors, oil tanks, servo
units, and hydraulic pumps in addition to power sources. The
hydraulic actuators are controlled by regulating the amount of
oil discharged into the motor pumps through pipes. The servo
units are formed of two types of hydraulic circuits: open- and
closed-loop circuits. Open-loop circuits have servo valves
that control the flow of oil. Since servo valves separate servo
units and actuators, an external force cannot be delivered to
the servo units. This makes open-loop hydraulic circuits non-
backdrivable systems (5). Hydraulic actuators with open-loop
circuits have been employed primarily in the construction in-
dustry as multiple servo valves can connect to actuators via
motor pumps.

Hydraulic closed-loop circuits have smaller and more
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efficient systems than open-loop circuits as driving units are
closed within servo units and actuators (4). Electro-hydrostatic
actuators (EHAs), which are hydraulic actuators compris-
ing closed-loop circuits with displacement volume-controlled
systems, have been developed (6) (7). In addition, several stud-
ies on the dynamics of EHAs and methods to identify pa-
rameters have aimed to improve control and cost perfor-
mances (8)–(11). However, since EHAs suffer from numerous
nonlinearities such as friction and oil leakage inside the hy-
draulic motor (12)–(14), there have been few modeling studies.
Therefore, further studies of the characteristics of EHAs are
necessary, along with the development of modeling methods.

EHAs contain servomotors that run the hydraulic pumps
connected to one another as drives and discharge oil through
the valves to the load-sides, which are hydraulic motors.
Thus, if the pressurized oil in the valves has the charac-
teristics of a spring because of its compressibility, EHAs
can be considered as systems in which two rigid objects
are connected to one another with a low-rigidity shaft. The
twisting resonances of the shaft are expected to cause on
the actuators in EHAs as well as in general industrial ma-
chines (15)–(17). If resonance occurs, EHAs can be described
as two-inertia systems; i.e., an EHA would have two iner-
tias with a low-rigidity shaft, resulting in resonance from the
torsional twisting between them. A servo-pump-control ap-
proach in which EHAs are modeled as two-inertia systems
has been proposed (18). However, the occurrence of reso-
nance in EHAs has not yet been discussed because of fric-
tion in the hydraulic motors, which has caused major diffi-
culties for identifying the dynamic characteristics of EHAs.
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Hydraulic actuators exhibit dead zones in the low-speed do-
main because of massive friction compared to electric and
pneumatic actuators (19)–(21). The static friction in EHAs has
to be compensated in order to measure the characteristics.
Consequently, friction-compensating methods including the
application of dithered signals and pulse-width modulation
control have been studied (22). However, these methods are not
suitable for EHAs, as they rely on the response performance
of the servo valves. Therefore, a feedback modulator (FM)
has been considered suitable for practical implementation of
EHAs (23). In FMs, controllers that include integrators (e.g.,
disturbance observers (24)) generate residual oscillation when
friction is large. The dynamic characteristics of EHAs can be
measured by the application of FMs.

If EHAs can be modeled as two-inertia systems, vibration-
suppression-control methods can be utilized. Several stud-
ies have been performed on vibration suppression in two-
inertia systems (25)–(28).Generally, information about the motor-
side and load-side positions is required to control two-inertia
systems (15). Various studies have also been performed on con-
trol methods for two-inertia systems; e.g., a method that uti-
lizes only the load-side information with a high-resolution
encoder has been proposed (29), and a resonance-ratio tech-
nique has been applied to suppress vibrations caused by the
two-inertia resonance (30).

This study proposes to model EHAs as two-inertia systems
and identify their dynamic characteristics based on their fre-
quency characteristics. By applying FMs, resonance char-
acteristics can be investigated. To the best of the authors’
knowledge, this is the first study to investigate the reso-
nance characteristics of EHAs. The inertia moments of EHAs
are obtained by resonance characteristics; these parameters
are necessary for applying resonance-suppression control to
EHAs. Finally, the control performance is improved by the
resonance-ratio technique.

This paper comprises seven sections. Sections 2 and 3 de-
scribe a hydraulic circuit of EHAs and a two-inertia model,
respectively. An experimental setup is discussed in Section 4,
and the controllers used in the experiment are explained in
Section 5. Section 6 gives the experimental results. This
study is concluded in Section 7.

2. Hydraulic Circuit

The hydraulic circuit of an EHA is shown in Fig. 1. A servo
pump controls the flow of oil and a charge pump compresses
oil in the hydraulic circuit. A relief valve is implemented to
protect this hydraulic system. A servomotor drives the hy-
draulic pump only when it runs the hydraulic motor. This
feature makes the EHA more energy efficient than previous
open-loop hydraulic circuits. Furthermore, the actuator re-
alizes backdrivability as the system is a closed circuit of the
servo pump and the motor. Because the EHA circuit does
not possess a servo valve, which would shut down the trans-
mission of force when the valve is closed. Thus, the control
performance is affected by resonance in the actuator. In gen-
eral, EHAs have servo pumps as drives and hydraulic motors
on the load-sides, which are expected to generate resonance
via torsional twisting. Therefore, EHAs can be modeled as
two-inertia systems in which two high-rigidity inertias are
connected to each other via a low-rigidity shaft.

Fig. 1. Hydraulic circuit of EHA

Fig. 2. Model of electric servo pump

Fig. 3. Model of hydraulic actuator

2.1 Servo Pump In EHAs, the input current on the
servomotor drives the pumps to generate torque. Figure 2
shows a block diagram from input current I to output angu-
lar velocity of the motor ωm, where τdis represents the dis-
turbance torque, Kt and Jm denote a torque constant and the
inertia of the motor-side, respectively; m represents an index
for the motor-side, l is an index for the load-side, and s ex-
presses a Laplace operator. All the valuables in the figures
are given as Laplace-transformed variables.
2.2 Hydraulic Actuator Referring to the model of

Lee (9), a block diagram of a hydraulic actuator in which the
angular velocity of the servomotor and the angle of the hy-
draulic motor are the input and output, respectively, can be
expressed as shown in Fig. 3. Supposing that the leakage of
hydraulic oil and viscous friction can be neglected, the mo-
tion equation of the hydraulic actuators can be given as (1),
where D, p, Cb, and J are the displacement volume of the oil
pump, pressure difference, a compressibility factor, and iner-
tia of the motor, respectively. Here, q stands for the oil flow
given by the model.

q(s) =
Dm

2π
sθm(s) =

Dl

2π
sθl(s) + Cbsp(s) · · · · · · · · · · (1)

In this study, we consider the servomotor and hydraulic
pump as the motor-side of the actuator that drives the hy-
draulic motor with the robot arm, which is the load-side.
2.3 EHA A plant model of EHAs combining the ser-

vomotor plus pump and the hydraulic motor is given in Fig. 4.
According to this figure, an EHA can be seen as a two-inertia
system, as shown in Fig. 5 (4). Here, the disturbance force ap-
plied to the servomotor τdis

m corresponds to the reaction force
caused on the hydraulic actuator. This model indicates that
EHAs can be modeled as two-inertia systems.
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Fig. 4. Model of EHA

Fig. 5. Block diagram of two-inertia system

3. Two-inertia System

Figure 5 shows a general two-inertia system. As shown
by the block diagram of Fig. 4, EHAs can be mathematically
modeled as two-inertia systems, with each variable given by
comparison of the plant models. According to Figs. 4 and
5, relationships between EHAs and two-inertia systems are
given in (2) and (3). Here, the displacement-volume ratio
of hydraulic motors and oil pumps corresponds to R and the
compressibility of the oil is related to k.

R =
Dl

Dm
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)

k =
1

Cb

(Dm

2π

)2

· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3)

This model describes a servo pump with inertia Jm con-
nected through a spring with torsional twist constant k to a
load with inertia Jl. Here, θ, ω, τ, and R represent angle, an-
gular velocity, torque, and reduction ratio, respectively. The
relationships between torque input and motor’s angle output
are shown in (4) and (5).

θme(s)
τm(s)

=
1

Jms2

s2 + ω2
z

s2 + ω2
p
· · · · · · · · · · · · · · · · · · · · · · · · · (4)

θl(s)
τm(s)

=
1

Jms2

ω2
z

s2 + ω2
p
· · · · · · · · · · · · · · · · · · · · · · · · · · (5)

Here, ωp and ωz are the resonance frequency and anti-
resonance frequency, respectively. In this study, θm is a
motor-side angle value and θme is a motor-side angle viewed
from the load-side angle, which is given as θme = θm/R.

Equations (4) and (5) show that anti-resonance occurs only

Fig. 6. EHA with one-link robotic arm

Fig. 7. Servo pump

at the motor-side. Therefore, the phase of the load-side
would have a delay of 180 degrees at frequencies equal to
or higher than the resonance frequency; this issue would af-
fect the bandwidth of feedback control. The resonance and
anti-resonance frequencies can be determined from the ex-
perimental data. Thus, the inertial values of the motors are
calculated by (6) and (7).

ωp =

√
k

(
1
Jm
+

R2

Jl

)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · (6)

ωz =

√
kR2

Jl
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)

4. Experimental Setup

Figure 6 shows the experimental setup used in this study;
it consists of a hydraulic actuator with a robotic arm with one
degree of freedom. The hydraulic motor was an orbit motor
(Eaton). The rotation angle of the motors was measured by a
17-bit absolute encoder.
4.1 Servo Pump Figure 7 shows a servo pump that

regulates the flow discharged into the motor. The input shaft
of the hydraulic pump and the output shaft of the servo-
motor were coupled as the servo pump. The rotation angle
of the servomotor was given by a 17-bit absolute encoder.
The servomotor was a direct-drive DC blush-less E-60 motor
(Maxon). The hydraulic pump was an MA-03 trochoid pump
(Eaton).
4.2 Charge Pump Figure 8 shows the charge pump

that oils and pressurizes the hydraulic circuit. The charge
pressure was 5 MPa. The relief valve that regulated the pres-
sure of the circuit and the oil tank, which held 3 l of oil, were
coupled to the charge pump.
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Fig. 8. Charge pump

Fig. 9. Block diagram of feedback modulator

5. Controllers

5.1 Feedback Modulators The hydraulic actuators
exhibit dead zones in the low-speed domain due to static fric-
tion. For that reason, the frequency characteristics of the ex-
perimental setup cannot be measured when the hydraulic mo-
tor drives in the low-speed domain. The input torque of the
servomotor has to be larger than the maximum static-friction
force of the hydraulic motor in order to drive the actuator at
the dead zone. This problem is solved by quantizing the in-
put torque. However, this method causes quantization errors.
Thus, we apply the FMs, which can compensate for quanti-
zation errors that occur in the low-speed domain. FMs are
dynamic quantizers with simple structures that do not require
system models (32). A block diagram of an FM is given in
Fig. 9.

The FM is given by a low-pass filter Q(s) satisfies 1 −
Q(s) = ( sT

sT+1 )2. The time constant T is given by T = aTS (a >
1), and a represents the time-constant ratio. Here, TS rep-
resents sampling time. The relationships among the input
torque τ, its quantized value τQ, and the quantization error
e = τC − τQ are given as (8). The input torque of the servo-
motor is given as τm = τQ.

τm(s) = τQ(s) = τ(s) + (1 − Q(s))e(s) · · · · · · · · · · · · (8)

In this study, the torque reference is quantized only while
the angular velocity of the hydraulic motor is lower than
the condition ωth = 0.01 rad/s, as has been studied (32). The
input-current value of the servomotor is given by quantized
torque τQ, where Kt is the torque constant: I = τm

Kt
. Equa-

tion (9), which expresses the quantization of the input torque,
is shown in the time domain as the variables are written with
(t). Thus, these variables have the following relationships:
τQ(s) = L[τQ(t)] and τC(s) = L[τC(t)].

τQ(t) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
τC(t) (|ωl| > ωth)
�τC(t)/d + 1�d (0 ≤ ωl ≤ ωth)
�τC(t)/d − 1�d (−ωth ≤ ωl < 0)

· · · · · (9)

Here, �� is a floor function, with d being a design param-
eter that is greater than the maximum static-friction force.
These conditions suggest that the quantized torque is free
from static friction in the low-speed domain.
5.2 Resonance Ratio Control The proposed controller

Fig. 10. Controller of resonance ratio control

used in this study is shown. Resonance-ratio control is a
known vibration-suppression technique for two-inertia sys-
tems; it employs a feedback controller and disturbance ob-
servers (DOBs) designed by matching resonance frequencies
to realize stable vibration-suppression control (15) (25). How-
ever, DOBs cause resonance in two-inertia systems because
of the presence of a motor’s inertia and torsional twisting be-
tween the motor and load. Resonance worsens the control
performance in the system. Moreover, when the hydraulic
motor is not rotating because of a large static-friction force,
integrators over-accumulate response errors. Thus, it has
been proposed that integrators such as DOBs should not be
updated while the actuators stop in the dead zone, so as to
avoid overcompensation of the friction force (32). Based on
the reported method to avoid updating DOBs, the proposed
controller contains a memory to store the disturbance torque
before updates. The conventional controllers also use the re-
ported method to avoind updating the integrators for the com-
parison with the proposed controller.

A block diagram of the resonance ratio control is given in
Fig. 10, in which the FM is shown as FM. While the DOB
is not updated, τ̂mem

DOB holds the value of the DOB. The servo-
motor coupled with the pump is given as Servo pump and the
hydraulic motor with the arm, which is the load-side, is given
as Hydraulic motor.

6. Experiment

6.1 Parameter Identification Here, we verified the
frequency characteristics from the input torque to the output
angle of the hydraulic motor. We investigated whether or not
the experimental setup showed the characteristics explained
in (4) and (5) in order to prove the presence of the two-inertia
resonance in the EHA. Figure 11 shows the frequency re-
sponse from the torque reference to the load-side angle. This
bode plot indicates that the EHA showed the same character-
istics as the two-inertia resonance described in the Section 3.
Here the resonance and anti-resonance frequencies were 7 Hz
and 6.7 Hz, respectively. To the best of the authors’ knowl-
edge, this is the first study to investigate the resonance char-
acteristics of EHAs.

The inertia of both the motor and load-sides were also cal-
culated through this experiment. A weight was put on the
robot arm to identify the inertia of the load-side of the EHA.
Because of the change in the inertia of the load-side, both
resonance and anti-resonance frequencies changed. Here,
the inertia of weight ΔJ, which was given by the differ-
ence between Jl and J′l , and which corresponds the iner-
tia of the weighted robot arm, was obtained by calculation.
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Fig. 11. Experimental frequency responses of EHA
without weight

Fig. 12. Experimental frequency responses of EHA
with weight

Equation (10) shows the relationship between the new anti-
resonance frequency and the inertia.

ω′z =

√
kR2

J′l
=

√
kR2

Jl + ΔJ
· · · · · · · · · · · · · · · · · · · · · · (10)

Since the torsional-twisting constant k did not change, k,
Jm, and Jl were identified from the resonance characteristics
of EHA with weight and without it using (6), (7), and (10).
A bode plot of the EHA with the weight is shown in Fig. 12.
Figure 13 shows a picture of the robot arm with the weight.
The resonance and anti-resonance frequencies were 6.6 Hz
and 6.3 Hz, respectively. Here, the experimental results are
shown with simulated results based on the two-inertia sys-
tem in Fig. 5. As a result, we not only found out the occur-
rence of the resonance on the EHA, but the inertia of both
the motor-side and load-side of the experimental setup. Col-
lected results are shown in Table 1. Moreover, this result

(a) Without weight (b) With weight

Fig. 13. Weight on robot arm

Table 1. Identified parameters

Without weight With weight

Resonance frequency [Hz] 7.00 6.60
Anti-resonance frequency [Hz] 6.70 6.30
Inertia of motor-side Jm[kgm2] 0.000633 0.000564
Inertia of load-side Jl[kgm2] 0.841 0.951
Inertia of weight on robot arm ΔJ[kgm2] 0.110
Torsional twisting constant k[Nm/rad] 0.0915 0.0915

indicates that the experimental EHA could be considered as
a two-inertia-resonance system. Thus, we can conclude that
the established control methods for two-inertia systems are
applicable to EHAs.
6.2 Performance of Position Response The pro-

portional-derivative (PD)-control method was used to investi-
gate the control performance of EHAs in the earlier study (11).
Sakaino investigated the performance of the PD control with
the DOB along with the FM (32). Therefore, the performance
of the proposed method was evaluated by comparison with
the proportional-integral-derivative (PID) control, as well as
PD control with the DOB since it was mentioned as an exten-
sion of the earlier study (11); these are general control meth-
ods for two-inertia systems. The integrators of conventional
methods were not updated in the dead zone as well as the pro-
posed method as this technique applied to the PD control with
the DOB in the previous research (32). The DOB was designed
based on the experimentally determined parameters and res-
onance characteristics. For the design of the controller, the
appropriate feedback gain of shaft twisting torque K was ob-
tained by trial-and-error in this proposed controller. In the
controller given in Fig. 10, the feedback of the DOB was mul-
tiplied by (1 − K) and the inertia of the motor-side was mul-
tiplied by 1/K around the resonance frequency such that the
vibration was suppressed.

Figure 14 shows the position responses of two conven-
tional controllers compared to the proposed method. Here,
broken and solid lines denote angle commands and responses
of the hydraulic motor, respectively. The experimental pa-
rameters are shown in Table 2. Figure 15 shows the robust-
ness of the proposed method considering modeling errors.
Figure 16 gives the effect caused by K.

Figure 14(a) shows that PID-control caused phase delay
because the integrator stopped updating with the use of the
FM. In Fig. 14(b), the DOB could not suppress oscillation be-
cause of two-inertia resonance. Unlike the two conventional
methods, the proposed controller suppressed oscillation in
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(a) PID (b) PD+DOB (c) Proposed method

Fig. 14. Step response

(a) Jn = J/2 (b) Jn = 2J

Fig. 15. Step response considering modeling error

(a) K = K/2, Jl = Jl (b) K = K/2, Jl = Jl/2 (c) K = K/2, Jl = 2Jl

(d) K = 2K, Jl = Jl (e) K = 2K, Jl = Jl/2 (f) K = 2K, Jl = 2Jl

Fig. 16. Step response different considering K and modeling error

Fig. 14(c). Moreover, the proposed method’s DOB com-
pensated for steady-state errors thanks to the resonance-ratio
technique. In short, the proposed method had the best control
performance among these controllers.

In Fig. 15, the robustness of the proposed method was veri-
fied when the motor-side and load-side inertias had modeling
errors. Here, Jn represents nominal inertia of motors given as
Jn = (Jmn, Jln), where Jmn and Jln refer to the nominal iner-
tias of the motor-side and load-side, respectively. J is given
as J = (Jm, Jl), representing both motor and load-side iner-
tia identified in Table 1. This study considers only the control
performance of the proposed method with the modeling error,
since it was superior to the conventional methods, which did
not suppress oscillation. Figure 15(a) shows tiny steady-state
error, however, the proposed method suppressed the oscilla-
tion well. In Fig. 15(b), although more oscillation is shown
in the response than in Fig. 15(a), the position response con-
verged with the command finely. In short, the result shows
that the proposed method maintained its control performance
under modeling errors.

Figure 16 investigates the control performance with differ-
ent K and modeling errors. When K is small, the effect of PD
control becomes less dominant and the DOB has larger effect.
Figure 16 illustrates that the proposed method maintains the
robustness with model error. On the other hand, when K is
large, the PD controller has a larger effect, causing oscilla-
tory responses by the actuator. The proposed method did not
possess the robustness of the control performance with large
K.

The bandwidths of the proposed controller were 1.25 Hz
on the motor-side and 1.31 Hz on the load-side.

7. Conclusion

This paper modeled EHAs as two-inertia systems and pro-
posed a method to identify their dynamic characteristics. The
frequency characteristics of an EHA with a one-link robotic
arm were measured experimentally to determine if the EHA
experienced sympathetic vibration. The results confirmed
that resonance occurred, verifying that the two-inertia sys-
tem could be applied for the identification of parameters. To
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Table 2. Parameters
Nominal inertia of motor Jmn kgm2

Nominal inertia of load Jln kgm2

Displacement of pump Dm cm3/rev 3.08
Displacement of motor Dl cm3/rev 393

Reduction ratio R 127.6
Resonance frequency ωp rad/s 43.9

Anti-resonance frequency ωz rad/s 42.1
Feedback gain of shaft twisting torque K 1.60

Proportional gain Kp 1/s2 200
Integral gain Ki 1/s3 30.0

Derivative gain Kd 1/s 20.0
Cut-off frequency of DOB g rad/s 40.0

Time-constant ratio a 1.05
Sampling time TS s 0.001

Angle θ rad
Angular velocity ω rad/s

Current I A
Torque τ Nm
Force f N

Quantity of oil flow q L/min
Pressure of oil p Pa

Compressibility of oil Cb m5/N
Time constant T s

decrease the static friction of the actuator, a FM was applied.
To suppress the vibration in the EHA, resonance-ratio con-
trol was designed based on the experimentally determined
parameters. The performance of the EHA was evaluated by
comparison to the PID and PD control with the DOB in the
position-response experiment. The results indicated that the
proposed method, which introduced the resonance-ratio tech-
nique, was valid in terms of both the accuracy of control and
suppression of the oscillation by the experiment. Besides the
superior accuracy of the proposed method, the experimental
results showed their robustness under modeling errors. This
study did not consider oil leakage from the hydraulic mo-
tor. Thus, the results included uncertainties in the accuracy
of the identified parameters. For this reason, it is necessary
to implement further compensation for nonlinear elements to
improve the accuracy of both the control systems and param-
eters. We will pursue this as future work.
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