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Electro-hydrostatic actuators (EHAs) are hydraulic actuators that are flexible and exhibit high backdrivability. Flex-
ible operation and accurate detection of reaction forces are required for robots to be able to perform in environments
in which they will be cohabiting with humans. However, nonlinear elements that degrade detection accuracy, such as
static friction, backlash, and oil leakage, are present in hydraulic systems. In addition, pressure sensors in hydraulic
systems are not very accurate at estimating reaction forces, because they cannot estimate internal forces and viscous
friction. In this study, we propose a combination of control algorithms for accurately estimating reaction forces. Static
friction is compensated by using feedback modulators. In addition, we use a backlash and oil leakage compensator,
which do not require any models, to suppress the relative velocity between the motor-side and load-side. Then, the use
of a reaction force observer (RFOB) that exploits both pressure sensors and encoders is proposed. The RFOB can be
implemented because disturbances are linearized by the compensators. Experimental results show that reaction forces
can be estimated with very high accuracy using the proposed RFOB. In addition, we implemented force control using
the RFOB and evaluate the force tracking performances by improving the estimation accuracy.

Keywords: electro-hydrostatic actuator, reaction force observer, feedback modulator, backlash compensation, oil leakage compen-
sation

1. Introduction

The number of robots that cooperatively work alongside
humans has been increased not only in industrial fields, but
also in the nursing and rehabilitation fields. Because humans
and robots are increasingly working on tasks together, they
are expected to come into contact with each other. To make
these interactions safe, robots need to be able to accurately
detect external forces and flexibly move in response to unex-
pected disturbances. Thus, backdrivability, which is defined
as the ability to respond to have low impedance character-
istics with reaction forces, is required for robots to exhibit
flexible motion.

Recently, robots have been able to perform increasingly
diverse tasks because of advancements in automation. Hy-
draulic actuators have several advantages that make them
suitable for use in robots, including a wide output power
range and a compact drive system. Moreover, hydraulic ac-
tuators have a good power/weight ratio because their drive
sources do not need to be located on robotic joints. Therefore,
actuators allow more freedom in designing the configuration
of the robot than electric actuators and many studies on the
use of hydraulic actuators in robots have been reported (1)–(3).
Hydraulic actuators are driven by controlling the flow rate
using servo-valves, and such drive circuits are popular in
construction machinery (4). However, these drive circuits are
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Fig. 1. The hydraulic circuit of an EHA

non-backdrivable because external forces are blocked by the
servo-valves. In contrast, hydrostatic transmissions (HSTs)
are hydraulic closed-circuits without servo-valves that allow
backdrivability (5) (6). To take advantage of the properties of
both of these devices, electro-hydrostatic actuators (EHAs),
which are HSTs driven by servo-pumps composed of electric
servo-actuators and hydraulic pumps, have been developed.
Bobrow et al. used an EHA to develop a multi-axis robot (7).
In recent years, robots utilizing the superior backdrivability
of EHAs have been actively researched (8)–(10).

The hydraulic circuit of an EHA is shown in Fig. 1. Here,
the motor-side contains an electric servo-actuator and a hy-
draulic pump, and the load-side is comprised of a hydraulic
actuator and a robotic arm. In the motor-side, the output of
the servo-actuator is directly coupled to the input of the hy-
draulic pump. The servo-actuator and hydraulic pump can ro-
tate in both the forward and reverse directions. Consequently,
oil flow from the pump to the hydraulic actuator is controlled
by the servo-actuator, and rotation of the hydraulic actuator
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can also be controlled. Using this mechanism, the hydraulic
circuit forms a closed-loop because of the flow of oil. There-
fore, EHAs are expected to have good backdrivability.

However, there are some nonlinear elements such as fric-
tions, backlash, and oil leakage in hydraulic systems (11),
and these elements degrade backdrivability. In other words,
EHAs have acquired mechanical backdrivability, but there is
still room for improvement in controlling the backdrivability.
Besides, since these nonlinearities are caused by a plurality
of factors, it is quite difficult to model accurately. Thus, it is
necessary to control force based on reaction forces and com-
pensate for such nonlinear elements without their accurate
models in order to improve the control performance.

In hydraulic actuators, the force responses can be mea-
sured using pressure sensors instead of force sensors. Force
sensing without force sensors is advantageous for preserv-
ing the rigidity of the actuators. However, pressure sensors
cannot estimate internal forces and viscous friction. Con-
sequently, the reaction force estimated by pressure sensors
is not accurate, and this leads to decreases in force track-
ing performance. Thus, reaction force observers (RFOBs),
which can estimate reaction force with high accuracy, are de-
sired for EHAs. RFOBs are also useful tools estimating reac-
tion forces without force sensors (12) (13). Generally, RFOBs are
used with electric actuators because they have fewer nonlin-
ear elements. Consequently, in order to implement RFOBs
for EHAs, it is indispensable to compensate for nonlinear el-
ements.

Previously, many studies have investigated methods to
compensate for friction forces (14) (15). The friction forces in hy-
draulic circuits, especially the maximum static friction force,
are dominant compared to the other actuators, such as elec-
tric and pneumatic actuators. Because of these characteris-
tics, dead zones of no motion can occur at low speeds. Meth-
ods to compensate for friction, including the application of
dithered signals and pulse-width modulation control, have
been widely studied (16). However, these methods are not suit-
able for EHAs because they rely on the response performance
of servo-valves (17). In order to overcome the problem of the
dead zone, Sakaino et al. implemented feedback modulators
(FMs) to control the hydraulic actuators (18) (19). Consequently,
FMs are considered to be suitable for the practical implemen-
tation of EHAs. In this study, the dead zone caused by static
friction was compensated using FMs as quantizers.

Backlash can lead to a loss of transmission (20) (21). Although
compensation of backlash using a gear torque compensator
has been studied (22), this method is difficult to use in hydraulic
systems. This is because, not only margining between gears,
but also the oil leakage, contribute to idling motion in hy-
draulic systems. In this paper, a backlash and oil leakage
compensator (BLC) is proposed to suppress relative velocity
between the motor-side and load-side of an EHA. The advan-
tage of the proposed method is that idling motion caused by
backlash and oil leakage can be compensated without sepa-
ration. In addition, backlash and oil leakage inverse models,
which have strong nonlinearity, are not required making the
compensation easy to apply.

In this paper, an RFOB for EHAs is implemented be-
cause the disturbance characteristics were linearized due to
the static friction, backlash, and oil leakage compensators.

Then, we evaluated the accuracy of reaction force estimation
in experiments using a developed EHA. In addition, force
control using a FM, BLC, and RFOB was implemented to
verify the improvement of the backdrivability of EHAs.

This paper is organized as follows. An experimental setup
and a model of EHAs are shown in Section 2. In Section 3,
the proposed method, which is an RFOB with static friction,
backlash, and oil leakage compensators are described. The
proposed method is experimentally verified in Section 4. Fi-
nally, this paper is concluded in Section 5.

2. Electro-hydrostatic Actuator

2.1 Experimental Setup Figure 2 shows the exper-
imental setup used in this study, which consisted of a hy-
draulic actuator with a robotic arm that had one degree of
freedom. A servo-pump and a charge unit are shown on the
left side of Fig. 2. The servo-pump was coupled to the output
shaft of the servo-actuator and the input shaft of the hydraulic
pump. The rotation angle of the servo-actuator was mea-
sured by an absolute encoder with 17-bit resolution. A direct
drive DC brushless motor (EC-60, made by MAXON) was
used as a servo-actuator. A trochoid pump (MA-03, made by
EATON) was used as a hydraulic pump. To supply oil to the
hydraulic actuators, the charge unit was comprised of an oil
tank, a relief valve, and a charge pump as a hydraulic source.

The right side of Fig. 2 shows the robotic arm that used
an orbit motor (S-380, made by EATON) that we used as
a hydraulic actuator. Here, a torque sensor (UTM-II, made
by UNIPULSE) was inserted between the output shaft of the
hydraulic actuator and the robotic arm. Note that the values
measured using the torque sensor were only used for verifica-
tion and were not used to provide any control and estimation
in this study. The rotation angle of the hydraulic actuator was
detected by an absolute encoder with 17-bit resolution.
2.2 Modeling Figure 3 shows the block diagrams rep-

resenting the EHA. Figure 3(a) represents a model that has
servo-actuators placed between the reference input electric
current Iref and the output angular response of the hydraulic
pumps θm. Here, Kt is the torque constant, and τdis

m is the
disturbance torque of the motor-side. Jm represents the mo-
ment of inertia of the servo-actuators on the motor-side. The
models of servo-pump includes the model of static friction,
in which intercepts the transmission of the input torque gen-
erated by the servo-actuators.

Fig. 2. Experimental setup
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(a) Servo-pump

(b) Hydraulic actuator and pump

(c) EHA

Fig. 3. The block diagram of an EHA

Figure 3(b) is a block diagram of a model whose input is
the rotation of the hydraulic pumps and whose output is the
rotation of the hydraulic actuators. This model was described
by Lee et al. (6).

Here, Dm and Dl refer to the displacement volumes of the
hydraulic pumps and actuators, respectively. In addition, the
volume displacement ratio of hydraulic pumps to actuators
corresponds to the reduction ratio R as shown in (1).

R =
Dl

Dm
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (1)

Note that nonlinear models of backlash and oil leakage were
considered in the development of this model. As expressed
(2), backlash width ±ε can be calculated by integrating the
relative angular velocity Δω.

ε =

∣∣∣∣∣
∫

(ωm − Rωl)
∣∣∣∣∣

=

∣∣∣∣∣
∫
Δω

∣∣∣∣∣ · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)

Here, ωm and ωl are the angular velocity of the hydraulic
pumps and hydraulic actuators, respectively. The oil leakage
model qleak is given as follows:

qleak = q − qres =
Dm

2π
ωm − Dl

2π
ωl

=
Dm

2π
Δω · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (3)

where q is the supply oil flow from the hydraulic pumps and
qres is the input oil flow to the hydraulic actuators. Then, pres

is the pressure difference between the input and output ports
of the hydraulic actuator. τdis

l is the disturbance torque of
the load-side, and ητ is the torque efficiency. Cb refers to the
compression coefficient of oil, and Jl represents the moment

of inertia of the hydraulic actuators.
When the servo-actuators and hydraulic pumps are com-

bined, the disturbance torque of the motor-side is given by
(4).

τdis
m =

Dm

2π
ητpres · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)

Consequently, a model of an entire EHA can be designed
as shown in Fig. 3(c) by combining Fig. 3(a) and (b). As
described above, the EHA includes a plurality of nonlinear
models: static friction, backlash, and oil leakage. These non-
linear models are not correct, and in reality they have more
complicated nonlinearities. However, strict modeling of the
nonlinear elements is not needed in this study.

3. Controllers for Reaction Force Observer

Assuming that inertia and friction in EHAs are sufficiently
small, reaction torques are estimated as shown in (5).

τ̂reac =
Dl

2π
pres − Jlω̇l − τ f � Dl

2π
pres · · · · · · · · · · · · · (5)

Here, τ f is friction torque. From (5), reaction torques can be
estimated by pressure value. Conventionally, reaction force
estimation based on (5) has been used (23) (24). However, there
are disturbance torques, which cannot be detected by pres-
sure value. For example, there is a dead zone due to torque
from static friction that is caused by internal oil leakage in the
low speed range, and these characteristics are known to have
nonlinearities. Therefore, the reduction in output efficiency
is nonlinear, and it is impossible to estimate the exact reac-
tion torque. Furthermore, hydraulic motors, especially gear
motors, exhibit backlash between the gears of the load and
drive shafts. There is a non-contact state that allows backlash
to occur, when the motors switch their rotation.

RFOBs can estimate reaction forces by considering dis-
turbance torques such as internal force and friction using
pressure sensors and encoders. Conventionally, RFOBs have
been designed for electric motors, and the inputs of RFOBs
are reference currents that go into the motor-side (25). How-
ever, RFOBs cannot be implemented into EHAs without
compensating for nonlinear elements such as static friction,
backlash, and oil leakage. Therefore, nonlinearity compen-
sators, specifically the FM and BLC, are proposed to allow
RFOBs to be implemented.
3.1 Feedback Modulator Static friction in EHAs is

very large compared to other actuators, and dead zones occur
in the low-speed range. In order to drive hydraulic pumps
that are affected by static friction, the input torque must be
greater than the maximum static friction force. Dither signals
are commonly used to compensate for static friction. How-
ever, models of static friction are needed to improve perfor-
mance. Recently, Ohghi et al. proved that feedback modula-
tors (FMs) can effectively suppress the effects of static fric-
tion (17). Input torques are quantized so that they exceed the
maximum static friction force while the effect of the quan-
tization error is suppressed by the use of FMs. FMs are dy-
namic quantizers and exhibit high robustness because models
of systems are unnecessary.

A block diagram of FMs is shown in Fig. 4. Here, the filter
Q(s) confirms 1−Q(s) = (T s/T s+1)2, and the time constant
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Fig. 4. Block diagram of a feedback modulator

Fig. 5. The block diagram of an BLC

T is represented by T = aS T , where a is a positive constant,
and S T is the sampling time, respectively. In addition, the
reference input torque τref and its quantized value τref

Q con-
firm the following equation:

τ
ref
Q =

⎧⎪⎪⎨⎪⎪⎩
τref + (1 − Q(s)) e (|ωl| < ωth)

τref (|ωl| ≥ ωth)
· · · · · · · · · · (6)

where e = τref
C − τref

Q and ωth is the threshold of angular ve-
locity. It should be noted that using this method, the refer-
ence torque is only quantized when the motor’s speed is low.
Note that FMs do not affect the stability of the entire con-
trol system so that interference between FMs and the other
controllers does not need to be considered (19).
3.2 Backlash and Oil Leakage Compensator There

is backlash which causes nonlinearities in EHAs using gear
motors, and backlash causes idling motion. This backlash re-
sults from margining between gears. In addition, assembly
errors and oil leakage also cause effects similar to those of
backlash. Therefore, idling motion is particularly increased
in hydraulic actuators. Because torque is not transmitted
from the load-side to the motor-side during idling motion,
compensation is necessary.

However, it is quite difficult to create a model-based com-
pensator such as the joint torque control proposed by Yamada
et al. (26) because of the complexity of modeling hydraulic sys-
tems. From (2) and (3), backlash and oil leakage can be
observed as relative velocity between the load-side and the
motor-side Δω. Hence, if the relative velocity is controlled to
be zero, the effect of idling motion on the force controller are
minimal. Therefore, a BLC is proposed as shown in Fig. 5.

Then, the control input of the BLC is shown in (7).

τ
ref
BLC = −KBLC JnmΔω · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)

In (7), KBLC is the feedback gain, and Jnm is the moment of
inertia of the servo-pumps. Note that relative position cannot
be accounted for in this compensation because the offsets of
the initial points in the backlash must be known. Of course,
these are difficult to identify.

Here, we describe the effect in EHAs with the use of the
proposed compensator. When static friction can be neglected
by the use of FMs, the equation of motion is expressed as
follows:

Jmω̇m = −KBLC JnmΔω − Dm

2π
ητpres · · · · · · · · · · · · · · (8)

Fig. 6. The block diagram of an RFOB for EHA

Jlω̇l =
Dl

2π
ητpres − τdis

l . · · · · · · · · · · · · · · · · · · · · · · · · · (9)

From (8) and (9), assuming that there are no modeling errors
(Jnm = Jm), the differential equation of the BLC is expressed
by the following equation.

Δω̇ = ω̇m − Rω̇l

= −KBLCΔω + C · · · · · · · · · · · · · · · · · · · · · · · · · · · (10)

Here, C =
Rτdis

l

Jl
− Dm

2π

(
1
Jm
+ R2

Jl

)
ητpres. Considering the dis-

turbance term as a step function, C is a constant value. From
(10), the proposed controller can compensate backlash and
oil leakage in the velocity dimension by linear differential
equation of the relative velocity. In addition, since the BLC
is expressed by the first order linear differential equation, it
is possible to compensate backlash and oil leakage without
affecting the stability of EHAs.
3.3 Reaction Force Observer RFOBs are based on

disturbance observers (13). In hydraulic actuators, the pressure
difference between the input and output ports of the hydraulic
actuator p can be treated as an input. Because static friction,
backlash, and oil leakage were compensated by the BLC and
FM, the estimated disturbance torque of the load-side can be
modeled using the following equation.

τ̂dis
l = τ̂

reac + τ̂ f +
Dl

2π
Δητpres · · · · · · · · · · · · · · · · · · (11)

From (11), the estimated disturbance torque includes reac-
tion torque τ̂reac, viscous friction torque τ̂ f , and variation of
torque efficiency Δητpres. Torque efficiency is a nonlinear
function with respect to velocity and it is difficult to estimate
its variation in real time. Therefore, assuming that ητ = 1 and
there are no variations, (11) can be approximated as (12).

τ̂dis
l � τ̂reac + τ̂ f · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (12)

Here, τ̂ f is the viscous friction which is defined as follows.

τ̂ f = Blωl · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (13)

Bl is the viscous coefficient of the load-side, which should be
identified. By combining (12) and (13), the estimated reac-
tion torque is calculated as follows:

τ̂reac =
g

s + g

(Dl

2π
pres − Jnlω̇l − τ̂ f

)
· · · · · · · · · · · · · (14)
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Fig. 7. The entire block diagram of the control loop

where g is the cutoff frequency of the RFOB, and Jnl is the
nominal moment of inertia of the hydraulic actuators. As de-
scribed above, the proposed RFOB requires a pressure differ-
ence, angular acceleration, and angular velocity to estimate
the torque reaction, and only pressure sensors and encoders
are required for these measurements. A block diagram of the
proposed RFOB is shown in Fig. 6.

4. Experimental Validation

This section presents the experimental results that were
used to verify the compensators and observers. First, the per-
formance of the compensators described in Section 3.2 and
3.1 is discussed in Section 4.1. Then, the RFOB shown in
Section 3.3 was implemented in the EHA, and the estimation
accuracy was evaluated in Section 4.2.

Furthermore, backdrivability was verified using force
control with the proposed method in Section 4.3. In the
experiment, a proportional-integral (PI) controller was im-
plemented, as this is what is used in hydraulic force con-
trol (27). The force controller was based on conventional force
control methods (4). Of course, sliding mode control (28), back-
stepping control (29), and any other control methods (30)–(32) can
be applied as force controllers using the proposed RFOB.
However, because designing of force controllers is not con-
tribution of this study, the PI controller was used for its sim-
pleness.

The experimental setup was described in Section 2.1. The
angular velocities of the motor-side and load-side were calcu-
lated by pseudo-derivation. Pressure and torque values were
passed through a low-pass filter to remove of sensor noise.
The parameters are shown in Table 1, and Fig. 7 shows the
entire block diagram of the proposed experimental controller.
In this figure, the backlash and oil leakage compensator is la-
beled as BLC, the feedback modulator is FM and the reaction
force observer is RFOB. In the force controller, CPI is repre-
sented by CPI = Kp + Ki

1
s .

4.1 Backlash and Oil Leakage Compensator and
Feedback Modulator In this experiment, we verified the
relationship between the angular velocity of the motor-side
and the reaction torque during backdriving motion. When
external torque was applied to the robot arm, rotation of the
motor-side was measured as the output. Reaction torque was

Table 1. Parameters
Jnm Nominal inertia of motor-side [kgm2] 0.00044
Jnl Nominal inertia of load-side [kgm2] 0.0140
Bl Viscous coefficient of load-side [Nms/rad] 4.56
Dm Displacement volume of hydraulic pump [cm3/rev] 3.08
Dl Displacement volume of hydraulic actuator [cm3/rev] 371
R Reduction ratio 120

Ktn Torque constant of servo-actuator [Nm/A] 0.147
Ka BLC gain 120
Kp Proportional gain of the force controller 1.50
Ki Integral gain of the force controller 0.500
τcmd Command torque [Nm] 0
ωth Threshold of angular velocity [rad/s] 0.200
gp Cut-off frequency of pressure sensor [rad/s] 20.0
gtr Cut-off frequency of torque sensor [rad/s] 20.0
gpd Cut-off frequency of pseudo-derivation [rad/s] 40.0
gr f ob Cut-off frequency of RFOB [rad/s] 20.0
S T Sampling time [ms] 1.00

measured using the torque sensor as the input, and angular
velocity was calculated from the angular response that was
measured using the motor-side encoder. Time series results
of the compensation for the nonlinear elements are shown
in Fig. 8. In this figure, the vertical axis shows the reaction
torque, and the horizontal axis shows the angular velocity of
the motor-side encoder. Therefore, this figures shows the ro-
tation of the motor-side that was obtained by backdriving.

Figure 8(a) shows that 33 Nm of torque was needed to
backdrive without any compensation. This was the maximum
static friction torque of the EHA. Figure 8(b) shows that the
torque required for backdriving was reduced to 1.3 Nm when
the BLCs were added. However, the compensator overcom-
pensated when the input torque exceeded the static friction
torque. Therefore, static friction cannot be dealt with by
the BLC alone. Figure 8(c) shows the results when both the
BLC and FM were utilized. Since static friction torque was
compensated by the FM, there was an approximately linear
relationship, similar to what would be produced by viscous
friction, between the measured motor-side angular velocity
and the input torque. Slightly nonlinearity for velocity-torque
characteristic is observed around 0.05 rad/s. This is because
BLC can reduce idling motion caused by backlash and oil
leakage, but it is impossible to completely remove mechani-
cal nonlinearity. In addition, this slightly nonlinearity has lit-
tle influence on reaction torque estimation. In summary, the
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(a) Without compensators

(b) BLC

(c) BLC + FM

Fig. 8. Velocity-torque characteristics without force
control during backdriving motion

BLC reduced the backdrive torque, and the FM linearized the
responses. The complicated nonlinearities, specifically static
friction, backlash, and oil leakage were successfully trans-
formed into a disturbance that was easier to deal with, vis-
cous friction torque.
4.2 The Proposed RFOB First, the viscous friction

was identified. Sine-wave inputs with the use of the FM and
BLC were applied as given in the following equation.

τref = 40 sin(2π f t) + τref
BLC

Here, f = 1 Hz was the input frequency and t is time. The
moment of inertia of motor-side and load-side are identified
by following equations.

Jnm =

⎛⎜⎜⎜⎜⎜⎜⎝
τ

ref
Q

R
− Dm

2π
pres

⎞⎟⎟⎟⎟⎟⎟⎠ /ω̇m · · · · · · · · · · · · · · · · · · · · (15)

Jnl =

(Dl

2π
pres − τ̂dis

l

)
/ω̇l · · · · · · · · · · · · · · · · · · · · · · · (16)

Viscous friction torque was obtained from the pressure val-
ues and angular velocity. Bl was represented identified as
the following equation using Eqs. (12), (13), and (16) since
τ̂reac = 0 in free motion.

Blωl =
Dl

2π
pres − Jnlω̇l · · · · · · · · · · · · · · · · · · · · · · · · · (17)

Figure 9 shows the relationship between angular velocity on
the load-side and viscous friction torque. The measured val-
ues are shown with the points and the line denotes the linear

Fig. 9. Estimation of the coefficient of viscous friction

(a) Reaction torque

(b) Torque input of servo-actuator

Fig. 10. Experimental result of reaction torque estima-
tion

approximation. The slope of the line was 4.56 Nms/rad, and
this was the viscous friction coefficient Bl.

Next, we verified the accuracy of the reaction torque es-
timation. The RFOB was implemented in EHAs using the
viscous friction model we identified. In this experiment, the
force controller was turned off, and the BLC and FM were
turned on. τref is expressed by the following equation.

τref =

⎧⎪⎪⎨⎪⎪⎩
20 sin(2π f t) + τref

BLC (2.0 ≤ t < 13.5)

τ
ref
BLC (13.5 ≤ t)

· · · · · · · · · · · · · · · · · · · (18)

A comparison between the methods of the reaction torque
estimation is shown in Fig. 10(a). Here, three lines show
the reaction torque responses: the red line shows the value
measured by the torque sensor (Res.), the green line shows
the estimated value using the pressure sensors (Conv.), and
the blue line shows the estimated torque using the RFOB
(Prop.). Figure 10(b) shows torque input in Fig. 10(a). In
Fig. 10(a), from 6 to 11 seconds, and from 14 to 18 sec-
onds, external torque was applied by a subject pressing the
robot arm as contact motion. While sine-waves were applied,
the conventional method could not separate the input torque
and reaction torque, and a large error from the response of
reaction torque remained. These errors did not appear in the
proposed method, and more accurate reaction torque was es-
timated. Root mean square errors (RMSEs) associated with
each method are shown in Table 2. The RMSEs using the
pressure sensors and the RFOB were 5.23 Nm and 1.89 Nm,
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Table 2. Root mean square error of torque estimation

Estimated method RMSE [Nm]

Pressure conversion (Conv.) 5.23
The proposed RFOB (Prop.) 1.89

(a) Without force control

(b) Force control using pressure (Conv.)

(c) Force control using the RFOB with BLC + FM (Prop.)

Fig. 11. Reaction torque and angular response during
backdriving motion

respectively. These results clearly verified that the proposed
RFOB had superior reaction torque estimation performance.

In general, RFOBs are affected by backlash around 0 Nm.
However, in Fig. 10(a), it was shown that the reaction force
was estimated accurately even in such states, due to com-
pensation for the nonlinearities. On the other hand, using the
proposed methods, pulsating errors occurred around the max-
imum input torque. These errors resulted from a reduction in
the torque efficiency ητ. More research is needed in order to
determine how to obtain more accurate characteristics.
4.3 Force Control with the RFOB Through these

experiments, the effect of force control was verified, and the
ability of force control to improve backdrivability was evalu-
ated. Figure 11 shows the reaction torque response that was

Table 3. Root mean square error of force control

RMSE [Nm]

Without force control 24.3
With using pressure (Conv.) 10.7

force control using the RFOB (Prop.) 4.18

measured by the torque sensor during backdriving motion.
During backdriving motion, we gave an external torque to
the robot causing forward and reverse rotation, and the angu-
lar responses are also shown at the top of each figure. Fig-
ure 11(a) shows the results we obtained when the robot was
backdriven without the use of force control. Figure 11(b) and
(c) show the results obtained when the robot was backdriven
with the use of force control by using pressure (Conv.) and
the proposed RFOB (Prop.), respectively. In addition, RM-
SEs between the command torque and reaction torque when
each method was employed are shown in Table 3.

Comparing Fig. 11(a) and (b), it is clear that the opera-
tor needed a smaller torque to manipulate the robots when
force control was implemented. Here, the RMSEs associ-
ated with the data shown in Fig. 11(a) and (b) were 24.3 Nm
and 10.7 Nm, respectively. In addition, Fig. 11(c) shows that
the operation torque was reduced to 4.18 Nm when the pro-
posed method was used because the torque was accurately es-
timated. These results clearly verified that the backdrivability
of robots was improved when the proposed RFOB was used
to provide force control. Note that there was residual torque
in free motion that was caused by inertial torque and viscous
friction torque. A previous study indicates that the effect of
viscous friction can be compensated by a feedforward com-
pensator (14). To achieve even better performance, we will try
to implement this compensator in the future.

5. Conclusion

Backlash, oil leakage, and static friction in EHAs decrease
the backdrivability of these devices. To solve this problem,
we proposed a combination of three controllers as a highly
accurate reaction force estimation method in EHAs on the
premise of using force control: reaction force observer, back-
lash and oil leakage compensation, static friction compensa-
tion. To realize the RFOB implementation, the BLC and FM
were utilized to overcome backlash and oil leakage, and static
friction, respectively. The effects of the nonlinear elements,
backlash, oil leakage, and static friction, were linearized and
so they behaved like viscous friction. Consequently, we con-
firmed that highly accurate reaction force estimation of EHAs
using the RFOB is possible. In addition, the proposed RFOB
can be implemented in other hydraulic actuators. Finally,
a force controller comprised of the RFOB, BLC, and FM
was applied to the EHA. Experimental results demonstrated
that there was a drastic improvement in backdrivability when
the proposed method was implemented. We believe that this
method is the key to safe and flexible robot operation.
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