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Abstract— Although backdrivability is recognized as an im-
portant property of actuators, this term is often used without
clear definition. In order to design mechanisms with advanced
controllability, it is important to understand the fundamental
mechanism of backdrivability. In this paper, we introduced idea
of series elasticity and series dissipation of actuators. Based on
this idea, total / output backdrivability and their fundamental
properties are stated. EHA was shown to be series dissipative
and it was confirmed from the model of the actuator. Utilizing
the backdrivability of EHA, position based impedance control
was implemented and evaluated. Application of this EHA in a
robot hand is also reported.

I. INTRODUCTION

The term backdrivability is often ill-defined. Although
it is recognized as an important functionality of actuator
systems, the term is often used without clear definition of
the phenomena. For an example, questions as “What is the
difference between backdrivability of gear drives pneumatic
actuators?”, or “What is the difference between backdrivabil-
ity of ball screws and series elastic actuators?” often leads
to vague answer.

The property “backdrivability” is becoming increasingly
important to deal with force interaction. The control systems
in textbooks assume bilateral force transmission, which is not
necessarily true in the real world. To overcome this problem,
force based control are used as in [1] and [2]. To make
design process more intuitive, force based impedance control
or admittance control [3] is used in combination with high
performance robots [4]. However, control relying on force
measurement is often fragile when an impact was given to
the system. By having backdrivability, displacement based
impedance control becomes possible, which is expected to
have more stable behavior even under rough conditions.

Importance of compliance in manipulation is well recog-
nized. Winbock et al. [5] is one of the recent example of
study in admittance control on robot hand. We have been
studying backdrivability in motor driven displacement con-
trol type hydraulic actuator called EHA (Electro-Hydrostatic
Actuator) and its application on humanoid robot [6], [7]. In
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Fig. 1. Conceptual Diagram of Series Elastic Actuation
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Fig. 2. Conceptual Diagram of Series Dissipative Actuation

[7], we have pointed out that there are at least two types
of backdrivability that needs to be defined in order to fully
describe the property of backdrivability in EHAs: total and
output backdrivability.

One of the objectives of this work is to describe the
backdrivability in various mechanisms and evolve design
methodology for backdrivability enhancement. Another ob-
jective of this work is to understand the property of EHA as
a specific case, and study the behavior in actual mechanism.

In this paper, we introduced the idea of series dissipation
and series elasticity of actuators to understand the necessary
difference in strategy for enhancing backdrivability according
to the actuation principle. We also explained the fundamental
backdrivability property of EHA and designed position based
impedance controller utilizing the backdrivability. The con-
troller was implemented and evaluated using an EHA driven
robot hand.

II. SERIES DISSIPATIVE ACTUATOR AND SERIES
ELASTIC ACTUATOR

SEAs (Series Elastic Actuators) [8] are one type of elastic
joint mechanism that was developed to enhance actuator
backdrivability with non-backdrivable reducers. SEAs inten-
tionally put spring in series to the power transmission to
decouple link side dynamics from motor side dynamics. The
model of SEA is essentially same with the normal elastic

4204



— 0;, — Oout

Tin—  Jin Jout

« el

Tmn T out

<—— Tout

Fig. 3. Conceptual Diagram of Rigid Mechanical Actuation

joint model proposed by Spong [9] and given by (1).

Joutéout + C(éouta aout)éout + K(gout - ezn/N)

= Tout — T](Zut (la)

K(eout - Hin/N)
N

Here, 60;,, and 0,,; are motor and link side position respec-
tively. 7;,, is the motor torque and 7,,; is the external torque
from link side. 7" and 77" are motor and link side friction
torques. C' is the Coriolis force and K is the stiffness of
the spring connecting the reducer output and the link. IV is
the reduction ratio of the transmission. SEAs are a type of
actuator with position coupling between input side equation
and output side equation. Conceptual diagram of SEA is
shown in Fig. 1.

From (1), it is clear that the minimum output backdriving
torque [7] is TJ?“t at éout = 0, thus the stiction torque of
link side, if the deflection of the spring is zero. This is a
significant reduction in minimum backdriving torque because
if there is no spring decoupling the dynamics, minimum
backdriving torque is T]‘Z“t + N T}” at éout = Om =0
(See Fig. 2). Hence, when N is large, minimum backdriving
torque increases significantly, deteriorating backdrivability.

Similarly, there are actuator systems with input side equa-
tion and output side equation coupled with velocity terms.
EHA is an example of this class of actuator. Detailed model
of EHA is described in section IIl. This is essentially a
system coupled with damping because the transmitted force
is proportional to the scaled relative velocity (See Fig. 2).
We name this class of actuator a Series Dissipative Actuator
or a SDA. As in the case of SEA, decoupling reduces the
minimum backdriving torque significantly.

In the SDA, to decouple the dynamics of the input
and output, reduction of the damping factor is necessary.
Reduction in damping results in reduction of efficiency. Thus
in SDAs, output backdrivability and efficiency is in trade-off
relation. It should be noted that this relation is not limited to
EHA, but holds for any system with series dissipative type
actuator.

For the SEA, reduction of stiffness is necessary in output
backdrivability enhancement, which result in reduction of
resonance frequency. Thus, in SEAs, control bandwidth and
output backdrivability is in trade-off relation.

Distrubuted macro mini actuation [10] is a combination of
series elastic actuation and rigidly connected motor. Fig. 4
shows a single joint of distributed macro mini actuation. In
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Fig. 4. Conceptual Diagram of Distributed Macro Mini Actuation
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[10], multiple joints are used to realize high backdrivability
at low frequency and high control bandwidth simultaneously.
The mini part only exerts small torque but it has high control
bandwidth.

III. MODEL OF ELECTRO-HYDROSTATIC ACTUATOR

EHAs are a class of servo motor driven displacement
control type hydraulic system with typical architecture shown
in Fig. 5. The equation of motion of an EHA is given as
follows [7] '

Jib; = —kip; — 75 (05, pi, D) + 7
= —k{ky0; + kik0; — 770,05, p) + 7 ()
(i,1) € {(p,m), (m,p)} 3)

Here, the parameters used in the equation is explained in
Table I k21)273} are constants determined by form and
hydraulic properties, such as pump thickness and hydraulic
viscosity. Subscript and superscript ¢ are either p or m.
p show pump parameters and m show hydraulic motor
parameters. Subscript and superscript i shows other side of
i, thus if ¢ = p then ¢ = m and Vice Versa.

Relation  between  pressure difference p;
pump/hydraulic motor speed is explained as (4).

pi = kif; — k30; “4)
The EHA studied in this paper uses the combination of

revolute pump and revolute hydraulic motor, but any combi-
nation of prismatic and revolute applies to the formulation.

and

'The compressibility of the fluid (silicone oil) is neglected because in the
pressure range we use, that is less than 10(MPa) in any case, compressibility
of the fluid is less than 1% at the temperature of 25(°C) according to [11].
Even at the temperature of 100(°C), the compressibility is less than 1.5%.

4205



TABLE I

NOMENCLATURE
Symbol | Description (units)

Prismatic Revolute
0; Position (m) Angular position (m)
J; Mass (kg) Moment of inertia (kg - m?)
T} Friction force (N) | Friction Torque (Nm)
T; Input force (N) Input torque (Nm)
Di Pressure difference (Pa)
p Amount of pressurization (Pa)

IV. BACKDRIVABILITY IN ELECTRO-HYDROSTATIC
ACTUATORS

Since EHA is a SDA type actuator, discussion in section II
implied that the dissipation term in the actuator determines
the ease of backdrivability. In this section, we derive the
backdriving condition from the actuator model and confirm
validity of the discussion in section II.

In order to discuss the backdrivability, we need a friction
model of the actuator. Friction acting on the system can be
categorized to bearing friction, oil seal friction, and fluid
friction. We put this as T}b, T}S, and T} f respectively.

T]ic = T]ivb + T]ics + T}f 5)

We made following assumptions:

1) Bearing frictions are divided into friction caused by
radial and thrust bearings.
2) Normal load on bearing is given as max(f, f,,) for load
f and bearing preload f,.
3) Load on radial bearing is proportional to exerted force
(torque).
4) Load on radial bearing is proportional to amount of
pressurization.
5) Load on oil seal is proportional to amount of pressur-
ization.
Assumption 4 and 5 is made because on these components,
both high pressure and low pressure have effect, so they
cancel out as the result.
Using the friction model proposed by Canudas De
Wit [12], these friction forces (torques) can be expressed
as follows.

T}b(éapmﬁ)
= sgn(f;) {kibr + (ki — ELy) 6—(@-,/9'5,,?)2}
x max(|pi|, phro) + ko s
+ sgn(6;) {kibt + (Kl — ki) ef(éi/ésbtf}
x max(p, Pyo) + kipbi  (6)

7_]2;5 (917p27 i))
= sen(0) { kL, + (ki — ki) e (/0L (4 pl)
+ k0 (D

74 (0,11, D) = ki 56 (8)

Where all k are constants. The first subscript ¢, s, and v
are Coulomb friction, static friction, and viscous friction
respectively. Second subscript b, s, and f shows bearing
friction, oil seal friction, and fluid friction respectively. Third
subscript r and ¢ are radial and thrust respectively.

Pt and p,, are equivalent pressure of amount of bearing
preloads. p', is the pressure that the oil seal exerts against the
shaft at vacuum. 9'5{57;1;@5} are the speed that static friction
act.

Using this friction model, output and total backdriving
condition can be written as follows.

Output Backdriving Condition

Tim > kDo + kg max(p, phio) + kS (P+05)  (9)

Total Backdriving Condition
Necessary condition
Ky > K

sbr

(10)

and output backdrivability (to exert ém).
Sufficient Condition

If [pp| > Py

kjsobt max(p, pﬁto) + kL (p + pgo)

6,, >

(11a)

If |pp‘ < pi)ro

N K2y Do 1 Kby, max(p, phyo) + K2 (B + ply)

ém,
kaks

(11b)

For the total backdriving, the condition essentially relies
on the speed of the hydraulic motor, but torque condition can
also be derived if the driving speed of the hydraulic motor is
constant. It must be noted that the necessary condition (10)
must always be satisfied.

If [pp| > pgro

Tm > (KURS + kb, + kb, + ks + ko + kTS,
% k%, max(p, ppyo) + Kby (P + pho)
kg (kg - kﬁbr)

+ kfl; max(k{nem7pgz-0) + klzrl;t max(ﬁ, pgz.fLO)

+ ks (p+pi)  (12a)

If |pp‘ < p€7-0

T > (KRS + K + Kl + K%+ K + KK, )
x k?brpiro + kgbt maX(@ pgto) + kgs (ﬁ + p;lsio)
kPKE
. 273
+ k(r‘r}ﬁr max(kinomapgto) + kzﬁt max(ﬁ, pg)}O)
+ ks (D + pio)

(12b)

However, (12) cannot be solved in closed form because
they rely on the amount of the preload and pressurization.

The term that may change backdrivability without chang-
ing reduction ratio is k5 [7]. This term have parameters
regarding internal leakage. Since the energy dissipation in
EHA that is not friction loss is solely internal leakage,
validity of the discussion in section II was confirmed.
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In this research, we developed low friction mechanism
on both pump and vane motors. We use ball bearings with
very small preload to minimize friction. We make following
assumptions for the EHA.

1) Amount of bearing preload is negligible. Thus p} , =

Pheo = 0
2) Static and Coulomb friction in bearings are negligible.

However, we included friction between trochoid gears
in k¥, and k? because same relationship between
friction and pressure holds. Thus k%, = k!, # 0 and
ke = kepe = 0.

Under this assumption, backdriving condition is simplified

as follows.

Output Backdriving Condition (Simplified)

Tm > kg (P +plo) (13)
Total Backdriving Condition (Simplified)

. kP (5

0 > ss (p+p€0) (14)

" kg (kg - kfbr)

Total backdriving torque in the simplified case is given as
follows.

m > (KRS +kyy +k0:) o~
2 (R ) 3 )

+k& (p+pi) (19
V. IMPEDANCE CONTROL IN ELECTRO-HYDROSTATIC

ACTUATORS
A. Inertia Scaling Control of EHA with Pressure Sensor

Traditionally, hydraulic actuators were targeted for high-
output non-backdrivable application such as industrial robots
and construction machines. Main objective of control in these
applications were to minimize position error. Wang et al.[13]
used sliding mode control on EHA to eliminate the effect
of nonlinear friction. However, in this research, we wish to
realize compliant behavior on EHA, thus we must design
controller that can handle bi-directional operation. Typical
controller is impedance control[3] that modifies dynamical
behavior of the system by feedback control. Cheng et al.[14]
use impedance control on whole body hydraulically driven
humanoid CB, but the actuator dynamics is fundamentally
different in valve controlled hydraulics and EHA. We are
interested in developing impedance controller on EHA, espe-
cially the controller that measures displacement and produce
force according to the displacement; which is said to be more
robust against impacts.

In this research, we divide impedance control into two
parts: inertia scaling on motor side dynamics and compliance
control. Inertia scaling is the method to reduce apparent
inertia by feedback control. This strategy is similar to the
one performed by Ott et al.[15]. This is reasonable approach
because force or acceleration signal quality is usually poor
and thus the feedback using them should only be done in
collocated control to prevent instability.

Inertia scaling in essentially a torque or acceleration
feedback. However, acceleration feedback is noisy and torque

Pump Dynamics [+

Estimated Value

I

I

I

I

| n*

! 1-4 e ké} <t
I

} Desired Value

Modified Dynamics

Fig. 6. Controller Structure of Inertia Scaling

sensor is often bulky. In torque sensors, stiffness of the sensor
and measurement resolution are contradicting conditions.
Lack of stiffness can cause coupled vibration of the system.

We utilize the fact that in EHA, torque can be estimated
from the hydraulic pressure, that can be measured by small
and rigid MEMS sensors. This fact enables us to measure
the torque without losing the stiffness of the system.

Using the relationship of (2) and (4), the pump side

equation of motion is rewritten as follows.
Tpbp = —Kip, — 77 + 7 (16)

Inertia scaling control was done by pressure feedback as
in (17) to the system (16).

1 1 "
Tp au+<1a> kg Dp

o/ Jp

a7)

(18)

a =

Here, jp is the desired pump inertia, kg* is the estimated
value of ké’ , and u is the intermediate control input, which
is used instead of 7,. Considering the purpose of reducing
the inertia, « is chosen as 0 < a < 1. See Fig. 6 for the
controller structure.

It is obvious that the pressure feedback (17) modifies the
dynamics of the system to (19) when k§ = kL™ holds.

atpby, = —kYKE6, + KEkE 0 — 77 + u (19)
Here, 77 = at}. Thus pump friction is reduced by this
feedback as well.

Let us consider the case when the parameter uncertainty
exists. Consider the case when k4™ can be written in the form
of k" = (14 €)K%, with variation e. Equation (19) becomes
as follows with the feedback (17).

« . :_pp' 104
T s aye ol = ~MKLG, + KL
o » 1
— 2
1+(1+04)6Tf+1+(1+a)6u 20)

This means the basic dynamics is preserved with error rate of
1: (14 (14 «)e). It is obvious that the natural dynamics of
the original system is stable. Since modified dynamics (20)
preserves the dynamics structure, modified system is also
stable. Unless the upper layer controller stability is critical,
it is less likely to lead to instability.

Since the output backdrivability is determined by 7", it
is unchanged by this control, but total backdrivability is
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enhanced with this control law with reduction of 7%. Back-
driving torque during acceleration is reduced by reduction of
the reflected inertia.

B. Compliance Control of EHA

Compliance control realizes virtual stiffness and virtual
damping by control.
We put following assumptions:

1) Inertia of the pump is sufficiently smaller than that of
hydraulic motor. i.e. aJ, << Jp,

2) Reduction ratio is sufficiently larger. i.e. ém << ép

3) Pump friction is sufficiently small. i.e. OzTJZ: <<1

4) Pressure loss due to flow caused by internal leakage is
sufficiently small. i.e. ki — ki << 1

Under these assumptions, system is reduced as follows when
the acceleration of the system is not large.

k3"
Tm =
D

k3

Let us put the desired spring-damper behavior of the
system as follows:

T = DT — 0,) + K (07— 0,)

u+ T 2n

(22)

Here, 07¢/ is the reference position, Gf,ff is the reference
velocity, K ref is the desired stiffness, and D™/ is the
desired damping. 6,,, and 0,, are measured (or estimated)
values. 2

To realize this behavior, compliance controller is given by
(23), with k5™ and kJ** the estimated values. The compen-
sation of 74" is omitted here. It should be treated with other
framework.

P
— k3

u =
m*
k3

{K(e;ff — ) + D7 (TS — ém>} (23)

The system dynamics with this feedback applied becomes
as follows:

c=Ax —T¢+ Frtin 24)
where
T
x = [0, 0n On | (25)
A= [aij] W
1 1 *
— _7]#”]{20 e ref
a1l ad, 173, Q12 ad, ko
a13 = i k’pk‘n - kg* Dref a3 = 1 (26)
A ’
azy = ﬂk’gnkgn, aszs = —Ek{nkgn
a1 = azs = azz =0
P Fm T
o= | oo L] 27)
F, = [0 0 £ 1" (28)

2Since we eliminated the effect of acceleration of the hydraulic motor,
(22) seems as desired mass is 0. In full system without system reduction,
Jm 1is present, so the actual behavior includes inertia Jy,.

It is difficult to perform an analytic evaluation of stability
in this form. We performed the numerical evaluation of our
EHA used in the robot hand presented in section VI. We also
omitted friction terms for ease of analysis. For our actuator,
matrix A was calculated as follows: a1; = —1.5 x 10°,
ajg = —6.1x10°(14+0)K, a13 = 7.4 x 10° — 6.1 x 105(1 +
8)D™f, az3 = 1, az; = 8.9 x 104, azz = —7.8 x 106,
and as; = age = agz = 0. ¢ is the parameter variation.
For this configuration, system is stable for Dref < 0
and 0 < K"/ < 1.4 x 103(mNm/deg). The range of
K7ef is sufficiently (more than 10° times) larger than the
desired stiffness range. Obviously, system has the zero pole
when K"¢/ = 0 because there is no force to move 6.,
toward origin. Regarding the parameter uncertainty, § only
have effects on achieved stiffness and damping, that is not
sensitive to the stability.

VI. ROBOT HAND DESIGN

One of the goal of this work is to realize highly back-
drivable robot hand utilizing backdrivability of EHA. Spe-
cial attention needs to be paid for the method to transmit
torque from the actuator to the finger joints not to degrade
the backdrivability. We developed an EHA driven robot
hand with passive low friction wire mechanism [16]. The
force transmission is done by wire pulley mechanism. The
mechanism is designed so that there is no sliding contact
between wires and structure to prevent friction and abrasion.
EHA were gathered to form a rigid cluster. This architecture
enabled us to reduce number of components and volume
around actuator.

Hydrostatic actuator cluster is placed in between the finger
and wrist. By taking this structure, we can prevent the com-
plicated mechanism to route wires through the 3DOF wrist.
Minimization of number of DOF was necessary to place the
actuator cluster in the hand. To evaluate the dexterity of the
hand, we focused on feasibility of grasp pattern reproduction.
We evaluated the hand design by the number of reproducible
grasp patterns of Cutkosky [17].

We were motivated by the work by Brown and Asada
[18] that reported only 10 independent components were
necessary to reproduce daily hand movements with reason-
ably small error. As a result of several trials, we chose four
fingers with 15 joints - 8DOF hand as in Fig. 7. Most of the
grasp patterns were realized with configuration under CAD
software as in Fig. 8.

VII. EXPERIMENT
A. Dexterity of the Hand

The feasibility of executing grasp patterns proposed by
Cutkosky [17](See Fig. 8) was tested on the actual robot
hand.

Various shapes of Styrofoam objects were prepared for the
evaluation. Evaluation was done to see if the stable grasping
was possible from open finger posture.

Fig. 9 shows the test results. From the test, it was con-
firmed that all grasp patterns in Fig. 8 not marked impossible
were accomplished.
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B. Impedance Control

Axis level impedance control was implemented using
the feedback shown in (17) and (23). The experiment was
performed by applying the torque to the vane motor through
a load cell while recording angular position and pressure
difference at both pump and vane motor.

Two types of test was performed. In first test, fixed
stiffness was selected and different amount of inertia scaling
was evaluated to see the effect of inertia scaling. In the
second test, fixed amount of inertia scaling was selected
and different stiffness was evaluated to see the effect of
compliance control.

1) Evaluation of Inertia Scaling: The stiffness of the
virtual spring was set to K"/ =3.3(mNm/deg). Amount
of inertia scaling were selected as .J, / jp= 1, 4, 8, and 24.
The damping factor D"/ was set to zero.

Realized Grasp Patterns

Fig. 10 shows the result. This figure shows the hysteresis
loop from resting position. Dashed lines show the least
square fit of the data excluding initial loop. Fig. 11 shows this
repeatable portion of the hysteresis loops extracted from Fig.
10. A point that a dashed line cross y axis, hence y intercept
of the dashed line corresponds to the amount of total static
friction acting on EHA seen from the output axis. Table II
shows the observed stiffness and friction from Fig. 10. From
this table, it was confirmed that the proposed inertia scaling
have no effect on stiffness, but reduces the effect of friction.
Error between actual stiffness and desired stiffness was 15%
when the .J,/.J, = 24. This error comes from the estimation
error of k5"

Even the result for J,/.J,= 24 shows some hysteresis. This
hysteresis comes from friction at vane motor axis. From the
relationship of applied torque to vane axis and speed of vane
axis, it was confirmed that the output backdriving torque
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Fig. 7. Outlook of Developed Anthropomorphic Hand
TABLE 11

AMOUNT OF TOTAL STATIC FRICTION AT OUTPUT AXIS OF EHA

JIp/JIp 1 4 8 24

Stiffness (mNm/deg) | 2.4 | 29 | 3.1 | 2.9
Friction (mNm) 120 | 63 38 14

was about 20(mNm)[16]. The amount of hysteresis is about
50(mNm) for the case of .J,/.J,= 24, so the it is reasonable
to think that most of the pump friction is removed by the
inertia shaping.

However, the friction of vane motor cannot be measured
with internal sensor of EHA. Other technique such as off-
line friction identification and feed forward compensation is
necessary for farther reduction of friction.

2) Evaluation of Compliance Control: The inertia scaling
factor J,/.J, was fixed to 24 for this test. The same test
method to inertia scaling evaluation was used to evalu-
ate compliance control. Stiffness of K ref=17, 3.3, and
6.7(mNm/deg) were tested. The damping factor D"¢/ was
set to zero.

The test results are shown in Table III and Fig. 12. From

K¥=3.3 [mNm/de;
250 C el

J,1J,=8

gyl =24

_ —_ S
@ =3 w =1
=] =3 S =3

=

External Torque [mNm]

—50 |

“100 S

—-150

0 10 20 30 40 50 60 70 80 90
Rotational Angle [deg]

Fig. 10. Joint Impedance Control with Variable Inertia Scaling of J,, / jp =
1,4,8,24 under Fixed Desired Stiffness of 3.3(mNm/deg). Green square
marker: Jp/Jp = 1, Red dot: Jp/J, = 4, Blue triangle: J,/Jp = 8,
Magenta asterisk: Jy/Jp = 24
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Fig. 11.  Repeatable Hysteresis Loop of Joint Impedance Control with
Variable Inertia Scaling of Jp,/Jp = 1,4,8,24 under Fixed Desired
Stiffness of 3.3(mNm/deg). Makers are same as in Fig. 10.
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Fig. 12.  Joint Impedance Control with Variable Stiffness under Fixed
Inertia Scaling of Jp/Jp = 24

the result, EHA showed good stiffness realization with error
of 20%. All of the traces in Fig. 12 shows hysteresis of about
50 (mNm), that is caused by vane motor friction. Also, since
the error from the designed stiffness is small even for small
stiffness, it was confirmed that the pump side friction is well
suppressed with the inertia scaling.

Fig. 13 shows the result of grasping with impedance
control enabled. A force was applied to abduction joint of
the middle finger while the hand grasping spherical object.
Adaptive deformation was confirmed with this experiment.

TABLE III
RESULT OF COMPLIANCE CONTROL. ALL UNITS ARE IN (mNm/deg)

Desired | 1.7 | 3.3 | 6.7
Actual 14 | 29 | 55
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Force Released

Force Applied

Fig. 13.  Applying Force to Abduction Joint while Grasping Object

VIII. CONCLUSIONS
The conclusion of this paper are as follows:

1) We introduced the idea of series elasticity and se-
ries dissipation of general actuator. In either cases,
decoupling of the input and output system dynamics
enhances backdrivability with cost. In series elastic
actuators, backdrivability and control bandwidth are
trade-offs. For series dissipative actuators, efficiency
and backdrivability are trade-offs. Since ideally there
is no compliance in the series dissipative actuators,
oscillatory behavior is less likely to happen compared
to series elastic actuators. From this analysis, design
strategy on backdrivability enhancement can be per-
formed without detailed system modeling.

2) EHA was categorized as a series dissipative actuator
because the system equation of pump and vane motor
are connected with velocity terms. We derived quanti-
tative properties from the proposed model of electro-
hydrostatic actuators. From this analysis, analysis qual-
itative analysis on backdrivability for series dissipative
actuator was shown to be valid.

3) Strategy of impedance control was explained.
Impedance control was divided into collocated inertia
scaling and non-collocated compliance control.
Analysis on stability of proposed controller including
parameter uncertainty was made and numerically
showed the stability of proposed impedance controller
on designed EHA.

4) With inertia scaling control, we reduced pump inertia
stably to 1/24 of the physical inertia. This significant
reduction was possible due to the rigid force trans-
mission from the motor torque to the sensor, unlike
conventional torque sensing joints that use elastic ele-
ments. With reduction of the inertia to 1/24, residual
friction was dominated by friction at vane motor. Thus
the total backdriving torque with inertia scaling control
was almost as low as output backdriving torque.

5) Impedance control showed good tracking behavior
with inertia scaling even at the low virtual spring stiff-
ness, from friction reduction effect of inertia scaling
control. Stiffness was realized with the accuracy of
20%. Most of the error is expected to come from

the error of parameter k%", which we used the design
value. By identifying this parameter, we can expect

enhancement in stiffness accuracy.

As a future work, we are investigating qualitative friction
characteristics of oil seals using a test rig that can apply
constant torque and constant speed, in different size. This
test rig enables us to identify friction parameters in model
of Canudas De Wit[12]. These parameters would enable us
to make better estimate of the friction acting on output axis
from output axis speed.
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