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Abstract—This article offers a new insight to the achiev-
able stiffness limitation of the impedance control of se-
ries elastic actuators (SEAs) by suggesting a comparative
analysis of energy ports and passivity control framework
at the energy port to enhance the maximum achievable
rendered stiffness of SEAs. To this end, it is explored that
SEAs have two different port definitions to assess energy
and passivity of the system—spring port and load port;
and conservatisms for passivity evaluation of two ports are
investigated and compared utilizing frequency characteris-
tics. The results reveal that the load port passivity exhibits
less conservatism, which allows to render larger achievable
stiffness in impedance-controlled SEAs. Moreover, key pa-
rameters that determine the passivity characteristic of the
SEA impedance control are discovered based on the load
port passivity analysis. A novel passivity control framework
that incorporates the time-domain passivity observer and
the passivity controller is designed utilizing the load port
energy monitoring, which offers a less conservative as-
sessment of the systems passivity. Throughout this novel
port passivity analysis and the passivity control, it can be
achieved to render maximum rendered stiffness of the SEA
impedance control much higher than the limitation that has
been perceived as the maximum value.

Index Terms—Force control, impedance, stability
analysis.

I. INTRODUCTION

SAFETY has to be taken into account when the robots
achieve the tasks for human-robot interaction and
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collaboration, where there is a particular need to develop actu-
ation systems that can measure forces and to achieve compliant
behaviors. Series elastic actuator (SEA), originally introduced
in [1], has been established as a potential solution, since it has an
intrinsic elasticity due to a spring element, which allows accurate
force sensing and shock reduction capabilities. Accordingly,
SEA is utilized to attain safe yet high force capacity, and a variety
of controllers has been devised to improve its performance
[2]–[6].

An impedance control is widely employed for SEA thanks to
its high force control performance, and impedance-controlled
SEAs have been used in a variety of applications such as hu-
manoids (e.g., Valkyrie [7], [8], THOR [9], and CoMan [10]),
and exoskeletons [11], [12]. Impedance control should be able
to achieve high stiffness rendering in addition to lowering
impedance.

For example, it is needed to prevent swaying behaviors in
robot walking, or to stiffen interaction responses to human
for a physical exercise application [13]. On top of this wide
impedance rendering ability, it is also essential for the impedance
control to ensure the stability of the SEAs when they interact
with various environments including humans. For control sys-
tems contacting with environments to ensure stability, passivity
concept has been mostly used [14]. Passivity is a sufficient
condition to guarantee coupled stability when it contacts to
external environments, since the system coupled with the pas-
sive environment results in the stability of the whole system.
Moreover, passivity can be measured using only the interacting
signals at one port (without any system parameters) while it still
can tell the stability of the whole coupled system.

Correspondingly, the passivity has become a popular tool to
analyze the stability, particularly for applications interacting
with unknown passive environments such as haptic and teler-
obotic systems.

However, there is a significant constraint in the impedance-
controlled SEA, which has been investigated in lots of litera-
ture [15]–[18]: “the maximum achievable stiffness must be lim-
ited lower than the inherent stiffness of the spring to guarantee
the passivity of SEA.” Transfer function of impedance is utilized
to investigate the passivity in the frequency domain. Throughout
this analysis, it is revealed that the passivity is violated when the
desired stiffness in the impedance control is assigned to exceed
the inherent physical spring stiffness of the SEA.
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Vallery et al., [15] first discussed the limitation of rendered
stiffness concerning the passivity condition of the impedance-
controlled SEA, where the passivity analysis is conducted based
on energy variables such as the load velocity and the spring force
in SEA.

Tagliamonte and Accoto [16] also showed passivity at
the spring port is violated when implementing higher visco-
elasticity than physical impedance. In [17], since it was not suc-
cessful to exceed spring stiffness even with several controllers
such as velocity-sourced impedance control and admittance con-
trol, the authors, instead, proposed acceleration-based control to
overcome the limitation, which enhances control performance
of an inner-loop force controller. Nevertheless, increasing stiff-
ness is hindered by limited force controller performance. Since
the maximum achievable stiffness is a significant restriction in
impedance control of SEA, the term “K-width was coined in [18]
as the ratio of the achievable rendered stiffness to the physical
spring stiffness as criteria to evaluate the performance of the SEA
impedance control. They also investigated how discretization,
i.e., sampling frequency, affects the passivity of the impedance-
controlled SEA utilizing K-width, it was found that the K-width
cannot become over 1 but sometimes it becomes less than 1.
Nevertheless, of the aforementioned aspects, this article under-
lines that it is practically achievable to increase active stiffness in
the impedance-controlled SEA higher than the spring stiffness.
Recently, it is found in [19] that this conservatism is stemmed
from the energy port definition in passivity analysis, which is
described at the spring port, while the passivity condition can
be relaxed when the energy dissipation is analyzed at the load
port, taking into consideration the precise load dynamics.

However, the approach in [19] relies only on the inherent
damping of the SEA; there are still demands for further investi-
gation of other influencing factors and extended energy control
method to preserve the passivity in real-time, accordingly. More
specifically, the effect of load-side damping can be exploited
and controlled to raise the level of the maximum achievable
stiffness.

Therefore, this article proposes a new controller to enhance
the passivity of SEA, which can accommodate the load-side
damping under appropriate realtime monitoring of system’s
energy.

For energy-based control, passivity controller (PC) strat-
egy [20]–[22] has been employed to enhance the passivity of
a system by adaptively dissipating the energy in real-time. This
approach measures the energy of the system and absorbs the
net energy when the passivity of the system is violated. In [23],
the PC was applied to the impedance-controlled SEA, where
the conventional time-domain passivity approach (TDPA) was
modified for SEA by adjusting the desired impedance; when
the passivity observer (PO) detects the passivity violation, then
the modified PC reduces the desired stiffness of impedance
control to recover the passivity. However, this method sacrifices
the achievable stiffness level of SEA to recover the passivity
condition, which is a deterioration in terms of high impedance
control. Whereas, this article proposes a new strategy for the
PC, which can achieve better impedance control of SEAs by
modifying the load damping directly at the load port, where the
passivity can be recovered without sacrificing the high stiffness

TABLE I
SUMMARY OF RESEARCH ON PASSIVITY BASED APPROACH OF

IMPEDANCE-CONTROLLED SEA

in all situations, by taking advantage of the load port energy
analysis.

Table I provides an overview of passivity-based approaches
for the impedance-controlled SEA, where the major differences
are given by the definition of the energy port at which the
passivity analysis is conducted and the type of controller to
make the passivity recovered when it is violated. Unlike other
existing approaches, this article proposes a method to alleviate
the conservative passivity condition by revisiting the energy port
analysis for the SEA; a novel PC algorithm is derived to increase
the achievable active stiffness much higher than the physical one
in the SEA, i.e., the conventional theoretical limit, which has
been one of the hurdles in passivity-based control. As a result,
the highest stiffness can be achieved among the works related to
passivity analysis of the impedance-controlled SEA.

Taking these issues on passivity and impedance control of
SEAs into consideration, this article strives to make the follow-
ing contributions.

1) The well-known passivity limitation of the impedance-
controlled SEA is revisited and mathematically analyzed
considering the location of energy ports; the advantage of
the load port is thus discussed over the spring port.

2) In addition to the comparative analysis between the pas-
sivity at the load port and the passivity at the spring
port, a parametric analysis is performed to investigate key
parameters for preserving passivity taking advantage of
the load-port passivity analysis.

3) Noncollocated approach, which is different from conven-
tional TDPA, is proposed. PO is designed to monitor
energy at the load port, and a new PC is proposed that
can modify the load-side damping in order to relax the
passivity condition at the load port. Accordingly, it can
maximize the achievable rendered stiffness over the phys-
ical stiffness level of the spring to which numerous former
studies set the limit.

II. PASSIVITY ANALYSIS OF SEAS

This section investigates the passivity of impedance-
controlled SEA at two different energy ports, which are defined
based on the SEA dynamic model.
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Fig. 1. Schematic diagram of the SEA.

Fig. 2. Block diagram. (a) SEA. (b) Impedance-controlled SEA system.
The environment interacts with the SEA through the external force Fe.
The impedance controller Zdes and inner force controller Cf are applied.
F r
s and F e

s indicate reference and error of spring force.

A. Dynamics of SEAs With Impedance Control

SEAs can be modeled as two rigid parts interconnected by a
spring. Fig. 1 illustrates the schematics of the SEA dynamics,
which includes a motor, a spring, and a load part. Motor torque
τm rotates motor inertia Jm and generates the angular motor
position θm, which is affected by motor viscous friction Bm.
The reduction ratio of a gear is denoted as N .

The load part consists of its mass Ml and damping Bl, and
its position is given as xl. The spring part generates the spring
force Fs where K is stiffness, and the spring force is transmitted
to the load and the motor.

The SEA dynamics can be expressed in the time domain as
follows:

Mlẍl +Blẋl = Fs + Fe (1)

Jmθ̈m +Bmθ̇m +NFs = τm (2)

Fs = K(Nθm − xl) (3)

whereFe is the external force applied from the environment. The
spring force Fs in (3) is transmitted to the motor-side dynamics
in (2) and the load-side dynamics in (1). The dynamics of the
SEA also can be expressed in the S-domain and represented as
the block diagram illustrated in Fig. 2(a). The motor dynamics
Pm(s) and the load dynamics Pl(s) in Fig. 2(a) are expressed
in the S-domain as follows:

Pm(s) =
1

Jms+Bm
, Pl(s) =

1

Mls+Bl
. (4)

Based on the derived SEA dynamics, the impedance control of
the SEA is constructed as in Fig. 2(b), where the force controller
Cf is configured in the inner loop, and the desired impedance
Zdes envelops the force control in the outer loop. The impedance
can be rendered in another way, namely, the admittance control,

Fig. 3. Port definition of SEA for passivity analysis. The beige area
represents spring port and the azure area represents load port.

where the position is controlled with respect to the measured
force. However, the impedance control shown in Fig. 2(b) has
been widely employed and studied for SEA due to its high force
control performance [15]–[18], [24], whereas the admittance
control is rarely used in the SEA [17], [25].

Among various force controllers, a simple proportional-
derivative (PD) control is implemented which is commonly used
for passivity analysis in impedance control [26]; the force control
Cf is thus expressed as follows:1

Cf = Λp + Λds (5)

where Λp and Λd denote the proportional (P)- and derivative
(D)-gains, respectively. The desired impedance Zdes is designed
as follows:

Zdes = Mdess+Ddes +
Kdes

s
(6)

where Mdes, Ddes, and Kdes are the desired mass, damping, and
stiffness of impedance, respectively. It is true that Mdes and Ddes

are the impedance parameters to be designed properly; however,
this article focuses on the design of Kdes because it is the most
critical factor causing the passivity violation. It is also noticeable
that the passivity is violated when the large desired stiffness is
set, whereas the increasing desired mass and damping does not
make the violation.

The impedance-controlled SEA can also be described as
network system consisting of the dynamics, the controller and
the environment, where each part interacts with others through
energy transfer as in Fig. 3.

This network description clarifies two energy interaction ports
in SEA: one port is defined between the spring and the load
(spring port), the other port is defined between the load and the
environment (load port).

B. Passivity Analysis Depending on Energy Ports

The passivity of the linear systems can be analyzed at the
frequency domain by checking the phase characteristic of the
controlled impedance. When the phase of the impedance devi-
ated from the range of −90◦ ∼ 90◦, then the system becomes
nonpassive [14]. Taking this point into consideration, the pas-
sivity conditions at two ports can be compared by the phase
characteristic analysis of the transfer functions at two ports.

1PD control is selected based on its wide popularity in practical engineering,
readers can thus benefit from analysis results in this article. Moreover, the
passivity analysis and newly proposed passivity controller can be extended to
any other controllers, not limited to PD control.
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Fig. 4. Comparison of desired and controlled impedances. (a) Spring
port Zs (from load velocity vl to spring force Fs). (b) Load port Zl (vl to
external force Fe). Desired impedance Kdes is 5K.

TABLE II
PARAMETERS UTILIZED IN THE SIMULATION

The controlled impedance at spring port can be derived from
the load velocity vl to the spring force Fs, given as follows:

Zs(s) =
Fs

vl
=

NKZdesPmCf +K

NKPmCf +N2KPm + s
. (7)

From (7), the frequency characteristics of the controlled
impedance at the spring portZs(s) can be illustrated as Fig. 4(a),
where the desired stiffness Kdes is set larger than the spring
stiffness K (Kdes = 5K). The other parameters utilized in the
simulation are listed in Table II.

In Fig. 4(a), the phase of the controlled impedance drops
below −90◦, which indicates that the system is nonpassive.

Similarly, the passivity of the SEA at the load port can
be analyzed by using the impedance transfer function Zl(s)
from the load velocity vl to the external force Fe, derived as
follows:

Zl(s) =
Fe

vl
= Mls+Bl +

NKZdesPmCf +K

NKPmCf +N2KPm + s

= Mls+Bl + Zs(s). (8)

Fig. 4(b) shows the frequency characteristics of the controlled
impedance at the load port Zl(s), where the parameters are set
to the same values as Fig. 4(a).

The phase of the controlled impedance at the load port remains
within −90◦ ∼ 90◦. The contrast between Fig. 4(a) and (b)
implies that the characteristics of phase changes in large amounts
according to the energy ports, which leads to the conclusion that
the passivity analysis at the load port is less conservative than
the analysis at the spring port.

Fig. 5. Frequency characteristics of the controlled impedance with
respect to the load damping.

C. Analysis of Passivity Condition at Load Port Using
Frequency Characteristics

By taking advantage of the less conservative passivity analysis
at the load port, it is investigated how the passivity condition of
SEA at the load port changes with respect to several different
load and control parameters.

Fig. 5 compares the frequency characteristics of the SEA at the
load port and the spring port with several different load damping
values Bl, when the SEA is impedance controlled to have a
stiffness higher than the inherent stiffness (Kdes = 1.1K). The
P-gain Λp and D-gain Λd for force control are set to 0.12 and
1e-5, respectively. The result reveals that the phase condition at
the load port can be recovered to remain within −90◦ ∼ 90◦ as
Bl increases, and thus the system becomes passive.

Notice that the phase characteristics do not change at the
spring port even with the variation of Bl, which means the
passivity cannot be recovered at the spring port.

The effect of the force feedback gains on the passivity can
be investigated utilizing the frequency characteristic at the load
port. Fig. 6 shows how the frequency responses change with
respect to the different force feedback gains Λd’s [in Fig. 6(a)]
and Λp’s [in Fig. 6(b)]. Fig. 6(a) reveals that the D-gain (Λd)
improves the passivity condition at the load port. Namely, too
small D-gain can deteriorate the passivity condition of SEA
leading to a phase surge at a certain frequency where the phase
most deviates, while large D-gain can restore the phase at the
certain frequency relaxing the passivity condition at the load
port. Notice that the passivity at the spring port is still violated
regardless of whether D-gain is large enough or not. Fig. 6(b)
displays that P-gain affects the location of the phase-deviating
frequency rather than the phase characteristics around it. There-
fore, the passivity of the SEA at the load port cannot be recovered
by increasing Λp.

D. Effect of Load Damping and D-Gain on
Maximum Achievable Stiffness

It is verified that the load damping and the D-gain can improve
the passivity condition of the SEA in Section II-C, particularly
when it is controlled to exhibit high impedance. The following
question will be, how the limitation of the achievable stiffness
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Fig. 6. Frequency characteristics of the controlled impedance with
respect to (a) inner force D-gain (b) inner force P-gain.

is determined when the load damping and the feedback gains
are given. Therefore, this section elaborates on the relationship
among the achievable stiffness, the load damping and the force
control gains.

The SEA system is passive when the impedance in (8) is
positive real, which means the real part of the derived impedance
should be positive [14]. Hence, the condition for the passivity
of SEA can be derived as follows:

�(Zl(iω))

=
NBmK(NK −KdesΛp +KΛp)

(Bmω +NKΛdω)2 + (NKΛp +N2 K − Jmω2)2

+
NKΛd(JmKω2 − JmKdesω

2 +KdesN
2 K)

(Bmω +NKΛdω)2 + (NKΛp +N2 K − Jmω2)2

+Bl > 0. (∀ω ≥ 0). (9)

Based on this inequality, the maximum achievable stiffnessKdes

can be calculated when a set of parameters Bl, Λp, and Λd is
given.

For better evaluation of the achievable stiffness, the K-
Width [18] represented as n = Kdes/K, is utilized as the criteria
to evaluate the maximum stiffness the SEA impedance control
can achieve. Fig. 7 describes the relationship between n and
other parameters. At first, the maximum achievable n with
respect to the P-gain Λp and the load damping Bl is plotted in

Fig. 7. Stiffness ratio n of the spring stiffness to the achievable stiff-
ness. (a) Inner force P-gain Λp. (b) D-gain Λd.

TABLE III
SUMMARY OF SECTION II

Fig. 7(a). The result shows that the load damping can increase
the maximum stiffness while the P gain cannot affect it.

The K-Width n with respect to the D-gain Λd and the load
damping is investigated in Fig. 7(b), which verifies that the D-
gain can increase the K-Width n, and the load damping also
affects n. In particular, the larger the load damping value is
the greater the influence of the D gain on the increase in the
maximum achievable stiffness.

Table III summarizes the investigation in Section II, which
draws a conclusion that the passivity condition of the SEA
can be relieved by employing the load port, and the maximum
achievable stiffness can be increased by appropriate design of
the load damping and force feedback derivative gain.

III. PO AND PC FOR SEA

Although, it is essential to confirm that load damping and
controller parameters can increase the achievable stiffness of
the impedance-controlled SEA,

it is difficult to tell whether the desired stiffness violates the
passivity or not in real applications. If there is a way to monitor
the passivity condition in real-time during operations, it can be
constantly evaluated whether the desired stiffness violates the
passivity or not. Then, the passivity-related parameters can be
adjusted accordingly.

A. PO and PC

TDPA [20]–[22] has been used for guaranteeing the passivity
of haptic and telerobotic systems. It is composed of two com-
ponents: PO is an energy monitoring component for observing
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passivity in real-time, and PC exploits this PO and modifies the
control input to recover passivity only when it is necessary.

The passivity of the one port network is defined at the time
domain as follows [20]:

Definition: The one-port network with initial energy storage
E(0) is passive if and only if∫ t

0

f(τ)v(τ)dτ + E(0) ≥ 0, ∀t ≥ 0 (10)

where E(0) is the initial energy storage, f is the force and v is
the velocity at the port. Equation (10) implies that the net energy
supplied into the network should be greater than the negative of
initial energy storage(E(0)) to be passive.

As mentioned in Section II, the passivity can be defined for
SEA based at two different energy ports, and thus

POs can be designed at both ports as follows:

Ês =

∫ t

0

F̂s(τ)vl(τ)dτ, Êe =

∫ t

0

F̂e(τ)vl(τ)dτ (11)

where the Ês and Êe are the observed energy at the spring port
and the load port, and F̂e is the estimated external force utilizing
the force observer proposed in [27].

PC is designed to preserve the passivity in real-time by forcing
the system to dissipate the monitored energy when the system is
in violation of the passivity condition. The energy measured by
the PO is generally expressed in discrete time as follows [20]:

E(n) = ΔT

n∑
i=0

f(n)v(n) = E(n− 1) + ΔTf(n)v(n)

(12)
where ΔT is the sampling period. Note that f(n) and v(n) are
defined as the estimated external force F̂e and the load velocity
vl for SEA at the load port.

Based on this measured energy, PC modifies the original force
f into the PC force fPC as follows:

α(n) =

{
−E(n)/{ΔTv(n)2}, if E(n) < 0

0, if E(n) ≥ 0
(13)

fPC(n+ 1) = f(n+ 1) + α(n)v(n). (14)

The condition in (13) implies that the PC only intervenes when
the measured energy is negative, namely, when the passivity is
violated.

The new PC force fPC is calculated at the next step by adding
the product of the previous α(n) and the velocity v(n) to the
original force f(n+ 1). Then, this new control input/force fPC

works to dissipate the violated energy E(n) and thus remove
this term from the generated energy at the next step E(n+ 1).

B. Limitation of PC for Rendering Desired Damping

Note that the modified termα(n)v(n) can be considered as ad-
ditional damping, with the damping coefficient α appropriately
designed. Therefore, it is natural to come up with the idea that
the rendered damping Ddes in the desired impedance model (6)
can be utilized as PC dissipative term. However, this approach
cannot properly modulate the energy dissipation, and thus cannot
increase the maximum achievable stiffness.

The limitation of this approach, PC design utilizing the desired
impedance model (6) can be explained by the phase character-
istic of the rendered impedance. Fig. 8 shows the bode diagram
of impedance at the load port with several different Ddes values.
It can be verified that Ddes can affect the phase characteristics
but they still deviate over 90◦ even when the desired damping
increases. In other words, the passivity condition cannot be
recovered through the increase of Ddes. The cause of these
consequences can be confirmed through mathematical analysis.

The real part of the impedance including the desired damping
term is derived as follows:

�(Zs(iω)) =
NBmK(NK −KdesΛp +KΛp)

(Bmω)2 + (NKΛp +N2 K − Jmω2)2

+
DdesNKΛp(NKΛp +N2 K − Jmω2)

(Bmω)2 + (NKΛp +N2 K − Jmω2)2
.

(15)

The real part consists of two terms: the first term has only
one negative component related to the desired stiffness, −Kdes,
where its positiveness can be guaranteed when Kdes is lesser
than K, the inherent stiffness. The second term which is related
to the desired damping Ddes seems to add positive values to the
whole real part and thus contribute to the passivity of the system.

However, the positiveness of the second term is limited only
in the low frequency range because of the term −Jmω2, and it
becomes negative when the frequency ω is higher than a certain
level. The specific frequency is given as follows:

ωc =

√
NKΛp +N2 K

Jm
. (16)

This frequency is where the phase characteristic of the inner
force control closed loop (from the spring force reference to the
spring force output) becomes −90◦, which varies with respect
to the inner force gain Λp. However, the second term of (15)
becomes negative after this frequency, and the desired damping
Ddes is unable to guarantee the energy recovery and passivity.

This limitation can be attributed to the fact that the desired load
impedance is realized through the spring force control, which
means that the desired load damping is not directly added to the
load side, but realized through the spring force control.

C. Design of PC Based on Load Damping Control

As aforementioned, it is verified that the PC approach utilizing
the reference impedance rendering cannot solve the passivity
violation. To address this issue, it is necessary to develop a new
control method which can directly apply the damping to the
desired port, not through the spring force reference.

In order to render the damping directly at the load port, both
the dynamic model and passivity have to be taken into account in
the controller design. Recently, the elastic structure preserving
(ESP) control has been developed to passively add the desired
force on the load side [28]–[30]. The ESP preserves the intrinsic
inertia and spring properties of the system while adding the
desired force on the load side.

The basic idea of ESP control is to add the desired force
directly to the load side, such that it can affect the load-side
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dynamics while preserving the structure of SEA, i.e., the spring
stiffness and the inertia of the motor and the load. For rendering
the desired dynamics at the load side, the motor torque input is
designed as

τm = ū+
Jn
m

NK
β̈ +

Bn
m

NK
β̇ +Nβ (17)

where Jn
m and Bn

m are the nominal model parameters of the
motor dynamics and β is a new coordinate defined to represent
the desired force of the load side that will be realized by the
control input τm.

In this article, the desired load-side force β is designed to
implement the PC force, which is the product of the desired
damping calculated by the PC DPC

des and the load velocity ẋl,
expressed as follows:

β = −DPC
desẋl. (18)

Then, the resulting closed-loop dynamics is determined from
the SEA dynamics (1)–(3) as

Mẍl +Blẋl +DPC
desẋl = F η

s + Fe (19)

Jmη̈ +Bmη̇ +NF η
s = ū, (20)

F η
s = K(Nη − xl), (21)

where η = θ −K−1β is the new motor coordinate. The final
closed-loop dynamics from (19) to (21) shows that the desired
damping is successfully attached to the load side, whereas
preserving the SEA structure.

The proposed PC is designed based on the ESP control
concept, and the following theorem verifies its passivity:

Theorem 1: Assume that the SEA dynamics are expressed as
(1)–(3).

Let the proposed controller be defined as (17) and (18). Then,
the controlled SEA satisfies the following passivity condition at
the load port:

ΔT

n∑
i=0

Fe(i)ẋl(i) ≥ 0. (22)

Proof: The energy at a certain time t is given as

E(t) = ΔT
n∑

i=0

Fe(i)ẋl(i). (23)

By the proposed PC, the force Fe(t) is modulated to F̃e(t) as

F̃e(t) = Fe(t) +DPC
desẋl(t) if E(t) < 0. (24)

The desired damping value is designed as

DPC
des = − E(t)

(ΔT ẋl)2
(25)

which modulate the energy consumption to be zero as follows:

Ẽ(t) = ΔT

n∑
i=0

Fe(i)ẋl(i) + ΔTDPC
des(t)ẋl(t).

= E(t)− E(t) = 0. (26)

Therefore, the updated energy satisfies the passivity condition.
�

Fig. 8. Impedance at the load port according to the desired damping.

Fig. 9. Block diagrams. (a) PC. (b) Equivalent structure. F η,e
s indicates

error of spring force in the transformed coordinate.

The controlled impedance at the load port can be derived in the
S-domain after applying the PC, and its real part is determined
as follows:

�(ZPC
l )=DPC

des+Bl+
NBmK(NK −KdesΛp +KΛp)

(Bmω)2 + (NKΛp +N2 K − Jmω2)2
.

(27)
It can be verified that the desired damping DPC

des is separately
added to the real part of the original impedance, and thus can
successfully compensate for the positiveness. Accordingly, the
passivity of the system can be maintained by controlling DPC

des
with PC.

Overall control structure of the proposed passivity observer
and passivity controller (POPC) for SEA is configured as in
Fig. 9. PO at the load port is designed as (12) in Section III-A,
using the load velocity and the estimated external force, and PC
is triggered by PO as shown in (13) and (14). In the proposed
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Fig. 10. Experiment set-up consists of RFSEA [31], load mass and
load cell.

TABLE IV
PARAMETERS UTILIZED IN THE EXPERIMENTS

POPC, DPC
des in (18) is employed as α in (13), and it is added

by β to the motor input in (17) as shown in Fig. 9(a). The
equivalent block diagram can be rewritten according to (19) to
(21) as shown in Fig. 9(b), where the desired damping DPC

des is
directly added to the load port. The velocity η̇ and the spring
force F η

s in the transformed coordinate are marked by the red
boxes in Fig. 9(b), where the structure of the SEA is preserved.

In brief, this section proposes the new POPC algorithm for
SEA taking into consideration the passivity analysis proposed
in Section II. The system parameters required to design the pro-
posed POPC can be obtained by utilizing system identification
methods such as the frequency response function measurement.
The detailed and theoretical analysis is to be conducted as the
future work.

IV. EXPERIMENTS

Experiments are conducted to validate the rendering perfor-
mance of the desired stiffness and verify the effectiveness of
the proposed POPC for SEA. Fig. 10 illustrates the SEA system
that is utilized for the experiments. Reaction force-sensing SEA
(RFSEA) [31], [32] with load masses over the linear motion

Fig. 11. Frequency characteristics of the controlled impedance when
the desired stiffness is set. (a) Kdes = 1.1K. (b) Kdes = 1.3K).

Fig. 12. Experimental results. (a) Load velocity. (b) Energy when the
higher desired stiffness is set(Kdes = 1.1K).

Fig. 13. Rendering performance of various desired stiffness.

guide (LM guide) is adopted as the SEA system to be impedance
controlled.

At first, the passivity discussion in Section II-B and II-C is
verified through experiments to show the advantage of the load
port. Fig. 11 shows the frequency characteristic of the controlled
impedance at both the energy ports when the desired stiffness
of impedance is set higher than the spring stiffness without the
POPC. The blue line indicates the impedance at the load port,
and the black line indicates the impedance at the spring port.
Yellow and cyan dashed lines show the simulation results. The
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Fig. 14. (a) Load velocity. (b) Energy when the PC is implemented. (c) Injected power by the PC (Kdes = 7K).

load was excited manually, and the inner force P-gain and D-gain
are set to 1e-1 and 1e-4.

The result shows that passivity is violated at approximately
80 Hz at the spring port, while it is preserved at the load port with
the phase staying within±90 degrees. Both results are consistent
with the simulation results. The experiment to show the passivity
violation is also conducted when the desired stiffness is more
increased. The passivity can be violated even at the load port
when the desired stiffness is set higher, and the experimental
results are shown in Fig. 11(b), where the passivity is violated
at approximately 80 Hz at the load port, too.

Fig. 12 illustrates the energy observation comparison result
between the PO at the spring port and the PO at the load port. The
system is coupled stable showing that load velocity eventually
converges to zero as shown in Fig. 12(b). However, the observed
energy in Fig. 12(b) shows the different results depending on
the energy port. The energy observed by the PO at the load port
remains positive, whereas the energy at spring port PO vastly
falls in the negative direction indicating the system is not passive
nor coupled stable. This result leads to the conclusion that the
load port is the less conservative energy port than the spring port
when it comes to monitoring the passivity.

A. Impedance Rendering of Various Desired Stiffness

The experiment is designed to validate the rendering perfor-
mance of the desired stiffness Kdes utilizing the analysis in
Section II, which is examined by calculating the impedance
between the load position xl and the measured external force
Fmeasured
e . For these experiments, the load cell was used on the

load part for more accurate measurement of the external force
(CAS, SBA-50). The external forces in both directions were
applied manually to the load cell. Fig. 13 shows the comparison
between the desired stiffness and the measured stiffness. The
results indicate that the various conditions of the stiffness are
successfully rendered.

B. Experimental Validation of POPC for SEA

For the validation of the POPC in the time-domain, The
desired stiffness, Kdes = 1120 kN/m, is set seven times higher
than the spring stiffness as the desired impedance, and impulse
forces are applied by a hammer to the load-side mass. The inner
force P-gain and D-gain are set to 1e-3 and 1e-4 which are set
as high as possible while avoiding motor saturation.

The result verifies that only the proposed PC can stabilize the
system regulating the velocity shown in Fig. 14(a). The energy
observation elaborates on the advantages of the proposed PC
in detail; the observed energy in Fig. 14(b) indicates that the
system without the PC and with the PC (by impedance damping)
becomes nonpassive showing negative energy dissipation. On
the other hand, the energy with the proposed POPC converges
and preserves passivity. Fig. 14(c) shows that the proposed PC
can inject the energy to recover the passivity and it converges to
zero after the velocity converges to zero.

It is true that a small error of energy remains in the proposed
POPC case, but this is because the controlled damping cannot be
exactly the same as the real damping when a collision occurred.
The nonlinearity such as friction, modeling uncertainty, and
saturation can affect the performance in the experiments, but
the system under the proposed PC can maintain its stability
regardless of these factors.

This result verifies that the proposed POPC can engage the
load side dynamics after the measured energy drops below zero
and recover the passivity by applying additional damping to
the load side. The preserved passivity leads to the stability of
the system, too; the load velocity becomes unstable without the
proposed POPC in Fig. 14(a), since the system is not passive,
while the load velocity with the proposed POPC decreases after
the PC intervenes and eventually recovers its stability.

V. CONCLUSION

This article analyzed the passivity of SEA under impedance
control based on the model and its frequency response analysis,
and the novel PC algorithm was designed based on the analysis.
Consequently, the achievable stiffness could be considerably
increased beyond the conventional theoretical limit, which was
a well-recognized challenge in impedance-controlled SEA. It
thus fosters wider applicability of the SEA.

Based on the precise model of SEA, it was shown that the
passivity analysis at the load port was less conservative than
that at the spring port, and thus the desired stiffness for SEA
impedance control could be set higher than the intrinsic spring
stiffness. Moreover, the condition of parameters to maximize
the desired stiffness was examined by analyzing the relationship
between parameters and the positive realness of the impedance
at the load port. In conclusion, we confirmed that D-gain of the
force control and the load damping played a significant role in
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relaxing the passivity, whereas the P-gain of the force control
could not relax the passivity.

The time-domain POPC algorithm was designed taking into
consideration the dynamic characteristics of SEA to preserve
the passivity of SEA.

Experiments verified the less conservative characteristic of the
load port, and it was validated that the proposed POPC could
increase the maximum value of the rendered stiffness. As the
proposed POPC relies on the linear model, the robustness of the
proposed algorithm against various nonlinear factors including
friction, modeling uncertainty should be investigated in the
future work.
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