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Abstract. To realize ideal force control of robots that interact with
a human, a very precise actuating system with zero impedance is de-
sired. For such applications, a rotary series elastic actuator (RSEA) has
been introduced recently. This chapter presents the design of RSEA and
the associated control algorithms. To generate joint torque as desired,
a torsional spring is installed between a motor and a human joint, and
the motor is controlled to produce a proper spring deflection for torque
generation. When the desired torque is zero, the motor must follow the
human joint motion, which requires that the friction and the inertia of
the motor be compensated. The human joint and the body part impose
the load on the RSEA. They interact with uncertain environments and
their physical properties vary with time. In this chapter, the disturbance
observer method is applied to make the RSEA precisely generate the
desired torque under such time-varying conditions. Based on the nomi-
nal model preserved by the disturbance observer, feedback and feedfor-
ward controllers are optimally designed for the desired performance: i.e.
the RSEA 1) exhibits very low impedance and 2) generates the desired
torque precisely while interacting with a human. The effectiveness of the
proposed design is verified by experiments.

Keywords: Rotary series elastic actuator, Disturbance observer, Force
mode control, Human-robot interaction, Motor impedance.

1 Introduction

Mechatronics technologies play significant roles in applications that improve
quality of life. Active assistive devices, such as motorized wheel chairs or ac-
tive prosthetics, are some of examples. They have improved the mobility of
many people with disabilities, which allowed them to engage their everyday
lives with much less difficulties. In the last decade, power assistive devices based
on mechatronic technologies are being developed in the form of wearable robots
for assisting physically impaired people or for augmenting human power.

Fig. 1 shows the basic structure of an assistive robot interacting with a hu-
man. The human body ((a) in the figure) is the plant to be controlled. The
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body is actuated by the muscles which are controlled by the brain. Since the
desired motion is intrinsically generated in the brain by intention or reflex, the
human has a fully closed control loop with no external input. If a human has ei-
ther nervous or muscular disorders, or needs extra forces to perform demanding
work, an assistive robot ((d) in Fig. 1) may provide additional forces (τA) to the
human body. Recently, various assistive robots have been developed: Sankai de-
veloped HAL (Hybrid Assistive Limb) for augmenting power of normal persons
[1], [2], and Kazerooni introduced BLEEX (Berkeley Lower Extremity Exoskele-
ton) for military applications [3], [4]. Yamamoto developed Power Assist Suit to
assist nurses lifting heavy patients [5], and Kong and Jeon introduced EXPOS
(Exoskeleton for Patients and Old people by Sogang University) for weakened
persons [6], [7].
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Fig. 1. Conceptual structure of an assistive robot interacting with a human

Many approaches also have been proposed for the controller ((e) in Fig. 1) and
the actuator ((f) in the figure). The main role of the controller in this application
is to determine the magnitude and the direction of forces for interacting with
a human (e.g. assistive forces or feedback forces for rehabilitation). Since it is
impossible to directly detect the human intention, the controller usually sets the
references for the assistive forces based on the estimated values obtained by the
biological sensors [1], [5], [7] or the dynamical properties [3], [8]. For examples,
HAL applies EMG (electromyography) sensors to measure muscular efforts [1],
and BLEEX calculates the required forces based on the inverse dynamics method
[3]. Power Assist Suit applies a novel sensor called the muscle hardness sensor [5].
Since these methods are for estimation of human joint torques during motions,
they are usually utilized for assisting healthy/intact people. In applications for
patients, an impedance control method [9], [10], [29] is often used. In this case,
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a motion trajectory for a patient is predefined for the purpose of rehabilitation
[9], and a robot assists the patient to follow the desired motion [9]-[11].

Controllers for human-robot interaction may assume that actuators are oper-
ated in an ideal force (or torque) mode control. The ideal force mode implies:
1) the actuator has (output shaft) zero impedance so that it is perfectly back-
drivable, and 2) the force (torque) output is exactly proportional to the control
input. Researchers have tried to find such actuators for human-robot interaction.
For examples, HAL applies DC motors [1], [2], and BLEEX utilizes hydraulic
actuators [4]. Power Assist Suit uses pneumatic actuators [5]. EAP (Electro-
active Polymer) and rubber-muscle actuators also have been developed recently
[12], [13]. In spite of these efforts, lack of a suitable actuator is still evident in
the applications involving human-robot interaction. Recently, progresses have
been made to overcome the problems encountered in actuators such as friction
and rotor inertia by applying an algorithmic compensator [see (g) in Fig. 1].
For example, Buerger and Hogan introduced the complimentary stability and
loop shaping method to design the compensator computationally [14]. From the
viewpoint of hardware as well as controller designs, series elastic actuators are
noteworthy [15]-[21]. In these cases, a spring is installed between an actuator
and a human joint and plays the role of an energy buffer as well as a force
sensor. The force is generated from the differential position or the deflection of
the spring, which is controlled by a position controller [15], [16]. This implies
that the impedance compensator in Fig. 1 is accomplished based on a position
control method. The spring isolates the human joint from undesired factors of
the motor including rotor inertia and nonlinearities. However, it also introduces
challenges to the design of a control algorithm. For example, mechanical com-
pliance in the actuation does not offer only advantages without costs. Also, the
lower the stiffness, the lower the frequency with which larger output forces can
be modulated. Due to the interaction with a human, dynamic characteristics of
the whole system is time varying. Therefore, the performance of such actuators
is determined by how the control algorithm robustly controls the spring deflec-
tion under the time-varying conditions. Namely, the controller of actuators for
human-robot interaction should meet the following performance objectives:

1. it reduces mechanical impedance of the actuator by compensating for the
inertia and the friction of the actuator,

2. it makes the actuator precisely generate the torque as desired, and
3. it guarantees the robust performance of the actuator while interacting with

a human.

In this chapter, the design of controllers for a rotary series elastic actuator
(RSEA) is discussed. To assure the robust performance of the RSEA, a dis-
turbance observer is utilized as well as the feedback and feedforward controllers.

This chapter is organized as follows. The basic properties and problems of a
geared motor are reviewed in section 2. Hardware design of a RSEA is discussed
in section 3. In section 4, a robust control algorithm for the RSEA is designed
and its properties are analyzed. The designed control algorithm is evaluated by
experiments in section 5. Summary and conclusions are given in section 6.
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2 Open Loop Torque Mode Control of Geared DC Motor

Motors have been widely used in applications involving human-robot interaction
due to their superior controllability and flexibility. The capacity of a motor is
defined by the maximum allowable power, i.e. a multiplication of the angular
velocity and the generated torque. Since a motor has physical limitations on the
maximum velocity and the maximum torque, the operation range is adjusted by
a reduction ratio. The use of reducers introduces various nonlinearities such as
friction and backlash. The generated torque is magnified by the reduction ratio,
but the rotor inertia and the friction force are also amplified significantly.

Motor impedance, or mechanical impedance, represents a measure of how
much the motor resists motion when subjected to a given force. Mathematically,
it is defined as the ratio of the force applied to the mechanical system to the
resulting velocity of the system, i.e.

Z(ω) =
f(ω)

v(ω)
(1)

where Z(ω) is the motor impedance, f(ω) is the resistive force, and v(ω) is the
velocity. f(ω) consists of the following terms:

f(ω) = ffriction(ω) + fdamping(ω) + finertia(ω) + fbias(ω) +Δf(ω) (2)

where ffriction(ω) is the coulomb friction force which increases the motor
impedance in the low frequency range. fdamping(ω) represents the linear damp-
ing force and increases the motor impedance over the entire frequency range.
finertia(ω) is resulted from Newton’s second law, and increases the impedance
in the high frequency range. fbias(ω) is the bias value of force output and Δf(ω)
represents forces due to other factors.
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Fig. 2. Experimental setup for motor impedance test

For most dynamic systems such as industrial robots and machining tools,
the mechanical impedance of an actuator should be sufficiently large for a large
frequency bandwidth and effective rejection of disturbances [22]. For example, an
actuator for a machine tool must be insensitive to any applied disturbance forces
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for the best quality of products. However, this paradigm is no longer applied to
applications interacting with a human. The most important factor of actuators
in such applications may be the comfort of a human, i.e. the actuator should
not resist the human motion and generate only the desired force. In other words,
the actuators for human-robot interaction must have low mechanical impedance
[9], [14]. This requirement creates challenges to the selection of actuators. To
realize the ideal actuator, every term in (2) should be eliminated. Also, the large
frequency bandwidth is no longer an issue as long as they have the bandwidth
up to the frequency range of human motions which is about 4 ∼ 8Hz.

Fig. 2 shows an experimental setup for testing the mechanical impedance of a
DC motor. The output torque was measured by a torsional spring. The detailed
information on the spring used in this chapter will be discussed in section 3.
Ideally, the torque sensor in Fig. 2 should read zero regardless of the angular
velocity when the control input is zero [see Target line in Fig. 3]. However,
due to the friction force and the rotor inertia of the actual device, the torque
sensor reads the resistive torque in actual experiments [see Actual line in Fig.
3]. The experiment in Fig. 3 was performed for testing the relationship between
the resistive torque and the angular velocity while the control input is zero.
Note that the magnitude of the bias force was so large that the motor rotates
even with zero input. This phenomenon often occurs in the applications of DC
motors. This problem can be solved by fine tuning the amplifier. However, the
default setting was used in the experiment to test in normal conditions. The
discontinuity at ω = 0 represents the static friction force. In addition, the motor
has nonlinearities related to the control input. Fig. 4 shows the result of the
linearity test about the control input u when the rotor was fixed mechanically
(i.e. ω = 0). To observe the linearity excluding the static friction effects, the curve
in Fig. 4 was obtained by taking the average of many experimental data. In the
ideal case, the curve in Fig. 4 should be a straight line which passes through
the origin [see Target line in the figure]. However, the actual profile obtained is
a nonlinear curve which does not pass through the origin [see Actual line in the
figure]. The undesired characteristics (i.e., the damping, Coulomb friction, and
input-output nonlinearity) discussed with Figs. 3 and 4 should be eliminated to
realize the ideal human-robot interaction.

3 Rotary Series Elastic Actuator

3.1 Hardware Configuration

An actuator interacting with a human may be a burden to the human body
because of its mass and friction. For ideal human -robot interaction, the actuator
should be controlled in the force (or torque) mode [9], [10], [17], [19]. In reality,
however, most actuation systems do not generate the desired torque precisely
as discussed in the previous section. Another problem occurs when the desired
force is less than the friction of the actuator.
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Fig. 5. Rotary series elastic actuator

To compensate for the resistive forces, force sensors such as a loadcell and a
strain-gauge are often installed at the load side of a rigid reducer [23], [24]. The
motor is feedback controlled by the force measurements. This method has shown
good performances in industrial applications involving force mode actuation [23],
[24]. However, it is not suitable for the applications of human-robot interaction,
since the rigidity of the reducer may cause discomfort or even damage to the
user. For such applications, it may be better to have compliance in the reducer
such that a human does not feel the resistance when he/she initiates motions.

A solution to this problem is to utilize a mechanism which may serve as a
buffer between the actuator and the human joint. For example, in power man-
agement of an automobile a clutch mechanism serves as the buffer to connect
the engine and varying load due to vehicle motion and environment. Similarly,
in actuators of robots interacting with human, a spring serves as the buffer.
The actuator is controlled such that the spring between a human joint and the
actuator has proper deflection. Now we have two sub-systems: the human body
and the actuation system, where the mechanical power for interacting with the
human is transferred through a spring.
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An actuating system with a torsional spring is called a rotary series elastic
actuator (RSEA). The similar approach is shown in [15], [17]-[21] where it applies
a linear spring for the same purpose. If the linear spring is used, the structure
of the actuator system is similar to that of a muscle. However, it requires torque
arms for generating the joint torque. In the design of RSEA, a torsional spring is
directly installed between a human joint and a motor such that it can generate
the joint torque uniformly over the entire angular range. A RSEA consists of a
DC motor, a spring and two encoders as shown in Fig. 5. The position of the
DC motor is controlled to have the desired spring deflection such that the RSEA
generates the desired torque precisely. Since the human joint angle is required
to determine the desired spring deflection or the reference position of the motor,
an additional encoder ((f) in Fig. 5) is installed. The joint angle is limited by the
angle limiter to protect the patient in case of a malfunction. The overall design
is shown in Fig. 5.

3.2 Spring Selection

Since the spring is utilized as a torque sensor as well as a torque generator, the
performance of RSEA depends on characteristics of the spring. For example, the
maximum torque of RSEA is determined by stiffness of the spring. If the spring
is too stiff, however, a human may feel discomfort. Therefore, the spring should
be optimally designed considering both the maximum torque and the control
performance of the motor.

D

dNd

tightening (+)

release (-)

Fig. 6. Design of a torsional spring

Fig. 6 shows the mechanical design of a torsional spring installed in the RSEA
((d) in Fig. 5). The spring constant is determined by D, d, N in Fig. 6 and the
elastic modulus of the material [25]. The specific parameters are shown in Table.
1. The desired maximum deflection was determined by considering the encoder
resolutions.
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Table 1. Specification of a torsional spring

Specification Values

Encoder resolution of motor side
56500 counts/rev.

(encoder resolution: 500 counts/rev.
gear ratio: 113:1)

Encoder resolution of human side 2000 counts/rev.
Desired maximum deflection ±25 degrees
Desired maximum torque ±6 Nm
Mean diameter of spring D 33 mm

Wire diameter d 5 mm
Number of turns N 6

Measured spring constant k 0.32 Nm/deg
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Fig. 7. Experimental result of deflection angle of the spring and generated torque

In general, a spring is a nonlinear element: i.e. the spring force is a nonlinear
function of the spring deflection. Since the generated torque is estimated by
the spring deflection in this application, the nonlinearity may affect the control
performance, i.e. the generated force may be different from the estimated torque.
To check the nonlinearity of the spring, an experiment was performed. The body
of RSEA was fixed on the ground such that the frame ((c) in Fig. 5) presses a
loadcell for measurement of the generated force. The force is converted into the
torque by multiplying the torque arm, i.e. the length of the frame. Fig. 7 shows
the experimental results of the relation between the spring deflection and the
measured torque. It is desired that the curve is a straight line that passes through
the origin. As shown in the figure, the spring used in the experiment shows very
good linearity in the desired deflection range. The stiffness blows up at a certain
deflection angle [see -25 degrees in the figure] because the spring is mechanically
constrained. Since the relation shown in the figure is close to linear in the desired
deflection range, the spring is regarded as a linear element in this chapter.
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4 Controller Design for Rotary Series Elastic Actuator

4.1 System Modeling

A RSEA installed on a human joint is depicted in Fig. 8, where IH and CH are
the inertia and the damping coefficient of human joint, and IM and CM are those
of the geared motor, respectively. Since IH and CH are different from person to
person and from segment to segment, they are treated as unknown parameters
in this chapter. The motor and the human joint are connected via a torsional
spring with spring constant k. τH and τM represent the human muscular torque
and the motor torque, and θH and θM are the angle of the human joint from
the neutral position and that of the motor respectively. The neutral position of
a human body segment is not necessarily the vertical axis (e.g. feet). A RSEA
can be modeled as a multi-input and multi-output system where inputs are the
actuator torque and the muscular torque, and outputs are the actuator angle
and the human joint angle. The controlled output is the spring torque which
is proportional to the spring deflection, i.e. the difference between the actuator
and the human joint angle.

HH CI ,

Hτ

MM CI ,

Mτ

k
Hθ

Mθ

Mτ

Mθ

MM CI ,

k

HI

HC

Hθ

Neutral position

(a) RSEA installed at ankle (b) RSEA installed at knee

Fig. 8. Schematic plots of human joints and rotary series elastic actuators

By Hooke’s law, the torque output, τA, of the RSEA is

τA = k(θM − θH) (3)

Subscript A denotes that the quantity represents the assistive torque to human.
Based on (3), the desired position of the motor is expressed as a function of the
desired torque, i.e.

θM,Desired = θH +
τA,Desired

k
(4)

Note that if the motor tracks the desired position exactly, i.e., θM = θM,Desired,
then the RSEA exactly generates the desired torque rejecting every undesired
factor such as friction. Therefore, a precision control algorithm may improve the
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performance of RSEA. In (3) and (4), the spring is assumed to be linear. In the
case of a nonlinear spring, the inverse of the describing function should be used
in (4) instead of the use of the inverse of the spring constant.

The governing equation for the system in Fig. 8 is[
IM 0
0 IH

]
Θ̈ +

[
CM 0
0 CH

]
Θ̇ +

[
k −k
−k k

]
Θ =

[
τM

τH −mgl sin(θH)

]
(5)

where, Θ is [θM θH ]T , m is the mass of human body segment, g is the gravity
constant, and l is the distance between joint and center of mass of body segment.
The dynamic equation assumes that there is no constraint imposed on either the
motor or the human joint. However, the joint is subjected to constraints during
some motion phases. For example, if the foot is touching the ground, it may be
reasonable to assume that the human side of the spring is grounded as shown
in Fig. 9(b). In this case, (5) no longer applies. Thus the human joint actuation
system requires multiple dynamic models for complete description of its dynamic
behavior. A possible approach to handle such a system is the discrete event
system approach. In this chapter, we explore an approach to design a controller
for a nominal model. Actual dynamics is regarded as perturbed dynamics.

Assume that there is a relation between the motor angle and the spring de-
flection, i.e.

E(s)

θM (s)
= α(s) (6)

where E(s) = [θM (s) − θH(s)]. α(s) is obtained by setting τH = 0 in (5) which
assumes that the human force is an external disturbance, i.e.

α(s) =
IHs2 + CHs+mgl

IHs2 + CHs+ k +mgl
(7)

where sin(θ) has been approximated by θ for simple analysis. If τH controls the
human joint motion, the inertia that the motor sees, IH , is increased significantly.
If actual external forces are imposed on the human body (e.g. ground contact
forces in feet), the effective inertia is also increased. In these cases, IH in (7)
is not the pure inertia of the human body segment, but the effective inertia
imposed on the RSEA. Namely, α(s) is a transfer function resulted from human-
robot interaction which is unknown and time-varying. By multiplying the spring
constant k on both sides of (6), the relation between the motor angle and the
spring torque is obtained from (3) as

τA(s) = kE(s) = kα(s)θM (s) (8)

By Newton’s third law, the spring torque is exerted to the motor system as well
as the human body. Therefore, the dynamics of the motor part is

IM Θ̈M + CM Θ̇M = τM (t)− τA(t) (9)

Combining (8) and (9), a transfer function from τM to θM is obtained as

Ψ(s) =
1

IMs2 + CMs+ α(s)k
(10)
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Ψ(s) represents a possible model set of the RSEA. Note that the model is time-
varying as α(s) changes due to human-robot interaction. Fig. 9 shows two ex-
treme cases.

Case 1
Case 1 in Fig. 9 applies during swinging of a leg. During the swing motion of

the normal gait, the movements of ankle and knee joints are large. In this case,
it is a reasonable assumption that the joint motion is mainly resulted from the
gravity and the assistive torque, and the transfer function from τM (s) to θM (s)
is

P1(s) =
1

IMs2 + CMs+ α(s)k
∈ Ψ(s) (11)

where α(s) is given by (7) and its magnitude depends on the physical properties
of human body segments. In this case, IH in α(s) represents the pure inertia of
a human body segment.

Mτ

k
Hθ Mθ

Mτ

k
HFixed θ

(a) Case 1 (b) Case 2

Fig. 9. Two possible cases of human joint

Case 2
During the stance phase of the normal gait and standing up motion, the

movements of ankle and knee joints are slow while the required joint torque
is large. Therefore, the motion of the actuator is much larger than that of the
human joint. Moreover, since the body segment is grounded, a constraint is
imposed on the human joint. This may be regarded as a significant increase of
IH in (7), i.e. IH � 1, which results in α(s) ≈ 1, i.e.

P2(s) =
1

IMs2 + CMs+ k
∈ Ψ(s) (12)

Fig. 10 shows the frequency responses of the two cases mentioned above with
reasonable physical values of the ankle joint. Since P2(s) in (12) has the minimum
order in the possible model set and does not require properties of human body
which are usually difficult to measure, the transfer function of (12) is used as a
nominal model in this chapter.
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4.2 Force Feedback Control

To improve the tracking performance, a feedback control algorithm is required.
For the design of the controller, the control loop is reconfigured as shown in
Fig. 11. In the figure, ED represents the desired spring deflection calculated by
(3). The aim of the controller (C(s) in the figure) is to maintain the desired
spring deflection regardless of the variations of the system model. Since the
spring deflection is directly related to the generated force (torque), the control
system in Fig. 11 can be regarded as a force feedback system where the force is
estimated by the spring deflection.

-

Mτ
kssCsI MM )(

1
2 α++

Mθ
E)(sα+DE )(sC

d

Fig. 11. Block diagram of the Joint Controller: The desired deflection ED is obtained
by (3) and d represents the exogenous disturbances.

Fig. 12 shows the location of poles and zeros of the open loop transfer function
from τM to E in Fig. 11. By increasing IH in α(s), poles and zeros converge to
the points labeled (d) in Fig. 12. Note that there is a weakly damped complex
pole-zero pair and the pair moves towards the imaginary axis as IH is increased.
As IH approaches infinity, they asymptotically cancel each other, and the open
loop transfer function is asymptotic to (12).

A simple and effective controller is a PD (Proportional- Derivative) controller.
If the zero of the PD controller is fixed, the closed loop poles shift as shown in
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Table 2. Properties of human body segments used in Fig. 12 [26]

Human Body Segment Moment of Inertia IH (kgm2)

Foot of the 50%ile female 0.027
Foot and shank of the 50%ile female 0.459

Foot and shank of the 50%ile male 0.660
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Fig. 13. Root loci applying the PD controller: Arrows indicate increasing control gains
for a fixed P-D gain ratio
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Fig. 13 for the varying control gain from 0 to ∞. As the gain of the PD controller
is increased from zero, the closed loop poles on the branch (b) in Fig. 13 move
away from the imaginary axis and move toward the real axis which means that
the response becomes faster and less vibratory. If the gain is excessively large,
a real pole moving toward the origin will slow down the response speed. As
mentioned already, the open loop poles and zeros defining branch (c) in Fig.
13 are very close to each other, and they minimally influence the closed loop
transfer function.

More quantitative way to tune the PD control gains is to apply the LQ (Linear
Quadratic) method. The LQ method is applicable when the nominal model in
(12) is expressed in the state space. Moreover, if the state consists of position and
velocity in the second order model case, the LQ method provides the optimal
PD gains. In the case of P2(s) in (12), the state space model is expressed as

⎡
⎣ θ̈

θ̇
θM

⎤
⎦ =

⎡
⎣−CM

IM
− k

IM
1
IM

1 0 0
0 1 0

⎤
⎦
⎡
⎣ θ̇

θ
τM

⎤
⎦ (13)

where θ̇ and θ define the state, τM is the input, and θM is the output.

nP+
Mθ

Δ

sMZ

+

+

-

Mτ

d

+
+

ΔP

P
~

Fig. 14. Representation of actual actuator

The LQ performance index is

J =

∫ ∞

0

[
θ2M (t) +Rτ2M (t)

]
dt =

∫ ∞

0

[[
θ̇
θ

]T
CTC

[
θ̇
θ

]
+Rτ2M (t)

]
dt (14)

where R is the weighting factor to determine the relative importance between
θM and τM . The control law for τM to minimize (14) is given by

τM (t) = −K

[
θ̇
θ

]
, where K = R−1BTP (15)

In (15), P is the positive definite solution of the Riccati equation,

0 = ATP + PA− PBR−1BTP + CTC (16)
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where A, B, and C are as defined in (13). Since R is scalar, we have only one
degree of freedom for designing the feedback controller. R should be sufficiently
small to realize a high gain control law.

To analyze the performance of the closed loop system, the actuator model
is reconfigured as shown in Fig. 14. It is assumed that the nominal plant Pn

(i.e. P2 in (12)) is subject to three undesired factors: the model variation Δ
due to the interaction with a human, the unmodeled motor impedance ZM (e.g.
friction force), and the exogenous disturbance d. Since the resistive force due to
the motor impedance is related to the velocity, a differential operator, s, appears
in front of ZM in Fig. 14. The perturbed system is expressed as

P̃ (s) =
PΔ(s)

1 + sZM (s)PΔ(s)
(17)

where
PΔ(s) = Pn(s)[1 +Δ(s)] (18)

Applying the feedback controller, C(s), the perturbed closed loop control
system in Fig. 11 is expressed as

E(s) =

[
α(s)P̃ (s)C(s)

1 + α(s)P̃ (s)C(s)

]
ED(s) +

[
α(s)P̃ (s)

1 + α(s)P̃ (s)C(s)

]
d(s) (19)

where ED(s) is the desired spring deflection. Note that the model variation is
attenuated when control gains in C(s) increases as long as the closed loop system
remains asymptotically stable. As |C(jω)| → ∞, E(jω) is asymptotic to ED(jω)
and is not influenced by d(jω).

4.3 Robustness Enhancement

Since the PD control gains may be increased only in a limited range due to
practical problems such as noise and instability caused by discretization, a bet-
ter robust control method may be required to achieve the desired performance
objectives. It is desirable to make the magnitude of the closed loop frequency
response close to one over a sufficiently large frequency range.

The bandwidth of the human joint is about 4 ∼ 8Hz [26] and the frequency
response should be flat at least over this frequency range. Note that the closed
loop transfer function significantly depends on α(s), which makes the dynamic
transient vary significantly. In order to overcome this problem, the DOB (Dis-
turbance Observer) may be introduced as shown in Fig. 15.
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Fig. 15. Block diagram of the overall joint control system: The overall control method
corresponds to Impedance Compensator in Fig. 1.

In general, the DOB may be used to:

1. estimate and cancel disturbance, and
2. compensate for the variation of plant dynamics by treating the variation as

an equivalent disturbance.

In this application, the DOB is used more to the second objective although the
disturbance cancellation is taking place also. For the basic properties of DOB,
see [27].

It should be noted that the DOB is applied for the motor part only, i.e. the
human joint angle is not fed into the DOB as shown in Fig. 15. Since the DOB
is capable of rejecting exogenous disturbances, it increases the motor impedance
significantly. Moreover, if E is fed back into the DOB, the human joint motion
θH may be regarded as a disturbance [see (1) in Fig. 15] and rejected (or resisted)
by the DOB. Since this is undesirable for human-robot interaction, the human
joint angle should not be fed into the DOB.

The overall control scheme in Fig. 15 is as follows:

1. First, the desired spring deflection (ED) is obtained from (3) on-line. Adding
the human joint angle (θH) the desired position of the motor (θM,Desired) is
obtained as in (4). Note that if the desired torque is zero, then θM,Desired is
the same as θH .

2. Second, the feedforward filter (PF ) is applied for compensation of the closed
loop dynamics. PF is designed based on the nominal closed loop model. In
fact, the tracking performance of the motor is significantly improved by this
feedforward filter.

3. Third, the PD controller (C in Fig. 15) is applied to attenuate the model
variation. It allows increasing the bandwidth of DOB so that the performance
of the overall system is improved significantly. The PD control gains are
optimally obtained from (15) and (16) based on the nominal model in (12).

4. Finally, the DOB compensates for model variations resulted from human-
robot interaction, and rejects undesired disturbances such as the friction
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force. It makes the motor behave as the nominal model. Therefore, the feed-
forward filter (PF ) remains effective.

It is assumed that the closed loop transfer function, P̃Closed(s), in Fig. 15 is
expressed as

P̃Closed(s) = Pn,Closed(s) [1 +ΔClosed(s)] (20)

where Pn,Closed(s) is the nominal closed loop dynamics obtained from P2(s) in
(12) under PD control, i.e.

Pn,Closed(s) =
P2(s)C(s)

1 + P2(s)C(s)
(21)

and ΔClosed(s) is

ΔClosed(s) =
(1− α(s))k

IMs2 + CMs+ α(s)k + C(s)
(22)

Note that the closed loop transfer function in (21) is used as a nominal model
in the design of DOB.

In the design of DOB, the selection of the filter labeled Q in Fig. 15 is im-
portant. The first requirement is that the order of Q(s) must be such that
Q(s)P−1

2,Closed(s) is realizable. The remaining two conditions ((23) and (24) be-
low) make the closed loop system with DOB robust in terms of performance and
stability. Namely, the DOB is effective at frequencies where

|Q(jω)| ≈ 1 (23)

The stability condition introduces another constraint, i.e.

|Q(jω)| < |ΔClosed(jω)|−1
(24)

Notice that (23) and (24) require the magnitude of the model uncertainty to be
less than one over a sufficiently large frequency range. Since the magnitude of
the model uncertainty in (22) decreases as the PD control gains increase, the Q
filter can be designed to have a sufficiently large bandwidth.

Even though the proposed controller stably controls the RSEA for every pos-
sible model in Fig. 9, a question arises that drastic changes of dynamic char-
acteristics may introduce instability to the system. However, since phases of a
human motion change smoothly and continuously [28] in normal conditions, the
dynamic characteristics also change smoothly and continuously. When the dy-
namic model drastically changes (e.g., falling), however, stability may become a
critical issue. In fact, simulations did not suggest such a stability problem even
in the extreme cases.

The feedforward filter, PF , may be determined by applying the pole-zero
cancellation method, i.e.

PF (s) = P−1
n,Closed(s)P

∗(s) (25)
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where Pn,Closed(s) is as defined in (21). Since the inverse of the transfer function
is usually unrealizable, P ∗(s) has been introduced to make the feedforward filter
realizable. Also the magnitude of P ∗(jω) should be close to one over a sufficiently
large frequency range. Note that the functions of P ∗(s) are the same as those
of Q(s) in DOB. For the simple design of the controllers, it is assumed that
P ∗(s) = Q(s).

Arranging (18), (21), and (25) based on the control structure in Fig. 15, we
obtain the transfer function of the motor part as follows

θM (s) =
Q(s)a(s)

a(s)Q(s) + b(s)[1−Q(S)]

[
θH(s) +

τA,Desired

k

]

+
b(s)[1−Q(s)]

a(s)Q(s) + b(s)[1−Q(s)]

P̃ (s)

1 + P̃ (s)C(s)
d(s) (26)

where

a(s) =
P̃ (s)

Pn(s)
, b(s) =

1 + P̃ (s)C(s)

1 + Pn(s)C(s)
(27)

By applying (3) to (26), the transfer function of the overall system is obtained
as follows

τA(s) = k [θM (s)− θH(s)]

= ZH(s)θH(s) + Zr(s)τA,Desired(s) + Zd(s)d(s) (28)

where

ZH(s) = k

[
a(s)Q(s)

a(s)Q(S) + b(s)[1−Q(s)]
− 1

]
(29)

Zr(s) =
a(s)Q(s)

a(s)Q(s) + b(S)[1−Q(s)]
(30)

Zd(s) = k
b(s)[1−Q(s)]

a(s)Q(s) + b(S)[1−Q(s)]

P̃ (s)

1 + P̃ (s)C(s)
(31)

ZH(s), Zτ (s), and Zd(s) represent transfer functions to the torque output from
the human joint angle θH(s), the desired output τA,Desired(s) and the exogenous
disturbance input d(s), respectively. According to the performance objectives, it
is ideal to have ZH(s) = 0, Zτ (s) = 1, and Zd(s) = 0, which are not possible due
to stability among other reasons. Note that when Q(s) is close to one, (29),(30),
and (31) are asymptotic to

ZH(s) ≈ 0, Zr(s) ≈ 1, Zd(s) ≈ 0 (32)

ZH(s) ≈ 0 implies that the RSEA does not generate any resistive torque to the
human joint motion, i.e. motor impedance is decreased. Zτ (s) ≈ 1 represents
that the actuator generates the torque as desired precisely. Finally, Zd(s) ≈ 0
means that the exogenous disturbance does not affect the torque output.
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4.4 Reformulation into Force Feedback Loop

Since the spring plays a role of a torque sensor as well as an energy buffer, it
may be reasonable to control the RSEA by feeding back the torque estimated
from the spring deflection. The proposed control system in Fig. 15 also can be
represented in the force feedback configuration. The control law in by Fig. 15
implies

τM (s) = C(s)

[
P−1
n,Closed(s)Q(s)

k(1−Q(s))
(τA,Desired − τA)− τA

k
− θH

]
(33)

where Pn,Closed(s), Q(s), C(s), θH are as defined above. τA and τA,Desired are
the estimated and the desired torques, respectively.
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Fig. 16. Block diagram of the controllers in Fig. 15 reformulated into a simple feedback
loop: k is a spring constant, and α and P̃ are as defined in (6) and (18), respectively.

Equation (33) is realized in a block diagram shown in Fig. 16. Noting (8)
and Fig. 14, τA = kαP̃ (τM + d), which means that the control system shown
in Fig. 16 is equivalent to that in Fig. 15. Note that the new block diagram
includes a feedforward filter ((1) in the figure) and feedback controllers ((2) and
(3) in the figure). The generated torque τA is estimated by multiplying k to the
spring deflection E. It also should be noted that the human joint angle, θH ,
is included in the feedback loop. This is not shown in the fundamental force
feedback systems shown in Fig. 11. It acts as a feedforward signal such that
the control system considers the human motion. The controllers in Fig. 16 do
not include human factors (e.g., physical properties of body segments, etc.) and
are designed based on the nominal model of the motor part. Therefore, the
proposed control system can be applied to human-robot interaction applications
for different people without measuring the properties of body segments.

5 Performance Analysis by Experiments

Once a RSEA is stabilized by applying the overall control system in Fig. 15, it
is desired to verify the following performance objectives by experiments:
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1. Capability of rejecting the undesired disturbances including the rotor in-
ertia and any disturbances, i.e., the controlled RSEA should exhibit low
impedance,

2. Capability of generating the desired torque precisely, and
3. Capability of generating the desired torque with a sufficient frequency band-

width.

5.1 Experimental Setup

A RSEA shown in Fig. 5 was used to verify the proposed systems. For the design
of the controllers, the nominal model of the motor should be obtained first, i.e.
IM and CM are to be identified. Note that the spring constant, k, is known as
shown in Table. 1. The motor used in the RSEA is an EC-powermax30 motor of
Maxon Motor Company. The reduction ratio is 113:1 and the maximum power
of the motor is 200W . The system model obtained by sinusoidal excitations is

P (s) =
4.463

s2 + 9.821s+ 22.31
(34)

The model in (34) includes a torque constant of the servo amplifier.
The PD controller, C(s), was designed by the LQ method as discussed. R in

(14) was set to 0.0001. Pn,Closed(s) was obtained by (21) with the designed C(s)
and P (s). The Q filter in DOB was a lowpass filter with the cut-off frequency of
20Hz. Since the frequency range of the human motion is about 4 ∼ 8Hz, 20Hz
is enough for the frequency bandwidth of actuation. Since Pn,Closed(s), C(s),
Q(s), and k are known, the control law in (33) is realizable.

5.2 Motor Impedance Test

As mentioned already, actuators for human-robot interaction should have low
mechanical impedance. Otherwise, human has to make an additional effort to
overcome the resistive forces. Fig. 17 shows the relation between the actual
resistive torques and the angular velocities under the proposed control system
when the desired torque output was zero. To exert the precise angular velocity
to the RSEA from the load side, i.e. the human joint in case of assistive device
applications, an additional motor, which has large mechanical impedance, was
used. For comparison of the performance, the figure also shows the results under
PD control (i.e. C(s) without DOB) and open loop control. By applying the
proposed control system, the measured torque was close to zero [see “Proposed
Control” line in Fig. 17], which means no resistive torque is generated regardless
of motion of the rotor. For more quantitative comparison, the curve fits were
obtained (continuous lines in the figure) with the following fitting function,

f(ω) = a1 + a2sgn(ω) + a3ω (35)

where a1, a2, and a3 represent terms due to bias, nonlinear friction, and lin-
ear damping, respectively. For the desired performance, i.e. to have low motor
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impedance, all parameters in (35) should be zero. Table. 3 shows the obtained
parameters for each control method. Note that the magnitude of each param-
eter significantly decreases under the proposed control system. For example,
the magnitudes of the bias, the friction, and the linear damping forces are de-
creased by 99.13%, 99.85%, and 99.79% from the open loop performance, respec-
tively. Comparing with the PD control, they are reduced by 86.2%, 85.9%, and
98.18%, respectively. Note that the proposed controller effectively reduces the
linear damping effects, which means the proposed one shows a good performance
over the enough frequency bandwidth.

Table 3. Coefficients of motor impedance

Control Method
a1

Bias3)
a2

Friction4)

a3

Linear

Damping5)

No Control −1.509 × 100 9.572 × 10−1 1.414 × 10−1

PD Control1) −9.534 × 10−2 1.040 × 10−1 1.614 × 10−2

Proposed Control2) 1.311 × 10−2 1.464 × 10−3 −2.941 × 10−4

Each number shows the coefficient obtained by the curve fit based on (31).
1,2) See block diagrams in Fig. 11 and Fig. 15, respectively.
3,4,5) use the units of [Nm], [Nm] and [Nm/(rad/s)], respectively.

-20 -15 -10 -5 0 5 10 15 20
-6

-4

-2

0

2

4

6

Angular Velocity (RPM)

R
e
s
is
ti
v
e
 T
o
rq
u
e
 (
N
m
)

Overall

Overall

PD

PD

Openloop
No Control

PD Control

Proposed Control

Fig. 17. Motor impedance test about angular velocity: the desired torque is zero

Fig. 18 shows the relation between the generated torques and the desired
torques under the proposed control method when the angular velocity was fixed
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to zero, i.e. the frame ((c) in Fig. 5) was fixed mechanically. This setup is as
defined in Case 2 in Fig. 9. Fig. 18 verifies that a RSEA controlled by the pro-
posed control system generates torques as desired precisely. The output torque
was estimated by multiplying the spring constant to the deflection. In the linear-
region shown in Fig. 7, the torque estimation is reliable. Applying the proposed
control system, the nonlinearities were compensated.

5.3 Frequency Response Analysis

It is also required that the RSEA generates the desired torque over a suffi-
ciently large frequency range. Fig. 19 shows the frequency responses of the RSEA
controlled by the proposed controller. The experimental setup for frequency re-
sponse analysis was the same as in Fig. 17 except for a mass attached to the
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load side of the RSEA. Otherwise, the output velocity of the RSEA easily satu-
rates to the maximum, which implies that the inertia of the RSEA is eliminated
effectively. This setup may correspond to Case 1 in Fig. 9. It is known that the
human motion contains frequency components up to 4 ∼ 8Hz [26]. Note that the
RSEA with the proposed control algorithm generates the desired torque properly
up to about 10Hz.

5.4 Verification by Human Walking Experiments

Experiments shown in Figs. 17, 18, and 19 verified the performances of RSEA
without human factors. Therefore, they did not verify if the proposed control
system robustly rejects the undesired disturbances and reduces the actuator
impedance in the environments interacting with a human. To verify the robust-
ness of the control system, RSEAs were installed at an active orthosis system
as shown in Fig. 20. Two actuators were attached to each knee and ankle joint
and controlled by the proposed control algorithm without change of parameters.
The human factors of the knee and ankle joints (e.g. the inertia and the damping
coefficient) are different so that the robustness may be verified if both actuators
show the same performances.

Setting the desired torque to zero, a subject wearing the active orthosis was
walking on a treadmill as shown in Fig. 20(b). It is desired that the subject does
not feel any resistance from the actuators. Fig. 21 shows the ankle joint motion
and the torque generated by the RSEA. As shown in Fig. 21(a), the motor
followed the human joint motion to keep zero spring deflection. However, it was
delayed by a few samples due to the phase delay of P ∗(s) in the feedforward filter

Flexible Joint Actuators

Knee
Joint

Ankle
Joint

(a) Active orthosis system actuated by rotary series elastic actuators

(b) Walking experiments

Fig. 20. Application of rotary series elastic actuator
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[see (25)]. In this experiment, P ∗(s) was the same as the Q filter in DOB for the
simple design of controllers. If the cut-off frequency of P ∗(s) is increased, the
resistive torque shown in Fig. 21(b) is decreased significantly, but a human feels
a high frequency vibration, which makes the human uncomfortable. Therefore,
the filter should be selected considering the human comfort as well as the control
performance. Even though the resistive torque was generated due to the time
delay, the magnitude of the resistive torque was small (4.25× 10−6Nm in root-
mean-square, 9.44× 10−2Nm in peak-to-peak) so that the subject did not feel
any resistance. The resistive torque was calculated from the spring deflection
measured by encoders.
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Fig. 21. Experimental data on ankle joint during walking: the desired assistive torque
was zero

It is also desired that the RSEA installed at the knee joint shows the same
performance without changing the control parameters. Fig. 22 shows data on the
knee joint during the same experiment. Similarly, the motor followed the human
joint motion with a time delay of a few samples as shown in Fig. 22(a). Since the
maximum angular velocity of the knee joint was greater than that of the ankle
joint, the resistive torque of the knee actuator was larger. Fig. 22(b) shows the
resistive torque generated by the actuator. The resistive torque is large at high
angular velocities (e.g. see about 0.9 seconds). The generated resistive torque
was 3.33 × 10−4Nm in root-mean-square and 1.49× 10−1Nm in peak-to-peak.
Even though the magnitude of the resistive torque is slightly increased compared
with the ankle joint, the RSEA showed the similar performance for a different
joint without changing the control parameters. The increased resistive torque
may be because of relatively higher angular velocity of knee joint motions while
the control performance can be affected by the human motions (i.e. ZH(s) in
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Fig. 22. Experimental data on knee joint during walking: the desired assistive torque
was zero

(29) is not zero in reality). However, it should be noted that the stability was
not affected by the human motions or the different human factors. Therefore,
the experiment in Fig. 22 verified that the proposed method can be applied to
systems that physically interact with a human without considering the human
factors.

An experiment in Fig. 23 was performed to check if the RESA with the pro-
posed control algorithm generates the desired torque precisely. In the actual
cases, the desired torque should be determined for particular purposes, e.g. re-
habilitation or human power augmentation. Since this chapter focuses on how to
control an actuator for the force mode actuation, the desired torque was simply
set as a sinusoidal wave as shown in Fig. 23(b). For examples of the higher level
control algorithms that determine the desired torque, see [3], [6], [9]-[11]. The
subject was resisting the generated torque for the first 11 seconds and started
the walking motion. Note that the human joint motion shown in Fig. 23(a) is
slightly different for each stride because the human motion was affected by the
generated torque. Fig. 23(a) also shows the motor angle as well as the knee joint
angle. The motor followed the human joint motion with a certain offset such that
the spring has a proper deflection. Since the motor angle was precisely controlled
to have the desired spring deflection, the generated torque matched the desired
torque, as shown in Fig. 23(b). The magnitude of the torque error shown in Fig.
23(c) was slightly increased when the human motion was active but the system
was still stable and generated the desired torque successfully.
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Fig. 23. Experimental data on knee joint when the desired torque varies

6 Conclusions

In applications involving human-robot interaction, actuators should have zero
impedance for precise force control. In spite of numerous efforts, the actuator
design is still one of the most evident problems in this field. In this chapter, a
rotary series elastic actuator (RSEA) was designed and its control method was
proposed for improved human-robot interaction.

In the RSEA, a torsional spring was installed between a human joint and a
motor as the energy buffer. By controlling the motor part with a position control
method, the torque was precisely generated via the spring deflection.

The use of spring introduced challenges to the design of controllers. In this
chapter, the optimal PD control, the feedforward control, and the disturbance
observer were applied to robustly control the RSEA under the environments in-
teracting with a human. It was shown that the proposed control method meets
the desired performances: the RSEA precisely generated the torque as desired,
and its impedance has been decreased significantly. In this chapter, the perfor-
mance was verified by experiments.
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The RSEA and its control algorithm proposed in this chapter may provide
a good solution for actuation methods in applications of human-robot interac-
tion, in particular wearable robots. Since the control method does not require
any physical properties of the human body, it is unnecessary to design the con-
trollers for each individual. It allows precise force (or torque) mode control, and
it provides the foundation to the design of higher level controls for human-robot
interaction.

Series elastic actuators, including RSEA, provide both advantages and dis-
advantages for human assistive robots. The reduced mechanical impedance and
improved torque precision make the robots able to assist people with light im-
pairments including the elderly and patients with progressive muscular weakness.
Most of the target users of the assistive robots are such people, and thus the
series elastic actuators can contribute to realization of an effective assistive robot
for a number of potential users. However, due to the use of additional mechan-
ical peripherals, such as a spring, the power density, i.e., the power-to-weight
ratio, becomes low. This is a clear disadvantage of the series elastic actuators for
application to mobile systems. These factors should be considered in selection
of an actuation system for assistive robots.
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