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Abstract—Usually, a humanoid robot using motors has low
resonances due to the timing belts at each joint, and the low
resonances may deteriorate the response performance and posi-
tioning precision. In this paper, a joint of humanoid robot which
links the motor side to the load side via timing belt is studied.
Regarding this system as a two-inertia system, this paper proposes
a novel control method which uses multiple motors in both the
motor side and the load side for multi-input-single-output (MISO)
system. The proposed method achieves vibration suppression
and phase stabilization simultaneously. The implementation is
relatively simple since there are only two parameters required in
the design. Simulations and experimental results also demonstrate
the effectiveness of the proposed control system.

I. INTRODUCTION

Humanoid robots have been the focus of attention because
of the low birthrate and longevity. Recently, improvement of
kinematical performance is remarkable through the develop-
ment of technology. However, bandwidth of feedback control
can not be improved because low rigidity of the reduction
gear of humanoid robot generates resonance. Therefore, it
is necessary to model a plant by a two-inertia system, and
introduce a resonance suppression control.

In the motion control field for two-inertia system, many
resonance suppression control methods which assume that
position sensor is installed only on motor side have been
proposed [1]–[6]. However, these methods cannot suppress
load side position error due to semi-closed system. Recently,
high precision positioning device such as machine tools which
can measure not only the position of the motor side but
also the position of the load side is increasing. In full-closed
loop control system, the cascade control is often used. Self
Resonance Cancellation Control (SRC) is proposed as a control
method using multiple sensors [7]. This method can suppress
the resonance peak and widen the bandwidth. However, SRC is
not robust against modeling error. Therefore, it cannot apply to
humanoid robot because moment of inertia, centrifugal force,
coriolis force, gravity, and frictional force depend on posture.
The authors’ research group proposed Self Resonance Distur-
bance Observer (SRCDOB) which regards all modeling errors
as disturbances, nominalizes a plant, and improves robustness
against modeling errors. The robust resonance suppression
control for two-inertia system was achieved by combining
SRC and SRCDOB [8]. Furthermore, Frequency Separation

Self Resonance Cancellation (FS-SRC) was proposed for XY-
gantry-stage [9]. It achieves Vibration suppression and phase
stabilization.

Conventional methods, such as SRCDOB and FS-SRC
are robust resonance suppression control methods in single-
input-multi-output (SIMO) systems using an actuator and
multiple sensors. As well, a robust resonance suppression
control would be achieved in a multi-input system. When the
robust resonance suppression in multi-input system is applied
in a humanoid robot, miniaturization of joint by distributed
placement of motors is possible.

In this paper, in order to achieve a robust resonance
suppression control for humanoid robot, a novel feedback
system is proposed in a multi-input-single-output (MISO)
system using double motors and single angle sensor. The
proposed feedback system has two features. First one is that
the effect of the vibration suppression. The other is that the
phase stabilization of the resonance mode can be tuned by
only two parameters. This proposed method is a basic study
of multi-input system.

The composition of this paper is shown below. Firstly,
the composition of the 3-joint leg robot created for basic
examination of control design in a robot leg, and model of two-
inertia system are explained. Secondly, the theory of proposed
system for two-inertia system using double motors and single
angle sensor is stated. Finally, simulations and experiments are
performed to show the advantages of the proposed system.

II. 3-JOINT LEG ROBOT AND EXPERIMENT EQUIPMENT

TO SIMULATE A JOINT

A. Basic Composition of Joint of Humanoid Robot

The authors fabricate 3-joint leg robot shown in Fig. 1 in
order to do some basic examination of control design in a robot
leg. The 3-joint leg robot has hip, knee, and ankle joints. The
joint of load side is connected to a harmonic gear through a
timing belt from a motor shown in Fig. 2. Modeling in two-
inertia system for each joint is necessary under the influence of
the elasticity of each timing belt. Validity of modeling the joint
in a two-inertia system has been shown in previous research
[8].



Fig. 1. 3-joint Leg Robot
Fig. 2. Composition of Transmis-
sion of Joint

Fig. 3. Experiment equipment to simulate joints of humanoid robot

B. Experiment equipment to simulate a joint of humanoid
robot

The experiment equipment to simulate a humanoid robot
joint is shown in Fig. 3. In this equipment, the motor side
and the load side are connected through a timing belt, and
the drive motor of load side is mounted to apply the proposed
control system, and the load motor is mounted to simulate the
posture change of the humanoid robot. The drive motor of
load side and the load motor is connected by rigid coupling.
This experiment equipment is modeled as a two-inertia system
shown in Fig. 4. The motor moment of inertia, the motor
damping coefficient, the load moment of inertia, the load
damping coefficient, and the spring constant are denoted as
JM , BM, JL, BL, and K respectively. The gear ratio is denoted
as r. The motor side angle is denoted as θM , the load side
angle is denoted as θL, the motor torque is denoted as TM , and
the load side torque is denoted as TL. The block diagram of
two-inertia system is shown in Fig. 5. For a two-inertia system,
transfer functions from motor torque TM to motor angle θM and
load angle θL, and from load side torque TL to motor angle
θM and load angle θL represent by

PMM(s) =
θM

TM

=
JLs2 +BLs+Kr2

D
, (1)

PLM(s) =
θL

TM

=
Kr

D
, (2)

PML(s) =
θM

TL

=
Kr

D
, (3)

PLL(s) =
θL

TL

=
JMs2 +BMs+K

D
, (4)
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Fig. 4. Model of two-inertia system
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Fig. 5. Block diagram of Two-inertia system

where

D = JMJLs4 +(JMBL + JLBM)s3

+(r2JMK + JLK +BMBL)s
2

+(r2BMK +BLK)s. (5)

From the denominator polynomial of (1)-(4) and the numerator
polynomial of (1), the resonant angular frequency and the
antiresonant angular frequency given by

ωp =

√

K

(

r2

JL

+
1

JM

)

, (6)

ωz =

√

Kr2

JL

. (7)

The bode diagrams of the frequency response characteristic
from motor torque reference TM to motor angular velocity
θ̇M and two-inertia system fitting model are shown in Fig. 6.
The resonance at 55 Hz comes from the timing belt. Nominal
values are decided by this frequency response characteristic are
shown in Table. I. This model is not exact in the low frequency
region due to nonlinear friction. In this paper, this experiment
equipment is examined.

III. FREQUENCY SEPARATION ACTUATION RESONANCE

CANCELLATION CONTROL

A. Actuation Resonance Cancellation Control

This section describes about the proposed method called
Actuation Resonance Cancellation Control (ARC). Conven-
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TABLE I. PARAMETER OF EXPERIMENT EQUIPMENT

JM kg· m2 8.0×10−6

BM N·m/(rad/s) 5.0×10−4

JL kg· m2 2.2×10−5

BL N·m/(rad/s) 1.8×10−3

K N·m/(rad) 0.30

r 2.0

tional resonance cancellation control such as SRC cancels the
resonance by using encoders attached at both the motor side
and the load side and using single motor. The proposed system
cancels the resonance of the plant by using motors attached at
both the motor side and the load side and using single encoder
attached at load side. The block diagram of ARC is shown in
Fig. 7. In this system, transfer functions from input torque Tin

to load angle θL, from input torque Tin to motor angle θM are
defined as

PL(s) =
θL

Tin
=

(

α +
β

s

)

PLM(s)+

(

γ +
δ

s

)

PLL(s), (8)

PM(s) =
θM

Tin
=

(

α +
β

s

)

PMM(s)+

(

γ +
δ

s

)

PML(s).(9)

The controller gains α , β , γ , and δ are determined to cancel the
resonance of the plant. Although there are an infinite number
of solutions, these parameters are determined as follows:

αARC =
JM

JM + JL

r2

, (10)

βARC =
BM

JM + JL

r2

, (11)

γARC =
JL

r
(

JM + JL

r2

) , (12)

δARC =
BL

r
(

JM + JL

r2

) . (13)

The parameter αARC means inertia ratio. Then, in the case of
the above parameters, the transfer functions PM(s) and PL(s)
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Fig. 7. Block diagram of the ARC
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Fig. 8. Block diagram of the FS-ARC system

are represented by

PL,ARC(s) =
θL

Tin

=
1

r
(

JM + JL

r2

)

s2
, (14)

PM,ARC(s) =
θM

Tin

=
1

(

JM + JL

r2

)

s2
. (15)

As shown in (14) and (15), the resonance of the plant is
canceled.

This proposed method is the same as direct driving the
load side. This proposed system is applicable in the case of
the drive motor of load side which is enough to direct drive.
This control system is robust against spring constant K because
controller gains do not include K.

B. Frequency Separation Actuation Resonance Cancellation
Control

In this section, the Frequency Separation Actuation Reso-
nance Cancellation Control (FS-ARC) is proposed. This pro-
posed method is applicable in the case of drive motor of load
side which is not enough to direct drive. The block diagram

of FS-ARC is shown in Fig. 8. The transfer function from T
′

in

to the load angle θL is defined as

PFS−ARC(s) =
θL

T
′

in

= F(s)PLM(s)+ {1−F(s)}PL(s), (16)

where F(s) is the first order low pass filter (LPF) as follows:

F(s) =
2π fLPF

s+ 2π fLPF

. (17)

ARC method cancels the resonance by making the unob-
servable of the resonant mode from reference angle to load
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Fig. 9. Frequency characteristic of Frequency Separation Actuation Reso-
nance Cancellation Control

angle. Therefore, unexpected vibration occurs by disturbance.
On the other hand, FS-ARC dose not cancel the resonance
mode completely. However, FS-ARC method can suppress
vibration due to disturbance. FS-ARC method can adjust the
suppression performance of reference and disturbance. In FS-
SRC method, α of PL(s) is variable in the range from 0 to 1.
β , γ and δ is expressed using α as follows:

β =
BM

JM

α, (18)

γ = r (1−α) , (19)

δ =
BL

JL

r (1−α) . (20)

The FS-ARC method uses drive motor torque to control
low frequency region in which the resonance does not affect,
and uses drive motor and drive motor of load side in high
frequency region where the resonance exists. FS-ARC method
includes ARC method. FS-ARC is equivalent to ARC in the
case of α = αARC and fLPF = 0 Hz.

The bode diagram of the PLM(S), PL,ARC(S) and PFS−ARC(S)
shown in Fig. 9. The solid line is frequency characteristic
of PLM(S), the broken line is frequency characteristic of
PL,ARC(S), and the dot-dashed line is frequency characteristic
of PFS−ARC(S) at α = αARC. The cut-off frequency of the LPF
of FS-ARC is 5 Hz, because the resonant frequency of the
plant is 55 Hz.

The resonance mode of plant is canceled by applying
resonance cancellation. The resonance mode of plant is almost
canceled by applying FS-ARC. In addition, the band width of
feedback system can be improved because the phase delay of
PFS−ARC(s) at high frequency region is -180◦.

Next, the stability of the proposed method is analyzed. The
feedback controller is designed for PL,ARC(s) which is the rigid
mode of load side. In this paper, the feedback controller is
designed as a PID controller. The parameters of the controller
is determined based on the pole placement design to poles
place at 20 Hz. The parameters are determined simply because
the feedback controller of this system designed for rigid plant.

Fig. 10. Nyquist diagram of the proposed system when α is variable in the
range from 0 to 1 and fLPF = 0 Hz

Fig. 11. Nyquist diagram of the proposed system when fLPF is variable in
the range from 0 to infinity and α = 0

Fig. 10 shows the nyquist diagram of FS-ARC system when
α varies from 0 to 1 and fLPF is 0 Hz. Fig. 11 shows the
nyquist diagram of FS-ARC system when fLPF is changed
from 0 to infinity and α is 0. The solid line in Fig. 10 and Fig.
11 are the case that α is 0 and fLPF is 0. (i.e. The resonance
mode of PFS−ARC(s) equals to that of PLL(s).) The dot line in
Fig. 10 is the case that α is 1 and fLPF is 0. (i.e. The resonance
mode of PFS−ARC(s) equals to that of PLM(s).) The dot-dashed
line in Fig. 11 is the case that α is 0 and fLPF is infinity. (i.e.
The resonance mode of PFS−ARC(s) equals to that of PLM(s).)

Here, it is noticed that both the amplitude and the direc-
tion of the circle of the resonance mode can be designed
between the own characteristics PLL(s) and PLM(s) in the
nyquist diagram. In other words, the vibration suppression
and the phase stabilization of the resonance mode can be
tuned simultaneously only by the two parameters α and fLPF .
Because of this feature, FS-ARC is the dual control system of
FS-SRC which is applied for SIMO system [9].

The tuning of the two parameters α and fLPF is determined
simply. First the vibration suppression is determined by the
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Fig. 12. Nyquist diagram in the simulation

tuning of α . Second the tuning of fLPF makes biggest the
phase margin of the closed loop. For example, the circle of
the resonance mode is located far from the point (-1, 0) in the
nyquist diagram as much as possible.

IV. SIMULATIONS

Frequency responses of ARC and FS-ARC are evaluated
in a simulation. The simulation is performed in the three cases
as follows:

• Case 1: ARC (α = αARC, fLPF =0 Hz),
Poles of (1+PL,ARC(s)C(s))

−1 : 30 Hz,

• Case 2: α = αARC, fLPF =1.0 Hz,
Poles of (1+PL,ARC(s)C(s))

−1 : 25 Hz,

• Case 3: α = 0.1, fLPF =5.0 Hz,
Poles of (1+PL,ARC(s)C(s))

−1 : 32 Hz.

The controller is redesigned to equalize the phase margins of
Case 2 and Case 3 to that of Case 1. Phase margin is 43.5 deg.
The nyquist diagram of three cases is shown in Fig. 12. The
resonance mode is almost canceled in Case 1 and Case 2. The
circle of the resonance mode is located far from the point (-1,
0) in Case 3. The phase stabilization of the resonance mode
is tuned.

V. EXPERIMENT

Frequency responses and time responses of ARC and FS-
ARC are evaluated in experiments with experiment equipment
shown in Fig. 3. The experiment is performed in the three
cases as same as the simulation.

A. Freqency Responses

The nyquist diagram of Frequency Separation Actuation
Resonance Cancellation Control is evaluated in experiment .
The experiment result is shown in Fig. 13. The resonance mode
is almost canceled in Case 1 and Case 2. The direction of the
resonance mode could be located far from the point (-1, 0) in
Case 3.
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Fig. 13. Nyquist diagram in the experiment

B. Time Responses

Time responses of the ARC and FS-ARC systems are
evaluated by step response and load side disturbance addition
experiment of experimental equipment as shown Fig.3

1) Step Responses: Fig.14 shows the step response of load
side angle. Step reference input is added at 0.1 s. In Case
1, the vibration of the resonance is suppressed. In Case 2,
the vibration of the resonance is suppressed. However, the
overshoot is increased from Case 1. In Case 3, the overshoot
is decreased, but the time response is vibrationally because
controller parameter α is not αARC.

Fig.15 shows the torque of load side drive motor in Case 1
and Case 2. By comparing the Case 1 and Case 2, peak torque
of Case 2 is smaller than that of Case 1. The drive motor of
load side can be smaller 25 % using FS-ARC system at fLPF =1
Hz.

2) Load Side Disturbance Response: In this section, the
ARC and FS-ARC system is evaluated in load Side disturbance
torque addition experiment. The step torque is added to load
motor. The load angle reference is set to 0, and step disturbance
torque 0.02 N·m is added at time 0.1 s. The experimental result
is shown in Fig.16. The time responses of Case 1 and Case
2 is vibrating at primary resonance frequency. In Case 3, the
disturbance suppression efficiency is high and the vibration is
suppressed.

Case 1 attaches weight to the suppression performance
in step reference response. Case 2 attaches weight to the
miniaturization of load side drive motor. Case 3 attaches
weight to the suppression performance in load side disturbance
suppression.

VI. CONCLUSION

Resonance cancellation in MISO system which is attached
motor at both the motor side and the load side is proposed.
ARC and FS-ARC can be applied for two-inertia system
such as a joint of humanoid robot. In simulation, the reso-
nance mode is canceled, and the vibration suppression and
the phase stabilization of the resonance mode can be tuned
simultaneously only by the two parameters α and fLPF . The
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experimental results show that vibration suppression efficiency
of step reference response and disturbance response are tuned
by α and fLPF . The load side drive motor for vibration
suppression can be smaller using FS-ARC in comparison to
ARC.

Conventional resonance cancellation control methods, such
as SRC and SRCDOB in SIMO system control the virtual
angle which is canceled resonance. On the other hand, the
proposed system in MISO system controls the load side angle
θL.
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