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Abstract
In human-machine systems, admittance control is widely used for controlling robots. However, the problemwith this
method is that the stability can be impacted by the stiffness of the machine and the human operator. In order to
minimize the oscillation issue that is caused by insufficient structure stiffness, this study used compensation meth-
ods, specifically feed-forward and acceleration feedback. Simulation results show that both compensation methods
can expand the stability region of the system. Nevertheless, feedback compensation is more appropriate than feed-
forward when taking into account uncertainties in the structure parameters of the system. Even when the system is
not perfectly implemented, feedback compensation can keep the system stable, whereas feed-forward compensation
causes a significantly reduced stability region. From the experiment, it is also confirmed that the feedback system
has an advantage over the feed-forward system, and this simple feedback using an accelerometer can compensate
for the insufficient stiffness of the robot structure and greatly enhance the stability of the human-machine system.
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1. INTRODUCTION
Robots are created to perform tasks more efficiently and accurately than human operators. In situations that
are too dangerous or inaccessible for humans, deploying robots can provide a safer and more effective solution.
However, in order to make a robot perform tasks, instructions must be given. While simple robot movements
can be controlled with buttons, joysticks, or computer codes, tracing human movement while they perform
difficult tasks is challenging. Another solution is to use a human–robot collaboration system, which enables
direct interaction between human operators and robots [1–3]. In particular, power-assist systems and direct
robot teaching are examples of applications for such systems in which human operators and robots physically
interact [4]. In such systems, human operators will be able to guide the movements of a robot at will. To realize
such systems, the robot must be properly controlled based on the manipulation force of the operator.

Admittance control is one method to realize such a system [5]. A human-machine system can be a closed-loop
system consisting of an admittance-controlled robot and a human operator. Interaction forces are generated
by end-effectors that are touched by humans, measured by force sensors, and input into the admittance model.
However, admittance control has the disadvantage that the stability of the system is affected by the stiffness
of the environment, the time delay of the control, and the bandwidth of the actuator [6,7]. In human-machine
systems, the stiffness of the human and the stiffness of the structure of a robot are particularly important [8].
When human stiffness increases, to prevent robots from oscillating, the admittance model must be changed
by increasing the viscosity and mass parameters [9]. Several variable admittance control methods have been
proposed to improve operability [10], but the variable parameter range is limited to maintain stability [11–15]. If
the structural characteristics of the original robot systemhave a large influence, the range of variable parameters
will be narrow, and the improvement in operability will be limited. Especially in the case of cartesian robots,
where the mass of the movable actuator is large, the force required to move that actuator itself is greater, so the
effect of insufficient structural stiffness of the robot is greater. This requires a particularly large mass parameter
in the admittance model to ensure stability, resulting in poor maneuverability.

In this study, we focused on improving the stability of the human-machine system without decreasing the ad-
mittance characteristic of the system. The idea is to make a compensator that can reduce the effect of structural
characteristics that affect system stability to a minimum. Buerger et al. propose a method for designing an
actuator controller for an interactive robot with structural resonance [16]. This approach is similar to ours, as
it uses a feedback controller to compensate for the structural characteristics of the robot and shape the open-
loop characteristics to improve stability. However, it assumes force control of the actuator and is difficult to
incorporate into admittance control, which is position-based impedance control. Therefore, we propose a new
method to compensate for the structural characteristics of the robot that can be easily applied to admittance
control.

To design a compensator for use in the system, we have to know the characteristics of the robot, which consist
of an actuator system and structural characteristics, which can be obtained through a spectrum analysis exper-
iment [17]. After that, a compensator can be designed to achieve a wider stability range in operation. Therefore,
we can use lower inertia and viscosity parameters in the admittance model, which means the operator can
work in a lighter environment and extend the operation duration before starting to get tired. We consider
feed-forward and feedback compensators. Feed-forward compensators are simple and require no extra sen-
sors, but they are not robust to changes in the structure characteristics. In contrast, feedback compensators are
robust but require sensors to measure the motion of the structure. Motion sensors on actuators (typically ro-
tary encoders, etc.) are relatively internal sensors and cannot measure absolute motion, which is important for
interaction with the operator outside the robot. In this study, the absolute motion of the structure is measured
by accelerometers that can be easily attached to the structure of the robot.

The results from simulations show that by appending feed-forward and feedback compensation, they can ex-
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Figure 1. Block diagramof an admittance control robot, where𝐺 represents the admittancemodel, and𝐺𝑟 represents the robot characteristic
transfer function.

pand the stability region by a significant amount. However, the stability region of a feed-forward compensated
system will easily decrease if the structure characteristic of the actual system is not the same as the measure-
ment. Therefore, we designed a feedback compensated system to overcome this limitation. With feedback
compensation, the system can maintain the stability region even if the structure characteristics change from
our measurement.

Experiments are carried out to test the improvement of the compensated systems. The results show that both
systems can stably operate with a higher admittance characteristic, indicated by a lower mass parameter, com-
pared to the uncompensated system. And also, feedback compensation can operate at a lower mass parameter
in the admittance model compared to feed-forward compensation, which means feedback compensation is
more robust and preferable in practical application.

2. ADMITTANCE CONTROL OF THE HUMAN-INTERACTIVE ROBOT
2.1. Admittance control
The admittance control is a way to control robots with human interaction; control input to the system will
come from the applied force of human operators, and the robot will move according to the admittance model
to the desired position. Admittance is the inverse of impedance, and an impedancemodel is a transfer function
that receives position information and calculates force output; therefore, an admittancemodel will receive force
input information, 𝑓ℎ, and calculate position information, 𝑥𝑟 . In combination with a position-controlled robot,
as shown in Figure 1, where 𝐺 represents the admittance model, and 𝐺𝑟 represents the robot characteristic
transfer function. The calculated position reference, 𝑥𝑟 , can be directly fed into the system, and the robot
position, 𝑥, will move to the desired position.

We consider the mass spring damper system as an admittance model. However, in our study, it does not need
to return to the origin after the operator breaks the contact, so the stiffness parameter can be neglected. The
transfer function of the admittance model, 𝐺, will be represented as Equation (1). Lowering the coefficient
results in a lighter workload for the operator and less stability in the system. On the other hand, a higher
coefficient increases the workload for the human operator in exchange for greater system stability.

𝐺 =
1

𝑀𝑠2 + 𝐷𝑠
(1)

2.2. Human-machine system
The robot requires instructions to move according to the needs of the human operator. The admittance con-
trol method is used when control is input via human-robot interaction. As shown in Figure 2, a robot that
makes contact with the operator forms a single-couple system, and human interaction creates a closed-loop
system [5]. The impedance of the human operator, 𝐻, will create force, 𝑓ℎ, according to errors that come from
the displacement of the robot, 𝑥, subtracted from the intended position of the operator, 𝑥𝑑 . The force that
a human operator needs to apply to the system is highly dependent on the admittance characteristics of the

http://dx.doi.org/10.20517/ir.2023.30


Page 4 of 31 Songthumjitti et al. Intell Robot 2023;3(3):306-36 I http://dx.doi.org/10.20517/ir.2023.20

Figure 2. Human-machine interaction diagram.

Figure 3. Experiment setup.

system.

Closed-loop systems can have instability problems that also depend on𝐺𝑟 , which represents the transfer func-
tion of the robot. System instability will occur if it is not optimally implemented, particularly because the dead
time that exists in every system will cause a system delay in responding to commands and insufficient stiffness
of the structure, resulting in oscillation if the admittance model is not low enough. However, if the admit-
tance model is too low, it will affect maneuverability. So, we will derive the model of the experiment system
that takes into account these properties mentioned above. Furthermore, we also consider a compensator for
implementation in the system.

3. MODELING
3.1. Experiment setup
The experiment setup shown in Figure 3 is designed for a power-assisted robot system. It is equipped with a
force sensor, AC servomotors, servo packs, and linear sliders. A laser distance sensor is used for only spectrum
analysis, and an acceleration sensor is used for feedback compensation mentioned later. These devices are
connected to a PC, as shown in Figure 4, to form the experiment setup, where the PC performs measurements,
calculates control operations, and outputs position command pulses to the servo packs with a sampling time
of 1 ms.

http://dx.doi.org/10.20517/ir.2023.30
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Figure 4. Experiment setup diagram.

Table 1. Force sensor specification

Force sensor
Manufacture Nitta
Model IFS-50M31A25-I25
Rated Input Force (XY) 100 N
Rated Input Force (Z) 200 N
Rated Input Torque (XYZ) 5 Nm

Table 2. Servo packs specification

Servo packs
Manufacture Yaskawa Electric Corporation
Model SGDV-2R8F01A

Table 3. AC servo motors specification

AC servo motors
Manufacture Yaskawa Electric Corporation
Model SGMJV-04ADA2C
Rated Output 400W
Rated Torque 1.27 Nm
Rated Current 2.7 Arms
Rated Rotational Speed 3000 rpm
Encoder 20-bit serial encoder (incremental)

3.1.1. Force sensor
A Force sensor is a device used to measure the applied force and sends out digital data to the computer. In this
experiment, the force/torque sensor from Nitta was used, and its specifications are shown in Table 1.

3.1.2. Servo packs & AC servo motors
Servo packs and AC servo motors are devices that work together. Servo packs supply electrical power to an
AC servo motor, and the motor feeds feedback data from an encoder attached to its end to the servo pack,
which detects the current position and adjusts the electrical power so that the AC servo motors turn to the
correct position. Tables 2 and 3 show the specifications of the servo packs and AC servo motors used in the
experiment.

3.1.3. Linear sliders
The servo motor creates rotational motion, but in this experiment, the robot needs to move in horizontal and
vertical linear motion; therefore, linear sliders are used to convert rotational motion to linear motion. The
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Table 4. Horizontal axis linear slider specification

Horizontal axis linear slider
Manufacture NSK
Model MCH10105H20D
Nominal Stroke 1050 mm
Ball Screw Lead 20 mm
Mass 33 kg

Table 5. Vertical axis linear slider specification

Vertical axis linear slider
Manufacture NSK
Model MCH10100H20K
Nominal Stroke 1110 mm
Ball Screw Lead 20 mm
Mass 27 kg

Table 6. Laser distance sensor specification

Laser distance sensor
Manufacture Panasonic
Model HG-C1030
Output Type NPN output
Measurement Center Distance 30 mm
Measurement Range ±5 mm

Table 7. Acceleration sensor specification

Acceleration sensor
Manufacture Kionix
Model KXR94-2050
Measurement Range ±2G
Sensitivity 660mV/G
Frequency Range 800Hz (-3dB)

specification of the horizontal axis linear slider is shown in Table 4, and the specification of the vertical axis
linear slider is shown in Table 5.

3.1.4. Laser distance sensor
For spectrum analysis, structure displacement must be measured. Therefore, a laser distance sensor is placed
in the system to be used to measure structure displacement that results from oscillation, and its specifications
can be found in Table 6.

3.1.5. Acceleration sensor
In subsequent sections, we use the acceleration of the structure of the robot as feedback to the control system,
so an acceleration sensor is attached to the frame. Its specifications are listed in Table 7.

3.2. Modeling
3.2.1. Actuator system transfer function
Theactuator system is required tomove the robot to the desired coordinate. It consists of servo packs, AC servo
motors, and linear sliders, where each component has its own characteristics. In this study, we will represent
the characteristic of all these components with one transfer function, 𝐺𝑎 , which consists of a second-order
low-pass filter and a time delay, which come from an experiment and will be further explained in the section
on spectrum analysis. To facilitate stability analysis, the time delay from the transfer function Equation (2) is
approximated using the Pade approximation method.

http://dx.doi.org/10.20517/ir.2023.30
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Figure 5. Structure model parameter.

Figure 6. Diagram of a simplified structure model.

𝐺𝑎 =
𝜔2
𝑎

𝑠2 + 2𝜁𝑎𝜔𝑎𝑠 + 𝜔2
𝑎

𝑒−𝐿𝑎𝑠 (2)

3.2.2. Structure transfer function
From the test bench shown in Figure 3, a structure has an X- and Y-axis actuator in the system, as shown in
Figure 5. From our previous research, we found that the X-axis is more unstable compared to the Y-axis when
a human operator interacts with the robot. So, in this study, we will concentrate on only the X-axis, which
leads to system instability. We consider the horizontal structure movement as a single mass spring damper
system in which the parameters are 𝑚 𝑓 , 𝑘 𝑓 , and 𝑑 𝑓 . For the X-axis actuator, the actuation force is displayed as
𝑢, and the viscosity of the actuator is displayed as 𝑑𝑒 . It applies force to the Y-axis actuator and the frame. The
mass of the Y-axis actuator is displayed as 𝑚. A simplified model is shown in Figure 6. Therefore, the transfer
function can be derived using the free-body diagram as follows:

http://dx.doi.org/10.20517/ir.2023.30
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Absolute displacement of the robot end-effector, 𝑥, is the sum of absolute structure displacement, 𝑥 𝑓 , due to
structure flexibility and relative displacement, 𝑥𝑒 , from the actuator movement.

Equations (3 and 4) are created by focusing on all forces applied to each mass; therefore, derived equations will
get a transfer function, as shown in Equation (5).

𝑚 𝑓 ¥𝑥 𝑓 = −𝑑 𝑓 ¥𝑥 𝑓 − 𝑘 𝑓 𝑥 𝑓 − 𝑢 + 𝑑 ¤𝑥𝑒 (3)
𝑚 ¥𝑥 = 𝑢 − 𝑑 ¤𝑥𝑒 (4)

𝐺𝑠 =
𝑋 𝑓

𝑋𝑒
=

−𝑚𝑠2

(𝑚 𝑓 + 𝑚)𝑠2 + 𝑑 𝑓 𝑠 + 𝑘 𝑓
(5)

3.3. Spectrum analysis
Spectrum analysis is the process of analyzing a signal in the frequency domain, which reveals the frequencies
and their associatedmagnitudes and phases that are present in the signal. This can be used to identify frequency
components within a signal. In this study, Spectrum analysis is used for creating a Bode diagram of a system
using input and output signals that are measured from the test system.

The fast Fourier transform algorithm is a widely used method for spectrum analysis that can calculate the
discrete Fourier transform of a given signal. However, this algorithm is unsuitable for analyzing noise signals
that are random and stochastic because it does not have well-defined frequencies. To analyze noise signals,
power spectral analysis is a more suitable method. It can estimate the power of a signal at each frequency. But
this method is still for analyzing a single signal. A cross-power spectral density, an extension of power spectral
analysis, can give the result of total noise power spectral density in complex values at each frequency and is
used to analyze the correlation between two signals.

The cross-correlation method is used to find the amplitude and frequency relationship between two signals.
It can be expressed as Equation (6), where 𝐸 is the expected value. For finite discrete-time signals, it can be
mathematically expressed as Equation (7), where 𝑁 is the length of the signals 𝑥(𝑛) and 𝑦(𝑛), and 𝑘 ranges
from −(𝑁 − 1) to (𝑁 − 1).

𝑅𝑥𝑦 (𝑘) = 𝐸 [𝑥(𝑛)𝑦(𝑛 + 𝑘)] (6)

𝑅𝑥𝑦 (𝑘) =
𝑁−1∑
𝑛=0

𝑥(𝑛)𝑦(𝑛 + 𝑘) (7)

The cross-power spectral density is the Fourier transformation of cross-correlation as Equation (8). For finite
discrete-time signals, it can be mathematically expressed as Equation (9). In this study, the cpsd function in
MATLAB was used to calculate the cross-power spectral density.

𝑆𝑥𝑦 (𝜔) = F [𝑅𝑥𝑦 (𝑘)] (8)

𝑆𝑥𝑦 (𝜔𝑘 ) =
𝑁−1∑

𝑘=−(𝑁−1)
𝑅𝑥𝑦 (𝑘)𝑒− 𝑗𝜔𝑘 (9)

http://dx.doi.org/10.20517/ir.2023.30
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Figure 7. Spectrum analysis experiment setup.

The transfer function can be estimated using the cross-power spectral density of the input and output signals,
as shown in Equation (10), and the magnitude and angle of the complex number results will yield the transfer
function amplitude and phase.

𝐺 ( 𝑗𝜔𝑘 ) =
𝑆𝑥𝑦 (𝜔𝑘 )
𝑆𝑥𝑥 (𝜔𝑘 )

(10)

In this experiment, white noise is generated and used as the input of the system. and the output of the system
consists of actuator displacement from the rotary encoder attached to the servo motor and structure displace-
ment from the laser distance sensor, as shown in Figure 7. This data will be used to determine the actuator
system and structure characteristics.

Actuator displacement, 𝑥𝑒 , is regarded as an input to the structure transfer function, 𝐺𝑠, with frame displace-
ment, 𝑥 𝑓 , as an output. Therefore, by fitting a curve using the Bode diagram shown in Figures 8 and 9, the
characteristic parameter of a structure can be obtained.

http://dx.doi.org/10.20517/ir.2023.30
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Figure 8. Bode diagram of structure.

Figure 9. Phase diagram of structure.

The actuator system receives control system signal input, 𝑥𝑟 , and output displacement, 𝑥𝑒 . From the result,
we can obtain parameters in the actuator system transfer function, 𝐺𝑎 , by a fit graph of spectrum analysis, as
shown in Figures 10 and 11. And we also use the Pade approximation to represent the time delay in the transfer
function.

Resulting constants were 𝜔𝑎 = 75 rad/s, 𝜁𝑎 = 0.707, 𝐿𝑎 = 3.5 ms, 𝑚 𝑓 = 45 kg, 𝑚 = 30 kg, 𝑑 𝑓 = 420 Ns/m,
and 𝑘 𝑓 = 320000 N/m, respectively.

http://dx.doi.org/10.20517/ir.2023.30
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Figure 10. Gain diagram of an actuator system.

Figure 11. Phase diagram of an actuator system.

4. STABILITY ANALYSIS
4.1. Block diagram and transfer function of human-machine system
To analyze the stability of the experiment system, including the human operator, we need to consider the block
diagram, as shown in FFigure 12. The human operator impedance, 𝐻, will react to errors that result from the
absolute end-effector position, 𝑥, subtract from the operator-hand intended position, 𝑥𝑑 , and create force, 𝑓ℎ,
for the admittance model, where hand impedance is used for modeling human operators as in Equation (11).
Each parameter will change according to the controlled object and posture of the operator [18,19].

http://dx.doi.org/10.20517/ir.2023.30
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Figure 12. Experiment setup block diagram.

𝐻 = 𝑚ℎ𝑠
2 + 𝑑ℎ𝑠 + 𝑘ℎ (11)

Due to the insufficient stiffness of the robot, structure displacement that is created by robot movement has
to be considered, so the absolute end-effector position, 𝑥, will consist of a summation of the relative actuator
displacement, 𝑥𝑒 , and the absolute structure displacement, 𝑥 𝑓 . Therefore, the position-control robot transfer
function, 𝐺𝑟 , consists of the linear actuator system transfer function, 𝐺𝑎 , and the structure transfer function,
𝐺𝑠.

As a result, we can express the overall transfer function, 𝐺𝑠𝑦𝑠, from the intended position of the operator, 𝑥𝑑 ,
to the end-effector position, 𝑥, with Equation (12).

𝐺𝑠𝑦𝑠 =
𝐻𝐺𝐺𝑎 (𝐺𝑠 + 1)

𝐻𝐺𝐺𝑎 (𝐺𝑠 + 1) + 1
(12)

4.2. Stability margin
Phase margin is a method used to check the stability of the feedback system. It measures howmuch phase shift
can be applied before the system becomes unstable. To check the stability of a feedback system, we have to
determine the open loop transfer function of the system and then find the gain crossover frequency, which is
the point where the gain is unity. If the phase at that point is greater than−180◦, the system is considered stable,
and more phase margin means a more stable system. The system transfer function is expressed as Equation
(12), and the phase margin can be calculated from the open-loop transfer function 𝐻𝐺𝐺𝑎 (𝐺𝑠 + 1).

When the system is in contact with a human operator, it might become unstable. The harder the operator grabs
the end-effector, the more the system will oscillate, and the impedance of the operator, 𝐻, is greatly affected
by grip strength. Therefore, in stability analysis, the stiffness of the impedance of the operator, 𝑘ℎ, is a major
component to be considered for stability.

In this section, we simulated system stability with changes in𝑀 and 𝐷 in the admittancemodel to see how they
affected overall system stability. Thehuman impedance constants are𝑚ℎ = 1 kg and 𝑑ℎ = 17 Ns/m, respectively,
and 𝑘ℎ varies between 1 − 10000 N/m, based on our previous study [18,19]. The simulation in Figures 13-15 is
performed by fixing the mass parameter in the admittance model, 𝑀 , and varying the damping coefficient in
the admittance model, 𝐷, from 0.1− 1000 Ns/m. Figures 16-18, on the other hand, will be simulated by fixing
the damping coefficient constant and varying the mass parameter from 0.1 − 1000 kg.

http://dx.doi.org/10.20517/ir.2023.30


Songthumjitti et al. Intell Robot 2023;3(3):306-36 I http://dx.doi.org/10.20517/ir.2023.20 Page 13 of 31

Figure 13. Stability analysis with mass parameter, 𝑀, at 1 kg.

Figure 14. Stability analysis with mass parameter, 𝑀, at 5 kg.

http://dx.doi.org/10.20517/ir.2023.30
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Figure 15. Stability analysis with mass parameter, 𝑀, at 10 kg.

Figure 16. Stability analysis with damping coefficient, 𝐷, at 1 Ns/m.

http://dx.doi.org/10.20517/ir.2023.30
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Figure 17. Stability analysis with damping coefficient, 𝐷, at 5 Ns/m.

Figure 18. Stability analysis with damping coefficient, 𝐷, at 10 Ns/m.

http://dx.doi.org/10.20517/ir.2023.30
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Figure 19. Feed-forward system block diagram.

According to the results in Figure 13, the system is unstable until the damping coefficient exceeds around
100 Ns/m. Figures 14 and 15 show that changes in the damping coefficient around 0.1 − 20 Ns/m have little
effect on the stability region of the system. Although the damping coefficient has a significant impact on
system stability when its value exceeds 20 Ns/m, in the human-machine system admittance model, 𝐺, must
remain high for light operation, so this parameter must be small. Therefore, we can consider that the damping
coefficient has no effect on the stability region in this study.

Moving on to Figures 16-18, it is shown that changing the value of the damping parameter, 𝐷, in the admittance
model may not change much in the stability region. In a stable region, the mass parameter, 𝑀 , greatly affects
the phase margin. In conclusion, the results from the simulation show that changing the mass parameter will
have a significant effect on system stability compared to changing the damping coefficient, which has little
effect. So, in later simulations, we will only concentrate on changes in the mass parameter.

Figures 16-18 also show that to maintain system stability, the stiffness of the human operator, 𝑘ℎ, must not
exceed about 1000 N/m, and the mass parameter of the admittance model should be greater than around
5 kg. Because of insufficient structure stiffness and dead time in the actuation system, the stability region is
decreasing from the ideal system. This restriction in stiffness of the human operator, 𝑘ℎ, is allowable, but for
the mass parameter, 𝑀 , it is too large for a human to operate comfortably. Therefore, we should consider
adding a compensator to the system that will expand the stability region.

5. FEED-FORWARD COMPENSATION
5.1. Design
A feed-forward compensator is a control system component that is used to improve the performance of the
system. As shown in Figure 19, the compensator is inserted in series with the control system. In this study,
we tried to minimize the effect of structure characteristics by adding a simple compensator to the system. The
compensator, 𝐶 𝑓 𝑓 , as shown in Equation (13), consists of an inverted transfer function from relative actuator
displacement, 𝑥𝑒 , to absolute end-effector displacement, 𝑥, but we do not include the actuator transfer function,
𝐺𝑎 , in the compensator because of its unstable zero that comes from the Pade approximation of dead time. The
idea of this compensator is to cancel out the characteristics of the structure that cause the system to become
unstable in some conditions. Therefore, the overall transfer function includes the compensator of the feed-
forward compensated system, 𝐺𝑥𝑥𝑟 , which can be expressed as Equation (14).

𝐶 𝑓 𝑓 =
1

𝐺𝑠 + 1
(13)

𝐺𝑥𝑥𝑟 =
𝑥

𝑥𝑟
= 𝐺𝑎 (14)
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Figure 20. Bode diagram of the original and feed-forward compensated system.

In Figure 20, the Bode diagram shows the response of the overall robot transfer function, 𝐺𝑥𝑥𝑟 , of the original
system and feed-forward compensated system. In the original system, it has an effect from the structure char-
acteristics at around 70 rad/s that can cause an oscillation when a human is in contact with it. And after we
append a feed-forward compensator, it shows that it can cancel out the effect of the structure characteristics.

5.2. Simulation
The compensator that is applied to the system is the inverse of the structure transfer function, so we have to
consider the error of the structure parameter measurement because if the measurement is not exactly the same
as the actual system, the designed compensator will not cancel out the structure transfer function. With this
situation, we also need to consider that the actual system has a different natural frequency from the measure-
ment, and the parameter that directly changes natural frequency is the stiffness of the structure and the mass
of the structure. In this simulation, we consider the change in structure stiffness, 𝑘 𝑓 . So, in this simulation, we
use parameter 𝐷 = 1 Ns/m in the admittance model, and we tried to simulate stability with an actual system
that has the exact same stiffness as the measurement, as shown in Figure 21, the simulation with an actual
system that has stiffness 20% less than the measurement, as shown in Figure 22, and the simulation with an
actual system that has stiffness 20% greater than the measurement, as shown in Figure 23.
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Figure 21. Feed-forward system stability analysis with actual system structure stiffness at 100%.

Figure 22. Feed-forward system stability analysis with actual system structure stiffness at 80%.

From Figure 21, when the compensator perfectly cancels out the structure characteristic, the stability region
is increased compared to the system without compensation shown in Figure 16. It shows that a feed-forward
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Figure 23. Feed-forward system stability analysis with actual system structure stiffness at 120%.

compensator allows us to use a smaller 𝑀 parameter in the admittance model to around 0.2 kg, which is an
improvement from a non-compensated system that can use 𝑀 = 5 kg or above. However, when the actual
system parameter is not the same as the measurement, it causes a reduction in the stability region. As shown
in Figures 22,23, the allowable 𝑀 parameter in the admittance model is around 1 and 1.5 kg, respectively,
which is much greater than the perfectly compensated system, as shown in Figure 21.

To easily compare the stability region between an uncompensated and a feed-forward system, we display the
stability boundary of both simulations in the same graph, as shown in Figure 24 for a perfectly compensated
system and Figure 25 for a system considered to have a +20% stiffness parametermeasurement error. These two
figures show that errors in stiffness parameters greatly affect the stability region of a feed-forward compensated
system. Although in Figure 25, the stability region of a feed-forward system is reduced, it still has an advantage
over the system without compensation.
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Figure 24. Stability region boundary comparison between a non-compensated system and a feed-forward system at 100% 𝑘 𝑓 .

Figure 25. Stability region boundary comparison between a non-compensated system and a feed-forward system at 120% 𝑘 𝑓 .

5.3. Experiment
In this experiment, we use the admittance model parameter as follows: 𝑀 = 2 kg, 𝐷 = 1 Ns/m, because with
these values, a non-compensated system will be in an unstable region, but a system with a feed-forward com-
pensator will be in a stable region even though we take stiffness parameter measurement errors into account,
as shown in Figure 25, which we can use to check whether the stability region is improving according to the
simulation or not.
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Figure 26. Non-compensated system and feed-forward system stability experiment with 𝑀 = 2 kg, 𝐷 = 1 Ns/m.

The result in Figure 26 shows that appending a feed-forward compensator to the system can improve the
stability of the system. At 𝑡 = 0 s to 𝑡 = 2.5 s, the machine is not in contact with humans, so both systems can
remain stable, but at 𝑡 = 2.5 s to 𝑡 = 6.5 s, where the human operator is in contact with the machine, it is clearly
shown that a non-compensated system faces an aggressive oscillation, but on the other hand, the feed-forward
system can reduce the oscillation by a significant amount, finally after 𝑡 = 6.5 s where the human operator
releases the contact, it shows that the feed-forward system can quickly eliminate the oscillation compared to a
non-compensated system that still oscillates even though humans already release their grip.

6. FEEDBACK COMPENSATION
6.1. Design
A feedback compensator or feedback controller is a control system that will measure the output signal of the
system and adjust the input signal to the system. Compared between the feed-forward and feedback compen-
sators, both will improve the performance of the system, but the advantage of the feedback system is that it
tends to have better robustness, whichmeans it canmaintain performance despite changes in the environment.

As shown in Figure 27, it is a feedback control system in this study, and we use acceleration as the feedback
signal because directly measuring absolute structure displacement is not easy in a practice situation. Therefore,
we use an accelerometer, which can easily be attached to the frame. The downside of an accelerometer is that
it cannot accurately measure a low frequency, but it can be used in this study because we consider only the
oscillation frequency range. In Figure 27, the block of 𝑠2 represents the accelerometer to get the structure
acceleration, 𝑎 𝑓 , from the structure displacement, 𝑥 𝑓 , and 𝐶 𝑓 𝑏 is a compensator transfer function.
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Figure 27. Feedback system block diagram.

To get better robustness to the change in structure characteristics, we need to make sensitivity small around
the resonance frequency. The sensitivity of this system can be calculated using Equation (15).

𝑆 =
Δ𝐺𝑥𝑥𝑟

𝐺𝑥𝑥𝑟

Δ𝐺𝑠

𝐺𝑠

=
Δ𝐺𝑥𝑥𝑟

Δ𝐺𝑠

𝐺𝑠

𝐺𝑥𝑥𝑟
(15)

The experiment system with a feedback controller, which can be expressed in Figure 27, can be derived into
Equation (16). To find the sensitivity of the system, we must derivate Equation 𝐺𝑥𝑥𝑟 by the structure transfer
function, as shown in Equation (17), 𝐺𝑠, and then multiply with 𝐺𝑠

𝐺𝑥𝑥𝑟
, as shown in Equation (18).

𝐺𝑥𝑥𝑟 =
𝑥

𝑥𝑟
=

𝐺𝑎 (𝐺𝑠 + 1)
𝐺𝑎𝐶 𝑓 𝑏𝑠2𝐺𝑠 + 1

(16)

𝑑𝐺𝑥𝑥𝑟

𝑑𝐺 𝑠
=

𝐺𝑎 (1 − 𝐺𝑎𝐶 𝑓 𝑏𝑠
2)

(𝐺𝑎𝐶 𝑓 𝑏𝑠2𝐺𝑠 + 1)2 (17)

𝑆 =
𝑑𝐺𝑥𝑥𝑟

𝑑𝐺𝑠

𝐺𝑠

𝐺𝑥𝑥𝑟
=

1 − 𝐺𝑎𝐶 𝑓 𝑏𝑠
2

1 + 𝐺𝑎𝐶 𝑓 𝑏𝑠2𝐺𝑠

𝐺𝑠

1 + 𝐺𝑠
(18)

We need to design the compensator, 𝐶 𝑓 𝑏 , that makes the sensitivity small and also stabilizes the feedback
system. We can use the Youla parameterization method [20], which is a design technique for the stable plant.
Considering the feedback system shown in Figure 28, the Youla parameterization can be expressed in terms of
a transfer function as Equation (19), where 𝑄 is the transfer function from 𝑟 to 𝑢. Using this stable parameter,
𝑄, all stabilizing compensators, 𝐶, are parameterized as Equation (20).

𝑄 =
𝐶

1 + 𝑃𝐶
(19)
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Figure 28. Fundamental Youla block diagram.

𝐶 =
𝑄

1 − 𝑃𝑄
(20)

In Equation (18), 𝐶 𝑓 𝑏 can be replaced from Equation (20), and the plant of the system, 𝑃, is equal to 𝐺𝑎𝐺𝑠𝑠
2,

and we will get the result shown in Equation (21).

𝑆 = (1 − 𝐺𝑎𝑠
2𝑄(1 + 𝐺𝑠))

𝐺𝑠

1 + 𝐺𝑠
(21)

Similarly, 𝐺𝑥𝑥𝑟 can be expressed with the parameter 𝑄 as Equation (22).

𝐺𝑥𝑥𝑟 = 𝐺𝑎 (1 + 𝐺𝑠)(1 − 𝐺𝑎𝐺𝑠𝑠
2𝑄) (22)

Equation (21) shows that if 𝑄 is expressed as Equation (23), the sensitivity of the system, 𝑆, will be 0. Fur-
thermore, from Equation (22), 𝐺𝑥𝑥𝑟 will be just 𝐺𝑎 with the same 𝑄; this means that the effect of the robot
structure can be completely eliminated.

𝑄 =
1

𝐺𝑎𝑠2(1 + 𝐺𝑠)
(23)

But in reality, we know that 𝐺𝑎 has an unstable zero that cause by dead time and also that 1
𝑠2 is unstable itself.

Therefore, the parameter 𝑄 in Equation (23) is not stable. So, 𝐺𝑎 is divided into two parts, which consist of
stable zero and unstable zero, as shown in Equation (24), and we only use 𝐺𝑎0, as shown in Equation (25),
which is the stable zero part. The result of 𝑄 is shown in Equation (26).

𝐺𝑎 = 𝐺𝑎0 ∗ 𝑃𝑎𝑑𝑒 𝑎𝑝𝑝𝑟𝑜𝑥. (24)

𝐺𝑎0 =
𝜔2
𝑎

𝑠2 + 2𝜁𝑎𝜔𝑎𝑠 + 𝜔2
𝑎

(25)

𝑄 =
1

𝐺𝑎0𝑠2(1 + 𝐺𝑠)
(26)
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Figure 29. Sensitivity of original and feedback compensated system.

Because of unstable 1
𝑠2 , we must add at least a 2𝑛𝑑 high-pass filter to make 𝑄 stable. But if we append a 2𝑛𝑑

high-pass filter, the compensator will have some DC gain, so we use a 3𝑟𝑑 high-pass filter to reject the offset
or bias of the acceleration measurement. And also, we append a low-pass filter to reduce the noise effect and
improve robust stability, resulting in 𝑄 that is shown in Equation (27).

𝑄 =
1

𝐺𝑎0𝑠2(1 + 𝐺𝑠)
𝑠3

𝑠3 + 2𝜔1𝑠2 + 2𝜔2
1𝑠 + 𝜔3

1

𝜔2

𝑠 + 𝜔2

=
𝑠𝜔2

𝐺𝑎0(1 + 𝐺𝑠) (𝑠3 + 2𝜔1𝑠2 + 2𝜔2
1𝑠 + 𝜔3

1)(𝑠 + 𝜔2)
(27)

Finally, we can replace 𝑄 in Equation (20) with Equation (27) to calculate the compensator transfer function,
𝐶 𝑓 𝑏 , as shown in Equation (28).

𝐶 𝑓 𝑏 =
𝑄

1 − 𝐺𝑎𝐺𝑠𝑠2𝑄
=

𝑠𝜔2

𝐺𝑎0(1 + 𝐺𝑠) (𝑠3 + 2𝜔1𝑠2 + 2𝜔2
1𝑠 + 𝜔3

1) − 𝐺𝑎𝐺𝑠𝑠3𝜔2
(28)

Parameters 𝜔1, 𝜔2 are the cutoff frequencies of the high-pass filter and low-pass filter, respectively, and they
must be selected so that the sensitivity of the system is reduced around the peak sensitivity of 80 rad/s, as
shown in Figure 29. Here, the cutoff frequencies are considered across the peak frequency, and we select
𝜔1 = 22 rad/s, 𝜔2 = 300 rad/s, respectively.

In Figure 30, the Bode diagram shows the response of the overall robot transfer function, 𝐺𝑥𝑥𝑟 , of the original
system and feedback compensated system. It shows that the feedback compensation can reduce the effect
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Figure 30. Bode diagram of original and feedback compensated system.

Figure 31. Feedback system stability analysis with actual system structure stiffness at 100%.

of structure characteristics that occur in the original system. And also, because the sensitivity of the system
in that region is reduced, the system can withstand the change in structure characteristics, which means the
robustness of the system is increased.
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Figure 32. Feedback system stability analysis with actual system structure stiffness at 80%.

Figure 33. Feedback system stability analysis with actual system structure stiffness at 120%.

6.2. Simulation
The simulation is conducted using the same method as a feed-forward compensator simulation. Simulation
with an actual system that has exactly the same stiffness as the measurement, as shown in Figure 31, the sim-
ulation with an actual system that has stiffness 20% less than the measurement, as shown in Figure 32, and a
simulation with an actual system that has stiffness 20% greater than the measurement, as shown in Figure 33.
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Figure 34. Stability region boundary comparison between a non-compensated system, a feed-forward system, and a feedback system at
100% 𝑘 𝑓 .

Figure 31 shows that the stability region is improved over a non-compensated system, but it is still smaller
than the stability region achieved with feed-forward compensation, as shown in Figure 21. However, when the
actual system structure stiffness decreases from measurement by 20%, the stability region slightly expands, as
shown in Figure 32. On the other hand, as shown in Figure 33, the stability region still decreases when actual
system stiffness increases from measurement by 20%, but it can remain stable compared to feed-forward in
Figure 23.

In Figure 34, it is shown that when the compensator is perfectly canceling out structure characteristics in feed-
forward compensation, it has an advantage in the stability region over the feedback system. But when the
system is not perfectly compensated, as shown in Figure 35, it shows that the feedback system can remain
stable with little change, but the stability region of the feed-forward system reduces significantly to the point
that the feedback system has a greater stability region than the feed-forward system.

6.3. Experiment
In the experiment, we use the admittance model parameter as follows: 𝑀 = 2 kg, 𝐷 = 1 Ns/m, same as the
previous experiment, so we can compare the result with feed-forward compensation.

FromFigure 36, it is clear that a feedback compensator can greatly improve the stability of the system compared
to a non-compensated system. However, Figure 36 also shows that the feedback system has low-frequency
movement when a human operator is in contact with the machine, and it causes movement when the human
operator attempts to make the end-effector remain in the same position. The damping parameter, 𝐷, of the
admittance model should be larger than what we used in this experiment for precise movement operations [19].
We should consider changing the damping parameter according to the phase of the task; for example, during
reachingmovement, the damping, 𝐷, should be small, while for precisemovements, larger damping, 𝐷, should
be employed, which we will consider in future studies.

And when comparing feed-forward compensation with feedback compensation, as shown in Figure 37, feed-
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Figure 35. Stability region boundary comparison between a non-compensated system, a feed-forward system, and a feedback system at
120% 𝑘 𝑓 .

Figure 36. Non-compensated system and feedback system stability experiment with 𝑀 = 2 kg, 𝐷 = 1 Ns/m.

back compensation has a slight improvement in stability over feed-forward compensation in this condition,
so we try another experiment with a smaller 𝑀 parameter. The admittance model parameter is as follows:
𝑀 = 1 kg, 𝐷 = 1 Ns/m, which will make the feed-forward system unstable, but the feedback system can
remain stable according to Figure 35, and the result is shown in Figure 38.
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Figure 37. Feed-forward system and feedback system stability experiment with 𝑀 = 2 kg, 𝐷 = 1 Ns/m.

Figure 38. Feed-forward system and feedback system stability experiment 𝑀 = 1 kg, 𝐷 = 1 Ns/m.

Figure 38 shows that in a feed-forward system, it cannot remain stable even when a human operator is not in
contact with it, and it starts to aggressively oscillate when a human is in contact at 𝑡 = 2.5 s to 𝑡 = 6.5 s. On
the other hand, a feedback system can remain stable the whole time with a little oscillation when a human
operator is in contact with them.

Figure 37 and Figure 38 show that when we change parameter 𝑀 in the admittance model, the feedback-
compensated system can remain stable with operator interaction force within ±1N. Low-frequency force in
the graph comes from the instability of the human-machine system, which is caused by the low damping
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parameter in the admittance model, 𝐷. However, the high-frequency oscillation force is greatly reduced com-
pared with a feed-forward system, which means the influence of insufficient structure stiffness is compensated
with feedback.

7. CONCLUSION
In this study, we know that the human-machine system will face an unstable situation when a human operator
is in contact with the machine when the stiffness of the structure is not high enough. Therefore, we have two
methods of adding a compensator to the system that helps improve the stability region of the human-machine
system, so we can use a lighter weight in the admittance model, whichmeans the operator can work in a lighter
load environment.

The first one is a feed-forward compensator, which uses the inverse of the structure transfer function to cancel
out structure characteristics that cause oscillations. The simulation section shows that the stability region is
greatly improved over an uncompensated system, and we can use a lower 𝑀 parameter in the admittance
model. Even though the actual structure parameter is different from the measurement, the stability region
is smaller than the ideal one, but it still shows an improvement over an uncompensated system. To confirm
our simulation, we conduct an experiment with the 𝑀 parameter in the admittance system equal to 2 kg. The
result is as expected, an uncompensated system will oscillate when a human operator is in contact, but a feed-
forward system can remain stable. Therefore, this experiment can confirm that this method of compensation
can improve the stable operation range of the system.

With feed-forward compensation, the stability region is greatly reduced by the difference between themeasure-
ment and the actual parameter. So, we tried a feedback compensator with an accelerometer, which is another
method to compensate for structure characteristics. Although in simulation, it shows that the stability region
is not improved from an uncompensated system as much as a feed-forward system. However, we consider
conditions when a structure parameter is different from what we measure. It shows that the feedback system
is greatly improved over the feed-forward system, and it can remain stable when actual structure parameters
change. From the experiment, it is also confirmed that the feedback system has an advantage over the feed-
forward system, with 𝑀 = 1 kg feedback system can remain stable, but the feed-forward system is unstable.
This indicates that simple feedback using accelerometers can compensate for the insufficient stiffness of the
robot structure and greatly enhance the stability of the human-machine system.

Furthermore, we plan to refine the admittance model design because we know that the stability of the system
also depends on human interaction, which causes differences in each movement due to changes in human
impedance, so we will use a dynamic variable in the admittance model. It will be changed according to human
movement and task so the operator can move the object with a light force during a traveling task and can
perform a high-precision task when needed. The feedback compensation studied in this study should increase
the range of variation in the admittance model.
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