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A novel pneumatic artificial muscle actuator (PAM actuator), which has achieved increased
popularity to provide the advantages such as high strength and high power/weight ratio, low
cost, compactness, ease of maintenance, cleanliness, readily available and cheap power source,
inherent safety and mobility assistance to humans performing tasks, has been regarded during
the recent decades as an interesting alternative to hydraulic and electric actuators. However,
some limitations still exist, such as the air compressibility and the lack of damping ability of the
actuator bring the dynamic delay of the pressure response and cause the oscillatory motion.
Then it is not easy to realize the performance of transient response of pneumatic artificial muscle
manipulator (PAM manipulator) due to the changes in the external inertia load with high
speed. In order to realize satisfactory control performance, a variable damper — Magneto-
Rheological Brake (MRB), is equipped to the joint of the manipulator. Superb mixture of
conventional PID controller and a phase plane switching control method brings us a novel
controller. This proposed controller is appropriate for a kind of plants with nonlinearity,
uncertainties and disturbances. The experiments were carried out in practical PAM manipulator
and the effectiveness of the proposed control algorithm was demonstrated through experiments,
which had proved that the stability of the manipulator can be improved greatly in a high gain
control by using MRB with phase plane switching control method and without regard for the
changes of external inertia loads.

Key Words : Pneumatic artificial muscle, Magneto-Rheological brake, Phase plane switching
control, Manipulator

1. Introduction

Industrial robots have used three primary po-
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wer sources : electric motors, hydraulic cylinders
and pneumatic cylinders. Each of these actuation
systems has advantages and disadvantages (Table
1). For most robotic applications, the common
actuator technology is electric system with very
limited use of hydraulics or pneumatics. But elec-
trical systems suffer from relatively low power/
weight ratio and especially in the case of human
friendly robot, or human coexisting and colla-
borative systems such as a medical and welfare
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Table 1 Comparison of actuators

Actuator Advantages Disadvantages
. . . . Positi trol difficult,
Pneumatics Cheap, quick response time, simple control os.l ton con rg ' ICl.l
fluid compressible, noisy
Hydraulics High power/weight ratio., low bécklash, Less reliable, expensie,.
very strong, direct drive possible servo control complex, noisy
Electrics Accurate position and velocity control, Low power and torque/weight ratios,
quiet, relative cheap possible sparking
fields. 1994). Recently, the authors have developed a

A novel pneumatic artificial muscle actuator
(PAM actuator), which has achieved increased
popularity to provide these advantages such as
high strength and high power/weight ratio, low
cost, compactness, ease of maintenance, clean-
liness, readily available and cheap power source,
inherent safety and mobility assistance to humans
performing tasks, has been regarded during the
recent decades as an interesting alternative to
hydraulic and electric actuators. These advan-
tages have led to the development of novel ac-
tuators such as the McKibben Muscle, Rubber
Actuator and Pneumatic Artificial Muscle Mani-
pulators {PAM manipulators). The PAM mani-
pulator has been applied to construct a human-
friendly therapy robot. For example, 2-dof robot
for functional recovery therapy driven by pneu-
matic muscle was developed by Zobel and his
team (1999), and Raparelli and his team (2001,
2003), artificial muscle actuators for biorobotic
systems by Klute and his team (1999, 2000, 2002),
and a pneumatic muscle hand therapy device by
Koeneman and his team (2004) . However, the air
compressibility and the lack of damping ability of
the pneumatic muscle actuator bring the dynamic
delay of the pressure response and cause the
oscillatory motion. Therefore, it is not easy to
realize the performance of transient response with
high speed and with respect to various external
inertia loads in order to realize a human-friendly
therapy robot.

The limitations of the PAM manipulators have
promoted research into a number of control stra-
tegies, such as a Kohonen-type neural network
for the position control of robot end-effector
within 1 cm after learning (Hesselroth et al.,

feed forward neural network controller, where
joint angle and pressure of each chamber of
pneumatic muscle are used as learning data and
accurate trajectory following was obtained, with
an error of 1[°] (Patrick et al, 1996). After
applying a feed forward + PID-type controller
approach (Caldwell et al., 1993), the authors are
turning to an adaptive controller (Caldwell et al.,
1994 ; Caldwell et al., 1995 ; Medrano-Cerda et
al., 1995) which is based on the on-line identific-
ation of a model with five parameters and three
time delays. Recently, the authors have anno-
unced that the position regulation of the joints
of their arm prototype is better than £0.5[°]
(Bowler et al., 1996). In addition, PID control
(Tsagarakis et al., 1999), sliding mode control
{Tondu and Lopex, 2000 ; Carbonel et al., 2001),
fuzzy PD+1 learning control (Chan and Lilly,
2003), fuzzy + PID control (Balasubramanian
and Rattan, 2003), robust control (Cai and Ya-
mura, 1996 ; Guihard and Gorce, 1999 ; Carbonel
et al., 2001), feedback linearization control (Ki-
mura et al., 1995), feed forward control + fuzzy
logic (Balasubramanian and Rattan, 2003), vari-
able structure control algorithm (Hamerlain,
1995), H. control (Osuka et al., 1990 ; Ahn et al.,
2003) and so on, have been applied to control the
PAM manipulator. Though these systems were
successful in addressing smooth actuator motion
in response to step inputs, the manipulator must
be controlled slowly in order to get stable, accu-
rate position control and the external inertia
load was also assumed to be constant or slowly
varying. Assuming that PAM manipulator is uti-
lized in the therapy robot in the future such as a
rehabilitation robot for the recovery function of
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limbs, which is the final goal of this research, it is
necessary to realize a fast response, even if the
external inertia load changes severely. But fast
response cannot be obtained in most pneumatic
control systems. At the same time, the external
inertia loads cannot always be known exactly.
Therefore, it is necessary to propose a new control
algorithm, which is applicable to a very com-
pressible pneumatic muscle system with various
loads.

Many new control algorithms based on a
neural network have been proposed up to now.
An intelligent control using a neuro-fuzzy net-
work was proposed by Iskarous and Kawamura
(1995). A hybrid network that combines fuzzy
and neural network was used to model and con-
trol complex dynamic systems, such as the PAM
system. An adaptive controller based on the
neural network was applied to the artificial hand,
which is composed of the PAM (Folgheraiter et
al.,, 2003). Here, the neural network was used as
a controller, which had the form of a compensator
or the inverse of the model. It was not easy to
apply these control algorithms to the quickly-
changing inertia load systems and to reconcile
both damping and response speed in high gain
control.

To overcome these problems, a new technology,
Electro-Rheological Fluid Damper (ER Dam-
per), has been applied to the PAM manipulator.
Noritsugu and his team has used ER damper to
improve the control performance of the PAM

manipulator with PI controller and pulse code
modulated on-off valves (Noritsugu et al., 1997 ;
1999) . By separating the region where the damper
produces an damping torque in order to reconcile
both the damping and the response speed in high
gain control, the results show that ER damper is
one of the most effective methods to develop a
practically available human friendly robot by
using the PAM manipulator and also the per-
formance of position control is improved without
decreasing the response speed. However, some
limitations still exist, because ER Fluid (ERF)
requires extremely high control voltage (kV),
which is problematical and potentially dangerous,
and it has a narrow operation range of tempera-
ture which can not be applied to the PAM mani-
pulator, and has also the characteristics of non-
linearity. Because of the unacceptable disad-
vantages of ERF, Magneto-Rheological Fluid
(MRF) attracts people’s attention with these
advantages in Table 2, in recent years. MR fluid
is similar to ER fluid, but it is 20~50 times
stronger in the yield stress. It can also be operated
directly from low-voltage power supplies and is
far less sensitive to contaminants and temperature.
Therefore, magnetic fluid technology can provide
flexible control capabilities in designs that are far
less complicated and more reliable than conven-
tional electro-mechanical products and it has
been applied to a variety of devices. MR fluids
can provide active control of energy dissipation
for semi-active damper or braking system.

Table 2 Comparison of Rheological fluids

Magneto-Rheological Fluid

Electro-Rheological Fluid

Max. Yield Stress 50—100 kPa 2—5kPa
Viscosity 0.1—1.0 Pa-s 0.1—1.0 Pa-s
. +10t 90°C (ionic, DC
Operable Temp. Range —40 to +150C 0 +90%C (ionic )

—25 to +125C (non-ionic, AC)

Stability

Uuaffected by most impurities

Cannot tolerate impurities

Response Time

{milliseconds

{milliseconds

Density

3—4g/cm®

1—2g/cm®

Max. Energy Density

0.1 Joule/cm®

0.001 Joule/cm?®

Power Supply

2=-25vV @ 1—-2A
(2--50 watts)

2—25KV @ 1—10mA
(2—50 watts)
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Thus, the goal of this paper is to implement a
magneto-rheological brake, to develop a fast,
accurate pneumatic control system and without
regard to the changes of external inertia loads.
Superb mixture of conventional PID controller
and a phase plane switching control method bring
us a novel controller. This proposed controller is
appropriate for a kind of plants with nonlinearity
uncertainties and disturbances. The experiments
were carried out in practical PAM manipulator
and the effectiveness of the proposed control
algorithm was demonstrated through experiments,
which had proved that the stability of the mani-
pulator can be well improved in a high gain
control by using MRB with phase plane switching
control method and without decreasing the re-
sponse speed and low stiffness of manipulator.

2. Experimental Setup

2.1 Experimental apparatus

The schematic diagram of the pneumatic artifi-
cial muscle manipulator is shown in Fig. 1. The
hardware includes an IBM compatible personal
computer (Pentium 1 GHz), which calculates the
control input, controls the proportional valve
(FESTO, MPYE-5-1/8HF-710 B) and Magne-
to-Rheological Rotary Brake (LORD, MRB-
2107-3 Rotary Brake), through D/A board
(Advantech, PCI 1720), and two pneumatic arti-
ficial muscles (FESTO, MAS-10-N-220-AA-
MCFK). The braking torque of magneto-rheo-
logical rotary brake is controlled by D/A broad

through voltage to current converter, Wonder Box
Device Controller Kit (LORD, RD-3002-03).
And the lists of experimental hardware are tabu-
lated in Table 3. The structure of the artificial

Counter Board
;" (PCL —~§33)
|

PCT1711) (PC11720)

¥ T '

1 i

AMD Converter 1 D/A Converter

‘,.,L.,“ 1 |
l Rotary encoder l Pressure sensor | l { Pressure sensot 2 \

[ MR Brake ].._ _l VI Converter —

Pressure Source
Fig. 1 Schematic diagram of pneumatic artificial

muscle manipulator

Fig. 2 Structure of the pneumatic artificial muscle

Table 3 Experimental hardware

No. Name Model name Company
1 Proportional Valve MPYE-5-1/8HF-710 B Festo
2 Magneto-Rheological Rotary Brake MRB-2107-3 Rotary Brake Lord
3 Pneumatic artificial muscle MAS-10-N-220-AA-MCFK Festo
4 D/A board PCI 1720 Advantech
5 A/D board PCI 1711 Advantech
6 Wonder Box Device Controller Kit RD-3002-03 Lord
7 Rotary encoder H40-8-3600Z0 Metronix
8 ] Pressure sensor SDE-10-10 Festo
9 24-bit digital counter board PCL 833 Advantech
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muscle is shown in Fig. 2. The rotating torque is
generated by the pressure difference between the
antagonistic artificial muscles and the external
load is rotated as a result (Fig. 4). A joint angle,

External Inertial Load

MR Rotary Brake

Wonder ,
Box Device |
Controller !

Sensors

x
S :X/

Fig. 3 Photograph of the experimental apparatus

¢
\(-)i

Muscle 2

Fig. 4 Working principle of pneumatic artificial
muscle manipulator

6, is detected by rotary encoder (METRONIX,
H40-8-3600Z0) and the air pressure into each
chamber is also measured by the pressure sensors
(FESTO, SDE-10-10) and fed back to the com-
puter through 24-bit digital counter board (Ad-
vantech, PCL 833) and A/D board (Advantech,
PCI 1711), respectively. The external inertia load
could be changed from 20 [kg-cm?] to 200 [kg-
cm?], which is a 1,000 [%] change with respect to
the minimum inertia load condition. The experi-
ments are conducted under the pressure of 0.4
[MPa] and all control software is coded in C
program language. A photograph of the experi-
mental apparatus is shown in Fig. 3.

2.2 Characteristics of the PAM manipula-

tor

The PAM is a tube clothed with a sleeve made
of twisted fiber-code, and fixed at both ends by
fixtures. The muscle is expanded to the radial
direction and constricted to the vertical direc-
tion by raising an inner pressure of the muscle
through a power-conversion mechanism of the
fiber-codes. The PAM has a property like a
spring, and can change its own compliance by
the inner pressure. A few slide parts and a little
friction are favorable to a delicate power control.
But the PAM has characteristics of hysteresis,
non-linearity and low damping. Particularly, the
system dynamics of the PAM changes drastically
by the compressibility of air in cases of changing
external loads. In our experiments, the external
load changed about 1,000 [ %] with respect to the
minimum inertia condition.

When using the PAM for the control of mani-
pulator, it is necessary to understand its charac-
teristics such as the hysteresis, nonlinearity and
so on. Therefore the following experiments are
performed to investigate the characteristics of the
PAM. Figures 5 and 6 demonstrate the hysteresis
characteristics for the joint. This hysteresis can
be shown by rotating a joint along a pressure
trajectory from P1=Pmax, P2=0 to P;=0, P,=
Pmax and back again by incrementing and decre-
menting the pressures by controlling the propor-
tional valve. The hysteresis of the PAM is shown
in Fig. 6. The width of the gap between the two



Performance Improvement of Pneumatic Artificial Muscle Manipulators Using Magneto- Rheological Brake 783

curves depends on how fast the pressures are
changed ; the slower the change in the pressures,
the narrower the gap. The trajectory, control
input to the proportional valve, velocity, and
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Fig. § Characteristics of pneumatic artificial muscle
manipulator
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Fig. 6 Hysteresis of pneumatic artificial muscle
manipulator

pressure of each chamber of the PAM are de-
picted in Fig. 5. The velocity is numerically com-
puted from the position. Near the extreme values,
the joint velocity decreases since the increase in
exerted force for a constant change in pressure is
less.

2.3 Characteristics of MRB

Construction of MR rotary brake was shown in
Fig. 7. The rotor in Fig. 7 is fixed to the shaft,
which can rotate in relation to housing. Between
rotor and housing there is a gap filled with MR
fluid. Braking torque of magneto-rheological ro-
tary brake can be controlled by the electric cur-
rent in its coil. An apparent viscosity of MR fluid
is changed at few milliseconds after the applica-
tion of a magnetic field, and goes back to the
normal viscosity with no magnetic field.

The following experiments are performed to
investigate the characteristics of MRB, which
measurement data is shown in Fig. 8 and Table 4.
MRB is connected with a torque transducer and
a servomotor in series. In this experiments, the
rotational speed is changed from 100 [rpm] to
1000 [rpm] and the current applied for MRB is
changed from 0 [A] to 1 [A]. The reason for
choosing this range of rotational speed and cur-

Coil —
MR
Rotor ——_| Fluid
|
]
Magnetic
Field ™~
s Housing

Fig. 7 Construction of magneto-rheological rotary
brake
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rent is that the response of system does not reach
to 1000 [rpm] and the maximum current applied
for MRB is 1 [A]. Figure 8 shows the damping
torque with respect to the change of the input
current (a) and rotational speed (b) of MR

5L
£ 4}
Z —m— 100 {rpm]
‘é’. — 8200 [rpm]
5 ° -~k 300 {rpm]
e ~¥—400 [rpm]
g —4— 500 [rpm]
g 2 4~ 600 [rpm]
3 ~ B 700 {rpm}
. —&-- 800 [rpm}
~d- Q00 {rpm]
—@-- 1000 {rpm)
o ' 1 L 1
0.0 0.2 04 0.6 08 10
Current Applied [A]
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[ o —m—0.0 A
55 @ hd —8—-0.1A
50 @————® - . ° . —~&—~02A
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Fig. 8 Characteristics of MRB

900 1000

Brake. From Fig. 8, it is clear that the damping
torque of MRB is independent of rotational speed
and almost proportional to input current. Thus
an equation (1) holds between the inputs current
I and damping torque T,

To=f(I)=a+tbl (1)

Here, @ and b are constant.

3. Phase Plane Switching
Control Algorithm

3.1 The overall control system

The strategy of PID control has been one of the
sophisticated methods and the most frequently
used control algorithms in the industry. This is
because that the PID controller has a simple form
and strong robustness in broad operating area. To
control this PAM manipulator, a conventional
PID control algorithm was applied in this paper
as the basic controller. The controller output can
be expressed in the time domain as:

de(t)
dt

u(t) =Kpe(t) +—[§f~ ote(t) dt+ K Ta (2)

Taking the Laplace transform of (2) yields:

Ko
Tis

Uls)=K,E(s)+ E(s) +KyTsE(s) (3)

and the resulting PID controller transfer function
of :

Table 4 Measurement Data of MRB

Rc"ltj"::g’t‘ai:gﬁ:/ 0 | 01 | 02 ] 03 | 04 | 05| 06 | 07 | 08 | 09 | 1
100 028 | 081 | 1.33 | 187 | 244 | 293 | 351 | 403 | 45 | 511 | 557
200 031 | 082 | 133 | 192 | 24 | 296 | 357 | 399 | 454 | 512 | 567
300 03 | 081 | 136 | 189 | 248 | 299 | 3.54 | 403 | 455 | 513 | 558
400 031 | 0.82 | 1.35 | 194 | 246 | 298 | 3.55 | 405 | 459 | 505 | 5.62
500 031 | 083 | 137 | 187 | 24 | 299 | 355 | 408 | 461 | 506 | 558
600 03 | 083 | 136 | 187 | 248 | 3 | 3.53 | 405 | 454 | 506 | 5.55
700 028 | 086 | 137 | 19 | 246 | 301 | 3.54 | 403 | 455 | 504 | 555
800 029 | 086 | 137 | 19 | 244 | 3.05 | 345 | 408 | 459 | 504 | 568
900 029 | 089 | 141 | 192 | 253 | 3.05 | 357 | 411 | 458 | 501 | 561
1000 029 | 089 | 144 | 1.93 | 253 | 3.04 | 357 | 414 | 461 | 503 | 5.59
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Fig. 9 Block diagram of control system
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A typical real-time implementation at sampling
sequence & can be expressed as:

u(by=Kpe(k) +ulk—1)

KT
+ T,

em+mnﬂﬂ%#ti(ﬂ

where Kp, Ty, Tu, u(k) and e(k) are the pro-
portional gain, integral time, derivative time,
control input to the control valve and the error
between the desired set point and the output of
joint, respectively.

In addition, MRB is one of effective methods
to improve the control performance of the PAM
manipulator by reconciling both the damping
and response speed because it works in only the
regions where the acceleration or deceleration is
too high. The structure of the proposed phase
plane switching control method is shown in
Fig. 9.

Here, s is Laplace operator, T is torque pro-
duced by manipulator, 7¢ is constant torque and
Kip determines a gain for the torque proportional
to the angular speed"§, V. is a control voltage of
source calculated from Eq. (1) to produce 7T.. A
direction of a damping torque is every time op-
posite to the rotary direction of the arm. So Eq.
(6) below indicates that the damper produces a
torque T%.

3.2 Phase plane switching control method

The damping torque T, improves the damping
performance of the manipulator. Since the dam-

Vot

"
é = he
(b)

Fig. 10 Concept of phase plane switching controt

ping torque every time acts in the direction
against the rotational direction of manipulator, its
acceleration performance is degraded. In the re-
gion that the joint angle of the arm approaches to
the desired angle, a~b, ¢~d in Fig. 10(a), the
current is not applied not to interfere the move-
ment of the arm, since the high response speed is
required. In the region the arm passes the desired
angle, i.e. the diagonally shaded areas of b~c,
d~e in Fig. 10(a), a current is applied to im-
prove the damping performance to converge to
the desired angle quickly. To determine whether
the magnetic field should be applied or not, the
phase plane shown in Fig. 10(b) is used. The
horizontal axis in the phase plane corresponds
to joint angle deviation e between the desired
angle #, and the joint angle &, and the vertical
axis corresponds to the derivation of the deviation
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é=%=—9. Each point ga~e on the phase

plane corresponds to each point g~e¢ in Fig. 10
(a). Here, the region with the application of
current is controlled by /% [s™'], the gradient of
the line shown in Fig. 10(b). The region under
the application of the damping torque expands
as | k| decrease.

The effectiveness of the proposed controller
will be demonstrated through experiments with
various external inertia loads.

4. Experimenal Results

Experiments were carried out with 3 cases of
external inertia loads (20, 60, 200 [kg-cm?]) and
the comparison between the conventional PID
controller and the phase plane switching control-
ler was presented.

Figure 11 shows the experimental results of the
conventional PID controller where the minimum
external inertia load (20 [kg-ecm?]) was used
with the following 2 control parameters K,=
200%107%, K;=1x10"% K,;=70%x107® (PID
controller 1) and Kp,=1000X107% K;=10X1078,
Ky=130X107%, (PID controller 2). It is obvious
that it is difficult to satisfy both the damping and
response speed. The manipulator must be con-
trolled slowly in order to have a good stability.
On the contrast, the overshoot and oscillation are
always included if one wants fast response. In
addition, experimental results with respect to 3
cases of external inertia loads (Load 1:20 [kg-
cm?}; Load 2:60 [kg+cm?]; Load 3:200 [kg+cm?])
and PID controller 2 were shown in Fig. 12.
From these results, it was understood that the
system response became more oscillatory accord-
ing to the increase of the external inertia load and
became unstable with ten times bigger external
inertia load.

Next, the experiments were carried out in prac-
tical PAM manipulator and the control para-
meters of the proposed controller, which was
mentioned in Eq. (6), were set to be T.=0.4,
h=—20 with various Krp(Kr=0.010, Kgp=
0.015, Kzp=0.020) in experiment condition 1
and Kzp=0.015, T.=04 with various A{h=

20

l -~ Raference
12k L SO e PID Controller 1
e PID Controlier 2

ol ) : 1 L L
2.0 05 1.0 1.5 2.0 25 3.0

Time [s}
Fig. 11 Comparison between PID controller 1 and
PID controller 2

- Reference
- Load 1 {20 kg.em’]
- Load 2 {60 kg,cm2]

............... - Load 3 [200 kg.cm’]

1y

Time [s]
Fig. 12 Experimental results of PID controller 2
with various loads

—10, z=—20, h=—50) in experiment condition
2. These control parameters were obtained by
trial-and-error through experiments. The experi-
mental results with respect to the experimental
condition | and 2 were shown in Fig.13 and 14,
respectively. In Fig. 13 and 14, the control para-
meters of phase plane switching controller were
set to be Kep=0.015, T,=0.4 and 2=—20. All
experiments were carried out by this condition of
phase plane from now on.

In Fig. 15, comparisons were made between the
conventional PID controller 2 and the proposed
controller with respect to load condition 1. In the
experiments, the joint angle of PAM manipulator
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Fig. 14 Experimental results of proposed controller
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Fig. 15 Comparison between PID controller 2 and
phase plane switching control method
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Fig. 16 Experimental results of phase plane swi-
tching control method (Load 1)

it was demonstrated that the proposed algorithm
was effective in this experimental condition. The
region of damping and control input into MRB
were shown in Fig. 16. The damping torque was
not applied for fast response when the mani-
pulator starts to move and the damping torque
was generated by MRB to the rotational axis of
PAM manipulator in order to reduce the over-
shoot and oscillation when the manipulator re-
aches the desired angle.

Next, experiments were executed to investigate
the control performance with respect to various
external inertia loads. Figure 17 shows the com-
parison between the conventional PID controller
2 and the proposed controller with respect to the
load condition 2. From the experimental results,
it was found that a good control performance and
strong robustness were obtained without respect
to the variation of external inertia load by using
phase plane switching control method. In Fig.
18, the detail of the experiment of phase plane
switching control method with external inertia
load condition 2 was shown. From this experi-



788 Kyoung Kwan Ahn, TU Diep Cong Thanh and Young Kong Ahn

e Reference
----- P{D Controller 2
-~ Phase Controller

20

61

Time [s}

Fig. 17 Comparison between PID controller 2 and
phase plane switching control method
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Fig. 18 Experimental results of phase plane swi-
tching control method (Load 2)

mental result, the damping torque was applied
and released very frequently according to the
approach to the desired angle.

In Fig. 19, experiments were conducted to
compare the system response of PID controller 2
and proposed phase plane switching controller
under the external load condition 3. With up to

-~ Reference
-------- PID Controller 2
- Phase Controller

35

30+

25 |-

20

Time [s]
Comparison between PID controller 2 and

phase plane switching control method
(Load 3)

20
6 L\

r }{ — Rotational Angle
- - Reference

& @
T

o [ N i N 1
400 L

200 :J’\
0 '\\ g e

200 [ ’ , ) .

q%s]

to PAM [V]

05

Control Input  Control Input
to MRB [A]
5
1

0.0

05

On - Off
Region

0.0

0.0

Tirme [s]

Fig. 20 Experimental results of phase plane swi-
tching control method (Load 3)

ten times bigger external inertia load with respect
to the minimum external inertia load, a good
control performance was also.obtained. Here, the
steady state error was within £0.05 [°]. Figure 20
shows the experimental results of phase plane
switching control method in detail with respect
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to the external inertia load condition 3. It was
concluded that the proposed controller was very
effective in the high gain control, fast response
and robust stability with ten times changes of
external inertia load.

However, there still remain some problems
such as the difficulty of the selection of the opti-
mal control parameters of proposed phase plane
switching controller in order to get a good control
performance of the PAM manipulator, especially
with various external inertia loads.

There is no previous research to find optimal
control parameters in case of phase plane swi-
tching control method up to now. As future study,
we are planning to design a new intelligent con-
trol algorithm using neural network with phase
plane switching control method, which utilizes
the adaptive and learning capabilities of neural
network in order to find the optimal control
parameters with respect to various external inertia
loads.

5. Conclusions

In this paper, a new phase plane switching
control method using the magneto-rheological
brake was applied to the pneumatic artificial
muscle manipulators in order to improve the con-
trol performance with various external inertia
loads.

From the experimental results, the newly pro-
posed controller was very effectively in high gain
control with respect to the 1,000 [%] external
inertia load variation. And the steady state error
with respect to various loads was reduced within
+0.05 [°]. It was verified that the proposed con-
trol algorithm presented in this study had simple
structure and had better dynamic property, strong
robustness and it was suitable for the control of
various plants, including linear and nonlinear
process, compared to the conventional PID con-
troller. .

By using MRB as a variable damper, the dam-
ping torque was controlled by the applying mag-
netic field strength and the position control per-
formance was improved without the decrease of
response speed by separating the region where the

damper produces an damping torque by phase
plane switching control method.

The results show that the MRB is one of
effective methods to develop a practically avail-
able human friendly robot by using the PAM
manipulator.
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