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Abstract. At present the pneumatic artificial muscle is &ygused in powerful robot-arms and machine-to-huma
interfaces. This paper focuses on the modellinp@fpneumatic artificial muscle. The first thecratipart of the paper,
presents the main models of the pneumatic artifioiascle discussed in literature. The second thieatepart of the
paper addresses the equivalence between the naiadife/steresis model of the muscle and an inegguivalent
elliptical hysteresis model. In the experimentat jpd the paper, the experimental setup and thepcwational methods
are presented. The numerical results and the csindlsiare presented in the final part of the paper.
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1. Introduction Within this approach several papers in literature,
The pneumatic artificial muscle (PAM) such as [1, 2, 7], extensively address modelling of
invented in the 1950s has been largely analysed iRAM. The majority of the models presented in
recent years, as Japanese engineers frofiferature are empirical process analysis models.
Bridgestone redesigned and implemented PAM into  In this paper the authors propose a new
powerful robot arms. approach to PAM modelling based on the
The PAM is used to convert pneumatic powerequivalence of the non-inertial hysteresis to an
into mechanical displacement. When inflated, theinertial elliptical hysteresis. This approach isisar
PAM is enlarged in radial direction and shortened i to the linearization of the model of an
longitudinally. The contracting force of the muscle electromagnetic actuator with iron core losses.
is unidirectional and features a non-linear The main advantage of the proposed approach
dependence versus the inlet pressure. The PANg that the resulting model parameters can be
highly complies with the human muscle; therefore itobtained directly from the recorded data, allowing
is also suitable for human recovery apparatusgetermination of the control law.

Figure 1. _ _
2. Overview of PAM modelling

2.1. Static Modelling of the PAM

Static modelling of PAM by means of
empirical process analysis is presented in [1, 2].
Empirical models are developed from experiments
performed in controlled and imposed conditions and
based on simplification hypotheses. A static force
generator model is presented in [2], based on
isometric contractioni.e. at constant length of the
PAM. The experimental results validate the

Figure 1. A human recovery apparatus motorized with following properties of the PAM materialised in the

pneumatic artificial muscle of type MAS-20-750N-  considered force generator model: (1) The static
AAMC-O-ER-BG (Festo AG & CO) force is globally proportional to the cross-secsibon

area Sof the muscle, (2) the static force is globally

Besides these advantages, the PAM exhibiténdependent of the initial length of the muscle), (3
two main drawbacks that limit its applications: (1) the static force is globally proportional to the
the nonlinearity of the pressure build-up and (@) t control pressurg (4) the maximum static force
hysteresis due to the structure geometry and to thidcreases as the initial braid angle of the muscle
operation principle [1]. decreases, (5) the static force decreases almost

The robot-arm implementations of PAM linearly with the contraction ratioe = Al/lg
require accurate slider-mode control systems tha&ccording to a slope globally proportional to the
compensate the drawbacks mentioned above [4Fontrol pressurg.
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The expression of the PAM force given in [2] between the braided cords and the rubber bladder,
is: and the friction between the cords themselves.
5 As reported in the literature the most significant
F(e, p)=SEbE{bEﬂl-k@) ‘b] : (1) contribution to this phenomenon is caused by the

where a = 3mrf(ag) and b = 1sif(ag) are dry friction between the cords [1].

geometrical parameters depending on the initiaLnA study of the dry friction between two surfaces,
angle of the braided shetl, andk [ (0: 1) is a ade by Swevers et al. emphasised two distinct

regimes of the phenomenon: (a) the presliding

tcr?emct@nt thl?‘t dt"?‘kels mtto dacctoupr;[ the decgrﬁe %egime where the asperity junctions deform elasto-
€ ac(;vehcyln rlga hpar q ueho ﬁ w;::le\;las lastically resulting in non-linear spring behaviou
tapered shape at both ends when the contracty, (b) the sliding regime that occurs when the

S'm”?r dgxpsres&gn? for the static force Weredisplacement increases until the asperity contacts
reported in [5] and [7]. are broken away.

In this paper the static force is derived from the The friction forceF(x) for a contractior can

continuous component resulting from frequencybe expressed by the state equation below [1]
analysis.

_ X~ Xm
2.2. Stationary M odelling of the Predliding F(X)_ Fm +2[FV{ 2 ’ (2)
Regime of the PAM _ o _
If tested under isobaric and isotonic conditions,WhereFy is the friction force at the reversal point

the PAM behaves nonlinearly with hysteresis non> Of the hysteresis curve and

local memory, Figure 2. [ Fni®) ; &z0
R (&)= | , 3)
AA 1 [mm] _Fmi(_z) » &<0
Fin is the virgin curve.
200 B — —
160 L. o — 2.3. The Maxwell-Slip Model of the PAM
Z) P> = Hysteresis
120 The Maxwell-slip model can be obtained by
. / 3 piecewise-linearization approximation of the virgin
80 7 // 7 curve, characterizing the friction during preslglin
e/ ra [1], Figure 3.
g A more accurate model was developed by
0 1 : 5 . P [362“;] Iwan, where several contributing elements as shown
Figure 2. Experimental%Ieterminations ofthe PAM N Flgure_ 2 are referred to as Ma.xwe.”_S“p model
hysteresis. Device type: MAS-20-750N-AAMC- contributing elements. All the contributing elergent
O-ER-BG; amplitude of the input pressure: are parallel connected such as to model the complex
(1)p = 1 bar, (2p = 3 bar, and (3) = 5 bar behaviour of nonlocal memory hysteresis at any
instant [1].
This behaviour is caused by the inherent
hysteresis of the elastic bladder, the friction
A
<Al By TAI B
Aly Alsin(6 ()
Aly
P P

Pr

]

Figure 3. Modelling hysteresis using the Maxweilb-shodel - to the left,
and non-inertial elliptical hysteresis model - he tright
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The virgin curve can be experimentally obtained  The contraction of the PAM studied in the
by exciting the muscle to its maximum length. Thenexperiment was measured and recorded. The
the number of representing Maxwell-slip elementsequipment used for the experiment consisted of (1)
and their characteristics can be intuitively seldct an analogue pressure transducer (inpst 10 bar,
from the given virgin curve. From the theoretical output 0+ 10 V), (2) an analogue displacement
point of view, the PAM contraction is a non-inértia transducer and (3) a data acquisition board of type
hysteresis process with memory. EasyPort for the acquired data conditioning. The

Several other technical processes feature th@ssociated software environment, FluidLab®-P
same behaviour such as the electromagnetigZ1.0, allowed the graphical representation of both
actuator with iron losses. The static linearizattdn  acquired and estimated data.
the hysteresis of the electromagnetic actuator with  Figure 2 shows the PAM hysteresis for several
iron losses, presented in literature [3] is based oinput pressures.
the equivalence of the non-inertial hysteresis and  The time dependency of the input pressure and
the elliptical inertial hysteresis. In the followdrthe  output contraction are given in Figure 4.
authors of this paper implemented this approach for

the PAM hysteresis modelling. 120“1: p [bar]; 2: Al [mm]
L— )y |
3. The Equivalence of the PAM Hysteresisto 80 / -
an Elliptical Inertial Hysteresis -
3.1. TheModel of the Electromagnetic Actuator
with Corelron Losses 04 - s}
The analysis and design of the Electromagnetic 40
Actuator with Core Iron Loses is based on the \ (1
equivalent sine current [3]. In this approach, the -80
non-inertial hysteresis model of the actuator is_120 | | | | |
equivalent to the inertial elliptical hysteresishel 0 4 8 12 16 20 24
equivalence between the two models is given by therigure 4. The time dependency of the PAM contraxtio
equality of the power losses, Figure 3. curve (2), for a sinusoidal dependency of the inlet
In this approach, the equivalent inertial pressure - curve (1j(t) = 38in(w, - 12) [bar];
elliptical hysteresis model will be given by the w, =12 [rad/s] andf; = 0.25 Hz
following expression:
2 2 The proposed method uses the Fourier analysis
p (t)+AI (t)_zgp(t)w(t)m:os(é )= to determine the continuous component and the
pg A pd G f (4) harmonics of the PAM contraction versus time
L 2( ) dependency.
=sin”|d¢ For this purpose the acquired data was used as

where p(t); Al(t) are the time dependencies of input data of a soff[ware application written in
variable components of the inlet pressure and th&CILAB software environment. _
PAM compression, respectively; Aly are the The harmonic components of the contraction

amplitudes of the variable components of the inletg?pe”desncydage given in Table 1, Table 2 and in
pressure and PAM compression, addis the ' 'dures>ando.

equivalent loss angle. Table 1. The amplitude of the harmonic componehts o

the PAM contraction vs. time dependency;

4. The Experimental | mplementations and input pressure = 6 bar
Results Denomination Amplitude | Frequency
The basic setup of the experiment used a PAM Continuous component | 126.91939 0.0417
of type MAS-20-750N-AA-MC-O-ER-BG (Festo | First Harmonic 2.75486 0.1667
AG & CO) on the rehabilitation equipment shown | Second Harmonic 51.06844 | 0.2917
in Figure 1 [8, 9]. Third Harmonic 4.04428 0.4167
The input pressure was controlled, measured Fourth Harmonic 14.71742 | 05417
and recorded revealing a sinusoidal time[ Fifth Harmonic 1.61841 0.6667
dependency. The amplitude and the frequency of Sixth Harmonic 297579 1.0417

the pressure vs. time dependency were prescribed.

167




RECENT, Vol. 15, no. 3(43), November, 2014

Table 2. The Phase Angle of the Harmonic Components

of the PAM Contraction vs. Time Dependency;

input pressur@ = 6 bar

Denomination Amplitude | Frequency
Continuous component | 0.0 0.0417
First Harmonic -1.5651 0.1667
Second Harmonic 0.0 0.2917
Third Harmonic -1.5669 0.4167
Fourth Harmonic 0 0.5417
Fifth Harmonic -1.5611 0.6667
Sixth Harmonic 0 1.0417
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Figure 5. The amplitude spectra of the PAM contoact
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Figure 6. The phase-angle spectra of the PAM

contraction

Further on only the variable components will

be considered. In this case, the respoiigeof the

linear - time, invariant system to a sinusoidaluip
UuSin(l) is given by the following

ut) =
expression [6]:

y(t) =Yy Bin(wd+ardG(j ©o)})
Ym =Un qB(J m*’)|

()

where  G(j ) =|G(j m)l@mrde(jm))} is the

transfer function of the system.

Based on the results above and taking int
account the second harmonic only, in the hypothesii
that the PAM behaves like a first order element the
expression below has been determined for th

equivalent transfer function:

%perational

ke, _ 93

Glj )= =
(J ) 1+ )0, @ 1+ j14.90d

(6)

By means of the resulting frequency transfer-
function, the equivalent transfer function results
immediately.

Figure 7 presents a comparison between the
per-unit input pressure and the average estimation
of the contraction response computed by means of
the equivalent transfer function.
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Figure 7. The per-unit input pressure, from the
experimental data - curve (A) and the per-unit
contraction of PAM - curve (B) estimated by meahs o
the linearized transfer function

Based on these results the delay between the
command pressure and the response of the PAM
was computed. The resulting estimated delay is of
0.3s.

5. Conclusions

In this paper the authors emphasized a possible
similarity between the PAM model and the
linearized model of the electromagnetic actuator
with core iron losses.

Based on the losses equivalence, the non-
inertial hysteresis of the PAM may be equivalent to
an elliptical inertial hysteresis model. This apmar
allows the development of an equivalent linear
model of the PAM. Under the assumption that the
equivalent model of the PAM has the form of a
first-order element, only two parameters have to be
determined. The estimation of these parameters is
straightforward if the amplitude and the phase engl
of the harmonics are available from data.

The proposed approach is particularly useful
for the dynamic control of the PAM.
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