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Abstract. Pneumatic muscle actuator (PMA) is a highly nonlinear sys-
tem and it is a challenging task to design the controller for it. In this
paper, we aim to propose an interval type-2 fuzzy controller. Since the
fuzzy sets of interval type-2 fuzzy controller are fuzzy themselves, it has
better ability to deal with uncertainty than type-1 fuzzy controller. Both
simulation and experiments are conducted to verify the effectiveness of
the type-2 fuzzy control algorithm the results confirm that better per-
formance can be achieved by the proposed controller.
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1 Introduction

Pneumatic Muscle actuator (PMA), as one of modern actuation technologies,
has promising applications in the field of robotics. The PMA consists of an inner
nylon tube surrounded by an outer nylon braided mesh [1], and it expands and
contracts as the supplying air flows in and out. In particular, when the pressure
increases in PMA, it expands in radial direction and shorten in axial direction.
As a result, the force is generated in the axial direction [2]. On the contrary, the
PMA contracts when the internal pressure decreases and it restores to the initial
state.

Compared with electric motor, PMA has advantages of high power/volume
ratio, high power/mass ratio, lower price and being environment friendly. Since
PMAs use the soft and flexible materials and have low stiffness, PMAs can be
utilized in applications where the safety is the first priority such as in human-
machine interaction scenario. Due to these advantages, PMA has been widely
used in robotics [3–6].
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The PMA system is a highly nonlinear system, therefore accurate model-
ing and control are very difficult. In recent years, efforts have been devoted to
the modeling and control of PMAs. PID control is the most frequently used
method [7], due to its simple structure. However a PMA is time-varying dynam-
ical system, a simple PID control can not always guarantee a good performance.
Various types of controllers were proposed to improve the performance, e.g.,
adaptive controller [8], neural network controller [9,10], sliding mode controller
[11,12], mode predictive controller [13,14] etc.

Fuzzy controllers [15–17] are proposed to deal with system uncertainties.
Most of these fuzzy controllers utilized Type-1 fuzzy controllers, but it is less
capability to deal with uncertainties [18,19] than type-2 fuzzy controller. In this
paper, an interval type-2 fuzzy controller is designed to control PMAs where
the fuzzy membership functions are intervals. We carry out the simulation and
experiment comparison between type-1 fuzzy controller and the proposed type-2
fuzzy controller, showing that the latter can achieve better performance.

The remainder of this paper is organized as follow. Section 2 presents the
model of the PMA and introduces the control objective. In Sect. 3, the type-
2 fuzzy controller is constructed. Both simulation and experiments on PMA
systems are conducted in Sect. 4 to show the effectiveness of proposed controller.
In Sect. 5, conclusions are finally drawn.

2 Modeling of PMA

Pneumatic muscles (PMs) are regarded as a combination of nonlinear elastic,
viscous and contractile elements [2], and the dynamics can be represented as
follows

MẌ + BẊ + KX = F − Mg (1)

where M is the mass of the load and X is the displacement of the PMA. The
elastic coefficient B, viscous coefficient K and contractile force F are pressure-
dependent and given as follows.

B = b1P + b2
K = k1P + k2
F = f1P + f2

(2)

where b1, b2, k1, k2, f1 and f2 are coefficients that might be time-varying. The
schematic model is illustrated in Fig. 1.

In order to move the PM in two direction, an initial pressure P0 is supplied
such that the PM rests at X = x0. According to (1), one has

(k1P0 + k2)x0 = f1P0 + f2 − Mg (3)

Let P = P0 +u and X = x0 +xd where u is pressure increment from initial pres-
sure P0 and xd is the corresponding displacement increment. With the change
of variable and (3), dynamics (1) becomes

Mẍd = −(b1P0 + b2)ẋd − (k1P0 + k2)xd + (f1 − k1x0 − k1xd − k1ẋd)u (4)
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Fig. 1. Reynolds’ model for a PMA.

Let x = [xd, ẋd]
T , Eq. (4) can be rewritten as

ẋ = Ax + B(x)u
y = Cx

(5)

with A =
[

0 1
−(k1P0 + k2)/M −(b1P0 + b2)/M

]
, B(x) = [0, (f1 − k1x0 − k1xd −

b1ẋd)/M ]T , C = [1, 0]. Then, the objective of the tracking problem is to design
the controller u for a given reference signal r such that

limt→∞ e1(t) = xd(t) − r(t) = 0
limt→∞ e2(t) = ẋd(t) − ṙ(t) = 0 (6)

where ė1(t) = e2(t). Let e = [e1, e2]T , the state-space for error is given as

ė = Aee + Be(r, e)u + G(r, ṙ, r̈) (7)

where Ae = A, Be(r, e) = [0, (f1 − k1x0 − k1(r + e1) − b1(ṙ + e2))/M ]T ,
G(r, ṙ, r̈) = [0, (−(k1P0 + k2)r − (b1P0 + b2)ṙ − r̈)/M ]T .

3 Controller Design

As illustrated in Fig. 2, the controller consists of two components

u = uf + u (8)

where uf is an interval type-2 fuzzy feedback controller and u is feedforward con-
troller compensating for G(r, ṙ, r̈) at steady state, i.e., Bz(r, 0)u = −G(r, ṙ, r̈).
Note that at steady state ((6) is achieved), one has

u =
r̈ + (b1P0 + b2)ṙ + (k1P0 + k2)r

−b1ṙ − k1r + f1 − k1x0
. (9)

With Taylor series expansion, us can be simplified as

u = θ1r + θ2ṙ + θ3r̈ (10)
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Fig. 2. The block diagram of the controller.

where θ1, θ2, θ3 are linear parameters.

For the the interval type-2 fuzzy controller, we regard e∗ = kee and ė∗ = kdeė
as the input to the fuzzy controller where ke and kde are scale factors.

Different from type-1 fuzzy membership functions (MF), every type-2 fuzzy
membership function of interval type-2 controller is an interval. The member-
ship functions (MFs) of e∗ and ė∗ are shown in Fig. 3 where the lower bound
for each membership function is determined by the parameter μa. Take e∗ as
an example (Fig. 3(a)), it combines three type-2 fuzzy membership functions,
i.e., x̃11, x̃12, x̃13, with corresponding shadow areas in yellow, blue and green
respectively. For the membership function x̃11, x1 is the upper bound and x1 is
the lower bound. The other fuzzy sets follow in the same way. The membership
functions can be written as[

μxi1
(X), μxi1(X)

]
= [−μaX,−X][

μxi2
(X), μxi2(X)

]
=

{
[μaX + μa,X + 1] (−1 ≤ X ≤ 0)

[−μaX + μa,−X + 1] (0 ≤ X ≤ 1)[
μxi3

(X), μxi3(X)
]

= [μaX,X]

(11)

with i = 1 for X = e∗ and i = 2 for X = ė∗.

     

Fig. 3. (a) MFs for e∗, (b) MFs for ė∗. (Color figure online)
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Rulebase of the proposed type-2 fuzzy controller is listed as follows:

R1 : IF e∗ is x̃11 and ė∗ is x̃21, THEN u∗ is U1

R2 : IF e∗ is x̃11 and ė∗ is x̃22, THEN u∗ is U2

R3 : IF e∗ is x̃11 and ė∗ is x̃23, THEN u∗ is U3

R4 : IF e∗ is x̃12 and ė∗ is x̃21, THEN u∗ is U4

R5 : IF e∗ is x̃12 and ė∗ is x̃22, THEN u∗ is U5

R6 : IF e∗ is x̃12 and ė∗ is x̃23, THEN u∗ is U6

R7 : IF e∗ is x̃13 and ė∗ is x̃21, THEN u∗ is U7

R8 : IF e∗ is x̃13 and ė∗ is x̃22, THEN u∗ is U8

R9 : IF e∗ is x̃13 and ė∗ is x̃23, THEN u∗ is U9

where Un = [un, un]. Note that we choose un = un in this paper. Un are given
in Table 1. The firing interval for each rule is

Table 1. Rulebase for interval type-2 controller.

x̃21 x̃22 x̃23

x̃11 U1 = [−1,−1] U2 = [−0.9,−0.9] U3 = [0, 0]

x̃12 U4 = [−0.9,−0.9] U5 = [0, 0] U6 = [0.9, 0.9]

x̃13 U7 = [0, 0] U8 = [0.9, 0.9] U9 = [1, 1]

Fn(e∗, ė∗) = [f
n
, fn] = [μx1i

(e∗) × μx2j
(ė∗), μx1i(e

∗) × μx2j (ė
∗)] (12)

where 1 ≤ i ≤ 3, 1 ≤ j ≤ 3, n = 3(i − 1) + j. Compared with type-1 fuzzy
controller, we also need a type-reducer. A center-of-sets type-reducer [18] is used
and described as follows

ul =
∑L

n=1 fnun+
∑N

n=L+1 f
n
un

∑L
n=1 fn+

∑N
n=L+1 f

n

ur =
∑R

n=1 f
n
un+

∑N
n=R+1 fnun

∑R
n=1 f

n
+

∑N
n=R+1 fn

.

(13)

By means of Karnik-Mendel algorithms [18], ul and ur can be achieved. The
crisp output is finally obtained by

u∗ =
ul + ur

2
(14)

and uf is
uf = kpu

∗ + ki
∑

u∗ (15)
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4 Experiments

4.1 Experiment Setup

The platform for PMA experiments is shown in Fig. 4 where a Festo MAXM-
20-AA type PMA is used. The air is supplied by air compressor. When the air
flows in and out of PMA and causes the variation of the pressure, it results
in the expansion and contraction of the PMA and thus the motion of the load
attached at the end of the PMA. The displacement sensor (Firstmark NC 27622)
is used to measure the displacement of moving end of the PMA. The sensor data
is acquired by the A/D board of dSPACE (dSPACE 1103), and the proposed
controller is executed in the dSPACE board, the voltage signal is sent to the
proportional valve (Festo VPPM-6L-L-1-G18-0L6H-V1N) via the D/A board for
the actuation. The proportional valve is employed to regulate the air pressure
in the PMA.

Fig. 4. (a) The PMA experiment platform, (b) The block diagram of the PMA control
system.

Parameters in terms B,K,F are adapted from [8] as follows

B =
{

2.2685 × 10−4P + 2435.3 (inflation)
0.0032P + 2522 (deflation)

K =
{−0.2132P + 9.0638 × 104 (P ≥ 32542Pa)

0.0105P + 1.8063 × 104 (P ≤ 32542Pa)
F = 0.0022P − 202.32

(16)

The nominal pressure and displacement in Eq. (3) are P0 = 338536Pa and
x0 = 0.2168m respectively.

4.2 Simulation

The simulation is conducted to verify the performance of proposed type-2 fuzzy
controller. The tracking trajectory is a sine function

r(t) = 0.01 sin(2πft) (17)
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with frequency f = 0.5Hz and amplitude 0.01m.
The parameters of the controller in (8) are ke = 200, kde = 10, kp = 2× 104,

ki = 2 × 106 and θ1 = 2 × 103, θ2 = 3 × 103, θ3 = 200. We will vary μa in
the fuzzy controller for the purpose of comparison, i.e., μa = 0.5 and μa = 1.
When μa = 1, the intervals vanish (see Fig. 3) and the controller turns out to be
a type-1 fuzzy controller.

Fig. 5. Simulation results. Tracking performance comparison between the controllers
with µa = 0.5 and µa = 1.

In Fig. 5, the performance comparison of the type-2 fuzzy controller (μa =
0.5) and type-1 fuzzy controller (μa = 1) are shown. Both simulations start
with the same initial condition. As shown in Fig. 5, the approximated tracking
can be achieved by both controllers. But it can be seen that the type-2 fuzzy
controller (μa = 0.5) can achieve better tracking performance than the type-1
fuzzy controller. The tracking error of type-2 fuzzy controller keeps at a lower
level of 0.5 mm, while that of type-1 fuzzy controller nearly doubles.

4.3 Experiment Validation

In the experiment, the comparison between type-2 fuzzy controller (μa = 0.5)
and type-1 fuzzy controller (μa = 1) is carried out. Moreover, type-2 fuzzy
controller with μa = 0.4 is added to test the influence of the parameter μa.
Parameters for experiment are ke = 200, kde = 3, kp = 5 × 103, ki = 8 × 105

and θ1 = 2 × 103, θ2 = 5 × 103, θ3 = 10.
Figure 6 illustrates the tracking performances of the three controllers. For

the type-2 fuzzy controller with μa = 0.4, the maximal error reaches 4 mm. The
result of the type-2 fuzzy controller with μa = 0.5 is slightly better than that
of type-1 controller with μa = 1. The corresponding Root Mean Square Error
(RMSE) for each controller is presented in Fig. 6(b). It can be conclude that
the performance of type-2 fuzzy controller relies on the parameter μa, and the
type-2 fuzzy controller with a proper μa achieves higher tracking accuracy than
type-1 fuzzy controller.
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Fig. 6. Experiment results. Tracking performance comparison between controllers with
µa = 0.4, µa = 0.5 and µa = 1.

5 Conclusions

In this paper, an type-2 fuzzy controller is proposed. The fuzzy membership
functions of the type-2 controller are intervals, which contain more expert expe-
rience and better for handling the uncertainties compared with type-1 fuzzy
controller. Both simulation and experiment results illustrated the effectiveness
of the proposed controller with the proper μa. Our further work will be focused
on enriching fuzzy rules of the type-2 fuzzy controller to achieve better perfor-
mance.
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