Proceedings of IMECE2009

2009 ASME International Mechanical Engineering Congress and Exposition

November 13-19, 2009, Lake Buena Vista, Florida, USA

IMECE2009-13024

DRAFT

SLIDING MODE CONTROLLER AND FILTER APPLIED TO A PNEUMATIC
MCKIBBEN MUSCLE ACTUATOR

V. Jouppila
Department of Mechanics and Design
Tampere University of Technology
33101 Tampere, Finland
ville.jouppila@tut.fi

S. R. Habibi
Department of Mech. Eng.
McMaster University, Hamilton,
Ontario, Canada L8S 4L7
habibi@mcmaster.ca

ABSTRACT

In this paper, a robust and stable control strategy is applied to a Festo
fluidic muscle actuator, with the objective of trajectory following
control. A complete model of this system is not available which leads
to unmodeled dynamics and uncertainties. Furthermore, full-state
feedback is required for this type of control. However, in practice not
all of the states are measured or available due to cost or availability
of instruments, thus a full-state observer is required. The Smooth
Variable Structure Filter (SVSF) is a relatively new predictor-
corrector method used for state and parameter estimation, and has a
form that is able to provide full-state information. In this regard, a
new strategy that combines Sliding Mode Control (SMC) with the
SVSEF is used to control this system. The estimated states from the
SVSF are used by the sliding mode controller to obtain a
discontinuous control signal. This signal drives the plant to follow a
desired state trajectory required by the pneumatic McKibben muscle
actuator. Simulation results were generated based on a realistic
desired trajectory. The results of the SMC-SVSF control strategy are
compared with a tuned PID controller. The described control strategy
is able to overcome the nonlinearities present in the system, has a fast
response time, and is robust and stable to modeling uncertainties and
measurement noise.

KEYWORDS

McKibben muscle actuator, sliding mode control, smooth variable
structure filter, trajectory following.

G. M. Bone
Department of Mech. Eng.
McMaster University, Hamilton, = Tampere University of Technology
Ontario, Canada L8S 4L7
gary@mcmaster.ca

S. A. Gadsden
Department of Mechanical Engineering
McMaster University
Hamilton, Ontario, Canada L8S 4L7
gadsdesa@mcmaster.ca

A. Ellman
Dept. of Mechanics and Design

33101 Tampere, Finland
asko.ellman@tut.fi

INTRODUCTION

Pneumatic actuators are commonly avoided for advanced
applications due to problems with control caused by the
compressibility of air and other nonlinear effects. Pneumatic control
systems are mainly used in simple industrial applications with limited
requirements for accurate control of motion and force. However, high
power-to-weight ratios, compactness, ease of maintenance, and the
safety of pneumatic actuators, offer desirable features for many
industrial designs. The pneumatic McKibben muscle actuator is a
new type of actuator that offers a high power-to-weight performance
and is able to operate in a wide range of environments. The
compressibility of air, the nonlinear air flow characteristics through
the valves, and the nonlinear characteristics of the McKibben muscle
actuator result in a complex and difficult system to model and
control.

A brief review of literature demonstrates that a large number of
control strategies have been proposed to handle the effects of the
nonlinearities present in the muscle actuator. These include the
following: PID implementation [1], adaptive control strategies [2—5],
nonlinear optimal predictive control [6], variable structure systems
[7, 8], gain scheduling [9], neural networks [10], and neuro-
fuzzy/genetic control methods [11-15]. Furthermore, other studies
have shown sliding mode controllers applied to pneumatic muscle
actuators [16-21]. Sliding mode control (SMC) is a form of variable
structure control (VSC) [22]. It is commonly implemented for the
control of nonlinear systems, and can provide accurate tracking with
a bounded error in the presence of parameter variations and model
uncertainties [22, 23]. Since the system structure is highly nonlinear
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and not completely known, the SMC strategy was chosen for the
control of the system.

In recent years, a considerable amount of research has been
performed to develop inexpensive servo-pneumatic systems using
PWM-driven on/off solenoid valves. In a PWM-controlled system,
the power is delivered to the actuator in discrete packets of fluid
mass, as the valve is either completely on or off. However, if the
switching frequency of the valve is significantly higher than the
system dynamics, the system will act as a low-pass filter responding
similarly as for continuous mass flow. The development of an
analytical dynamic model of the system is difficult, and often
prevents the direct use of analytical control designs.

Although previous work has shown the potential of PWM-
controlled pneumatics, they have suffered due to the lack of an
analytical approach for analyzing the system [24-27]. However,
some effort has been made in the area of analytical modeling of such
systems [28-30]. In one article, the nonlinearities of the system were
handled by proposing a switching controller based on the reduced
order nonlinear model of the system [31]. Another notable paper
introduced an experimentally developed discrete-time model of a
PWM-controlled pneumatic servo system, for which a controller was
developed based on discrete-time control methods [32]. Another
strategy used a linear state-space averaged model and a linear robust
controller based on a loop shaping approach was introduced [33].
This approach was later followed by a nonlinear averaged model and
a sliding mode controller design [34, 35]. A linearization approach
was later used in an attempt to remove the need for complicated
nonlinear controllers [36].

The overall system is highly nonlinear and not completely
known leading to unmodeled uncertainties. Furthermore, full-state
feedback is required for the control strategy to be implemented.
However, in practice not all of the states are measured or available
due to cost or availability of instruments. Hence, a full-state observer
based on the Smooth Variable Structure Filter (SVSF) has been used
[37]. The SVSF is a relatively new predictor-corrector method used
for state and parameter estimation, and has a form that is able to
provide full-state information. In this regard, a new strategy that
combines SMC with the SVSF is used to control this system. The
estimated states from the SVSF are used by the sliding mode
controller to obtain a discontinuous control signal for the valve. This
control strategy is able to overcome the nonlinearities present in the
system, has a fast response time, and is robust and stable to modeling
uncertainties and noise.

SYSTEM MODELING
System Setup and Structure

The system hardware is illustrated schematically in Fig. 1. The Festo
fluidic muscle (MAS10-300 mm) is hanging vertically, actuating
(lifting) the attached payload. The supply pressure (0.65 MPa abs.)
for the system is provided by the proportional pressure regulator
(Festo VPPM-6L-L1-G18-0L6H-VIN). A 3/2 high switching on/off
solenoid valve (Festo MHE2-1/8-MS1H-3/2G-M7) is controlled to
actuate the muscle actuator and the payload. The controller is
implemented in a DSpace and Matlab Simulink environment and
provides the pulsed valve control signal. An electronic amplifier is
used to provide sufficient power to actuate the valve. Flow control

valves were added between the on/off solenoid valve and the muscle
actuator to filter out the pressure vibrations caused by the pulsing of
the solenoid valve. A pressure sensor (Festo SDE1-D6-G2-H18-C-
PU-M8) provides a feedback signal for the controller. The
displacement of the actuator and payload is measured by an electrical
potentiometer.
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Fig. 1. System hardware

McKibben Muscle Actuator

The McKibben muscle is an actuator that consists of a rubber tube
with a non-extensible fiber surrounding [38]. This physical
configuration causes the muscle to have variable-stiffness spring-like
characteristics, nonlinear passive elasticity, physical flexibility, and
very light weight compared to other types of artificial actuators [39].
The Festo fluidic muscle differs slightly from the general McKibben
type muscle. The fiber of the fluidic muscle is knit in the tube,
offering easy assembly and improved hysteretic behavior and
nonlinearity compared to conventional designs [40].

During pressurization of the muscle with compressed air, the
muscle widens in diameter and shortens in longitudinal direction. The
maximum force is gained at the beginning of the contraction and
decreases with increasing contraction [38]. The actuator is
unidirectional and its maximum contraction without load is typically
20% to 25%. The nominal force-to-contraction at different pressure
levels is highly nonlinear, and adds to the difficulty of effectively
modeling the muscle actuator. As with all actuation systems, effective
design with pneumatic muscle actuators relies on being able to
accurately model and predict the forces that will be generated under
any operating conditions. In general, the properties of the muscle
actuator depend on the geometric parameters shown in Fig. 2.
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Fig. 2. Geometric model of McKibben actuator [39]

From the geometry of the muscle, the overall length of the
actuator and the diameter are given by the following two equations:

L=hcosd €]

2 Copyright © 2009 by ASME



_ bsin @ )
nr
Where b is the length of one braid strand, considered to be
inextensible, and n is the number of times a strand encircles the
muscle’s circumference from end-cap to end-cap. Assuming an ideal
cylindrical shape, the enclosed volume is defined as follows:

D

3

V= 417;12 cos@sin’ @ 3)

From the principle of virtual work and conservation of energy,
the following is the work required to deform the muscle membrane
(assuming quasi-static conditions):

av

F=—p*- @

Substitution of equation (3) into (4) leads to the force generation
equation, first proposed in [41]:

Dy

F= 4P(30032971) )

Where F is the contractile muscle force, D, is the diameter of
the actuator at the braid angle of 90° (theoretical maximum), and p is
the muscle pressure. The same force equation was given in a more
useful form as follows [42, 17]:

F =(m )pla(-£)* = b]
S B ©
tan” 6, sin” 6, I

Where ry and 6, are respectively the minimum radius and braid
angle, /, is the maximum length, and ¢ is contraction ratio. Equations
(5) and (6) give a basis for predicting the generated muscle force.
However, they fail to completely model the behaviour of braided
muscle actuators due to the assumption of lossless operation.
Subsequently, various hypotheses have been developed to account for
the effects of tubing elasticity, internal frictions, braid thickness,
stretching of the fibres, end cap diameter (not cylindrical) and
material modeling in order to provide more accurate models [38, 39,
42-45]. Despite the improvements, errors between the predicted and
measured force still exists. Especially in the case of Festo fluidic
muscles, the models have been too inaccurate leading to a use of
various corrective factors and exponential curve fitting methods [17,
46]. In this paper, an alternative force model is introduced. At the
maximum possible constant pressure (0.6 MPa in this case); the
maximum force depends nonlinearly on the muscle contraction. A
third-order polynomial fit can be introduced to describe this
relationship, as follows:

2 3
F . (xX)=a,+ax+a,x” +a,x @)

When the muscle displacement is held constant, the actuator
force depends almost linearly on the pressure. Thus, a factor to
describe the force per unit pressure as a function of the muscle
displacement is introduced:

ky—k,x
qusc[c = F;‘nax (x) - (pmax - pm )( 0 k ! ) (8)
2
Where p,... is the maximum available muscle pressure and p,, is
the measured muscle pressure. Coefficients k, [N], k; [N/m] k;, [Pa]

are found by using least squares methods.
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Fig. 3. Static muscle force modeling

Figure 3 shows the predicted force plotted against the force data
provided by the manufacturer, at different pressure levels (0.1 to 0.6
MPa). For estimating the maximum force (F,,,) in equation (7), a
fourth-order polynomial curve fit was used. The model is able to
predict the force reasonably well for almost every pressure. Some
deterioration exists between the model and actual data only at lower
pressure levels (less than 0.2 MPa). Also, it should be noted that our
model does not take into account the hysteresis effect caused by
inherent friction. In Festo fluidic muscles, the hysteresis is reported
to be approximately 5% [40]. This adds to the uncertainties in the
overall system model. Various approaches have been attempted to
describe the dynamic characteristics of the muscle actuator. A
common way is to treat the pneumatic muscle as a spring-mass-
damper system. This method requires experimentation in order to
obtain the stiffness and damping coefficients. The muscle damping
coefficient is difficult to determine exactly, such that a constant
approximation of it is included in the friction model.

Pressure Dynamics

Knowledge of the actual pressure inside the muscle is essential for
understanding the dynamic behavior. The pressure depends on the
quotient amount of air and volume of the muscle. The diameter and
length of the muscle were measured, and the volume of the muscle
was calculated assuming a cylindrical shape of the actuator. The
volume shows a nearly linear behavior, dependent on displacement:

V,(x)=v,+vx, )
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Musche volume as a funclion of displacement
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Fig. 4. Muscle volume in correlation with displacement
For calculating the pressure inside the muscle, it is assumed that
the air is ideal gas and the change of air is isothermal, such that the
pressure change can be expressed as follows:

P =VL(Rng -p.7,) (10)

m

Where p, R, T, V,, and m, denote the specific heat ratio density,
gas constant, temperature, volume of the muscle, and gas mass,
respectively. The expression inside the bracket of equation (10)
considers the power balance of the pressurized flow rate. The first
term inside the bracket gives the pressure change due to the mass
flow in or out of the muscle chamber. The second term considers the
pressure change due to the change of the muscle chamber volume.
The reciprocal volume before the bracket takes into account the
compressibility of the gas.

High Speed Valve Modeling

The mass flow rate model of the 3/2 high speed on/off valve is an
essential part of the system model. Based on isentropic flow
assumptions, the mass flow rate dm,/dt through a valve orifice with
an effective area 4, has to be treated as compressible and turbulent. If
the upstream to downstream pressure ratio is larger than a critical
pressure ratio p.,. the flow will attain sonic velocity (choked flow)
and will depend linearly on the upstream pressure. If the pressure
ratio is smaller than critical value the mass flow depends nonlinearly
on both pressures. The standard equation for the mass flow rate may
be expressed as follows [47]:

k2 M p
JENERVENS irPic,
’i) | G v, =P

(P, Py)= = .
2k Pivr Pasi . Pa
-9 9*Cp A, f~>=p,
VRTG-D\ p, p P

Where Cris a non-dimensional discharge coefficient, p, is the
upstream pressure, and p, is the downstream pressure. The meaning
of the upstream and downstream pressure is different for the charging
and discharging process of the muscle chamber. For charging, the
valve is actuated and the supply pressure is considered the upstream
pressure, and the muscle pressure is the downstream pressure. For
discharging, the valve is closed and the muscle pressure is upstream
pressure and the ambient pressure is the downstream pressure.

(1D

The 3/2-on/off solenoid valve is controlled with the duty cycle
of the PWM-modulated signal. The time period of the PWM-signal is
determined as Tpyy, and is the inverse of the switching frequency
Tpwa=1/fpwy. The switching time for opening and closing the valve
is approximately 2 ms, which reduces the maximum available duty
cycle range. The switching frequency and the duty cycle determine
how long the valve is open and closed during time period Tpyy,.
Valve delays and the discontinuous high frequency switching
increase the complexity of the valve model, and are difficult to
handle in the view point of controller design. Thus, an alternative
valve model is needed for controller design. In a PWM-controlled
system, the power is delivered to the actuator in discrete packets of
fluid mass, as the valve is either completely open (on) or closed (off).
If the switching frequency of the valve is significantly higher than the
system dynamics, the system responds similarly as in the case of
continuous mass flow. As the control signal for the valve is actually
the duty cycle, it is necessary to determine the average mass flow
rate as a function of muscle pressure and duty cycle control signal.

In this case, a similar procedure is followed as was introduced in
[48], where the mass flow rate model was determined for a
proportional servo valve. The equivalent mass flow rate has nonlinear
characteristics and is a function of pressure p,, inside the muscle, and
the control signal u (duty cycle). Thus, one obtains the representation
for the pressure change as follows:

kRT kp AV, (x) .
pm: meq(u7pm - X
V,(x) V,(x) dx (12)
:>pm:f]‘(x7pm7u)+f2(x’pm’x)

In equation (12), the second term can be computed once the
muscle volume is V,, is known, and the muscle pressure is given. In
the first term, the nonlinear valve function is difficult to measure.
Alternatively, the nonlinear valve characteristic can be approximated
experimentally by inflating and deflating a constant volume which
causes the second term in equation (12) to disappear. A set of input
signals with different duty cycles were applied to the valve and the
pressure response in the constant chamber was measured. It is
obvious that due to high frequency switching, the pressure signal
contains a significant amount of vibrations. Thus, the pressure
response requires filtering in order to obtain an averaged response.
The average pressure signal may then be differentiated in order to
obtain the pressure change at different times. By distributing the
computed slopes of the pressure curve at the corresponding parameter
pairs (u and p,,), a parametric representation of the surface of the
pressure change can be obtained. Using this surface, the mass flow
rate can be estimated using equation (13). Figure 5 shows the
estimated mass flow rate plotted as a function of input signal (duty
cycle) and the muscle pressure.
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Fig. 5. Estimated mass flow rate for on/off valve

In order to estimate the mass flow rate, a 2™ order bi-
polynomial function was used, as follows:

n,, (u, B,) =m, +m,P, +my P>+ myu +mguP, +muP. +mu’

m

(13)

+ mgusz + m9142Pm2
Where m;_y are the coefficients found using the least squares
method. The output obtained from this function is plotted in Fig. 6. It
can be observed that the model approximates the averaged mass flow
rate behavior of the valve quite well.
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Fig. 6. Fitted model for mass flow rate
Overall Model

The motion equation of the muscle driving a constant payload
attached in a vertical direction is defined (using Newton’s Second
Law) as follows:

Mg = F, — F, — Mg (14)

Where F), is the static muscle force, F is the friction force, M is
the total mass of the system and payload, and g is the gravitational
constant. The frictional force Fy of the system is supposed to be a
viscous friction (damping) of the muscle actuator, defined by:

dx
F.=B— 15
f i (15)

Where B is an experimentally approximated damping factor of
the muscle actuator. Furthermore, suppose that the state vector for the
system is defined as follows:

x x i (16)

X e =[P,

states m

From the nonlinear models described in the previous sections
(particularly equations (12) and (14)), we have the following
discrete-time equations which are used in the control and estimation

processes:

Z8

Xy = 7[Rv(uﬂxl‘k)_xl,klelk]-'»xl‘k a7
Vo tViXoy
Xokst = ToXs 40 + %X (18)
T, k, —kx
X3p1 = = [f(xz,k) = (P — X1k ) -k Bx,, —Mgl+x,, (19)
M k,
_ X T X

(20)

Xggn = T
s

Furthermore, note that the measurement equation is defined as
follows (only pressure and position measurements are available):

1 000
Zrn = 01 0 Oxk+1 21

SLIDING MODE CONTROLLER AND FILTER

SMC Design

SMC is a form of variable structure control, which utilizes a
discontinuous switching plane along some desired trajectory [22, 23].
This plane is often referred to as a sliding surface, in which the
objective is to keep the state values along this surface by minimizing
the state errors (between the desired trajectory and the estimated or
actual values). Ideally, if the state value is off or away from the
surface, a switching gain would be used to push the state towards the
sliding surface. Once upon the surface, the motion of the system as
the states slide along the surface is called a sliding mode [23]. The
switching brings inherent stability to the control strategy, while also
introducing excessive chattering (high-frequency switching) which is
undesirable in practice and can excite unmodeled dynamics. A
boundary layer may be introduced along the sliding surface in order
to saturate and smooth out the chattering within the boundary region.

The SMC design is based on the nonlinear system model. Since
the SMC design allows for model uncertainty, the stick-slip and
Coulomb friction components are neglected in the model such that
the friction is described only with viscous friction, as per equation
(15). Substituting the muscle static force equations (7) and (8), and
friction equation (15) into equation (14), and taking the derivative
yields:

x:M[U(ueq,x’pm)+H()C,X,pm)_Bx] (22)
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Where the above terms are defined by:

kRT . kp,V, (x) | ko —kyx
U@Mmp{mawwu—p“K°'] 23)

V. (x) V. (x) k,
H(x,fc,pm):(a] +202x+3a3x2 + (P o —pm)]]?jfc (24)
2

Applying the equivalent control design method from [23] yields
the following sliding surface definition:

S=x-%,+2A(x—x,)+ A (x—x,) (25)

The purpose of the equivalent control signal is to keep the
system state on the sliding surface after it has reached it. The state
will stay on the surface when dS/dt=0, which gives the equivalent
control value U:

Uu,,,x,p,)=—H(x,x,p,)+ BxX

(26)
+M(X, - 24 -%,)+ X (x—x,)

The desired equivalent mass flow rate through the valve can be
solved using equation (26), as follows:

n,, (U, p,)=U(u,,x,p,)

vum[sz+mm@> o

kRT | k, —k,x RT

The remaining step is to convert the desired mass flow rate into
the correct input signal (duty cycle value). Recall the second order
bi-polynomial fitting equation (13), with the given values for the
mass flow rates and the pressure measurement. The bi-polynomial
equation reduces to the following quadratic equation in u:

C,u* +Cu+Cy =0 (28)
Where the parameters are defined by:

2 .
COl = ml + m2pm + m3pm - meq

2
Cy=my+msp, +mp, (29)

2
Cyy=my+myp, +myp,

The correct value for desired input signal was determined to be
the most positive root, as follows [48]:

_ _Cu +\/C121 _4C21C01 (30)

u
“ 2C,,

Due to the numerical errors in the solution, the equivalent input
control signal is bounded between 0 and 1 (as per the duct cycle
signal which controls the valve). The SMC provides an input for the
system of the following form:

u= ueq + Ug, (3 1)

The switching component of the input is defined as follows
(where kgyc is the switching gain, and ¢ is the boundary layer width):

u,, =—kgcsat(s/ ) (32)

Smooth Variable Structure Filter

In 2002, the variable structure filter (VSF) was introduced as a new
predictor-corrector method used for state and parameter estimation
[49, 50]. It is a type of sliding mode estimator, where gain switching
is used to ensure that the estimates converge to true state values. An
internal model of the system, either linear or nonlinear, is used to
predict an a priori state estimate. A corrective term is then applied to
calculate the a posteriori state estimate, and the estimation process is
repeated iteratively. The SVSF was later derived from the VSF, and
uses a simpler and less complex gain calculation [37]. In its present
form, the SVSF is stable and robust to modeling uncertainties and
noise, given an upper bound [37]. The basic concept of the SVSF is
shown in Fig. 7. Assume that the solid line in Fig. 7 is a trajectory of
some state (amplitude versus time). An initial value is selected for the
state estimate. The estimated state is pushed towards the true value.
Once the value enters the existence subspace, the estimated state is
forced into switching along the system state trajectory [37].

/1“‘— Syslem
S
Estimated State
Trajectory

Amplitude State Trajectory

]
Existence
Subspace

Initial Value of the
Estimated States

Time

Fig. 7. SVSF Estimation Concept [37]

The SVSF method is model based and applies to smooth
nonlinear dynamic equations. The estimation process may be
summarized by equations (33) to (36), and is repeated iteratively. An
a priori state estimate is calculated using an estimated model of the
system. This value is then used to calculate an a priori estimate of the
measurement, defined by equation (34). A corrective term, referred to
as the SVSF gain, is calculated as a function of the error in the
predicted output, as well as a gain matrix and the smoothing
boundary layer width. The corrective term calculated in equation (35)
is then used in equation (36) to find the a posteriori state estimate.

)%le\k = ﬁ(jek\k7uk) (33)

£k+1\k = éfckﬂ\k (34)

Kin= ¢ ( Ccon|ags + 71 ABS) ass saf(e,.,»¥) (35)
2k+]\k+] = )’ek-#l\k + K, (36)

€ Tk T Ek\k (37

€ = Zn T 2k+1\k (3%)
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Two critical variables in this process are the a priori and a
posteriori output error estimates, defined by equations (37) and (38),
respectively [37]. Note that equation (37) is the output error estimate
from the previous time step, and is used only in the gain calculation.

Sliding Mode Controller and Filter Strategy

The estimated states from the SVSF are used by the sliding mode
controller to obtain a discontinuous control signal. This signal drives
the plant to follow a desired state trajectory required by the
pneumatic McKibben muscle actuator. This control strategy may be
summarized as follows (assuming some initial values):

1. The uncertain system model is used to determine the a priori
state and measurement estimates (equations (33) and (34)).

2. Estimated and measured state values are used to calculate the
error (equations (37) and (38), depending on the time step).

3. The SVSF corrective gain is calculated as a function of the
errors (equation (35)).

4. The a posteriori estimates are formed based on the corrective
gain (equation (36)).

5. The updated estimates and desired state values are fed into the
SMC, where the sliding surface (equation (25)) and equivalent
control (equation (30)) are calculated.

6. As per the SMC strategy, an input is calculated based on the
equivalent input and the switching component (equation 32).

7. Based on this control input, the system (plant) model is
controlled and new measurements are taken. These
measurements are then used at the start of the process (step 2),
after the new a priori state estimates have been calculated.

The above process is iteratively repeated until the end of the
desired trajectory tracking process.

SIMULATION RESULTS AND DISCUSSION

This section describes the results of simulating the SMC-SVSF
strategy on the aforementioned system models for following a
desired state trajectory. The following equation describes the desired
position for the muscle actuator:

x, = Asin(27ft) (39)

Where A4 refers to some desired amplitude (0.02 m in this case),
fis the frequency of vibration (0.2 Hz), and ¢ is the simulation time
(up to 10 seconds). The payload mass (M) used in the simulation was
10 kg. The desired velocity and accelerations are simply the
corresponding derivatives of equation (39). Gaussian measurement
noise added to the simulation was 10 kPa for the pressure sensor, and
0.1 mm for the measurement sensor. The SMC gain was set to a
constant 20, the boundary layer was defined as 125, and the break-
frequency (1) used was 75. For the SVSF, the constant diagonal gain
value (y, used in the SVSF gain calculation) was set to 0.2, and the
boundary layers for the states were defined as 1300, 250, 200, and
200, respectively (as per equation (16)). These values were obtained
by trial-and-error.

The estimated pressure was calculated quite well. In fact, as
shown in Fig. 8, it is nearly impossible to differentiate between the
measured and estimated pressures.

%10 Measured and Estimated Pressures

hleasured
— Estimated

Pressure (kPa)
w

P
o 1 2

L.,A
.
=
=
o
<
=

Time (sec)

Fig. 8. Measured and estimated pressures

The desired, measured, and estimated positions are shown in
Fig. 9. After less than half a second, the measured position was very
close to the desired trajectory. The initial measured and estimated
position were clearly set to 0 m, which caused the delay in reaching
the desired trajectory, which immediately demanded 0.0225 m at the
start of the simulation (this is akin to a step input). Note that there is
no overshoot present when the trajectory is reached, and there
appears to be no steady state errors.

Degired, Measured, and Estimated Positions

0045

0.04 p--eneft

0.035 -~

Desired

heasured H
— Estimated

Position (m)

Tirne (sec)

Fig. 9. Desired, measured, and estimated positions

Figure 10 shows the error between the desired and estimated
position (note the scale). The position error ranges between 0.1 mm
and about -0.3 mm. Clearly this is well within acceptable ranges, and
demonstrates the effectiveness of this control strategy.

FETind Puosition Error (Between Desired and Estimated)

Pasition Error ()

Tirme (gec)

Fig. 10. Position error (between desired and estimated)
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Furthermore, the demanded and estimated velocities are shown
to be fairly close. Larger errors existed (and were expected) due to
the fact that no measurements were available for the velocity. The
velocity estimate had to be extracted based on a relationship with the
pressure and position measurements found within the system model.
That being said, however, the results are still quite reasonable.

Desired and Estimated Velocities

T T T T T T T
H H H : : H Desired

- Estimated

| .

0.0a

0.04

0.03

“elocity (m/s)

Time (sec)

Fig. 11. Desired and estimated velocities

The results of the SMC-SVSF control strategy were also
compared with a tuned PID controller. The PID was tuned to 50, 80,
and 0.1 for the proportional, integral, and derivative gains,
respectively. Figure 12 shows the comparison of the position results
between the two methods.

Comparison of SMC-SVSF and PID

b0as T T T T T e
H H | | — Desired

0.035 (-

0.005

Time (sec)

Fig. 12. Comparison of SMC-SVSF and PID positions

The root mean squared errors (RMSE) were calculated for both
strategies. The RMSE for the PID was 0.0018 m (or 1.8 mm), and the
RMSE for the SMC-SVSF was calculated to be 0.00014 m (or 0.14
mm). Clearly the SMC-SVSF strategy outperforms when compared
with the PID method.

CONCLUSIONS

In this paper, a robust and stable control strategy was applied to a
model of a Festo fluidic muscle actuator. The main objective of this
application was trajectory following control. A complete model of
this system was not available, and not all of the states had
corresponding measurements. As such the SVSF was used to provide
full-state information for those states without measurements. A new

strategy that combines SMC with SVSF was used to control this
system. The inherent robustness of the SMC-SVSF method is one of
its main advantages over other controllers. The described control
strategy was found to overcome the nonlinearities present in the
system, has a fast response time, and is robust and stable to modeling
uncertainties and measurement noise.

NOMENCLATURE

A, [m?] effective orifice area of the valve
B [Ns/m] viscous friction coefficient

Cr [-] discharge coefficient of the valve
D, D, [m] muscle actuator diameter

F [N] force

Fou [N] maximum muscle force muscle
Fousee  [N] force generated by the muscle

K [-] SVSF gain

L [m] muscle actuator length

M kel weight of the payload

Pm [Pa] pressure inside the muscle

Po [Pa] atmosphere pressure

Ds [Pa] supply pressure

R [J/(kgK)] gas constant

S [-] sliding surface

T K] air temperature

Trwm [s] time period of PWM-signal

Ts [s] sampling time (0.001 sec)

Vv [m’] volume

Vo [m’] volume of the muscle

ap.3 [m] muscle force coefficients

by [m] length of one braid strand
frmn [Hz] switching frequency of the PWM-signal
g [m/s’]  gravity constant

kSMC [-] SMC gain

k [-] specific air heat ratio

ko [N] coefficient for muscle force eq.
k; [N/m]  coefficient for muscle force eq.
k> [Pa] coefficient for muscle force eq.

/ [m] muscle length

Iy [m] muscle initial length

i, [kg/s]  equivalent mass flow rate

tit, [kg/s]  mass flow rate

) [-] coefficients for eq. mass flow rate
ng [-] number of strand encircles

P [Pa] pressure

Der [Pa] critical pressure ratio

Pa [Pa] valve downstream pressure

Pm [Pa] pressure inside the muscle

Pmax [Pa] maximum muscle pressure

Po [Pa] atmosphere pressure

Pu [Pa] valve downstream pressure

u [-] control signal (duty cycle ratio)
Ugg [-] equivalent control signal

X [m] displacement of the muscle

0, 6, [°] muscle braid angle, initial braid angle
o [-] SMC boundary layer thickness

y [-] constant diagonal gain (between 0 and 1)
14 [-] SVSF boundary layer thickness
€ [-] muscle contraction ratio

A [-] break-frequency of SMC filter

8 Copyright © 2009 by ASME



Vo, Vi,

kg/m®]  gas density

m’, m’] muscle volume coefficient
-] denotes and estimated value
-] denotes an error value
-1

denotes a time derivative

[
[
[
[
[
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