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II. EXPERIMENTAL APPARATUS

A Test Rig

Experiments were performed on a test rig (Fig. 1) which
enabled the force and displacement of a pneumatic cylinder
to be measured. Low friction pneumatic cylinders were
used to minimize stiction effects, hence enabling smoother
motion to be achieved. This work is part of an ongoing
project to develop a physiotherapy robot (1430051 for which
smooth and predictable motion is essential.

M
()
Movement
o
Pneumatic
cylinder
o
777777777777 /777/77

Figure 1 — Pneumatic test rig

The pneumatic cylinder was supplied with air via two
electro-pneumatic valves (Fig. 2). This allowed the

pressure difference across the cylinder to be altered with
software changes alone. A gain of 1.1 was used to increase

the pressure P, to compensate for differences in piston area.

The position of the pneumatic cylinder was measured using
an LVDT attached across the cylinder. A force sensor was
attached between the cylinder and load to enable the

friction within the cylinder to be estimated. Component
specifications are contained in Table 1.

M
U P, [T 49— Force
—> Valve 2 b——— sensor
¥-Pneumatic
Uy, ¥ 0 I l cylinder
P Valve | [~ FrrrrIIIIT

Figure 2 — Supplying air to the cylinder

B. Balance pressure

In order for a zero control signal (i) to cause no change in
response, it was necessary to create a difference in pressure
between P, and P, to counteract the external force,

Effect of external force

E + th % Actual
: Plant L

Figure 3. — Considering balance pressure as
part of plant
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effectwe!y adding a constant value (B,) to any control
51gngl (Fig. 3). For controller design, the balance signal was
considered part of the actual plant ‘

C. Controlling two valves with one control signal

In Qrder to optimize the speed of airflow to and from the
cylmfier the valves needed to operate under choked
conditions (maximum mass flow rate). For air, choked
flow occurs for a pressure ratio less than 0.53.

The pressures P, and P, were increased by equilibrium
pressure (P,,) to operate under these conditions. A control
strategy was formulated to control two valves from one
control signal. This assumed the two valves to behave
identically. The control signal and the balance factor (B,)
were halved, subtracted from the top equilibrium signal and
added to the bottom equilibrium signal:

'
u,

u,= }14 +'—5— (1)
u,'
142’ = g —7 (2)
Where:
u' =u +B, (3)

III. EXPERIMENTAL RESULTS

A. Proportional control

Proportional control (Fig. 4) was performed on the
pneumatic cylinder.

r, Tt Yl
‘,& K, PLANT ’

Figure 4 - Proportional control

Using a proportional gain (K},) of 2.5 the position response
demonstrated the smallest steady state error and fastest
response time (Fig. 5). The large overshoot is unacceptable
for precision control systems of this nature, so a more
advanced control strategy is required.

i
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| Position
(%) 40
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|
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Figure 5 — Proportional control results (K, = 2.5)
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B. Pole-placement control

pole-placement is a common form of model-based control
using the controller structure shown in figure 6.

+ M
n 1/F(z’") PLANT >

G(z")

Figure 6 - Pole-placement control

Physical modeling of the valves and cylinder have shown
the valves to have a model order of three and the cylinder to
have a model order of two. The response time of the valves
is significantly higher than that of the pneumatic cylinder,
enabling the valve dynamics to be simplified to a single
gain. The system can then be represented by a second order
model. Using data obtained from proportional control, a
plant model was calculated using least squares parameter
estimation:

_Be), @)
Az

Vi

Aiz")=1-1.75z" +0.75z* (5)
B(z™')=0.0591z (6)

Using this plant model the coefficients F; (z") and G(z”!)
were calculated for specific closed loop poles by solving
the diophantine equation''*). Pole-placement was
performed on the pneumatic cylinder using closed-loop
pole pairs at 0.410.1i . The resulting response is shown in
figure 7.

AN

! 40 ~ ;._A_ : k{.\._...,\‘ L':I—:.—-:.\—:

‘ 0 5 10 15 20 25
Time, t(s)

Figure 7 — Pole-placement control results.

The pole-placement results are superior to those obtained
from proportional control with reduced overshoot and
shorter rise time. These results do not demonstrate the
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chapg_eable nature of the system (for example due to
variations in system temperature) requiring a new plant
model to be identified periodically. A self-tuning strategy

was adopted to automatically obtain the correct plant model
at the commencement of each session.

C. Self-tuning control

It was possible to reduce the number of parameters being
estimated by assumin% the plant always contains an

integrating element !°

. |
b.z™
,Z

u, (7)
(1-z"1+ az') "

Y, =

It was necessary to incorporate the balance pressure (B,)
into the self-tuning process as it varied between sessions.
resulting in three parameters (a,, b,, B,) being estimated.
The system including balance signal is shown in figure 8.

PLANT
B, B,
L+ Yy 34 14 ¥ B(z"") || %
1/F(z") ™ ADér e

G(z'"

Figure 8 - Pole-placement control with balance pressure

Analyzing the plant to obtain a method of self-tuning the
balance pressure:

5

y(-z"= 1_1:3;;_[ u (8
For ease of notation
y'=y(1-2z7") 9)
=% = lfi;" xu, (10)
Substituting for «, in (10) using (3)
:>y,'(l+a,z")=b3:'2u,'—szp:’: (11)

A parameter d can be estimated on line

"
d=-bB, | (12) |

The time delay (z”°) of d can be ignored since B, |§ a‘ |

constant. Forming the regressor and parameter vec tors

necessary for recursive least squares self-tuning.

The regressor vector:
(13)

v = Dot Wea A1
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The parameter vector:

Q;z[—a, b, d]’ (14)

The parameter vector is calculated online using standard
recursive least squares identification equations ["*M'¥) The
halance value is then reconstructed from (12) and the plant
model from (7). The coefficients F(z”/) and G(z”) are
recalculated using the following diophantine equation:

F(z)A(z")+G(z")B(z") =4, (5)

Pole placement control can then be performed for the next
sample interval using the F (z" ) and G(z) coefficients
obtained from (15).

—

90 r T ?

, ‘ — - — Desired
- | —— Al [

70
Position /
) g

( 5 10 15 20 25
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‘L _E"—-—--.____.__‘_._.;
L

Figure 9 — Self-tuning position response

T

5 10 15 20 25
Time, t(s)

Figure 10 — Self-tuning parameter a,

The step response of the system is seen to converge
dppropriately after an initial tuning transient (Fig. 9). The
tonvergence of parameters a,, b, and B, is shown in figures
10,11 and 12.

Figure 11 - Self-tuning parameter b,

B8R BB E2BHE G I

5 10 15 20 Y.
Time, t(s)

Figure 12 — Self-tuning parameter B,

IV. ADVANTAGES OF LOW FRICTION CYLINDERS

Low friction pneumatic actuators were used in these control
experiments due to their small and predictable friction
characteristics. The Airpel Airpot cylinder is a low friction
cylinder based on an air bearing design'". This design
reduces friction and stiction effects compared to modern
conventional cylinders. In order to demonstrate the
improved performance the frictional forces within the
cylinder were calculated by examining the forces due to the
pressures P; & P, and then subtracting the force applied
externally by the cylinder (measured by the force sensor).
Sine wave demand signals were used as frictional effects
are more evident when a slow variation in position is

required.
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aring the position response of the conventional
cylinder (Fig. 13) and the Airpel cylinder (Fig. 14) both
ssing pole placement control, a much smoother response is
schieved by the Airpel cylinder. Examining the frictional
characteristics of the two cylinders indicates the reason for
he degradation in response of the conventional cylinder.
The conventional cylinder experiences large levels of
friction and a stick-slip motion at low speed (Fig. 15), while
the magnitude of the Airpel internal friction is much

smaller (Fig. 16).

f 90 ~ [ T T

80r

| e |
|

— — Desired

| I ; 5 ) )" S", VRS ‘ i s i
70 Y —— Actual

Seal L
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) 90

40t
30.. FGIN

Time, t(s)

Figure 13 — Conventional cylinder sine wave position

response
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Figure 14 — Airpel sine wave position response
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Figure 15- Conventional cylinder friction characteristics
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Figure 16 — Airpel friction characteristics

V. CONCLUSIONS

It has been demonstrated that low friction pneumatic
cylinders offer real potential for modern precision control
systems. The low friction nature enables far greater
precision than that obtainable through modern conventional
cylinder designs.

The self-tuning strategy shown here provides a method of
obtaining correct operating parameters at the start of a
session. Identifying an accurate balance pressure is crucial
when a constant external force, such as gravity, is present.
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Pneumatic impedance control for physiotherapy
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Abstract— o
A simple pneumatic impedance control system is

proposed for implementation on a physiotherapy
robot. The controller consists of a proportional
derivative position controller, feedforward force
compensation and impedance filter to modify the
desired trajectory. Performance of the proposed
controller is demonstrated through simulated and
experimental results obtained from a single link of a
three-degree of freedom robot intended for
physiotherapy. The controller has been shown to
accurately respond to position and force demands.

Index terms - Pneumatic, Impedance control, Robotic
physiotherapy

I. INTRODUCTION

Many people suffer from debilitating illnesses such as
stroke. These patients require physiotherapy to aid
towards full or partial recovery of any effected limbs.
Robots have the potential to administer physiotherapy
with greater consistency than humans while recording
patient data that was previously unattainable. Robotic
physiotherapy requires consideration of both force and
position, wherein a controller guides the patient’s limb
through a pre-set series of motions, applying forces to
assist (not drag) the patient’s limb.

Several force and position control schemes have been
devised. Chiavernin and Sciavicco [1] proposed a
parallel approach to force and position control, where
position trajectories are sacrificed due to force
demands. For physiotherapy, specifying specific
position demands would be difficult, as they would be
masked by the dominance of the force loop. Ferretti et
al. [2] proposed a hybrid force/position control

strategy for robots with multiple degrees of freedom.
Force is controlled in constrained directions, while
position is controlled in unconstrained directions.

With the robot operating in a constrained environment
the controller would behave purely as a force
controller. Schutter and Brussel [3] used a position
control strategy combined with an external force loop

*Comesponding author email: menrr@Leeds.ac.uk

to alter demand position and velocity. An extension
to this was devised by Hogan [4] who developed a
force /position control strategy, termed ‘impedance
control’, for which the desired force and position are
connected through mass, spring and damping
characteristics. The controller compromises between
force and position demands. This controller was
deemed most appropriate for physiotherapy. Indeed,
several prototype physiotherapy robots use this
technique. Krebs et. al [5] have implemented force
based impedance control on a low inertia prototype
physiotherapy robot based upon electric motors.
Noritsugu and Yamanaka [6] have used position based
impedance control on a RAM (Rubber artificial
muscle) for a prototype physiotherapy robot,
incorporating addition pressure controllers to ensure
pressures within the RAM are accurately controlled.

Recent developments in pneumatic actuators and
valves allow them to be considered for applications
which previously only electric motors were suitable.
Using pneumatic actuators to implement impedance
control has major benefits. Pneumatic system’s
inherent low stiffness and direct drive capabilities
enable smooth compliant motion, which is difficult to
obtain from conventional geared electric motor
systems. Moreover, pneumatic actuators can cost up to
10 times less than electric motors, while offering a
higher power to weight ratio.

Most impedance controllers are designed around force
loops, which make use of the ability of an electric
motor to supply torque on demand [S]. Pneumatic and
hydraulic actuators could also be used. However, due
to factors such as fluid compressibility, stiction and
viscous friction, accurate positioning of hydraulic and
pneumatic systems 18 difficult to obtain from a force
based control system. Moreover, an accurate model of
the system dynamics is required, which can be
difficult to obtain [7]. Indeed, Krebs et. al [S]used a
low inertia manipulator to reduce the influence qf
system dynamics. Generally, the incrt_igl dynamics of
the manipulator are significant. A position bascd .
impedance controller does not require consideration of
the system dynamics. Heninrichs et. al [7] pro.pqscd a
position based impedance controller for an existing
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to alter demand position and velocity. An extension
to this was devised by Hogan [4] who developed a
force /position control strategy, termed ‘impedance
control’, for which the desired force and position are
connected through mass, spring and damping
characteristics. The controller compromises between
force and position demands. This controller was
deemed most appropriate for physiotherapy. Indeed,
several prototype physiotherapy robots use this
technique. Krebs et. al [5] have implemented force
based impedance control on a low inertia prototype
physiotherapy robot based upon electric motors.
Noritsugu and Yamanaka [6] have used position based
impedance control on a RAM (Rubber artificial
muscle) for a prototype physiotherapy robot,
incorporating addition pressure controllers to ensure
pressures within the RAM are accurately controlled.

Recent developments in pneumatic actuators and
valves allow them to be considered for applications
which previously only electric motors were suitable.
Using pneumatic actuators to implement impedance
control has major benefits. Pneumatic system’s
inherent low stiffness and direct drive capabilities
enable smooth compliant motion, which is difficult to
obtain from conventional geared electric motor
systems. Moreover, pneumatic actuators can cost up to
10 times less than electric motors, while offering a
higher power to weight ratio.

Most impedance controllers are designed around force
loops, which make use of the ability of an electric
motor to supply torque on demand [5]. Pneumatic and
hydraulic actuators could also be used. However, due
to factors such as fluid compressibility, stiction and
viscous friction, accurate positioning of hydraulic and
pneumatic systems is difficult to obtain from a force
based control system. Moreover. an accurate modcl of
the system dynamics is required, which can be
difficult to obtain [7]. Indeed, Krebs et. al (5] used a
low inertia manipulator to reduce the influence qf
system dynamics. Generally, the incqlgl dynamics of
the manipulator are significant. A position t'mscd.
impedance controller does not require consideration of
the system dynamics. Heninrichs et. al (7] pro.poscd a
position based impedance controller for an ex1sUNg
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hydraulic industrial robot, validating their work
experimentally. Gorce and Guilhard [8] propose a
qulti-link, position based impedance controller for
implementation on a legged robot. They use an
sctuator model to predict the torque produced from
the pneumatic cylinders. The performance of the
controller is demonstrated through simulation.

This paper examines the simulated and experimental
results obtained from a simple impedance controller
implemented on one degree of a three-degree-of-
freedom robot intended to perform physiotherapy.
Section 2 describes the experimental equipment and
section 3 develops separate force and position control
techniques. Section 4 proposes a position based
impedance controller from the controllers described in
section 3. Simulated and experimental results of the
impedance controller are examined in section 5.
Finally, section 6 develops the controller for higher
degrees of freedom.

II. EXPERIMENTAL EQUIPMENT

Experiments are performed on a single link (Fig. 1) of
a three-degree-of-freedom pneumatic robot intended
for physiotherapy [9]. A pneumatic cylinder provides
torque to rotate the link, while the angular position is
measured using a potentiometer. Two electro-

pneumatic valves supply air to the pneumatic cylinder.

A force sensor measures external forces in the x
direction. Previous work has developed a detailed
model of the pneumatic system [10]. The system
components are outlined in table 1.

Revolute joint A X
9 Force *
X sensor Fex
Pngumatic Potentiometer
cylinder

Figure 1 — Single link of physiotherapy robot

Lo»_v Friction pneumatic
&Ylinder - Airpot Airpel —
Air bearing design

Bore dia: 18mm
Stroke: 100mm

Electro-pneumatic pressure

Pressure range:

Novotechnik P2701

control valves - SMC E-P | 0 — 8.8 bar

Hyreg VY1100 Voltage Range:
p— 1-5V

Rotary Potentiometer Voltage Supply 10V

Table 1 — Equipment Specifications

Position (m)
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[II. SEPARATE FORCE AND POSITION CONTROL

Posmon only control of the single link can be
implemented using simple proportional derivative
(PD) control. PD control uses position error and
velocity error gains to attain the desired response.

When implemented experimentally, the PD controller
quickly reaches the demand position with a small
amount of overshoot (Fig. 2)

PD controller perfformance (P=2.5 D=025)

I
f >~
V’.‘; ‘

0.03

1 I

0.01

0.01}

-0.02} : { -

-0.03
0

2 4 6 8 10
Time, t(s)

Figure 2 — PD position only response

Force only control, while link movement is prevented,
can also be implemented (Fig. 3). Due to the pressure
control nature of the electro-pneumatic valves, a
constant voltage causes the pneumatic cylinder
(position fixed) to output a constant force. This
enables open-loop fixed position force control to be
performed. (Fig. 4).

E. Leu
> m—
[ @) lF
Fg‘/ /7 7777
P_
Vv T 4 Force \
—p Valves ) Sensor - Fixed
i position

A
Figure 3 — Fixed position force control

F, F
PLANT

Figure 4 — Open loop force control

The desired force (F) is scaled by a gain (F,,) and fed
into the plant, resulting in a force output (HA -
Examining the cylinder, valves and single link of the
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robot enables the appropriate value of F,, to be
obtained.

Examining the pressure response of the electro-

pneumatic valves:
V= 22e5Pa of pressure (P) (3.1

The force produced by the cylinder piston due to air
pressure from the valves:
(Fey) = PA (3.2)

As the piston area is known, the force per volt of the
pneumatic system can be calculated
A=198¢e-4 = 1V = 43.56 N from F, (3.3)

Examining the link dimensions to account for torque:
The ratio Lo/Lex 18 0.617,50 1V =26.83N at F  (3.4)

The force per volt at the force sensor can be calculated

to be:
INat F=1/26.83 V=0.0373 V (3.5

So the open-loop force gain is:
F,,=0.0373 (3.6)

Experimentally implementing fixed position open-
loop force control shows the desired force to be
accurately tracked (Fig. 5). The force and position
controllers developed here will be combined to form a
single force and position control strategy in the next
section.

Open-loop force control (fop = 0.0373)

20 T
|
oo e |
I |

10 f , !

Farce (N)
o

-10¢ 4

-15 WM‘,-—-——......J . kv_, _____

-20

0 2 4 6 8 10
Time, t(s)

Figure 5 - Open-loop force control (fep = 0.0373)

IV. IMPEDANCE CONTROL

Impedance control [4] is a position and force control
strategy. The aim of impedance control is to specify
the felationship between position and force. Using a
position-based impedance controller simplifies the
controller design.
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For a position based impedance control system (Fig.
6) say x, = specified position with no force

disturbances and x; = desired change in position due to
external force.

The robot responds to external force inputs as if it
were a simple mass, spring and damper system. A

given external force (F,,,) causes a change in position
x; thus:

X» — ext
" Ms*+Cs+K (4.1)

Then the overall desired position (x;) becomes:

F
Xg=X,+x,=x,+ - (4.2)
Ms“+Cs+ K

4 Fe
M

G %K -

Where: p

LELA T EL LA T LLNL
M_= Mass Figure 6 — Free body diagram of
C = Damping .
o i impedance system

When no external force is present the system behaves
purely as a position controller (x;=0). If the PD
controller was able to reject all force disturbances it
would be possible to use a PD position only strategy
to implement the desired impedance trajectory (x,).
However, external forces on the link have
considerable effect on the PD controller performance.
Position control of pneumatic cylinders under the
influence of an unknown constant external force has
been performed. A self-tuning, constant control signal
was used to produce a force to counteract the external
force and enable accurate control [11].

The open-loop force controller developed in section 3
is capable of counteracting the influence of the
external force.

The external force measured by the force sensor is
used to create an equal, but opposite force from the
open-loop force controller. This removes the direct
effect of the external force on link position. (i.e. link
torque resulting from the external force (Tey) is equal,
but opposite to the torque applied by the cylinder
(Tey) due to the open-loop force element (fig. 7)).
Combining the PD position controller and open-loop
force controller creates the final impedance controller

(Fig. 8).
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Figure 7 — Counteracting the external force

Feedforward
Force Compensation

1 Xi

Fea

Plant r

Figure 8 — Impedance Controller block diagram

When implementing the impedance controller for
physiotherapy, a patient’s limb will be attached to the
robot through the force sensor. The patient will be
required to follow a desired trajectory (x,), as
implemented by the PD controller. If they experience
difficulty in performing this movement their limb will
not follow the desired trajectory resulting in a force
between the limb and robot. This force alters the
position of the robot (through the impedance

controller) and provides assistance to the patient’s
movement. Hence, the level of assistance the robot
provides is dependent on the specified impedance
characteristics. Simulated and experimental results
from the impedance controller are examined in the
next section.

V. RESULTS

The model of the electro-pneumatic valves and low
friction pneumatic cylinder developed in [10] has been
extended to simulate the response of the impedance
controller (Fig. 9).

1
432430s+100 Zn‘&o‘
Ideal Syst ro-Order
I.Qup;m'nm Hold

Resolve force

Convert extemal perpendicular to link

force to torque

Resolve cylinder Force apphed
force perpendicular

10 link

Feed forward
force compensation
Specdy desired
position with no
x(m) external forces
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Figure 9 — Impedance controller simulation
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The simulation was used to test the impedance
controller concept and obtain suitable gains for the PD
position controller before implementing
experimentally. In order to assess controller
performance masses were applied and removed from
the end of the robot. With the mass attached, an
approximately constant force is applied, regardless of
position. This is not representative of physiotherapy
where force would be applied gradually, but is an
extreme test of controller performance.

The constant force combined with zero desired
position (x,=0) enables the controller performance to
be easily assessed. The experimental results were
compared to those produced from the simulation (Fig.
10,11,13,14). The results obtained with inertia,
damping and stiffness (Fig. 10 & 11) show the
experimental and simulated response to closely follow
the desired trajectory. For small oscillations the
experimental tracking is poor, due to friction within
the system.

Examining the voltage output from the PD controller
and open-loop force controller (Fig.12) for the
response shown in figure 10 illustrates the operation
of each element of the impedance controller. The
open-loop force controller provides a compensation
force to oppose link movement due to the external
force. The PD controller’s output moves the link
along the desired trajectory providing little
compensation for the external force, as such its output
is much smaller than the force controller.
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Figure 10 — M=4, C=15, K=300 Impedance response
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