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Abstract: A fuzzy controller to implement tissue control method (TCM) proposed by Lin et al. (in
physiol Meas, 2006) to measure the instantaneous arterial blood pressure is presented. The TCM
adopts a piezo-actuator to move the pressure transducer up and down to maintain the mean blood
pressure measured on the skin by tracking the variation in the blood pressure. Since the operation of
the piezo-actuator exhibits hysteresis behaviour in the actuator movement, the controller should
have the ability to track the blood pressure variation as well as compensate for the hysteretic move-
ment. A Takagi–Sugeno fuzzy model is adopted to represent the Bouc–Wen model in describing
the hysteresis with parameters identified from the dynamic responses of the actuator. On the basis
of the model, a stable fuzzy observer is developed to linearise the movement of the piezo-actuator,
and a PI controller is designed to track the variation in blood pressure. The designed fuzzy control-
ler has successfully tracked various command signals during software and hardware tests. The
fuzzy controller is located in an instrument that measures the instantaneous blood pressure. The
experimental results show that the proposed fuzzy controller is feasible and satisfactory for control-
ling the piezo-actuator.
1 Introduction

The study of using the blood pressure cuff and Korotkoff
sounds to design auscultatory sphygmomanometry has
been conducted over a century, and have been many sphyg-
momanometry devices introduced for medicine and daily
heath care purposes [1–5]. The development of non-
invasive measurements for blood pressure has been dis-
cussed in Yamakoshi [6] and the references therein.
Unfortunately, because of the significance of arterial
blood pressure, it is still difficult to obtain the actual value
of instantaneous blood pressure in the artery, because the
characteristics of blood pressure cannot be transmitted
from inside the artery to the skin. To the best of our
knowledge, only very limited devices, such as the
non-invasive-type device reported by Tanaka et al. [7],
the finometer by Finapres Medical Systems and the HDI/
PulseWaveTM CR-2000 by Hypertension Diagnostics Inc.,
can provide blood pressure waveform for research purposes
and clinical studies. After conducting many animal exper-
iments, Lin et al. [8] recently proposed a compliance
model and then developed a new technique to calculate
the instantaneous blood pressure based on the so-called
tissue control method (TCM) [8]. The aim of the TCM is
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to keep the compliance of the tissue unchanged as the arter-
ial blood pressure varies. This is done by tracking the vari-
ation of the arterial blood pressure by moving the actuator.
In order to actualise the TCM, a fuzzy controller is designed
to control the motion of the piezo-type actuator. This paper
reveals the implementation of this fuzzy observer to over-
come the nonlinearity in the piezo-actuator and in the
skin, tissue and blood vessel.

Before designing the controller, we must build a math-
ematical model to describe the nonlinear behaviour of
peizo-actuators. The Bouc–Wen model [9], which
belongs to the class of endochronic models, has been
widely used to describe hysteretic behaviour. This model
consists of a system of nonlinear differential equations
where the memory-dependent nature of hysteresis is taken
into account by using an extra variable. Various values of
the parameters of this model reveal a wide range of mech-
anical behaviour. With appropriate parameters determined
by the identification algorithm on experimental data, it is
possible to describe sufficiently the nonlinear dynamic
behaviour of a hysteretic system. To overcome the difficulty
of designing the controller for a nonlinear system, the
Tukagi–Sugeno (T–S) fuzzy model will approximate the
nonlinear system by smoothly interpolating affine local
models [10]. Each local model contributes to the global
model in a fuzzy subset, which is characterised by a mem-
bership function. Once the T–S fuzzy model for the hys-
teretic dynamics of the piezo-actuator is built, the robust
fuzzy observer is carried by the parallel-distributed com-
pensation (PDC) control scheme [11]. The design of PDC
control scheme consists of two steps: The first is to derive
each control rule corresponding to each linear model in
the T–S fuzzy model and the second to generate the
overall fuzzy controller by blending all of the individual
linear controllers. By converting these stability requirements
for controller design into linear matrix inequality (LMI)
IET Control Theory Appl., 2008, 2, (1), pp. 40–50
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conditions [12], many effective algorithms can be used to
find the feedback gain for the fuzzy observer [13].

Using this process, we develop a fuzzy observer for a
piezo-actuator PST 150/5 made by Piezolechanhk, Inc.
Then, a proportional-integral (PI) controller is used to
track the variation in the blood pressure on the skin.
Combining these two parts, a fuzzy control to implement
the TCM is obtained and verified using software simulation
and hardware testing. From the verification test, it was
found that there are still some discrepancies between the
expected and real output signals because of the time-delay
effect associated with the mechanical behaviour of the
actuator. Fourier series analysis is used to reduce the discre-
pancies via delay-time compensation in each frequency
mode. Finally, the controller to the is incorporated in the
instrument for non-invasive measurement of instantaneous
arterial blood pressure. The experiment shows that this
fuzzy control is feasible and shows satisfactory results.

2 Basic theory and method

In this section, we review background information of TCM
and the basic theory related to modelling the nonlinear
behaviour of piezo-actuators and fuzzy controller design.

Fig. 1 Typical blood pressures measured on the skin and inside
the arterial vessel, respectively
IET Control Theory Appl., Vol. 2, No. 1, January 2008

Authorized licensed use limited to: Technische Universiteit Delft. Downloaded on January 26
2.1 Transmission characteristics and equivalent
compliance

To understand the transmission characteristics of blood
pressure from inside the artery to the skin above, e-Med
Biotech Inc. and ATIT (Animal Technology Institute
Taiwan) conducted a series of animal (pig) experiments
(for more detailed information, see [6]). Fig. 1 shows the
two typical blood pressures measured on the skin with
6 mm pressed depth and inside the arterial vessel, denoted
by Ps and Pb, with the Grass Telfactor P10EZ pressure
transducer. By analysing the experimental data, Lin et al.
[8] proposed a series of compliance models of the femoral
artery in steady-state conditions (Fig. 2) to explain the trans-
mission mechanism of blood pressure which includes the
skin, tissue and arterial vessel. According to circuit theory
and Rt ¼ Rt1 þ Rt2, the measured compliance, Rs, on the
skin is given by

ls

Ps

¼ Rs ¼ Rt þ Rv 1 �
Pb

Ps

� �
(1)

where ls is the pressed depth, and Rt(¼Rt1 þ Rt2) and Rv

denote the impedances (compliances) of tissue and blood
vessel, respectively.

2.2 Tissue control method

Obviously, (1) states that there exists a location l̄s where the
arterial blood pressure, Pb, is equal to the skin blood
pressure, Ps. It was shown in [8] that these pressures are
recognised as the mean arterial blood pressure (MBP), P̄b,
and the mean blood pressure measured on the skin (MSP),
P̄s. The existence of such a location reveals three facts:
first, the measured compliance Rs is equal to the compliance
of tissue Rt only, the compliance of the blood vessel is not
involved; secondly, if this particular compliance Rt is main-
tained as the arterial blood pressure varies from MBP by
moving the pressed depth, the variation in blood vessel
diameter can be obtained; thirdly, since the variation in
arterial blood pressure must be tracked to maintain the
MBP, it is possible to obtain the instantaneous arterial
blood pressure.

To independently stimulate the activity of the blood
vessel, TCM [8] obtains the variation of blood vessel diam-
eter by maintaining the mean blood pressure and tracking
the variation of arterial blood pressure. After recognising
the compliances of the tissue and the blood vessel, it then
Fig. 2 Series of compliance models of the femoral artery

a Physical model
b Lumped compliance circuit
c Equivalent compliance circuit
41
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Fig. 3 Schematic diagram for tissue control method
computes the instantaneous arterial blood pressure. Fig. 3
shows the schematic diagram that keeps the measured com-
pliance equal to the tissue compliance.

At l̄s, MBP is equivalent to MSP and hence (1) leads to

�ls

�Ps

¼ Rt (2)

Let DPb and DPs represent increases in p̄b and p̄s, respect-
ively. When DPb increases, the actuator will move up, Dls,
from l̄s to maintain the MBP, by creating an error pressure
DPs to drive the controller. Then, from the the TCM, shown
in (Fig. 3) one obtains

�Ps ¼
1

Rt þ Rv

( �ls þ Dls) þ
Rv

Rt þ Rv

(P̄b þ DPb) (3)

The substitution of (3) into (2) gives us

Dls ¼ �RvDPb (4)

Recalling the mechanism depicted in Fig. 2, (4) interprets
that the displacement of actuator Dls is the variation of the
blood vessel diameter. Then, the instantaneous arterial
blood pressure, Pb, could be computed by

Pb ¼ �Pb þ DPb ¼ �Ps �
Rt þ Rv

Rv

DPs (5)

2.3 T–S fuzzy model

In order to estimate the instantaneous arterial blood pressure
using TCM, we must incorporate an actuator that can
perform a 100-mm stroke with precision within 0.1 mm;
the response time should be ,1 ms and bandwidth of the
signals is ,10 Hz.

Owing to its light weight, small size, high rigidity and
high precision, the piezo-actuator Pst 150/5/100 has been
adopted in our system to perform tissue-control pressure-
tracking and to collect the required signals. In order to over-
come the hysteresis and delay nonlinearity of the piezo
material, we present the Bouc–Wen model and use the
T–S fuzzy rule to approximate this nonlinear model by
smoothly interpolating an affine linear local model.

2.3.1 Bouc–Wen model: To understand the nonlinear
effect of the actuator’s hysteresis, the triangular wave
signal as shown in Fig. 4a is used to test the actuator’s
42
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response with three different peak-to-peak amplitudes at
150, 75 and 37.5 V. The displacement output of the actuator
corresponding to the 150-V input is depicted in Fig. 4b.
Fig. 5 shows the phase plot of the displacement against
input voltage with respect to input signals. There are three

Fig. 4 Comparison between input and output signals of the
piezo-actuator

a Wave shape of command input signal
b Expected and measured displacement output signals
IET Control Theory Appl., Vol. 2, No. 1, January 2008
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hysteresis loops in Fig. 5 that correspond to input signals
with 150, 75 and 37.5 peak-to-peak voltages, respectively.
After further experiments, the number of loops is related
to the wave shape, amplitude and frequency of the input
signals and Bouc–Wen type mathematical model is devel-
oped to model the hysteresis.

Let x, u and h denote the actuator displacement, input
voltage and hysteresis parameter, respectively. Their math-
ematical relationship is given by

m€x þ b_x þ kx ¼ k(du � h) (6a)

_h ¼ ad _u � bj_ujh � g_ujhj (6b)

where m, b and k are mass, damping and stiffness of the
actuator. Equation (6b) describes hysteresis behaviour,
which is denoted by h with the same unit as the displace-
ment and is parameterised with coefficients a, b and g.

2.3.2 Discrete state–space representation of
Bouc–Wen model: Let T denote the sample period and
f(k) denote f (kT ) to represent f(t) for t [ [kT, kT þ T ).
Using a standard discretisation procedure, the discrete
state–space representation of (6) is obtained as

x1(n þ 1)

x2(n þ 1)

h(n þ 1)

2
64

3
75 ¼

a11 a12 �
b1

d

a21 a22 �
b2

d

0 0
1 � b=2jv(n)j

1 þ b=2jv(n)j

2
6666664

3
7777775

x1(n)

x2(n)

h(n)

2
64

3
75

þ

b1

b2

0

2
64

3
75u(n) þ

0

0
ad

1 þ b=2jv(n)j

2
664

3
775v(n)

(7)

where v(n) ¼ u(n þ 1) 2 u(n)

a11 a12

a21 a22

� �
¼ eAT , A ¼

0 1

�
k

m
�

b

m

" #
and

b1

b2

� �

¼

ðT

0

eAldl

� �
B, B ¼

0

�
kd

m

" #

Fig. 5 Displacement variation of the actuator with respect to
different input voltages
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2.3.3 T–S fuzzy model: The T–S fuzzy model [8] has
the following IF–THEN form in representing a discrete
fuzzy system (DFS) to describe a linear operating
segment of a discrete nonlinear system

Model Rule i:

IF z1(t) is Mi1 and � � � and zp(t) is Mip,

THEN
x(t þ 1) ¼ Aix(t) þ Biu(t),

y(t) ¼ Cix(t),
i ¼ 1, 2, . . . , r:

Given a pair of (x(k), u(k)), the final output of the T–S
fuzzy model is inferred as follows

x(t þ 1) ¼

Pr
i¼1 wi(z(t)){Aix(t) þ Biu(t)}Pr

i wi(z(t))
,

y(t) ¼

Pr
i¼1 wi(z(t))Cix(t)Pr

i wi(z(t))

(8)

where z(t) ¼ [z1(t) z2(t) � � � zP(t)] and

wi(z(t)) ¼
YP

j¼1

Mij(zj(t)),

hi(z(t)) ¼
wi(z(t))Pr
i¼1 wi(z(t))

� 0,
Xr

i¼1

hi(z(t)) ¼ 1

(9)

for all t, with Mij(zj(t)) denoting the ith membership func-
tion corresponding to zj(t).

2.4 Fuzzy observer design

Considering the fuzzy model (8), a fuzzy controller is
designed on the basis of PDC concepts so as to share the
same fuzzy sets with the plant. First, an observer is con-
structed with the requirement that x(t) 2 x̂(t) ! 0 when
t ! 1, that is, no steady-state error. Here, x̂(t) is the esti-
mated state from the observer. The PDC-type fuzzy obser-
ver is described as

Observer Rule i:

IF z1(t) is Mi1 and � � � and zp(t) is Mip,

THEN

x̂(t þ 1) ¼ Aix̂(t) þ Biu(t) þ Ki(y(t) � ŷ(t)) ,

i ¼ 1, 2, . . . , r

ŷ(t) ¼ Cix̂(t),

where Ki is the local observer gain. The output of the
PDC-type fuzzy observer is determined by

u(t) ¼ �

Pr
i¼1 wi(z(t))Fix̂(t)Pr

i¼1 wi(z(t))
¼ �

Xr

i¼1

hi(z(t))Fix̂(t) (10)

Substituting (10) into (8), one can obtain the correspond-
ing closed-loop discrete T–S fuzzy model with
e(t) ¼ x(t) 2 x̂(t) denoting the error between actual and
observer states.

x(t þ 1) ¼
Xr

i¼1

Xr

j¼1

hi(z(t)) hj(z(t)) {(Ai � BiFj) x(t)

þ BiFj e(t)} (11)

e(t þ 1) ¼
Xr

i¼1

Xr

j¼1

hi(z(t))hj(z(t)){Ai � KiCj}e(t) (12)
43

, 2009 at 08:48 from IEEE Xplore.  Restrictions apply.



Let xa ¼ [x e]T, and the combination of (11) and (12)
then leads to

xa(t þ 1) ¼
Xr

i¼1

Xr

j¼1

hi(z(t))hj(z(t))Gijxa(t)

¼
Xr

i¼1

hi(z(t))hi(z(t))Giixa(t)

þ 2
Xr

i¼1

X
i,j

hi(z(t))hj(z(t))
Gij þ Gji

2
xa(t)

(13)

where

Gij ¼
Ai � BiFj BiFj

0 Ai � KiCj

� �

To satisfy the global stability requirement, there must
exist a positive definite matrix P such that

GT
iiPGii � P , 0 (14a)

Gij þ Gji

2

� �T

P
Gij þ Gji

2

� �

� P , 0, i , j s.t. hi > hj = f (14b)

To compute the matrix P so as to calculate the optimal
feedback gain Fi and observer gain Ki, we put all these
equations into an LMI form. By defining M1i ¼ FiP1 and
N2i ¼ P2Ki we then arrive at the final LMIs via Schur comp-
lements.

P1, P2 . 0,
P1 P1AT

i � MT
1iB

T
i

AiP1 � BiM1i P1

" #
. 0,

P2 AT
i P2 � CT

i NT
2i

P2Ai � N2iCi P2

" #
. 0

4P1

(P1A
T
i � M

T
1jB

T
i

þP1A
T
j � M

T
1iB

T
j )

(AiP1 � BiM1j

þAjP1 � BjM1i)
P1

2
66664

3
77775 . 0

4P2

(AT
i P2 � CT

j NT
2i

þAT
j P2 � CT

i NT
2i)

(P2Ai � N2iCj

þP2Ai � N2iCj)
P2

2
66664

3
77775 . 0

which are solved using an optimisation technique like the
LMI method [11].

3 Controller design and implementation

3.1 Controller design

Since Pst 150/5/100 exhibits a hysteresis loop in the displa-
cement variation during operation, a T–S fuzzy model is
developed as shown in Section 2.3 to describe the nonlinear
behaviour of hysteretic movement. The controller for this
actuator consists of two parts: one is a simple PI controller
and the other is a fuzzy observer. The fuzzy observer is
designed to linearise the movement of the piezo-actuator,
whereas the PI controller is used to track the variation of
the blood pressure as well. The schematic block diagram
of the fuzzy controller is shown in Fig. 6.
44
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A threshhold is applied to restrict the magnitude of the
input signal to the actuator for safe operation. Using the
standard system identification technique, the corresponding
parameters of the Bouc–Wen model for the actuator are
determined to be a ¼ 0.3, b ¼ 0.085, d ¼ 0.31. For Pst
150/5/100, the parameters in (6) are verified and listed
(in which the parameter g can be omitted) in Table 1.

To design the PI controller, we need the linear version of
the actuator; the transfer function for the linear behaviour of
the actuator is given by

G(s) ¼
11683:2

s2 þ 118:3s þ 6637

and the discrete version using zero-order hold with
sampling time 0.002 ms is

G(z�1) ¼
0:002158z

�1
þ 0:001994z

�2

1 � 1:766z�1 þ 0:7893z�2

The PI controller is then designed which leads to the
gains Kp ¼ 1, Ki ¼ 125, and hence its transfer function is

GPI(s) ¼
s þ 125

s

The use of backward Euler method with the sample time
0.002 ms gives us the discrete PI controller.

GPI(z
�1) ¼

(1 þ 125T ) � z�1

1 � z�1

The discrete version of nonlinear hysteresis behaviour of
the actuator is described in (7). Assume jv(n)j [ [0, a] and
let

P(n) ¼
1 � (b=2)jv(n)j

1 þ (b=2)jv(n)j
, X ¼

1 � (b=2)a

1 þ (b=2)a

then the function P(n) can be expressed as the combination
of membership functions.

P(n) ¼ M1(P(n)) �
1 � (b=2)a

1 þ (b=2)a

� �
þ M2(P(n)) � 1 (15)

where membership functions M1(P(n)), M2(P(n)) [ [0, 1]
must satisfy the relation

M1(P(n)) þ M2(P(n)) ¼ 1 (16)

Fig. 6 Schematic block diagram of the fuzzy controller

Table 1: Piezo-actuator parameters

m 0.28 kg a 0.3

b 33.124 N s/m b 0.085

k 1858.4 N/m g 0

d 0.31 mm/V
IET Control Theory Appl., Vol. 2, No. 1, January 2008
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and hence they have the following explicit representations

M1(P(n)) ¼
P(n) � 1

X � 1
; M2(P(n)) ¼

P(n) � X

1 � X

Therefore the nonlinear T–S fuzzy model of the actuator is

Model Rule i

IF v(t) is Mi

THEN
x(n þ 1) ¼ Asix(n) þ Bsiu(t)

y(n) ¼ Csix(n)

where i ¼ 1, 2 and the corresponding matrices are given
below

As1 ¼

0:98774 0:0017731 �2:0884

�11:768 0:77798 �2004:8

0 0 1

2
64

3
75,

As2 ¼

0:98774 0:0017731 �2:0884

�11:768 0:77798 �2004:8

0 0 0:95982

2
64

3
75

Fig. 7 Expected and simulation displacement output signals with
and without fuzzy controller

a Without fuzzy controller
b With fuzzy controller
IET Control Theory Appl., Vol. 2, No. 1, January 2008
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Bs1 ¼

0:64742 0

621:48 0

0 0:093

2
64

3
75, Bs2 ¼

0:64742 0

621:48 0

0 0:091132

2
64

3
75

Cs1 ¼ 1 0 0
� �

, Cs2 ¼ 1 0 0
� �

The observer gains are computed using the LMI toolbox
[11] of MATLAB and are listed as

F1 ¼
0:82451 0:0024469 �3:2254

�1407:6 �2:8351 9:0564

� �
,

F2 ¼
0:82133 0:00244 �3:2254

�1429:5 �2:8652 8:877

� �

K1 ¼

2:6567

972:51

�0:2274

2
64

3
75, K2 ¼

2:6495

969:3

�0:21863

2
64

3
75

3.2 Verification test

In order to verify the effect of the fuzzy controller (includ-
ing a PI controller and a fuzzy observer) in reducing the

Fig. 8 Displacement variation against the input voltage of the
actuator with and without fuzzy controller

a Without fuzzy controller
b With fuzzy controller
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nonlinearity of the hysteresis behaviour of the piezo-
actuator, we perform the following software and hardware
tests.

3.2.1 Software verification: In order to verify the effect
of the fuzzy controller (including a PI controller and a fuzzy
observer) design for the actuator, a software test is built
using the SIMULINK in MATLAB. First, we test the
effect of the T–S fuzzy model by inputting a triangular
wave as shown in Fig. 4a, and the corresponding displace-
ment output of the model is given in Fig. 7a. The combi-
nation of Figs. 4a and 7a leads to Fig. 8a, which shows
the variation of the displacement output against input vol-
tages. Compared with the result of the hardware measure-
ment shown in Fig. 5, the T–S model could reproduce the
behaviour of the piezo-actuator except in the high-voltage
range. To understand the ability of the fuzzy controller in
reducing the hysteresis of the piezo-actuator, the same
input signal as shown in Fig. 4a is supplied and the output
is given in Fig. 7b. Fig. 8b shows the variation of displace-
ment output against different input voltage. From Fig. 8a
and b, the improvement of the hysteresis behaviour is
quite evident.

Fig. 9 Comparison of expected and simulated output signals in
software testing

a 1 Hz sinusoidal output signal
b 2 Hz sinusoidal output signal
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Fig. 9 gives the displacement outputs corresponding to
the 1 and 2 Hz sinusoidal input signals to our T–S model.
The root means square (RMS) errors of the expected and
simulated signals are 1.7 and 3.5%, respectively. This indi-
cates that when the frequency of the input signal increases,
the error increases as well, which results from the time lag
between the expected and simulated outputs. To understand
the usability in measuring the blood pressure, a pulse wave
of blood pressure type reference signal is input to the actua-
tor for test purposes. The corresponding output is depicted
in Fig. 10 with 3.5% RMS error. It is evident that the
time delay phenomenon varies when the frequency of the
input signal is changing.

Although the nonlinear hysteresis behaviour of the actua-
tor has been linearised, but after integration with the fuzzy
controller, the overall control system still presents nonlinear
phenomena. In order to reduce the error, we apply Fourier
series analysis to the output signal shown in Fig. 10,
which shows that the response time delay in the first
seven modes contributes significantly to the error. Thus,
we set the input signals to sinusoidal waves with the fre-
quencies corresponding to the first eight modes of the
output signal and then compute the time lag for each

Fig. 10 Simulation result for the input signal with the shape of
the pulse wave of blood pressure

Fig. 11 Error reduction using Fourier series for delay compen-
sation in software testing
IET Control Theory Appl., Vol. 2, No. 1, January 2008
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Fig. 12 Schematic diagram for hardware verification test
mode via software simulation. After identifying the delay
time in each mode, we compensate the delay in each
mode (Fig. 11), which reduces the RMS error from 3.5 to
1.57%.

3.2.2 Hardware verification: The hardware architecture
for hardware verification is shown in Fig. 12, which
includes a PC, NI6014 AD/DA converter, SVR 150 ampli-
fier, actuator Pst 150/5/100 and DMS strain gauge.
Resolution of the NI6014 for both A/D and D/A conver-
sions is 16 bits. The associated hardware specifications of
these test elements are listed in Table 2.

Fig. 13 shows the corresponding outputs when 1 and
2 Hz sinusoidal waves are chosen as the reference input
signals for the hardware test. The errors between the
expected and actual output signals are 1.2 and 2.3% for 1
and 2 Hz inputs, respectively. Comparing with the result
of the software test, the error is smaller than the corre-
sponding one in the software simulation. The effect of
tracking a pulse wave of blood pressure type reference
input signal is shown in Fig. 14. The associated RMS
error is 2.9% and it is also smaller than the software test.

Table 2: Hardware specifications

Actuator Amplifier Strain gauge

displacement

type: Pst

150/5/100

VS10

type: SVR 150/3 output:

max. stroke:

130/100 mm

input 0/5 V equivalent

piezo actuator’s

max. strain

length: 100 mm signal: þ/25 V

el. capacitance:

4000 nF

impedance:

5 kOhms

impedance: 1 kV

stiffness: 5 N/mm output

resonance

frequency:

10 kHz

voltage total:

230 to þ150 V

DC-offset range:

230 to þ150 V

gain: 30

max. current: 60 mA

noise: 0.3 mVpp

(for 4.7 mF load)
IET Control Theory Appl., Vol. 2, No. 1, January 2008
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Fourier series analysis is applied to reduce the delay
effect, and the resulting output response is shown in
Fig. 15; as can be seen, the RMS error has reduced from
2.9 to 0.4%.

From the results of software and hardware testing, the PI
controller and fuzzy observer incorporated with the piezo-
actuator presents a satisfactory tracking performance for
the application of the TCM.

Fig. 13 Comparison between expected and measured output
signals for hardware testing

a 1 Hz sinusoidal output signal
b 2 Hz sinusoidal output signal
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Fig. 14 Tracking effect on a pulse wave of blood pressure type

Fig. 15 Error reduction using Fourier series for delay compen-
sation in hardware test
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4 Experiments and results

4.1 System architecture for TCM

The new instrument that measures instantaneous blood
pressure consists of hardware (Fig. 16) and the non-invasive
estimation method. This instrument contains a
Piezo-actuator actuating a pressure transducer to maintain
the mean blood pressure and to track the variation of the
blood pressure and a strain gauge attached on the actuator
to measure the variation in blood vessel diameter. The com-
pliance transducer head mounts on the skin to press down
the pressure transducer with the attached actuator and to
sense the pressure and displacement signals. The movement

Fig. 17 Photograph of the hardware device in implementing the
tissue control method
Fig. 16 Schematic block diagram of implementing the tissue control method
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Fig. 18 Actuating pressure and the variation of blood vessel
diameter

Fig. 19 Compliance chart corresponding to Fig. 18

Fig. 20 Measured and estimated instantaneous blood pressures
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is actuated by a piezo-actuator PST 150/5 made by
Piezolechanhk, Inc., with 100 mm stroke, and a strain
gauge is attached to the actuator. The fuzzy controller is
mainly designed to linearise the hysteresis of the piezo-
actuator and control the actuator to maintain the mean
blood pressure. This controller has been tested and it was
verified that the tracking capabilities were excellent
within a response of 3 Hz, and it is capable of measuring
the instantaneous arterial blood pressure. The photograph
of the hardware device is shown in Fig. 17.

4.2 Experimental results

The instrument with the schematic block diagram shown in
Fig. 16 was assembled and used in animal experiments con-
ducted by the e-Med Biotech Inc. and ATIT [8]. Under
room temperature, 24 + 1.58C, six normal pigs with
weight 35–40 kg were experimented with under anaesthe-
sia. The blood pressure of the femoral artery was measured.
A typical actuating pressure and the variation in blood
vessel diameter from the animal test are shown in Fig. 18.
Fig. 19 gives the corresponding compliance chart. Using
(4) and (5), the instantaneous blood pressure is estimated
and depicted in Fig. 19. The corresponding real and esti-
mated blood pressures are shown Fig. 20, which is measured
invasively by an additional pressure transducer (Grass
Telfactor P10EZ). With respect to full scale, the average
error of the estimated blood pressure is 0.2% and the
maximum error is 8.75%. The comparison shows the
average error is 1.60% for systolic blood pressure and
0.92% for diastolic blood pressure, respectively. This
shows a satisfactory result.

5 Conclusion

This paper presents a fuzzy controller design for an instru-
ment that measures the variation in blood vessel diameter
and estimates the instantaneous arterial blood pressure via
TCM. With the aid of the system identification technique,
the nonlinear Bouc–Wen model for the hysteresis beha-
viour of piezo-actuator’s movement is built and transferred
into the T–S fuzzy model with approximated affine linear
behaviour. On the basis of the fuzzy model, a robust obser-
ver is designed to linearise the hysteresis behaviour. A PI
controller is also designed to track the variation in blood
pressure. We combine these two parts into a fuzzy control-
ler for controlling the motion of the piezo-actuator. After
software and hardware verification tests, there is still
some delay effect that contributes to discrepancies
between the expected and actual output signals. A Fourier
series analysis is used to reduce the discrepancies via delay-
time compensation. Finally, the instrument with the pro-
posed fuzzy controller is used in animal experiments. The
experiments show that the designed fuzzy controller is feas-
ible and presents satisfactory results for estimating the
instantaneous blood pressure.
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