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A Study on Fuzzy Adaptive Control of Enteral
Feeding Pump
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Abstract—Recent medical studies have investigated
importance of enteral feeding and the use of fepginmps for
recovering patients unable to feed themselvesiarrgaurishment and
nutrients by natural means. The most of enteralifgesystem uses a
peristaltic tube pump. A peristaltic pump is a fooh positive
displacement pump in which a flexible tube is pesgively squeezed
externally to allow the resulting enclosed pilloWfloid to progress
along it. The squeezing of the tube requires aigeeand robust
controller of the geared motor to overcome parametncertainty of
the pumping system which generates due to a widatican of friction
and slip between tube and roller. So, this papepgses fuzzy
adaptive controller for the robust control of theiptaltic tube pump.
This new adaptive controller uses a fuzzy multelag architecture
which has several independent fuzzy controllersarallel, each with
different robust stability area. Out of several @pdndent fuzzy
controllers, the most suited one is selected lyg&m identifier which
observes variations in the controlled system pat@mé&his paper
proposes a design procedure which can be carriechathhematically
and systematically from the model of a controllgstem. Finally, the
good control performance, accurate dose rate abdstosystem
stability, of the developed feeding pump is conédnthrough
experimental and clinic testing.
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|. INTRODUCTION

Yongrae Jung and Jook\am

this scope for further growth in long term. Effort§ pump

manufacturers have been persistently concentratedeating
products with advanced and practically useful fessstu But
improvement of enteral feeding pumps with a larggrde of
accuracy and safety none the less remains a prdtlezh

The accuracy and the stability are actually madeaby
peristaltic tube pump, a core component of entérading
pump. A peristaltic pump, with geared DC motor 8nabllers,
is used in this paper. It is a type of positiveptiisement pump
used for pumping a variety of fluids. The fluid dentained
within a flexible tube fitted inside a circular ppntasing. A
rotor with a number of rollers, attached to the eexal
circumference compresses the flexible tube. Agdher turns,
the part of tube under compression closes thusniptbe fluid
to be pumped to move through the tube. Additionadly the
tube opens to its natural state after the pasdittieacam, fluid
flow is induced to the pump. This peristalsis makebig
uncertainty on the pump system. So, this paperqeepa fuzzy
adaptive controller to overcome the parametric ttaggy for
the accuracy and the stability of enteral feedingp.

popular and are being used widely in many practead
industrial situations. Fuzzy control methods hadeaatages
such as robustness, which have been demonstratedgkh

OR years it has been common practice to feed patieindustrial applications [3]. Also, several adaptivezy control

through an IV(intravenous), but studies have shokig
modality to be quite insufficient. An increasingmber of
hospitals and campuses are implementing the useeding
pumps to provide their patients the essential vitapmutrients,
elements, amino acids, probiotics, and nourishnpetients
need it in order to survive and make full recoveriEnteral
feeding pumps are also used in administering srfewith a
balanced dietary system, comprising suitable pitigms of
carbohydrates, proteins, minerals, fats, and vitamictually
given that enteral feeding pumps initial forayedoirthe
marketplace, there have been a number of altesitiche style
and technological innovation of these units in lingh the
evolving demands of clients and healthcare supplaard there
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methods have been suggested. However, these dergroill
change their parameters of membership functiofszaly rules
used in fuzzy inference at the sampling instantserwh
parameters of controlled system are varied, whasults in
some problems. That is, the robust property of yuzantrol
becomes ineffectual and membership functions muest
processed in real-time [4], which makes a lookalge method
impossible. This lengthens computational time, Wigenerates
the same problems as in classical adaptive contethods.
Therefore, this paper suggests an adaptive costbéme
which is able to overcome the problems of classichptive
control and conventional fuzzy adaptive control oels. The
theoretic basis and a design procedure are propmsedheir
validity is demonstrated through application expenits for the
precise regulation control of enteral feeding pufbis new
adaptive controller uses a fuzzy multi-layered #echure
which has several independent fuzzy controllerpénallel,
each with different robust stability area. Its fantental idea is
that an adaptive controller can be constructed ihallel
combination of robust controllers. Out of severalépendent
fuzzy controllers, the most suited one is selettgd system
identifier which observes variations in the corlgdl system
parameter through fuzzy logic inference.
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The paper is organized as follows: a peristalti®tpump of
the feeding pump and its occlusion model is giventhe
Section.ll. A Fuzzy multi-layered controller and itdesign
method are explained in Section Ill. Experimengsiults of the
developed feeding pump are reported and clinicaesgiven,
in Section IV. At last, some concluding remarks adelressed
in Section V.

1. DESIGN OF APERISTALTIC TUBE PUMP

A peristaltic tube pump is a form of positive depment
pump in which an elastomeric tube is progressiwvagluded
externally to allow the resulting enclosed pillow fuid to
progress along it. The occlusion of the tube isllgearried out
with two or more rollers or cam lobes attached diisa which is
turned by a precisely controlled geared motor. Uibe of the
peristaltic pump has now extended far beyond itslicad
applications and is now used in all forms of pracesmping
where precise metering of fluids is required. Imiddn, the
progressive cavity characteristics, ensures thadd| sensitive
to shear action as in centrifugal pumps, will netdamaged
such as blood. Another characteristic of the paltistaction is
that the fluid is entirely kept separate thus mgkirextremely
suitable for clean or aggressive chemical fluidsiping. In this
paper, a geared DC motor with high torque is usedotary
actuator and an optical encoder with high resofuisoused as
feedback sensor.

Since the tubing is subjected to repeated occlugioles, the
resilience and fatigue resistance of the tubingobess all
important. From the original rubber tubing for Ipnessure and
low dose used by DeBakey, the range of tubing usasl
expanded to include; Silicone,
Neoprene. We experimentally use PVC of low cdkis pump
employs rollers to squeeze the tube. Except foB8®&degree
eccentric pump design as described below, thespphiave a
minimum of 2 rollers 180 degrees apart, and may lzsvmany
as 8, or even 12 rollers. Increasing the numberodérs
increase the frequency of the pumped fluid at tittet thereby
decreasing the amplitude of pulsing. The increasimgber of
rollers proportionately increases number of ocdusj on the
tubing for a given cumulative flow through that éytihereby
reducing the tubing life. This paper designs itwatrollers 120
degrees apart. A peristaltic tube pump developddisrpaper is
shown in Fig.1..

Fig. 1 Configuration Design of Peristaltic Tube Rum

tubing life dramatically, while less squeezing dsses the
pumping efficiency, especially in high pressure ping.

Therefore, this amount of squeeze becomes an iamgatesign
parameter. The term of occlusion is used to medkaramount
of squeeze. It is either expressed as a perceofagéce the

wall thickness, or as an absolute amount of thd thalt is

squeezed. When expressed as a percentage of tveiosatl

thickness, the occlusion is given in equation (& fhe

peristaltic pump of this paper.

y= (2 xt-g)/ (2 xt) x100 1)

where, y = occlusion, g = minimum gap between thlker and the
housing, t = wall thicknéss of the tubing

Il. Fuzzy ADAPTIVE CONTROL OF ANPERISTALTIC TUBE
Pumps

The occluding of the tube requires a precise antalist
controller of the geared motor to overcome parametr
uncertainty of the pumping system which generates @ a
wide variation of friction and slip between tubedawller, as
shown in Fig.2.

PWM Power Driver

Regulation control | P
%
Fuzzy Adaptive Controller

Fig. 2 Control Configuration of Peristaltic Pump

Feed Back

PVC, Polyurethanad an

We propose a fuzzy adaptive algorithm for the robostrol
of the peristaltic tube pump as Fig.3.

R(k) + U(k) Peristaltic Y(k)
—* Tube Pump

System

Fuzzy Layer
Selector

Fig. 3Fuzzy Adaptive Control Algorithm

In Fig. 3, R(K) is reference input, U(K) is conteal input and
Y(k) is output. Each single layer is a conventioffiatzy
controller having the robust property. If each &ntayer is
appropriately designed by a robust control desigethod,
robustness of the total system is guaranteed agdigs
parametric disturbances of the controlled system.

The researchers say that the robust stability ¢ciomdof the
fuzzy nonlinear feedback system is independeni®fptremise

The minimum gap between the roller and the housir%arametrlc uncertalnw. But when consequent parametric

determines the maximum squeeze applied on the gufine
amount of squeeze applied to the tubing affects poogn
performance and the tube life - more squeezingedses the

uncertaintyAA in the controlled system is come into existence,

G; becomesA +AA +BH,, even thoughG; is satisfied with
equation (12), the robust stability & cannot be guaranteed
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due to the influence ofA . Then, what magnitude is the range o,.(6G"PAG) < (1- g)mlin[amm(Ql )| ©)
of AA within which the robust stability is able to beaganteed _ )
An answer of this question will be given in thippa _{1_[m.ax(/\mﬂ* G, )+‘€] }mf”[ Jm'"(QJ)]

For simple design algorithm, the controlled systésn where/\maX‘Gj‘means‘/\G]‘ and AG, means eigenvalues of

represented by a linear model, and as far as agagaintrol is G;. Then a new fuzzy system represented in equafipris(
concerned, this model is thought to represent & sgstem

perfectly, since the real controlled system casd®sn as a linear stable: .
one at one instant. A controlled system and a fuzmroller ZWJ (G, +AG)X (k)
are represented as in equation (2) and (3), ragphct X(k+1)=22 — )
X (k +1) = AX (K) + Bu(K), @ 2w
" 1 H X (k
u(k) = ,Z:‘ﬂ‘ X (k) 3) IV. RESULTS ANDCONSIDERATIONS
>, An enteral feeding pump, which consists of perigtdalbe

. . pump using fuzzy adaptive control method, is depetbin this
In upper equations{(k) is a state vector that elements are Baper. It is shown in Fig.4.

dose and a flow rate of the peristaltic pum(k) is a input
voltage of the motor. Then, the resulting fuzzy tcolled
feedback system becomes

rZw(A+ BH,)X(K) iwer(k) )
X(k+1) =22 =2

2w 2w
[ =

whereGJ =A+BH, and W = U,

The condition for the robust stability of a fuzzgntinear
feedback system given can be modified into CorplBat. Fig. 4 Appearance of the Developed Pump

Corollary 3.1.[4] The equilibrium of a fuzzy controlled We
feedback system described by equation (6) is astioplly
stable in the large if there exists a common pasidiefinite P,
such that

implement a fuzzy adaptive controller using
multi-layered algorithm for the accurate control pristaltic
tube pump. The dominant model for a controlledesystf the
motored pump is given by using equation (8).

G/PG, -P<0 for j=12..r, (5)

where G, = A+ BH, x(k+1) = - 1165&(K)-1.1672(k - 1)+ 0.3874i(k)  (8)

For the design of a fuzzy multi-layered controlidrich has
good adaptability to big parametric disturbancea obntrolled
system, a new robust stability condition is necgssahich
shows the range of a parametric uncertainty makiy,,
where in the robust stability of the total systeguaranteed.
The robust stability condition giving a stability@ranteed -05<0a <05 -08<Aa,=<08 )
parametric uncertainty range is given in Theorem 3.

The overall parametric uncertainty of the contlgstem is
given in equation (9) through returning an experimand
deviation of the controlled systems in referenca afominant
model.

We can design the first fuzzy layer through thedtiuzzy

Theorem 3.2.[5] Assume that the fuzzy controlled feedback@Yer by using theorem 3.1. Itis given in thedais.
system represented as in equation (4) is stable theck

existse >0, POR™,P>0, such that
Larpg-P=-q <0,
g

Single-layered Controller 1: For
Aa, =0, Aa, = 070,

_[o o70]_ o1
1 AAz_o o| " loo

EGZT PG,-P=-Q,<0, H!=H!-(B"B)*B'AA =[097 3745
: HZ=HZ-(B"B)*B'AA =[077 3772
EG,T PG, -P=-Q <0, Single-layered Controller 2 : For

, Aa, = 070, Aa, = 070
where g:[ma)f(/\ma)LGj‘)+g] . If the following condition is 070 070 11
o . M = =070
satisfied: [ 0 0 } { }
H:=H;-(B"B)*B'AA =[3723 3745
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HZ=HZ?-(B"B)*B"AA =[3703 3772
Single-layered Controller 3 : For
Aa, =0, Aa, =-070,

_[o -o70]_ o -1
AAZ{O 0 } ' {o 0}

H:=H!-(B'B)*B'AA =[097 - 3508
HZ=HZ?-(B'B)*B'AA =[077 -3481]

As we can see in Fig. 6, the fuzzy adaptive colarak
precisely tracking reference valug#at is why it can overcome
the big parametric uncertainty of the controllesteyn. In other
words, we confirm that it has a wide of robustr@ss which
can cover the parametric uncertainty deviation.

The clinic test of the developed feeding pump iselin
department of surgery, Samsung Medical Center. ddme
accuracy data, which are secured through the ctdét, is
shown in table 1. As we can see in table 1, thh haguracy is

The operationg flowchart of Enteral Feeding Pumipgithe guaranteed in the peristaltic tube pump.

fuzzy adaptive control is shown in Fig.5.
TABLE |

CLINIC TESTINGRESULTS

Dose

FP1 FP2 FP3 FP4 FP5 FP6 FP7 FP8 FP9 FP10
1st 105 97 96 94 100 103 99 100 105 100
2nd 101 104 106 105 104 105 104 102 103 105
STt Memmdmanic 3rd 100 100 100 104 95 100 96 98 97 98
when it postponed 4th 102 99 100 103 100 100 103 101 102 100
until 5th 103 100 99 102 97 100 108 100 103 100
Vs 6th 30 30 30 31 30 30 30 31 31 30

Dose Accuracy

Min:-6% Max:+5%
Min:+1% Max:+6%
Min:-5% Max:+4%
Min:-1% Max:+3%
Min:-3% Max:+8%
Min:0% Max:+3%

He-consider every day
about the possibility of
Enteral Nutrition

Parenteral Nutrition
consideration

Entera Feeding start 7th 15 15 16 15 15 15 16 15 15 14 Min:-6% Max:+6%
8th 105 103 104 105 103 103 101 103 99 99 Min:-1% Max:+5%
Within 24~48 hours 9th 103 100 100 103 99 101 97 100 97 96 Min:-4% Max:+3%

Confinous feeding
Using Ful-strength
connectation

10th 105 100 103 102 104 99 98 99 99 102 Min:-2% Max:+5%

Total Average Accuracy Min:-2.5%Max:4.5% |

FP : Feeding Pump, Desired Dose: 1st(100ml), 202tf), 3rd(100ml), 4th(100ml), 5th(100ml),
6th(30ml), 7th(15ml), 8th(100ml), 9th(100ml), 1QxBOmI)

Check Gastric residual
volume

V.CONCLUSION

Increase the dose to
> 150cc the target volune

Yes In this paper, an enteral pump using peristaltietpump has
been developed and a new fuzzy adaptive contrbdsrbeen
proposed. The peristalsis of peristaltic pump ma&ebig

uncertainty on the pump system. So, we proposedzayf
adaptive controller to overcome the parametric taggy for

the accuracy and the stability of feeding pump. Pheposed
multi-layered fuzzy adaptive controller was impleresl as a
look-up table, which allowed shortened processing tand
easing of design, on the microcontroller. Finaly, accurate
dose rate and robust system stability of the dpesldeeding
pump was confirmed through experimental and cliesting

results.

Using prokinetic agent

~Metoclopramide
10mg IV q 6hr

Check Gastric residual
volume

2 Problem solving
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