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Abstract: Temperature of fluid stream through tube is a kasiable in shell and tube heat exchanger. Howeiés,
variable is not easy to measure straightly. Theegfa state observer is designed to estimate Heetemperature variable
for direct control of shell and tube heat exchangedynamical state space model is used to desthibéeat exchanger
process. Kalman filter based observer is desigoageherate the estimates of states for desirabligatsystem. Kalman
filter given the good performance in trimming theise in the process and congregating to the astatds from improper
initial states. A SFC (State Feedback Controlledesigned to control the temperature of fluidastrélowing out through
the heat exchanger. A PID (Proportional Integral Brerivative) controller is also designed for temgtere control. The
simulations of state feedback and PID controller gerformed using MATLAB. Obtained transient res@te compared
and an analysis is conducted.
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|. Introduction

Heat exchangers [1] are commonly used in petroatedrmdustries, gas industries and nuclear power
plants. These are used for transferring heat betw®e or more medium with temperature differendke |
liquids and gases. The added advantage of thesexwengers are compact structure, high efficiemsy/low
cost [2]. An accurate model describing the dynab@bavior of the system is needed for an optimataijme
and control. The controlled variables of the shaell tube heat exchanger are cold fluid temperatodehot
fluid temperature. The manipulated variables alet fiow rate of cold fluid and hot fluid.

State feedback control is an advanced control desigthod [3], which uses the states in the designed
control laws under a premise that all the stateéabdgrs should be available for measurement [4]s Ihot
possible or costly to measure all the state vagmldror those cases a state observer is necessgimetgood
estimates of the system state variables and toeimmght state feedback control law. Considering theve
requirements, to estimate immeasurable statescamihtic measurement and process noises. For ancouots
system, a popular technique to estimate the systates is Kalman filter [5-6].A state space modeadiérived
by using system identification. This model is usedesign the state feedback and PID controlldre. dnalysis
on the performance of these controllers is condldteaddition, to test the efficiency of the estor, closed
loop analysis is also taken in the state feedbaokral.
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Il. Experimental Setup and The Heat Exchanger Model

p .TE‘C. Shell and Tube Hoat cxchanger

Fig.1. Heat exchanger setup

Ts—Temperature of shell inlet. T2 - Shell tank.
Tss Temperature of shell outlet. T1 - Tube tank.
Tti -Temperature of tube inlet. Pt - Tube pump.
Tto -Temperature of tube outlet. Ps - Shell pump.
Fs - Flow rate of shell inlet. VI-V6 — Valves.

Ft - Flow rate of tube inlet.

Fig. 1 shows the experimental setup of the one, dide pass, cross current shell and tube Heat
Exchanger. The heat exchanger consists of tubésatkafixed inside the shell side. The medium flogvi
through the shell and the tube side will not comelirect contact, but heat exchange takes placeecleet the
walls of the shell and tube. Tank T2 contains hatew, which is used as inlet to the shell sidehef heat
exchanger. Tank Tl contains cold diesel, whichsisclias the inlet of tube side of heat exchangeralwis to
control the Tube outlet temperature (Tto) by vagythe Shell inlet flow (Fs). In order to implemestate
feedback controller, the model of the system newdde derived. The model is found out by system
identification. The inlet flow rate of Shell sidéq) is kept constant and the outlet temperature) (&t
continuously monitored. Obtained readings are taken
A state space model is derived using system ideatiibn from the set of input output data. The el system
is given as:

—0.00014 0.00037
A =1 000067 0.00269
B = [1.486e-07 -1.0232e-06]
C =[411.920.13]

ll. Observer Design

The observer is designed using Kalman filter. Tistesn noise and the measurement noise in this
process are considered as white noise with zermnhex us consider a linear time invariant stai@cepmodel
[7] given as:

X=Ax+ Bu+ ¢d +Ew

y=Cx+1 (1)
Herex- A state vector of (nx1) dimension

u -Manipulated input vector of (mx1) dimension

y - Output vector of (px1) dimension

w - System noise vector of (nwx1) dimension
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* IS measurement noise vector of (px1) dimension

A, B, C, andp are constant matrices.

The system and measurement noises have the caardrQand R respectively. Observability is a
very important issue to consider in the observeigite To design an observer for a system [8], m@&datory
that the system should be observable. The obsétyathieck can be done using the observability iratk
system is observable if and only if the observibitiatrix should have a ramk

O=[CCACAKCA’... .. CA™M T (2)

After observability check, Kalman filter to be dgséd.

V. Kalman Filter

The Kalman filter algorithm uses a series of meas@nts collected over time, containing random
noise. It gives estimates of unknown variables T®le algorithm works in two step process. Thatredjztion
and update. Let us consider a state space model:

Xit1 = Fixp + B + Wi
Zip = HyXp + Vi

Wi~ N(0.O:) Vi~ N(0,Ry) 3)
Where, H, B and F are system matrices.Q and Royvariance matrices.

If the input is Gaussian for a linear model, thadestand output also be Gaussian [10].

Kt P:\H lz '

27N

predict Update

N

X P:\l

Fig.2. Kalman filter loop

It will estimate the next state before taking theasurements,
X1 = FpXp + Brug +wi
7y = HpXp + Vi (4)
Update state after measurements are taken
K = Pop 1 HY (HpPg 1 H +R) ™!
Xk = Xpfp—1 + Kie(Zr — 7 (Xgx—1,0))
Prg = (I — KiHi ) P 1 (5)
Here,

K is the Kalman gain matrix to be utilized in thedate step.
P is the covariance matrix having information conoeg exactness of the state estimation [11].

v. State Variable Feedback Controller Design

The designed Kalman filter gives the estimatiomuatput and the states. Several control schemebeamade
with Kalman filter. The SFC is one of the achiewabbntrol schemes. The control law for SFC as Wedto
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u= -Kx + Ki.r (6)
Where K, is considered to get a steady state gain of ingtyween set point and actual response is given as:
K,=-1/(C (A-BK)'B) (7)
Here,K is the feedback gain matrix (FGM), it can be foloydoole placement method [12].

In pole placement design the first step is to decid the closed loop pole locations [13]. It isfukto
remember that the required control action is relasehow much far the open loop pole moved by dsziback.
If a zero is nearer to the poles, the system magrbe uncontrollable [14]. To move those polesrgeaontrol
gains are needed. Dominant second order polesapmach to choose the desired pole locationsdrpble
placement design. In this method we can deducegbédime, overshoot and settling time directlynfrthe pole
locations. Several steps involved in finding thedigack gain that forces the roots of A-BK tQ j s ... Mo

First step is that the controllability of the systéo be checked. It can be done by using the daen
M=[B ABA®B ..... ..... A"'B] (8)
Here, M is controllability matrix.

For the system to be controllable, the matrix Mwtidhave the full rank. The second step is to ddtez the
values of g &, &....a,from the characteristic equation,

IsI—Al =+a5 +....... +a4s+a (9)
Wherea's represents the coefficients of the characterfgiynomial equation.

Third step is to govern the matrix T, the transfation matrix. It converts the state equation imatoollable
canonical form. If it is in that form, then T=I. @T matrix is given as:

T=MW (20)
Where,

W is given as:

@, 1 @, 2 - dy 1

n ]

a, - a, -~ 1 0

=L R—a

W

iy 1T - 0 0
1 o - 0 0

Fourth step is to get the desired characteristignoonial using desired eigenvalues and find theieslof g

(S )(Sb).....(5) = S+ &S +.. + 4s+E  (11)
The last step is to find the FGM using the givenatipn,
K= [8n- 8nd1—ahal... ... \&-apoidy-a] T (12)
Ackermann’s Formula to Determine the Matrix K:

A well-known formula to find the FGM is the Ackermas formula. Consider the state space model

= Ax + Bu (13)
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Here the SFC law is u =-Kif the above system is controllable, the feedbamhtrol law alters the system
equation int¢t = (A — BK) x.

Let us describd =A-BK.Then the wanted characteristic polynomial viod
ISI-A+BKI=ISI-AI=(S-P) (SHo) vv o vv e (S-1)

="+ &S +.....+ 4.5 + 4(14)

By means of Cayley-Hamilton theoref fulfills its characteristic polynomial,
@ (A)=A"+&A"+....+4.A +4I1=0 (15)

For simplicity, by considering the case n=3, aralftilowing identical nesses:
1=l

A=A-BK

A?= (A-BK)? = A2-ABK-BKA

A= (A-BK) * = A% A’BK — ABKA - BKA?

By multiplying the equation by:;a&, & and @ and the results is added. Then the resulting equi

&l + A + A%+ A= &l + & (A - BK) + & (A’- ABK - BKA) + A% A’BK — ABKA - BKAZ= 4l + &A +
&A%+ A3- 4BK - 4ABK - 4,BKA - A°BK — ABKA -BKA? (16)

From equation (15), we have
8 (A)=A"+&A""+.....+4,,A+4,1=0 and also we have
8 (A)=A™&A"+.... . +4.A+4,1 £ 0
By substituting the last two equation in (4), wdl get
® (A) =9 (A) - 4BK - 4BKA -BKA%- 4ABK- ABKA - A?BK
Since® (A) = 0, we obtain
8 (A)=B (K+&KA+KA ?) +AB (4K+KA) + A’BK=

0K + o KA + KA?
[B | AB | A'B] o K + KA

K

Pre multiplying the above equation by the inveristhe matrix, M in the both of the sides, we get
oK+ g l\\ T l\\'
[B | AB | A’B] ¢(A) = oK + KA
K
Pre multiplying the above equation by [0 0 1], vet g
[0 0 1][BIAB!A’B] '@ (A) =
o K+ o KA -'- KAZ
[0 0 1] o K + KA =K
K

We can write the above equation as
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K=[0 0 1][B'ABIA’B] '@ (A)

The generalized form of above equation for a pasititeger n is given as:
K=[00..01][B!AB!AB!....... L AMIB] e (A) -(17)

The above equation is the Ackermann’s formula taiolthe FGM.
Obtained results for K and#om equations (7) and (17) are given as:

K =[5604.7 -0.3349]

K, =15.477

Controller l Process
--------------------
(1

&= Az + Bu

I
: ! ! o y=Cr+ Du 2

Fig.3. Block diagram for introducing the reference inpith full state feedback with a composite gain.

VI. Results and Discussion

Simulation results for SFC and PID control of slaelt tube heat exchanger is done using MATLAB Simkul
The controlled variables are cold fluid temperatanel hot fluid temperature. The manipulated vaeslare
inlet flow rate of cold fluid and hot fluid.

T
Actual regponse
Kalman filter estimated response

ure{de)
o @ o o
8 2 =} 3
8 = o @
T I T T
| | | |

Outlet tube temperat
o
3
T
|

s
B
=

1

192 | | I | |
i 20 0 60 a0 100 20 140 160 180

Time(gec)

Fig.4. The effectualness of the Kalman filter in prodacihe best estimate of outlet tube temperature from
noisy measurements.
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Fig.5. Comparision of responses of SFC and PID controller

The SFC and PID controllers are designed and thelations are carried out using MATLAB software.

The designed Kalman filter based observer givenbis estimates of output and the states. The asiim
Kalman filter output is presented in Fig.4.The perfance of different controllers are evaluated gisie step
response of the system. The responses of both 8&-€I1& controllers are shown in Fig.5.

From the above it is observed that the overshostdgoh reduced drastically by 33.33% when SFC wasl us

when compared to conventional PID controller. Tise time of the system has improved by 62.61% &erd t

settling time has got reduced by 75% in the cas&BE compared to conventional PID controller. The
parameters are tabulated in Table 1.

Table 1
Controller Rise Time (SEC) | Over Shoot (%) SettlingTime (SEC)
SFC 126 4 330
PID 337 6 1320

VII. Conclusion

In this paper SFC is designed for the control efigerature of a shell and tube heat exchanger aidd it
discussed by comparing with PID controller. Thelgsia of SFC and the PID control system model sigiesd

by using SIMULINK. An analysis of the above resuttsmes to a conclusion that Heat exchanger embedded
with SFC will give superior results compared to@abHexchanger embedded with conventional PID cbetro
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