Applications of Adaptive Controllers Based on
Nonlinear Parametrization to Level Control of
Feedwater Heater and Position Control of

Magnetic Bearing Systems
by

Chayakorn Thanomsat
B.S., Mechanical Engineering

Carnegie Mellon University (1995)

Submitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of

Master of Science
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
May 1997

© Massachusetts Institute of Technology, 1997. All Rights Reserved.

A A

Author ................. s R aueteeee gt eaa s enaeatena et n e nnatanannasannnn e ennnsannaanannns

= Department of Mechanical Engineering
May 9, 1997
Certified by ................ e ereeerev————————— e an e e e e nnnaes
Anuradha M. Annaswamy
Associate Professor of Mechanical Engineering
Thesis Supervisor
Y ——
Accepted By .coveeviireieeees e esereserssssastiassnestsessaresteos

Ain A. Sonin
. Chairman, Department Graduate Committee

JUL 211997 Ene.






Applications of Adaptive Controllers Based on
Nonlinear Parametrization to Level Control of
Feedwater Heater and Position Control of
Magnetic Bearing Systems

by
Chayakorn Thanomsat

Submitted to the Department of Mechanical Engineering on
May 9, 1997, in partial fulfillment of the requirements for
the degree of Master of Science in Mechanical Engineering

Abstract

In several applications, accurate regulation and control is a difficult task due to inherent
nonlinearities as well as parametric uncertainties in the underlying dynamic system. A
necessary assumption for most of the parameter estimation schemes available today is that
the parameter must occur linearly. However, an increasing demand for accurate models of
complex nonlinear systems have prompted researchers and scientists to develop adaptation
schemes for parameters which are nonlinear.

In this thesis, a new adaptive control approach based on nonlinear parametrization
(Annaswamy et al., 1996) is applied to control problems in two different dynamic sys-
tems, (i) level control in feedwater heater system and (ii) position control in magnetic
bearing system, both of which contain nonlinear parameters. In the level control problem,
a feedwater heater in a 200MW power plant was used as a test platform. The feedwater
heater contains several nonlinearities with the dominant ones due to the heater drain valve
system as well as the heater cross-sectional area. Dynamic response tests were performed
using a full-scale simulation model of the power plant. It is shown that an order of magni-
tude improvement in settling time and percent overshoot is achievable with the new non-
linear controller. In the position control of magnetic bearing, the performance of an
adaptive controller based on nonlinear parametrization is compared to a number of lin-
early-parametrized controllers. Both the air gap of the bearing and air permeability are
uncertain parameters with the former being nonlinear. It is shown through simulations that
the nonlinear controller successfully tracks the reference trajectory across the entire oper-
ation range while linear controllers perform poorly as they deviate from the nominal oper-
ating point.
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Chapter 1

Introduction

1.1 Motivation and Contribution of Thesis

Adaptive control has been in the center of attention of many researchers and scientists in
recent years. One of many attractive properties of the adaptive controllers is the ability to
conform to changes in the system operating conditions. In the real processes, the actual
parameters are rarely known. The characteristics of the process can change with time due
to a variety of factors both internal and external. Classical linear control theory sometimes
is not adequate for the system to perform satisfactorily over the entire operating range.
This gave rise to the adaptive control theory which allows monitoring and adjusting the
parameters towards better performance.

A vast majority of adaptive control theory is based on the common assumption that the
parametric uncertainty occurs linearly. In some systems, the simplification can be made to
meet that criterion. However, there are certain classes of nonlinear systems which do not
lend themselves to that assumption. It becomes apparent that a new approach which deals
with the nonlinear parametric uncertainty is inevitably required. Among the current
approaches includes the nonlinear least-squares algorithm [6] and the extended Kalman
filter method [9]. Parameter convergence usually depends on the underlying nonlinearity
and the initial estimates. When these algorithms are implemented on the nonlinear sys-

tems, the stability property is usually unknown.

Recently, a new approach has been introduced by ([1],[10]). Their algorithm is appli-
cable to dynamic systems where the underlying parameters occur nonlinearly. It has been

shown that an adaptive controller based on nonlinear parametrization can be realized

13



which ensures global stability. In this thesis, this approach will be illustrated through a
level control problem in the feedwater heater system and a position control problem in the

magnetic bearing system in comparison with other controllers.
The contribution of the thesis consists of the following:
1. Establish the dynamic models for both the feedwater heater and the magnetic bear-
ing systems.
2. Realize the adaptive controller based on nonlinear parametrization which will lead

to global stability for the respective systems.

3. Compare the performance of the different controllers on the systems.

1.2 Synopsis of Thesis

This thesis is organized into four chapters as follows:

Chapter 2 provides readers with the background on adaptive controller based on non-
linear parametrization as proposed by [1]. Here, the adaptation algorithms are shown to
result in the controller which leads to global stability using Lyapunov stability analysis.
However, the reader will not be provided with the detailed proof but are encouraged to
seek further information from the reference sources.

A detail case study of level control in feedwater heater system is illustrated through
Chapter 3. In this chapter, the dynamic model of the system was derived based on the
actual feedwater heater system at Kingston Unit 9, Tennessee. The closed-loop transient
tests were also performed at the plant and are presented here. The Kingston Unit 9 simula-
tor system was used as the test bed for the new controller. The advantage of the simulator
is that it allows the controller to be tested before the actual implementation. MATLAB is
used extensively to simulate the closed-loop system with the derived controllers. The sum-

mary and remarks are given at the end of the chapter.

14



Chapter 4 illustrates another example which the parameter occurs nonlinearly. The
objective is to control the position of the rotor in the magnetic bearing system. In compar-
ison, the controllers based on linear control theory are shown to perform poorly when

deviated from the operating point.

Finally, the source codes for both the MATLAB programs and the FORTRAN pro-

gram used on Kingston Unit 9 simulator are included in the appendices.

15
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Chapter 2

Adaptive Controller Based on Nonlinear Parame-
trization

2.1 Introduction

Adaptive Control has received considerable interest among the researchers and scientists
in recent years. A majority of the adaptive control theories have centered around the
assumption that the unknown parameters occur linearly. Even in the adaptive control of
nonlinear systems, many estimation algorithms have been restricted to the systems which
parameters are linear. In many control problems, it becomes apparent that the nonlinear
models which are able to replicate complex dynamics require nonlinear parametrization.
We present here an approach proposed by [1] which we will illustrate through feedwa-
ter heater level control and magnetic bearing position control applications that the control-
ler results in better overall performance and stable systems. It is also shown that a stable
adaptive algorithm can be developed for a system which has both linear and nonlinear

parametrization.

17



2.2 The Adaptive Controller
2.2.1 Problem Statement

The dynamic system under consideration is of the form

M = f(6,0)+ (pTa +u 2.1

where 6 R and ae R™ are unknown parameters, « is a scalar control input, ¢(s)e R’ and
o(t) e R™ are known functions of the system variables, and 7 is a scalar function that is non-
linear both in ¢ and . The desired trajectory x, is chosen as the output of the model

whose dynamics is governed by the differential equation

D(s)x,] = (22)

where D(s) is a Hurwitz polynomial and r is a bounded reference input. If the scalar out-
put error is defined as e = x-x,,, the goal is to choose the control input so that the error e

converges to zero asymptotically while ensuring that all system variables remain bounded.
The following assumptions are made regarding the system:

1. All state variables are accessible for measurement.

2. () and ¢(r) are measurable functions, and are bounded functions of the state vari-
ables.

3.0€1[6,;,9,,],and 6,;, and o, are known.

4. For all e and any ¢(r), f(¢(2),0) is either concave, or convex.

5. 7 is a known bounded function of its arguments.

2.2.2 The Controller

The structure of the dynamic system clearly suggests that when the parameters 6 and
a are known, a feedback-linearizing controller can be realized which stabilizes the system
and ensures output tracking. One choice of such a controller is described below. A com-

posite error e, which is a scalar measure of the state error is defined as

e, = D(S)Li.edt] (23)

The control input is then chosen as

18



u = —~ke,—D(s)[x] + r—(pTa—f(q), 0) (2.4)

where k>0, and D(s) = s"+D,(s). This leads to the error equation D(s){e(r)] = —ke, Which

can be written using Eq. (2.3) as

e, = —ke, (2.5)
and hence e, is bounded and e (r) - 0 asymptotically. From Eq. (2.3), it follows that for

i=0,..,n-1,x7-x" is bounded and tends to zero asymptotically.

The problem is to find a certainty equivalence controller using (2.3) and adaptive laws
for estimating 6 and o when the latter are unknown so as to achieve global boundedness
and asymptotic tracking. Suppose the following controller and adaptive laws are chosen in

the presence of unknown parameters:

u = —ke,~Dy(s)[x] +r—¢ &= f(d,8)—u, (1) (2.6)
a= el .0 (27)
8 = e,ygw (2.8)

where w(r) and «,(s) are time-varying signals to be chosen later and r,, and y, are adaptive
gains used to alter the transient behavior of the parameter estimates during the adaptation.

If the parameter errors are defined as & = &¢-o, 6 = 66, the error equation becomes

é, = —ke,—@ &+ f-F-uyt) (2.9

where f = f(¢,0). This suggests the commonly used Lyapunov function candidate

V=2 +d@ T, ar g% (2.10)

with a time derivative

V= —kel+ef-F+wh-uyn)]. (2.11D)

It is easy to see that when f is concave, since

19



r-7s(%)e-9 (2.12)

for all o (Bertsekas, 1989), if we choose

wit) = (gg).ee \ u(1)=0 (2.13)
It ensures that v<o0 provides e,20. However, when e, is negative, Eq. (2.13) is not ade-
quate for ensuring that v is a Lyapunov function. Similarly, since the inequality in (2.12)
is reversed when f is convex, it is obvious that when e, is positive, our choice of the sig-
nals in (2.13) would not suffice for achieving a negative semidefinite v. This implies that a
fairly distinctive strategy needs to be adopted for the case when ¢, is negative (or positive)

when f is concave (or convex) with respect to 6.

It will now be shown that whether f is concave or convex, the following adaptive con-

troller ensures global boundedness and asymptotic tracking.

u = —ke,—Dy()[x] +r— @& £(9, 8) - u,(1) (2.14)
& = €T,0 (2.15)

8 = £,ygw (2.16)

g, = es_m:(eg) (2.17)

and », and w are time functions which are chosen as follows:

1. When £(¢, 0) is concave in 6 for all ¢,

uy (1) = 0 if e,20 (2.18)

= saf =3 S max ~ I min -0 therwi (2.19
ua(t) = sa (E)[f—fmin—(m)( - min)] [8) 1S€. . )
wi) = 560, 0, . if €20 (2.20)

w(t) = g”‘—‘”%”# otherwise. 2.21)

max min

20



2. When f(¢,0) is convex in 6 for all ¢,
i) = sa( 27~ fm,-n—(g::—;%)(é—emm)} if e, 20

u,(t) = 0 otherwise.

fmax_fmin :
—_———— 2>
o lfeS_O

max min

w(t) =

w(t) = aa—ef(¢,, 0) - otherwise.

where

fmax = f(q)’ emax) and fmin = f(¢’ emin)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

The detail discussion of global stability is not included here. However, interested read-

ers are encouraged to obtain more information in ([1],[10]).

2.2.3 Extensions

In [10], it has been shown that the results discussed above can be extended to systems

of the folowing form:

X = A(p)x+b,x+Z0,f(9,86)) +\|1Ta

(2.27)

where x(1)e R", (A(p), b,) is controllable, p and e, are unknown scalar parameters, oe R™

is unknown, A and f; are nonlinear in p and e,, respectively.
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Chapter 3

Level Control in Feedwater Heater System

3.1 Preliminaries

3.1.1 Introduction
A power cycle is defined as thermodynamic process in which the working fluid can be

made to undergo changes involving energy transitions and subsequently return to its origi-
nal state. The main objective of any cycle is to convert one form of energy to another use-
ful form. For example, the energy stored in fossil fuel is released in the combustion
process which, in turn, used to heat the liquid water to the state of vapor that is useful in
driving the turbine blade and ultimately generate electricity. We are concerned that natural
energy resource is limited and it has to be utilize in the most efficient way possible. In the
following sections, we will discuss a vapor power cycle of interest, the Rankine cycle, in
which our main goal will be to provide readers the necessary elements to understand the

significance of the feedwater heater system.

The Rankine Cycle

This cycle can be described in the diagram shown in Figure 3.1. It consists of four dis-
tinct processes. Start with the feed pump, the liquid supplied to the boiler is brought to the
boiler pressure. In the ideal cycle, the liquid supplied to the pump is assumed to be satu-
rated at the lowest pressure of the cycle. In an actual cycle, the liquid is slightly subcooled
to prevent vapor bubbles from forming in the pump (which causes a process known as cav-
itation, which will subsequently damage the pump). For the ideal cycle, the compression
process is taken to be isentropic, and the final state of the liquid supplied to the boiler is

subcooled at the boiler pressure. This subcooled liquid is heated to the saturation state in

23



the boiler, and it is subsequently vaporized to yield the steam for the prime mover in the
cycle. The energy for the heating and vaporizing process of the liquid is provided by the
combustion of the fuel in the boiler. If the superheating of the vapor is desired, it is also
accomplished in the boiler (also called a steam generator). The vapor leaves the steam
generator and is expanded isentropically in a prime mover (such as a turbine or steam
engine) to provide the work output of the cycle. After the expansion process is completed,

the working substance is piped to the condenser, where it rejects heat to the cooling water.

Figure 3.1: A simple schematic diagram of Rankine cycle

Vapor
m Generator
\Energy Out
<¢——— Cooling Water
Heat In Boiler
Condensate
Liquid

The Regenerative Cycle
A method to increase steam cycle efficiency without increasing the superheated steam

pressure and temperature is the regenerative heating process which is, essentially, a
method of adding heat at a higher temperature. Regenerative heating, in practice, is the
process of expansion of steam in the turbine well into the phase-change region. Moisture
is withdrawn mechanically from the turbine to reduce the effects of wear and corrosion. In
Figure 3.2, we show the physical features of the regenerative steam turbine cycle. The sat-
urated liquid from the condenser is fed to a mixing chamber by a pump. The chamber

allows the liquid to be heated by mixing with the steam bled from the turbine; then this
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mixture is fed to the next chamber and ultimately back to the boiler for recirculation. In
the cycle, two mixing chamber are utilized, but more could be added. These mixing cham-

bers are called feedwater heaters.
Figure 3.2: Regenerative cycle
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In large central station installation, from one up to a dozen of feedwater heaters are
often used. These can attain length of over 60 ft., diameters up to 7 ft., and have over
30,000 ft.2 of surface. Figure 3.3 shows a straight condensing type of feedwater heater
with steam entering at the center and flowing longitudinally, in a baffled path, on the out-
side of the tubes. Vents are provided to prevent the buildup noncondensable gases in the
heater, and are especially important where the pressures are less than atmospheric pres-
sure. Also, deaerators are often used in conjunction with the feedwater heaters or as a sep-
arate units to reduce the quantity of oxygen and other noncondensable gases in the

feedwater heater to acceptable levels.
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Figure 3.3: Feedwater heater
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3.1.2 Theoretical Development

The Extraction Steam Flow
The amount of the extraction steam flow is directly influenced by the thermodynamic

process within the heater. Two important regulating mechanisms are the heat transfer pro-
cess and the thermodynamic process. The heat transfer process occurs within the heater as
well as between the heater and the environment. The thermodynamic process takes place
within the control volume where upstream drain flow, heater drain flow, and extraction
flow interact. The model used in predicting the extraction steam flow is based on the con-
servation of energy, the conservation of mass, and the thermodynamic relations. The
model suggested by Davis is presented here. [5]

Figure 3.4: The control volume of the feedwater heater
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26



1. Definitions of Variables
V. = total volume of the condensing region

M, = total mass of the water in the condenser

P = heater pressure

hs = saturated liquid specific enthalpy at P

h, = saturated vapor specific enthalpy at P

he, = hg-he

h. = specific enthalpy of the condenser mixture

vr = saturated liquid specific volume at P

Ve = saturated vapor specific volume at P

Vig = VgoVp

v, = specific volume of condenser mixture

x = steam quality in the condenser

m; = extraction flow

h3 = specific enthalpy of flow from the desuperheater
my = upstream drain flow

h, = upstream drain specific enthalpy

ms = heater drain flow

hs = heater drain specific enthalpy (assumed equal to hy)
UA., = UA for the heat transfer from condenser to tubes

LMTD,, = condenser log mean temperature difference

UAys = UA for the heat transfer from condenser to heat sink

Ty temperature of the heat sink

T,,, = saturation temperature at P
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2. The Extraction Steam Flow Model
The conservation of mass states that

aM 14
o = mtmy-ms where M, = ;f
Therefore,
dM, 1dv, V.dv, dv,
il i whereE =0
c

since the condenser volume is constant.

Now,

aM V. dv,

vt:'

Consider v, to be a function of the pressure and the enthalpy inside the condenser,

then

dv, ov.\dh, (Ov,\ 4p

dr = \on, jydi *(sf-)hﬁ-
o e dh
Derivation of E‘

The energy balance relation states that

d
EMCuC = m1h3 +m2h2 —mshf" UACDLMTDCD + UAhS(ThS—
By definition,
u,=h,—Pv,.
Then,
d d aM
E;Mcuc = EMc(hc_Pvc) = (hc"Pvc)I C+Mc%(hc—Pvc)
d 3 dM dML_ dhc dP
IMCuC = hczt' —PVCE +MCE _MCVCE -
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Since My, =V,

c

d _ dM B dh ¢ dP dM . dv .
EMCuC = hcz +MCE _Vfa —P(VCE +MCE )
However, since the condenser volume is constant,
M, dv, g4 av,
Vg Mg = gMee=g =0,
Hence,
d _ M. o dh.  gp dh, 4 M. 4P
%Mfu"_hc—d_z +MCE —Vcd—t‘ OrMCE —EMM hdt +cht-.
Substitute the expression A in Eq. (3.5), we then have
dl cTcC

dh
cdt

Again, since

aM

i my+my—ms,
dh, 1 N d
- = —[ml(h3~ C)+m2(h2—hc)—ms(hf—hc)- UA LMTD ,+UA, (T, -T, ,)+V > |.
dt M, dt

B0V
Derivation of M, (a P) .

Using the fact that

hC
vc=h—(vg vf) (h eV~ hfv)andv = VeV,
18
h h
v, —h Eyy, 8 _y L
Chfg Thyy “Shye”

By differentiating term by term,
9(, Vre
opP (h hfg)

ah hv, oh,
) )20
fe oP hfg oP ¢’ 18 hzfg oP
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dP
cdt ”
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(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)



(. he\ _ hyvpohey avf hpvoohey ] v, Ok
a_ﬁ(”fh_,g) B ‘7(5? ) (hgaP ) and ‘( "8hy, ) - '_(ﬁﬁ )*W("fﬁ +"83’F)'
18 8

Therefore,

(vc _ hcvfg(ahfg)+ 1 (h avfg) heve (ahfg)+ 1 (h dv,  Oh, )+hfvg(ahfg) 1 (h avg oh )
P k.~ 2 9P ) h,\ OP - g Yrap )t 2 P SR \"rap *
OP . g oP ) hg\ 0P h, oP ap *Viap hfg oP ) hy\'JoP YeoP
By rearranging,
- )2 e [ e )22
OP Jk, by, aP fg oP hf’g hig P hg oP hg, oP by oP by dP

Multiply by M,

w55), = M ) G

-y [[ 1 hgvf}hfx ra(2r) hy (aV) (f"'f) 3 (3_hg)],
W, W, PP k0P h 1 \3P P )" hy\oP

Note that the expressions in the bracket are single-valued functions of P.

The quality of the mixture x = v‘v_ 1,
I8

The enthalpy of the water in the condenser &, = h;+ (V ”v—f:f )h 1o -

Multiplying by M,, we now have

My My v h h
Moh, = M+ =Shy == = M (= LIy v S8 (3.18)
Vie 673 Vre Vre

Thus,

Ve) _ _thfg) hyg (avfg)
M‘(—a—l’ - [Mc(hf v ) Y "fg] hg\OP

8

Vi (E'Lfg)]
fg oP

h,v, h,yv ov h, sov oh ah
Tf's_T8'f{f8 f f( g f\, [
+ Mc[( 7 2 E +hfg(ap) g(ap) Ry, (ap)"h (ap)]

hfg 18

Further expanding the expression gives,
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e - [ G )
AP b~ Vel @GP )Ty, GP )72 \aP P

G -2
h hfg oP ho aP hy, JoP JoP e aP

h,v, oh h,v,roh v

Se(feN T f( e, (TS

+ Mc[hz (ap ) 2 (BP )+h (BP)
18 fe

e e B )
he = Me| Gy, " v, AP P 9P ) 9P )", \oP

fe
ot

vf—hf(vg—vf)+vf(hg—-hf) =0.

h h v h oyt h. \oh Vs,
f— S fg fg
e SIS

hfg

Note that h Ve -h eV hf fg+vfhfg = hfvg—

Therefore,

ov hy v.yov Vs ov,\ v, oh v, roh ov 1 /oh
w32, G- L) Y ) ) 2]
OP Jh, ¢ hfg Vie opP h, \oP hfg oP hfg oP hfg JoP oP hfg JoP

Now, multiply the expression by }:ﬁ ,
fa

M'Lfg(a_%) :M{’:fg(ﬁ_v_f a_vfg)+ (V)
Vi OP Jp, AT Ve JP oP

h, ov oh
18~ fg 18
+ V[ (aP ) g(ﬁ )}

This expression can alternatively be written in form of, Mcvﬁ(ﬁ) =MA+V_B,
fz he

vy ahg
(57

selar )

where A and B are strictly functions of pressure.

From the original conservation of mass equation,
V. Bvcj dh. cov, dp:l
ey = g (2] e, (2 48]
5 v?[[ahc pdt ~ \OP Jhdt

h—g—[m](h3—h)+m2(h2 h)=ms(hy—h)~UA LMTD,, + UA, (T, - Sa,)]}

my+m,—mg = ——-—{
18

[

by G
h M) <dt “\3P )y dr |-
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v
my+my—mg =~ (my (hy— b )+ myhy = he) = ms(hg— )~ UA LMTD, + UAy(Tys = Tog))]

c'fg

M M-Ke[(év_c d_P]
hgdt ~ 2|\oP hdt ]’
[

v h
:f:g(—ml —my+mg) = my(hy—h.)+my(hy—h,) —m5(hf— h)-UA_ LMTD_+UA, (T, -T,)

T Veat, 9P har

dP Mchfg((avc dP)

Ultimately, the extraction steam flow can be expressed in the following form,

3\
my = 1 - {”‘z(hz- . V;hfg)_ ms(hc—hf— gfé)- UA,LMTD,, + UA, Ty~ Tsur) - vc}
3= h+ =< g fe fe
fe
)
R U {Mc[’bz(fi_ﬁ a_vfs)+iz.(a_vf)_ﬂ(?ix)_z(a_hf)ﬁ(i"_g)}}@
h3—hc+‘-)i—f£ Veg\hp Vi oP Ve\OP ) v \oP ) v \dP )" v, \OP )| [dt
fz

I N S, P "_m(ifg)_L(i"_fg) dp
h cl 2 \9P Ve oP dt
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Fluid Flow Resistances
In this section, we will derive the dynamic model of the flow system from the drain

exit of the heater to the cascaded flow inlet of the downstream heater. Figure 3.5 shows the

schematic diagram of the system that our model is based on.

Figure 3.5: The schematic diagram of the drain flow system

Liquig Only

We will investigate both the case where the flow is assumed to be entirely single phase
and the case where the flow downstream is in liquid-vapor phase. The flow through the
drain valve is always in liquid phase. The pipe system is assumed to be well insulated
therefore the heat transfer to the environment is negligible. The momentum flux changes

due to the friction in the pipe is usually very small and is neglected in our model.

1. Single-Phase Flow
The pressure drop in the drain system occurs at two places. We will now consider the

case which the flow is assumed to be entirely liquid. The pressure drop increases as the

fluid passes further downstream through the drain pipe and the control valve.
Pressure Drop Across the Pipe

The equation which describe the pressure drop for a flow with velocity v is given by

AP = %vaz (3.19)

where the friction coefficient is defined as
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_ L
K=fg5. (3.20)
The friction factor, £, is a function of the relative roughness of the pipe and the Reynold’s

number. In the case which the flow is turbulence (Re > 2000),

R80.25

By substituting the relation in Eq. (3.20)-(3.21) in Eq. (3.19) and solve for the pressure

drop as a function of the volumetric flow rate g,

0= Av (3.22)
ap,, = Q3L6TRATESILp] (3.23)
pipe — 24 [pD] [D] pipe :

Pressure Drop Across the Control Valve

The conventional equation for describing the relationship between the pressure drop

and the volumetric flow rate is

_c [EP
0=c,[F (3.24)
The valve coefficient, c,, is a function of the valve opening and is usually supplied by the

valve manufacturer. We can then solve for the pressure drop across the valve as

AP, = 3225428 0 (3.25)

v

valve

2. Two-Phase Flow
We are interested in modeling the effects of the two-phase flow particularly the flow

mixture of liquid and vapor. Two-phase flow occurs quite frequently in the feedwater
heater system. We are concerned with the downstream section of the drain pipe where the
flow exits the valve and the pressure drops resulting in partial phase transformation from
liquid to vapor. In this section, we will describe the method of characterizing the two-

phase flow. However, it must be noted that despite a large number of studies related in this
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area, there are many situations where the uncertainty can be as high as 50%. Most of the
two-phase correlations are entirely empirical or semi-empirical. We will discuss the pre-
diction of the static pressure gradient approximation along the straight pipe during the

two-phase flow.
Frictional Pressure Gradient

In deriving the correlations, it is assumed that the homogeneous theory is applicable to
the system of interest. The liquid-vapor mixture is treated as homogeneous with a density
based on the assumption that both phases flow at the same velocity. This theory gives a
reasonable result even in the case where the actual vapor velocity is as much as five times
faster than that of the liquid. [4] Furthermore, it is assumed that both phases are in turbu-

lent flow condition in a smooth pipe.

The two-phase component of the pressure gradient due to friction is described by

-Dpy = (pi‘LonFLO (3.26)

where ¢2,, is the two-phase multiplier and Dp,,, is the pressure drop due to friction if the
flow were all liquid.
The Martinelli-Nelson correlation gives the following approximation for the two-phase

multiplier

(2-n) (2-n)
Oro = l+(F2—1)[Bx 2 a-xn 2 +x‘2"”)] (3.27)

where the Blasius exponent » and physical property parameter ° are defined by

A
n= Eﬁ (3.28)

Re
GO
log(Rew)
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and the coefficient B is defined in the following table.

Yy
r= (EQ) YG
Hp/ve

(3.29)

TABLE 1. Values of B for smooth pipes
2
G(kg/m™s) B

r<9s G <500 48

500 < G < 1900 2400/G

G > 1900 55/G%3
9.5<T<28 G <600 520/(rG%?)

G > 600 21/T
r>28 15000/ (r2G%%)

Friedel has shown that this table gives reasonable agreement with an extensive data bank [4]

AL, 1s the friction factor when the total mixture flows as liquid

Ago 1s the friction factor when the total mixture flows as vapor

Re is the Reynold’s number

p; is the dynamic viscosity of the vapor phase
p, is the dynamic viscosity of the liquid phase
v is the specific volume

G is the mass velocit.y

Pressure Gradient due to Changes in the Elevation

Let the mixture density be p and 6 be the angle of the pipe to the horizontal line,

—ng = gp,,sin0

Pm = 0pg+(1-0a)p,

(3.30)

3.31)

Pressure Gradient due to Changes in Momentum Flux

The following equation describes the pressure drop in the straight pipe due to the

change in momentum flux.
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~Dp,, = G*D(v,) (3.32)

where

Ye _ 1+(:—G—l)[Bx(1—x)+x2] (3.33)

VL L

The derivative of v, can be expanded as

ave ve
D(v,) = [ﬁ]sbp{g;]pus (3.34)
D
Ds = M = D?qq-‘)H%~ (3.35)

where ¢ is the heat transferred per unit mass and F is the frictional energy dissipation per
unit mass. If we assume that the frictional energy and heat transfer is negligible in an insu-

lated smooth pipe, the expression becomes

2

0
Dp,, = Gz[a—‘:]st = _%Dp (3.36)

where G is the mass velocity at maximum flow condition (choked flow).

3.1.3 Kingston Unit 9 System Description
Kingston Unit 9 Feedwater Heater System

Kingston Unit 9 is a shell and tube heat exchanger in which the feedwater flows
through the tube and interacts with the steam extracted from the turbine. As the heat from
the extraction steam is transferred to the feedwater, some of it condenses and is collected
at the bottom of the heater. The level of the water in the heater is critical to the efficiency
of the heat transfer and must be controlled quite closely. If the level is too high, the feed-
water tubes are submerged and the heat transfer decreases significantly. If the level is too
low, the extraction steam in the shell could flow through the drain cooler and, because of

its high velocity, can damage the tubes in that area. Moreover, the drain pipe is sized to
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handle fluid not steam, so it will not pass adequate flow if the steam were to enter instead
of water.

The level of the water in the shell is controlled by a control valve in the drain pipe. The
water from the heater can flow to two different places. In normal condition, it will be
passed to the next heater downstream where it is used to augment the temperature of the
feedwater before it reaches the current heater. In emergency condition, the water will be
passed through the emergency drain valve directly to the condenser of the main turbine.
This is not desirable since it is not as efficient.

The heater level is currently controlled by a simple PI controller. There are a couple of
system characteristics that can complicate the controller tuning. Ideally, the installed valve
characteristic of the drain would be linear over the load range of the plant and the optimum
controller gains would also be constant. However, this is not the case therefore the PI con-
troller needs different gains over the load range for optimum response. The inherent valve
characteristics should be selected to give the closest to liner response possible without any
tweaking in the control system. The sizing of the drain pipe can also affect the flow char-
acteristics quite significantly. These are the two factors which make it difficult to get a lin-
ear installed valve characteristic (flow rate versus valve lift over the load range of the plant
at actual differential pressure).

Hence, the current PI controller is tuned conservatively so that the stability is main-
tained as the system characteristics change over the load range of the plant. If the mechan-
ical system is well-designed, the performance is usually acceptable. The schematic of the

feedwater heater diagram is given in Figure 3.6.
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Figure 3.6: Kingston Unit 9 feedwater heater system schematic diagram
I
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Kingston Unit 9 System Simulator
The Tennessee Valley Authority (TVA) Kingston Unit 9 simulator, constructed by

Foxboro and ESSCOR, inc., is primarily intended as a training device for engineers and
operators of Unit 9. The simulator teaches the trainees how to use the Foxboro I/A system
under a variety of plant conditions such as start-ups, shut-down, and emergency situations.
The simulator features an Instructor Station Package from which a supervisor can monitor
a trainee’s performance. Since the simulator exposes a trainee to a wide variety of operat-
ing conditions and circumstances, the trainee may gather a lifetime of unit experience

before ever operating the actual unit.

Another use of the simulator which is concerned with our operation is to test the
effects of controls and/or plant modifications before implementing them on the actual unit

allowing tuning optimization and early detection of flaws.

We will now define the terms simulator, model, and controls. The simulator is a com-
plete combination of the Foxboro workstations, the master simulation computer loaded
with all model and controls software, the instructor station, and all associated peripheral
equipment. The model is the set of compiled and linked subroutines which simulates the

behavior of the Kingston Unit 9 plant. Controls refers to the set of Foxboro unit 9 control
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compounds and downloaded onto the master simulation computer from the Foxboro

Applications Workstation.

1. Simulator Hardware
The control hardware portion of the simulator consists of three Foxboro consoles com-

prised of one Applications Workstation (AW) and two Workstation Processors (WPs). The
AW is the center console, flanked by the two WPs. Each workstation has a Sun Sparc LX
as its processor.

The “plant” portion of the simulator consists of two Sun Microsystems workstations (a
Sparc 20 and a Sparc 5). The Sparc 20 has two machine names, kingmaster and SCP001.
It has two names since it must communicate not only with the Foxboro AW (to which it is
recognized by SCP001) but also the Sparc 5 (by kingmaster). These two names may be
used interchageably throughout this document. Kingmaster is the simulator “master” com-
puter on which the simulator model runs; it passes information to Sparc 5, which serves as
the Instructor Station. The machine name of the Sparc 5 is Kkingis. Figure 3.7 shows a
hardware block diagram of the simulator hardware. Machine names are in parenthesis and
in bold.

SCPO001(kingmaster) is connected to the Foxboro hardware through a Dual Node Bus
interface (DNBI), and through a serial cable. The DNBI handles all communication
between the CP and Foxboro controls, the serial cable passes CP “letterbug” information

to the Hardware Connections portion of the Instructor Station.
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Figure 3.7: Simulator hardware block diagram
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2. Simulator Software
The two key software elements of the Kingston unit 9 simulator are SYSL and FSIM.

SYSL stands for System Simulation Language, and FSIM stands for Foxboro Simulation
Language. The major functions of each are described below.

The Kingston Unit 9 plant is modeled using the combination of model subroutines and
a SYSL input file. Each major plant sub-system (such as feedwater, air, fuel, etc.) is mod-
eled in a FORTRAN subroutine. The SYSL input file forms the “backbone” of the model
by declaring all model variables used, and by making calls to the model subroutines. The
steps required to make an executable model are translation, compilation, and linking.
When the model is translated, the SYSL input file is sorted so that the model subroutines
are called in proper order. The translation also converts the input file into compilable
FORTRAN source code. This source code is then compiled and linked with the model
subroutines, SYSL libraries, FSIM libraries, and engineering tool libraries. The result of
this step is an executable model file. When the model is run, SYSL loops through the
sorted list of model subroutines, updates variables accordingly, and increments the model
timer to the next time step. The rate at which this is “marching” forward occurs can be

controlled to make the model go faster or slower than the real (wall clock) time.
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The SYSL modeling approach uses a combination of ordinary variables and state vari-
ables. The ordinary variables are updated in the order in which they are called by the
sorted SYSL input file. For example, if model variable a calculated in subroutine A is a
function of model variable b calculated in subroutine B, SYSL will sort the input file such
that subroutine B is called before A. State variables on the other hand are considered con-
stant throughout the time step being calculated. These variables’s derivatives are computed
in the various model subroutines, but the state variables will only be updated (i.e. inte-
grated) at the end of the time step, before proceeding to the next time step. The state vari-
able approach to the modeling allows the greatest amount of modeling fidelity with the
least consumption of computer processing time.

For the simulator to be useful, it must communicate with controls hardware in such a
manner as to make the controls think it is “seeing” the real plant. FSIM accomplishes this
task in two ways. First, running FSIM on the master simulation computer turns that com-
puter into a “Soft Compound Processor” (hence, the kingmaster is also named SCP001).
Second, FSIM provides the interface between .the SYSL plant model and the controls soft-
ware. This is accomplished through the use of an /O Cross-Reference Table, in which
controls compound:block.parameters are tied to SYSL model variables. Essentially, this
cross reference table replaces the I/0 cabinet and associated Field Bus Module hardware
of a real plant installation. FSIM has a process called cio_cp, which synchronizes the con-
trols processing with model processing. Since the model and controls processing occur

simultaneously, this process ensures that the model and controls run in “lock-step”.

3.1.4 Transient Response Data Acquisition

Closed-loop Tests From Kingston Unit 9 Plant
The purpose of conducting the field tests is to use the result to compare with the simu-

lator’s model predictions. Heater #1 was subjected to level setpoint changes around the
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nominal value of 8 inches with the magnitude of 1 inch or greater. Only the closed-loop
tests were conducted since the plant operators suggested that the heater emergency dump
valve might be triggered if the control loop were opened. Such condition will be undesir-
able since the actual plant efficiency will decrease and the level recorded will be the result

of the combined effect of the drain valve and the unmodelled emergency dump valve.

Eight signals from heater #1 were recorded. However, we are most concerned with the
heater #1 level and the heater #1 valve command. As we have mentioned earlier in the the-
sis, the level controller used in the feedwater heater at Kingston Unit 9 is proportional plus
integral type where both gains can be varied on-line. Three sets of gains were used in the

- tests with [PB = 35 ; INT = 1.7] being the set which is commonly used.

TABLE 2. Kingston Unit 9 closed-loop response tests
Test Number Proportional Band Integral Time Setpoint Command (in)
1 35 1.7 8.0-9.0-8.0
2 25 1.7 8.0-9.0-8.0
3 18 1.7 8.0-9.0-8.0
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Closed-loop Tests From Kingston Unit 9 Simulator System
A number of similar transient response tests were also conducted on the plant simula-

tor to verify that the simulator model gives reasonably accurate predictions of Kingston
Unit 9 feedwater heater system. Throughout the tests, the same proportional plus integral
controller was used on the simulator. The gains were changed at the simulator’s operator
station each time a new test was conducted. Table 3 described the conditions in which

each test was carried out.

TABLE 3. Simulator closed-loop response tests
Test Number Proportional Band Integral Time Setpoint Command (in)
1 35 1.7 8.0-9.0-8.0
2 25 1.7 8.0-9.0-8.0
3 18 1.7 8.0-9.0-8.0
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Figure 3.11: Simulator closed-loop test 1

Conventional Pl controller with PB =35 and INT = 1.7
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Figure 3.12: Simulator closed-loop test 2

Conventional Pl controller with PB =25 and INT = 1.7
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Figure 3.13: Simulator closed-loop test 3

Conventional Pl controller with PB = 18 and INT = 1.7
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3.1.5 Summary and Remarks

TABLE 4. Transient response results from Kingston Unit 9 plant
Test PB INT Setpoint Overshoot Settling Time
1 35 1.7 8.0-9.0-8.0 ~10% ~40s
2 25 1.7 8.0-9.0-8.0 ~ 5% ~30s
3 18 1.7 8.0-9.0-8.0 ~ 5% ~25s
TABLE 5. Transient results from Kingston Unit 9 simulator
Test PB INT Setpoint Overshoot Settling Time
1 35 1.7 8.0-9.0-8.0 <2% 48s
2 25 1.7 8.0-9.0-8.0 <2% 37s
3 18 1.7 8.0-9.0-8.0 <2% 28s

The tables above summarize the closed-loop transient response tests result for both the
actual feedwater heater system and the simulator. It is noted that due to the graphical
nature of the field information obtained from the actual system, only approximates of the
overshoot and the settling time can be realized. It is not uncommon that there is a subtle
difference in the overshoot characteristics since the simulator cannot capture all the pre-
vailing heater dynamics especially those of higher orders. However, the magnitude of the
settling time in both cases are quite similar.

The tests result states that we have the error interval of about 20 percents for the set-
tling time and slightly higher for the percent overshoot. With careful considerations, we
can then use the simulator as the test bed for our new controllers and assume that the tran-

sient response result will be within reasonable range of the actual system.
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3.2 Controller Based on Feedback Linearization

3.2.1 Introduction
The problem considered here is the feedwater heater level control system. We develop

in this section a systematic dynamic model of the system so as to include the nonlinear
effects from the control valve and the pipe. In an existing power plant, the controller used
to regulate the water level in the feedwater heater is a PI controller. We introduce a new

nonlinear controller for the level regulation.

The performance of our nonlinear controllers is investigated and compared with the
conventional PI-controller. It is first shown that the nonlinear controller results in a stable
system. The simulation was first done assuming a single homogeneous phase model and
then the effect of the two phase flow downstream of the valve was included. The effects of
the system uncertainties were also examined. The simulation studies show that an order of
magnitude improvement in the settling time can be obtained using our nonlinear controller
while delivering uniformly better performance under a variety of operating conditions and

modeling uncertainties.

3.2.2 Problem Statement

Assumptions
1. The Dynamic Equation
The dynamic of the heater level can be represented in the simplest form as following,

AT = 0y- 000, 4P) (3.37)
where Q) is the extraction flow rate, Q is the controlled flow rate, A(h) is the horizontal

cross-sectional area of the heater, R is the heater radius, and L is the heater length.
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2. The Nonlinearities
Valve Nonlinearity

The relationship between the pressure drop and the flow rate is governed by the fol-

lowing equation.

AP,,,, = 32254250 (3.38)

\4

valve
Pipe Nonlinearity
The pressure drop due to the turbulent flow through pipes can be described as fol-
lowed.

sty = ST 2]

voe = 2 1o5] | (3.39)

pipe
Heater Cross-sectional Area

The area of the heater in the horizontal plane is a function of the heater level, A.

A(h) = 242RR- KL (3.40)

The Control Flow Equation

APIZ = APpipel +APvalve+APpipe2 (341)
where ap . = 0316BA1M2TLp] 2 (3.42)
pipel = 24 [pD] [D] o .
pipel
AP, = 322542807, (3.43)
CV
_ 03167pA1%3rLp7 .2
and AP, = S5p [pD] (e . (3.44)

Based on the assumption that the pressure drop between heater 1 and heater 2 is a known
constant at any instant and continuity law, the flow rate as a function of the valve opening
can be obtained. The results at various pressure drops is then used to generate the data

map.
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The Downstream Pressure Drop (Liquid-Vapor Phase)

~Dp = ~Dpp;o®rLo+ 8322 4 G*D(v,) (3.45)

m

2

2
G (vg-vp)

where G*D(v.) = -ZDp+G
v,) Ge p thg—hy)

QD(q +F) (3.46)
If the heat loss to the environment and the frictional energy dissipated are insignificant

then D(g+F) =0.

- DPFLO(D2FL0 + gi1_n9
And -Dp = o (3.47)
1-6
GC
(2-n) @2-n)
where  @%r0 = 1+(I- l)[Bx 2 (-x 2 +x‘2“”)] , (3.48)
A
v ) .
r= (u_G) V—G ,n= ——Ref"— , B defined in Table 1, and x is the mass dryness fraction
L L GO
og(ReLo)
3.2.3 The Linear PI Controller
Extraction Flow
Pipes + ™1™ Cascaded Drain
Setpoint r PI Controller Actuator Control Valve 1
Level

A\ 4

K (ts+1) G
4 el c G G, |+ 1 >
" s Ts+1 < l_.I " Tns’@_’ pAs h

Level Transmitter
Since the valve characteristic is nonlinear over the plant load range, the optimum con-
troller gains would not be constant. The relationship between the flow rate and the valve
opening is selected to give the closest to linear response. PI controller has to be tuned con-

servatively to cover the load range of the plant.

Determine the transfer function of the plant.
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-K,G,G,,G, (15 +1)

(s) _ ccYevm
H(s) ~ (t;5)(ts+ 1)(pAs) +K G .G, G, (T;s+ 1) (3:49)

c-cTcevTm

=

let K66 .G, =C.

c-cTevTm

Cts+C
et 50

pA’clft:s3 + pA‘t,-sz +C1s+C

Using ITAE criterion, K and <, can be found.

The gains found are only suitable sufficiently near the operating point. In order to cope
with the uncertainties, the gains are selected so as to maintain the system stability. Typical

proportional band is 35 and integral time is 1.7.

3.2.4 Controller Based on Feedback Linearization

0o Extraction Flow

Setpoint Controller Control Valve . Heater Level
hy - 0 o 0 . ) hoo
Q(AP ab’ »{ = _p—A; >
1
The dynamic model: A(h)‘% = 0,-0(6, AP)

where A(h), Oy, and Q are the area, extraction flow, and drain valve flow, respectively.

Known Extraction Flow
By Choosing the control input as 0(6, AP) = Q-A(h)v = Q@+ (X)A(h)h + BA(h)ji.dx,

the equivalent dynamic equation is now  + ah + B[hdt = 0 where h = h-h, and 4 = h.
That is Z+uB+BIizdt=0

which implies that as 1 - «, h -0 if o, p are strictly positive.

Unknown Extraction Flow
By Choosing the control inputas  Q(8,AP) = -A(h)v = ()A(W)h+BA() [hdr
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the equivalent dynamic equation is now # + ok + ﬁjhdt = —2L where A(h) = 2LJ2Rh-h*

A(h)
1. Constant Cross-sectional Area
Let cross-sectional area be A.
The dynamic equation is h+oh+B [hat = %’
By differentiating, h+oh+Bh =0

which implies that as r—»«, h—0 if o, p are strictly positive.

2. Time-varying Cross-sectional Area
The cross-sectional area can be represented as A(k) = 2L,/2R(}'z +hy)—(h+ hd)2 .

The dynamic equation is now h+ah+B [hat = A?:)
By differentiating, & + ok + Bk = _(zio__lﬁl, A(;,));; _ 20¢(R-h—hy) : . (3.51)
A*(ih) Ndh 3

ALQR(h +hy) - (h+ h))’

2 —h- -
Let QR-Eh) o sy, (3.52)
ALQR(h+hg) - (h + 1))
and h+[o+ f(R)]h+Bh = 0. (3.53)

The expression, f(h), is strictly positive when R> (2 +h,) or R># which is the case for
this control problem. By choosing the appropriate o and strictly positive g, we now have a
closed loop system which guarantees that -0 as r—» .

It can also be shown using Lyapunov theory.

For this system, the Lyapunov functionis v = —x +_[Bydy = lx2+ Bx .

The minimum of this functionisat x =0 ; s = 0

The time-derivative of V is V = —(a+ f(h)i2<0

which can be thought of as representing the power dissipated in the system. By hypothe-

sis, V = 0 only if 4 = 0 implies that » = -k which is nonzero as long as s#0. Thus the
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system cannot get “stuck” anywhere other than » = 0. Using the Local Invariant Set theo-
rem, the origin is proved to be a locally asymptotically stable point. Furthermore, jﬁydy is
0

unbounded as |#| - «, and V is a radially unbounded function and the equilibrium point at

the origin is globally asymptotically stable according to the Global Invariant Set theorem.

The valve opening can be determined by incorporating the required flow rate into our
valve characteristic model. Assuming that the instantaneous pressure drop between heater
1 and 2 is known, the flow rate can now be represented by an n-polynomial function of
valve opening described below. The valve opening is obtained by solving the function.In
the simulation, we assumed that the nominal pressure drop between heater 1 and 2 is 300

psi. And the flow rate can be represented as a function of the valve opening as followed:

0 =ab’+b0*+c0°+d0* +e0+ f (3.54)
wherea = 0.00000000468362
b = 0.00000058202359
c = 0.00001816170982
d = 0.00366774086313
e = 0.00447504781796
f = 0.01500049486870

In the case where the pressure drop is accessible on-line, the appropriate polynomial func-

tion can be developed to determine the valve opening accordingly.
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The Plant Uncertainties
1. Pressure Drop
The pressure drop between heater 1 and heater 2 is dependent of the plant operating

condition. The pressure drop is used to determine the valve-pipe flow characteristic sur-
face (the flow rate at different valve opening and pressure drop). In the simulations, the
nominal pressure drop is 300psi.

2. Extraction Flow
The extraction flow is also dependent of the plant load. The nominal value is 0.4444

ftA3/s equivalent of the liquid.

3. Valve Flow Coefficient
The valve flow coefficient obtained experimentally is considered to be more accurate

and applicable to the plant than the data supplied by the manufacturer. This constitutes a

source of uncertainties in the valve model.
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3.2.5 Simulation Results

Simulation Case#1: Exact Knowledge of the System

TABLE 6. Conventional Pl-controller
Design Actual Design Actual
Proportional Integral Modeling Valve extraction extraction pressure pressure
gain (Kp) gain (Ki) error characteristic flow flow drop drop
100/35 (100/35)/ No. Linear 0.4444 0.4444 300 psi 300psi
(1.7%60) Approximation. | ft*3/s ft"3/s
TABLE 7. Feedback linearizing P-controller
Design Actual Design Actual
proportional Modeling Valve extraction extraction pressure pressure
gain (alpha) error characteristic flow flow drop drop
0.1 No. Sth-order least 0.4444 0.4444 300 psi 300psi
square approxi- | ft"3/s ftr3/s
mation.
TABLE 8. Feedback linearizing Pl-controller
Integral Design Actual Design Actual
Proportional gain Modeling Valve extraction extraction pressure pressure
gain (alpha) (beta) error characteristic flow flow drop drop
0.1 0.01 No. Sth-order least 0.4444 0.4444 300 psi 300psi
square approxi- ft~3/s ft~3/s
mation
Table of Results
e _
Settling Time
Controller (seconds) Overshoot Steady-State Error
Conventional Pl-controller 207.17 Yes 0
Nonlinear P-controller 31.85 No 0
Nonlinear PI-controller 42.62 Yes 0
L _
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Conventional Pl controller:
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Simulation Case#2: Unknown extraction flow rate.

TABLE 9. Conventional Pl-controller
Design Actual Design Actual
Proportional Integral Modeling Valve extraction extraction pressure pressure
gain (Kp) gain (Ki) error characteristic flow flow drop drop
100/35 (100/35)/ No. Linear 0.0 11.5x0.4444 300 psi 300psi
(1.7*60) Approximation. | ft"3/s ft~3/s
TABLE 10. Feedback linearizing P-controller
Design Actual Design Actual
proportional Modeling Valve extraction extraction pressure pressure
gain (alpha) error characteristic flow flow drop drop
0.1 No. Sth-order least 0.0 11.5x0.4444 300 psi 300psi
square approxi- | ft"3/s ft"3/s
mation.
TABLE 11. Feedback linearizing Pl-controller
Integral Design Actual Design Actual
Proportional gain Modeling Valve extraction extraction pressure pressure
gain (alpha) (beta) error characteristic flow flow drop drop
0.1 0.01 No. Sth-order least 0.0 11.5x0.4444 300 psi 300psi
square approxi- | ft*3/s ft"3/s
mation
Table of Results
_
Settling Time
Controller (seconds) Overshoot Steady-State Error
Conventional PI-controller 930.31 Yes 0
Nonlinear P-controller N/A No Yes
Nonlinear PI-controller 62.26 Yes 0
_ _ I I
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Conventional Pl controller:
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) Conventional PI controller:
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Conventional Pl controller:
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Simulation Case#3: With Model uncertainty

TABLE 12. Conventional Pl-controller
Design Actual Design Actual
Proportional | Integral Modeling Valve extraction | extraction pressure pressure
gain (Kp) gain (Ki) error characteristic flow flow drop drop
100/35 (100/35)/ Yes. Linear 0.4444 0.4444 300 psi 300psi
(1.7*60) Approximation. | ft*3/s ft"3/s
TABLE 13. Feedback linearizing P-controlier
Design Actual Design Actual
proportional Modeling Valve extraction extraction pressure pressure
gain (alpha) error characteristic flow flow drop drop
0.1 Yes. Sth-order least 0.4444 0.4444 300 psi 300psi
square approxi- | ft"3/s ft73/s
mation.
TABLE 14. Feedback linearizing Pl-controller
Integral Design Actual Design Actual
Proportional | gain Modeling Valve extraction | extraction | pressure pressure
gain (alpha) (beta) error characteristic flow flow drop drop
0.1 0.01 Yes. Sth-order least 0.4444 0.4444 300 psi 300psi
square approxi- | ft*3/s ft"3/s
mation

Table of Results

Settling Time

Controller (seconds) Overshoot Steady-State Error
Conventional PI-controller 193.89 No 0
Nonlinear P-controller 22.38 No Yes

Nonlinear PI-controller

41.36
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) Conventional PI controller:
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Conventional PI controller:
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Simulation Case#4: Unknown pressure drop.

TABLE 15. Conventional Pl-controller
Design Actual Design Actual
Proportional | Integral Modeling Valve extraction | extraction pressure pressure
gain (Kp) gain (Ki) error characteristic flow flow drop drop
100/35 (100/35)/ No. Linear 0.4444 0.4444 300 psi 1000psi
(1.7*60) Approximation. | ft"3/s ft~3/s
TABLE 16. Feedback linearizing P-controller
Design Actual Design Actual
proportional Modeling Valve extraction extraction pressure pressure
gain (alpha) error characteristic flow flow drop drop
0.1 No. Sth-order least 0.4444 0.4444 300 psi 1000psi
square approxi- | ftA\3/s ftA3/s
mation.
TABLE 17. Feedback linearizing Pl-controller
Integral Design Actual Design Actual
Proportional gain Modeling Valve extraction extraction pressure pressure
gain (alpha) (beta) error characteristic flow flow drop drop
0.1 0.01 No. Sth-order least 0.4444 0.4444 300 psi 1000psi
square approxi- | ftA3/s ftA3/s
mation
Table of Results
Settling Time r
Controller (seconds) Overshoot Steady-State Error
Conventional PI-controller 125.36 No 0
Nonlinear P-controller N/A No Yes
l Nonlinear PI-controller 33.11 Yes 0
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Simulation Case#5: Unknown pressure drop, extraction flow. With
model uncertainty.
TABLE 18. Conventional Pl-controller
Design Actual Design Actual
Proportional Integral Modeling Valve extraction extraction pressure pressure
gain (Kp) gain (Ki) error characteristic flow flow drop drop
100/35 (100/35)/ Yes. Linear 0.0 0.4444 300 psi 1000psi
(1.7*60) Approximation. | ft*3/s ftr3/s
TABLE 19. Feedback linearizing P-controller
Design Actual Design Actual
proportional Modeling Valve extraction extraction pressure pressure
gain (alpha) error characteristic flow flow drop drop
0.1 Yes. 5Sth-order least 0.0 0.4444 300 psi 1000psi
square approxi- ft~3/s ft73/s
mation.
TABLE 20. Feedback linearizing Pl-controller
Integral Design Actual Design Actual
Proportional gain Modeling Valve extraction extraction pressure pressure
gain (alpha) (beta) error characteristic flow flow drop drop
0.1 0.01 Yes. Sth-order least 0.0 0.4444 300 psi 1000psi
square approxi- ft~3/s ftA3/s
mation

Table of Results

N *
Settling Time
Controller (seconds) Overshoot Steady-State Error
Conventional PI-controller 392.98 Yes 0
Nonlinear P-controller N/A No Yes
Nonlinear PI-controller 30.69 Yes 0
R —
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Simulation Case#6 [Using two phase flow model for the downstream sec-
tion of the pipe]: Unknown pressure drop, extraction flow. With model

uncertainty.
TABLE 21. Conventional Pl-controller
Design Actual Design Actual
Proportional Integral Modeling Valve extraction extraction pressure pressure
gain (Kp) gain (Ki) error characteristic flow flow drop drop
100/35 (100/35) Yes. Linear 0.0 11.5*0.444 | 300 psi 1000psi
(1.7*60) Approximation. | ft"3/s 4 ft"3/s
TABLE 22. Feedback linearizing P-controller
Design Actual Design Actual
proportional Modeling Valve extraction extraction pressure pressure
gain (alpha) error characteristic flow flow drop drop
0.1 Yes. Sth-order least 0.0 11.5*%0.444 | 300 psi 1000psi
square approxi- | ft"3/s 4 ftr3/s
mation.
TABLE 23. Feedback linearizing Pl-controller
Integral Design Actual Design Actual
Proportional | gain Modeling Valve extraction extraction pressure pressure
gain (alpha) (beta) error characteristic flow flow drop drop
0.1 0.01 Yes. Sth-order least 0.0 11.5%0.444 | 300 psi 1000psi
square approxi- | ft*3/s 4 ftr3/s
mation
Table of Results
Settling Time
Controller (seconds) Percent Overshoot Steady-State Error
Conventional PI-controller 395.76 Yes 0
Nonlinear P-controller N/A No Yes
Nonlinear PI-controller 28.30 Yes 0 I

79




heater level (ft) heater level (ft)

heater level (ft)

o
o

Conventional Pl-controller[two phase flow]:

1.5 T T g g T g T ¥ T
1 e
0. 5 I | 1 i I 4L l I L
0 100 200 300 400 500 600 700 800 900 1000
time (s)
Feedback linearizing P—controller[two phase flow]:
L O O
0 g 1 i I I I I I 1 1
0 100 200 300 400 500 600 700 800 900 1000
time (s)
Feedback linearizing controller[two phase fiow]:
! ! ! ! ;' ! ? ! !
0.8
I 1 1 i I | 1 1 1

20 30 40 50 60 70 80 90 100
time (s)

80



Conventional Pl-controller[two phase flow}:

B

560 T T ! ! T T —T T !

& . . , : . . A _ .

T

o 40 ...........

£

§_ DOM el

o

g 0 \ \ ) 1 i 1 ) 1 1

§ 0 100 200 300 400 500 600 700 800 900 1000
time (s)

§ Feedback linearizing P-controller[two phase flow}:

540 : = = Y T T —

(0] .

z :

o 35 .................. R R R R TR R SRR -

£ :

[ = .

8 30 L _ ................................................................................. p

o ;

g’ 25 ] 1 ] | 1 1 ] \ ]

g 0 100 200 300 400 500 600 700 800 900 1000
time (s)

’g‘ Feedback linearizing controller[two phase flow]:

550 .

g :

z :

040 :

£ :

2 30 ;

o :

g 20 ] 1 1 ] I 1 ] ) ]

§ 0 10 20 30 40 50 60 70 80 90 100
time (s)

81



flow rate (ftA3/s) flow rate (ftA3/s)

flow rate (ftA3/s)

Conventional Pl-controller{two phase flow]:

2]

: : ! : ; ? : '
4 ..................................................................................................... e
2 ...................................................................................................... —
0 L L ! I L L L L L
0 100 200 300 400 500 600 700 800 900 1000
time (s)
Feedback linearizing P—controller{two phase flow]:
6 T T T T T T T T T
4 ( ....... .................................................................................... ........ _
2 1 1 1 1 1 1 1 1 I
0 100 200 300 400 500 600 700 800 900 1000
time (s)
Feedback linearizing controller[two phase flow]:
8 T T T T T T T T T
:
4 i
2 1 1 1 1 l 1 1 1 ]
0 10 20 30 40 50 60 70 80 90 100
time (s)

82



Implementation Results on Kingston Unit 9 Simulator
The nonlinear controller was implemented on the Kingston Unit 9 simulator to verify

the performance in comparison with the conventional PI controller. The transient response

tests was carried out according to the condition prescribed in Table 24 and 25.

TABLE 24. Control parameters and setpoint changes for conventional Pl controller
Proportional Band Integral Time Setpoint Command
0.50 0.01 9-8 and 7-8
TABLE 25. Control parameters and setpoint changes for nonlinear controller
Gain o Gain B Setpoint Command
0.50 0.01 9-8 and 7-8
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Figure 3.14: Heater level response on Kingston Unit 9 simulator
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Figure 3.15: Valve command signals

The control valve command signals using nonlinear controller and PI controller
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3.2.6 Summary and Remarks

The simulations were carried out for both the conventional PI-controller and our non-
linear controllers. The purpose of the simulations is to determine the characteristic of each
controller and its performance by changing the heater level set point from 0.90 ft. to 0.70
ft. Due to changing nature of the plant, the simulation also considered the effects of uncer-
tainties in the pressure drop between heater#1 and heater#2, the extraction flow and the
model. The uncertainty in the pressure drop was simulated by assuming no knowledge in
the pressure drop and designing the controllers based only on the nominal pressure drop.
The effect of the extraction flow uncertainty was included in a similar manner. The model-
ing uncertainty was introduced by using the manufacturers valve data to design the con-
trollers. The model using the experimental valve data was assumed to be the most perfect
model available for this system. The condition in which each simulation was done is sum-
marized in the preceding table.

In the conventional PI-controller, the proportional and integral gains were chosen
according to the dynamic response tests performed on the real plant. In feedback lineariz-
ing controllers, the gains are chosen such that the simulations give stable and feasible (no
valve saturations) responses.

The simulations in case#1 through case#5 were based on the assumption that the fluid
flow in the pipe and valve system is in liquid phase only. In case#1, we assumed perfect
information on the system (no model uncertainty, known extraction flow, and pressure
drop.). In case#2, the effects of unknown extraction flow are shown. In case#3, we consid-
ered the effect of the model uncertainty. Unknown pressure drop was assumed in case#4.
Then we combined the effects of model uncertainty with unknown extraction flow and
pressure drop in case#5.The simulation case#6 is similar to case#5 but includes the effect

of two-phase nature of the flow downstream of the control valve.
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It is evident that nonlinear controller has an advantage over the linear PI controller.

Through the MATLAB simulations, the following conclusions are drawn.

*At least an order of magnitude decrease in settling time(2%) was obtained using
our nonlinear controllers.

*The zero steady-state error was maintained in the nonlinear PI-controller.
Further reduction in the settling time was obtained using the nonlinear P-controller but at

the expense of a non-zero steady-state error.

Earlier in this section, we have introduced two nonlinear controllers (P-controller, PI-
controller) to the feedwater heater control system. Feedback linearization guarantees the
stability of the system. The simulations were performed to compare the conventional PI-
controller with nonlinear P-controller, and nonlinear PI-controller. Among the plant uncer-
tainties that were considered in the simulations are extraction flow, pressure, and valve
flow coefficient. The simulation studies show that an order of magnitude improvement in
the settling time can be obtained using our nonlinear controller while delivering uniformly
better performance under a variety of operating conditions and modeling uncertainties.
The nonlinear P-controller gives zero steady-state error in the case where there is no
uncertainties in the model. When the uncertainties are introduced to the system, the P-con-
troller results in a steady state error. The conventional PI-controller works conservatively
but the performance is rapidly degraded when the system deviates from the designated
operating point. The nonlinear PI-controller has one significant advantage over the con-
ventional PI-controller in that the settling time is much smaller. Also it is robust to the
change in the operating condition since it uses the Sth-order least square approximation of
the drain flow rate as a function of pressure and valve opening which covers the entire
range of operations.

The effect of the two phase flow was also investigated in case#6. Due to the pressure

drop after the valve and high drain flow temperature, a fraction of the liquid vaporizes.
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Subsequently, the pressure drop in the downstream section of the pipe increases. It is
clearly seen by comparing case#5 and case#6 that the increase in valve opening is required

to compensate for the flow of vapor which is much lower in density.

MATLAB simulations have shown that the nonlinear controller using feedback linear-
ization works based on the assumption that the system is properly modeled. The perfor-
mance of the nonlinear PI-controller relies on the accuracy of the drain flow rate model
and the availability of the information such as extraction flow and pressure drop. Small
deviations from the established system model can be compensated since the controller
structure is similar to PI-controller. But large departures from the system model may
require additional adaptive schemes which deals directly with those parameters.

Furthermore, the performance comparison between the existing linear PI controller
and our nonlinear controller is illustrated through the transient tests conducted on the sim-
ulator which is shown in Figure 3.14-3.15. In these tests, both controllers were subjected
to the same dynamic system and initial conditions. The drain valve in the simulator is
characterized by a nonlinear trim. It is clear from Figure 3.14 that our controller has better
settling time and percent overshoot. Our controller quickly achieved the reference level of
8 inches while the PI controller slowly approached the set point. The PI controller also has
significantly greater percent overshoot. Figure 3.15 shows that only a fraction of the drain
valve capacity was used in the case of PI controller as opposed to the other case. However,
these findings should not be too surprising since our nonlinear controller was designed to
incorporate both the nonlinearities in the control valve and the heater crossectional area
while the PI controller was tuned conservatively to preserve the stability of the system.
Both the simulations and transient tests suggest the use of our nonlinear controller in this

level control system which information on nonlinearities prevail.
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3.3 Adaptive Controller Based on Nonlinear Parametri-
zation

3.3.1 Introduction
The problem considered here is again the feedwater heater level control system. We

develop in this section a systematic dynamic model of the system so as to include the non-
linear effects from the control valve and the pipe. In an existing power plant, the controller
used to regulate the water level in the feedwater heater is a conventional PI controller. Due
to inherent nonlinearities, the controller gains may not be optimally selected across the
operating range. Conservative gains are used to ensure stability of the system resulting in
poor controller performance. We introduce a new nonlinear parametrization controller for
the level regulation [1]. With this approach which tackles the nonlinear parametrization
directly, we are able to develop a stable nonlinear controller. In the simulations, the perfor-
mance of our nonlinear controller is investigated. It is confirmed through a series of simu-

lations that the nonlinear controller results in a stable system.

3.3.2 Problem Statement

Theoretical Development
The dynamic equation of the system can be described by a first order differential equa-

dh _

tion 2 = pA(h)

——(Q,-0) Where ¢ is the drain flow rate. The dram flow rate is described by

V(0)

the constitutive relation of the flow valve as Q = [3225 -

] JAP where C(0) is the flow

. . . 0
coefficient of the valve as a function of the valve opening. Let u = [ﬁis(T;p] and

we then have 0 = u./AP.

: : - dh _ JAP
The dynamic equation of the system is now 2 & = pAC h)Qo AU

1

- _ AP
pA—(h)’ o= 0, andf(AP,h) = -

In other words, # = y(h)a + f(AP, h)u Where y(h) = Ok

Both « and AP are unknown parameters with known bounds. It is clear that o occurs lin-

early while AP are nonlinear in f(AP, n). The adaptation law for o can be obtained using
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established method in adaptive control. However, the similar approach is not applicable in
the latter parameter. Due to the fact that f(AP, h)u is a convex and monotonically decreas-
ing function of AP when u is a positive quantity, a stable adaptation law can be estab-
lished. And it turns out that » is always positive since C,6)20 results in

1
2.0y 12
u= [%z—p] >0. Figure 3.16 illustrates such characteristics of f(AP, h)

Figure 3.16: The plot of f as a function of dP where h = 0.70 ft.

function

i .
0o 100 200 300 400 500 600 700 800 900 1000
pressure (psi)

as ; ; i ;
3.3.3 Adaptive Controller Based on Nonlinear Parametrization
The dynamic equation can be written as & = yo +(f - f)u+ fu.
If fu = —ke ~D(s)[h]+r—u,-y& OF u = %(- ke - D,(s)[h]+r-u,-y&) is chosen,
then £+ D,(s)[h] = —ke +r—u,+y(o.- &)+ (f - f)u where s+D,(s) = D(s) is a Hurwitz polyno-

t
mial defined in the reference model, ¢, = D(s)[_[ ed‘t] is a composite error which is a scalar

0
measure of the state error, ande, = e, - ssat(%s) .
Let the desired trajectory k,, be chosen as the output of the reference model whose dynam-

ics is governed by the differential equation D(s)(h,] = r.
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Since e, = D(s)[h-h,],
the error equation is then e, = —ke, —u, +y(o - &) + (f - Fu = —ke,—u, - ya +(f - f)u
where & = 6-a and f = f(AP, k).
The adaptation law for o can be obtained using the error model as o = & = I',e,y . The

adaptation law for AP cannot be established in the same manner since it is nonlinear in f.
However, we assume that it can be written in the form of AP = AP = A pew.
The commonly used Lyapunov function candidate :

V = 3(e)+ &I, &+ APALpAP)

V = .6, + T &b+ AJhAPAP, noting that (1e?) = ¢ ¢

= S5 a AP ’ g ar ies = €.

. 2 - - - ~

V= —ke, +el-u,-yo+(f-flul+e(ya)+ewAP

/ = —ke? Fyu+wh here the tuning functi N

V = —ke; +&(f- flu+wAP-u,], where the tuning function «, = a(t)sat <)

AT VRSO

Three distinct cases are considered according to the sign and magnitude of ¢,

1.) les(n)| <€
il.) efr)<-¢

iil.) e(r)>¢
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i.) If Jej<0, then ¢, = 0 and thus v = 0. Therefore the stability is assured for any
choices of w and u,(1).

ii.) If e <o,
To make v negative semi-definite, it is required that (f - f)u + w(AP-AP) +a(+)20. Since
f(AP, yu is convex and monotonically decreasing in AP ,we have

(AP-AP).
AP

. d
(f=fu Zsﬁfu

=>a=0

9

=> W = 3AP

u

-

AP

iii.) If .0,
It is required that (f- f)u+w(AP-AP)-a(1)<0 to make V negative semi-definite. It is also
desired that the quantity a(r) be minimized. The solution for a(r) and w can be obtained by

solving the following optimization problem.

a(1) 2 (f e~ Fu+ w(AP-AP

min)

a(t) 2 (f pin— )1+ w(AP - AP

max)

The solution of the problem is the same as in

(Frnax— D+ W(AP=AP, ;) = (frin—u+w(AP-AP, ).

fmax_fmin

== w=s-—
APmax—APmin

— > fmax—fmin ~
_> a = (f’"“"_f)u—(-ATm;TPmi,l)u(AP_AP”’i")

Hence, the laws for choosing the quantities a(r) and w are:

a = (fpe- -(Af_"m_:%'l'_)u(ﬁp- AP,y ;if .20

Pmax
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a= 0 ; otherwise

and

e - .
w = —sat(—s I max = I min uife 20
€ APmax_ APmin §
€N 9 .
= —sar[ 2 . oth
w sat(s)w U , otherwise

AP
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3.3.4 Simulation Results

Simulation Case #1: With Adaptation, Over-predicted Pressure Drop,

and T

=20s

TABLE 26. Control Parameters
Predicted Actual Predicted Actual Model Control Si id
Pressure Pressure | Extraction | Extraction Time Dead G io Sinusoid F 1usol
Drop Drop Flow Rate | Flow Rate | Constant Band Ia(n Magnitude r(ec;t:;n;cy
(psi) (psi) (Ibs/s) (Ibs/s) ©® radis
150 80 20 20 20 0.02 100 0 0
WA: dP=80;IdP=150;Q=20;1Q=20;Ts=20;e=0.02;K=100;mag=0;f=0.02
g 0.9 - e e e FUTURU P YV
9 — — — — Reference
2 0.85 : R
@ : :
© : :
2 0.8 : . 4
2
[v] P
200 ' s z z z 5 :
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B 0.02 - e ey et itiesasaiiiialoa,
c : : : :
K] : : : :
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Simulation Case #2: With Adaptation, Overpredicted Pressure Drop,

and T =10s
TABLE 27. Control Parameters
Predicted Actual Predicted Actual Model Control Sinusoid
Pressure Pressure | Extraction Extraction Time Dead Gain Sinusoid Fr l:ls;:c
Drop Drop Flow Rate | Flow Rate | Constant Band K Magnitude (erc; dls) y
(psi) (psi) (Ibs/s) (Ibs/s) (s) s
150 80 20 20 10 0.02 100 0 0

level (ft)

WA: dP=80;1dP=150;Q=20;1Q=20;Ts=10;e=0.02;K=100; mag—O f=0.02

Barameter estimate water

o

o

N
1

level deviation (f

control input
N BN

(=}

(=]

time (s)
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Simulation Case #3: With Adaptation, Overpredicted Pressure Drop,

and T =5s
TABLE 28. Control Parameters
Predicted Actual Predicted Actual Model Control Si id
Pressure | Pressure | Extraction | Extraction Time Dead Gai 0 Sinusoid F 1nusol
Drop Drop Flow Rate | Flow Rate | Constant | Band :2 n Magnitude r(eqt:;/en)cy
(psi) (psi) (Ibs/s) (Ibs/s) (s) radis
150 80 20 20 5 0.02 100 0 0
WA: dP=80;ldP=150;Q=20;1Q=20;Ts=5;e=0.02;K=100;mag=0;f=0.02
g \ ................. FUUORU R PR PR PR e U D

ter estimate water |eve|

parame
o

o©
=)
a

|
o
=)
(4]

level deviation (ft)
=)

n

control input
N

(=)

o

time (s)
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Simulation Case #4: With Adaptation, Underpredicted Pressure Drop,
and T =20s

TABLE 29. Control Parameters
Predicted Actual Predicted Actual Model Control Sinusoid
Pressure Pressure | Extraction | Extraction Time Dead Gain Sinusoid Fre u
Drop Drop Flow Rate | Flow Rate | Constant Band K Magnitude (rt;l;j:)cy
(psi) (psi) (lbs/s) (Ibs/s) (s)
40 80 20 20 20 | 002 100 0 0

o
©

water level (ft)
(=]
[e ]
[3,]

WA: dP=80;1dP=40;Q=20;1Q=20;Ts=20;e=0.02;K=100; mag-O f=0.02
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Simulation Case #5: With Adaptation, Underpredicted Flow, and T,

=20s

TABLE 30. Control Parameters
Predicted Actual Predicted Actual Model Control Sinusoid
Pressure | Pressure | Extraction | Extraction Time Dead Gain Sinusoid R
Drop Drop Flow Rate | Flow Rate | Constant Band K Magnitude r(eqt:/en)cy
(psi) (psi) (Ibs/s) (ibs/s) ) radis
80 80 20 10 20 0.02 | 100 0 0
WA: dP=80;1dP=80;Q=20;1Q=10;Ts=20;e=0.02;K=100;mag=0;f=0.02
— 1 Fm v e e PR R I REEIIIE R EERREI R IR R
= :
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Simulation Case #6: With Adaptation, Exact Knowledge of Pressure and

Flow

TABLE 31. Control Parameters
Predicted Actual Predicted Actual Model Control Si id
Pressure Pressure | Extraction | Extraction Time Dead G 'ro Sinusoid - 1nusol
Drop Drop Flow Rate | Flow Rate | Constant Band ; n Magnitude r(eql:;n)cy
(psi) (psi) (Ibs/s) (Ibs/s) ) racis
80 80 20 20 20 0.02 100 0 0
WA: dP=80;IdP=80;Q=20;1Q=20;Ts=20;e=0.02;K=100; mag-O f=0.02
£
2
2
@
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2
© e e e
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Simulation Case #7: Without Adaptation, Sinusoid Model

Control Parameters

TABLE 32.

Predicted
Pressure
Drop

(psi)

Actual
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K
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Simulation Case #8: With Adaptation, Sinusoid Model

TABLE 33. Control Parameters
Predicted Actual Predicted Actual Model Control Si id
Pressure Pressure | Extraction | Extraction Time Dead én. 0 Sinusoid F 1nusot
Drop Drop Flow Rate | Flow Rate | Constant Band ;1 n Magnitude r;qt:/:n)cy
(psi) (psi) (Ibs/s) (Ibs/s) ) adls
150 80 20 20 10 0.02 100 0.1 0.5
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3.3.5 Summary and Remarks
In this Chapter we examine the performance of our adaptive controller which is based on

nonlinear parametrization through MATLAB simulations. In simulation case #1 through
#3, we study the effect of the time constant of the reference model on the performance of
the controller. While other controller parameters were held constant, the time constant was
reduced from 20s to 5s. We found that the controller can only respond to the model down
to 5s-time constant after which the tracking error in the initial period became high. We
realize at this point that we have reached a physical limitation of the control valve. The
control valve has a limit of the maximum flow it can pass given a certain pressure drop.
This is illustrated by the heater level response in simulation case #3 where the slope of the
level reached a maximum value which is still not sufficient to follow the reference model.
However, the controller was able to track the reference model as soon as the slope became
feasible. It is noted also that the change in parameter estimates is significant only in case
#3. This is typical of an adaptive controller when operated in absence of persistent excita-
tion.

Simulation case #4 shows the condition where the pressure drop across the control
valve is underpredicted. In this case, the control valve command is overvalued since the
controller is based on the knowledge that the pressure drop is equal to 40psi. The fact that
the heater level response stays below that of the reference model confirms this conclusion.
Simulation case #5 illustrates the opposite effect where the controller expects the extrac-
tion flow of 10Ibs/s and therefore the control valve command is undervalued. This is again
confirmed by the heater level response that stays above the reference. Naturally, when the
knowledge of the pressure and the extraction flow is available to the controller, the heater

level follows the reference exactly as shown in case #6.

102



We will now illustrate that the adaptation feature of the controller results in a better
performance in heater level control. In addition to the constant input, we modulate the
Sinusoid signal of small magnitude in the reference model. This is done to provide persis-
tent excitation condition for the adaptation. In simulation case #7, the adaptation was
turned off and the controller cannot follow the reference model quite exactly. The heater
level error exists and does not tend to zero. On the other hand, the adaptation was turned
on in case #8 in which the heater level follow the reference model exactly and the error
tends to zero. This is the merit of two additional degrees of freedom provided by the adap-
tive controller which helps in fine-tuning the control input.

In conclusion, the adaptive controller based on nonlinear parametrization has been
shown to perform well despite the absence of the knowledge on the pressure drop across
the valve and the extraction flow rate. The adaptation is a necessary and important feature

of the controller should an optimum performance is to be obtained.
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Chapter 4

Position Control in Magnetic Bearing System

4.1 Introduction

Magnetic Bearings are currently used in various applications such as machine tool spindle,
turbo machinery, robotic devices, and many other contact-free actuators. Such bearings

have been observed to be considerably superior to mechanical bearings in many of these

applications. Two important reasons for this are total elimination of the friction and the
active control nature of magnetic bearing. As early as 1842, Earnshaw introduced the con-
cept of levitating a spinning body using magnetic forces. He suggested that the stability of
the body cannot be achieved by means of passive permanent magnets alone but that at
least one of the three axes must be actively controlled. A suspended body makes no physi-
cal contacts with the magnetic bearings, thus resulting in extremely low friction. Not only
do the magnetic bearings have longer life cycle than the conventional bearings but also

there is no need for lubrication.

In many of these applications, disturbances and the dynamic changes due to varying
operating conditions and loads are present. The fact that the underlying electromagnetic
fields are highly nonlinear and open-loop unstable poses a challenging problem in
dynamic modeling, analysis, and control. As a result, controllers based on linearized
dynamic models may not be suitable for applications where high rotational speed during
the operation is desired. Yet another feature in magnetic bearings is the fact that the air
gap, which is an underlying physical parameter appears nonlinearly in the dynamic model.
Due to thermal expansion effects, there are uncertainties associated with this parameter.

The fact that dynamic models of magnetic bearings include nonlinear dynamics as well as
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nonlinear parametrization suggests that an adaptive controller is needed which employs
prior knowledge about these nonlinearities and uses an appropriate estimation scheme for
the unknown nonlinear parameters. We show in this section that such an adaptive control-
ler can be established which ensures that the system will behave in a stable manner and in

addition, leads to better performance.

4.2 Dynamic System Modeling

We focus on a specific system which employs magnetic bearings which is a magnetically-
levitated turbo pump [15]. The spinning motion of the rotor is induced by an electric
motor. There are two circular-shaped bearings used to control the horizontal motion of the
rotor. The thrust bearings are used to support the weight and vertical load of the rotor. We
will evaluate the performance of an adaptive controller in controlling the vertical motion
of the rotor.

If F, denotes the attractive force exerted by the upper bearing, », the magnetomotive
force generated by the magnetic flux, » the number of coils, p, the air permeability, A the
pole face area, i, the coil current, &, the nominal air gap, z the rotor position, using the

fact that the magnetic energy ¢, is given by

o,
g, = 3C, 4.1)
where
_ oA
= =) 4.2)
and the relations
dg,, ¢u2
F, = 3z = m (43)
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M, =—'= 4.4
=% = oz (44)
M, =ni 4.5)
we obtain that
2 .2
F, = ol (4.6)
4(hy-2)
Similarly, the expression for the lower bearing can be derived as follows:
2 .2
_ n poAtlz (47)
4(hgy+ 2)
Hence, the resultant magnetic force exerted by the thrust bearing system is
2 .2 2 .2
Fe n"HoAi, = MoAij (4.8)

4(hy-2)" 4(hy+2)?

This equation indicates that the magnetic force is highly nonlinear in both the rotor posi-

tion and coil current. Also, it shows that the parameter », appears nonlinearly.

4.3 The Control Objective - Rotor Position Control

To actively position the rotor, a bias current i, is applied to both upper and lower magnets
and an input « is to be determined by the control strategy. A bias current scheme consists

of choosing

i, =ig+tu (4.9
i = ig-u (4.10)

One can rewrite Eq. (4.8) as
Z—g = f(hg 0, 2) + fo(hg, O, 2)u+ f4(hg, O, u’ 4.1

where
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nzp.oA

@= 4.12)
Filhy 0, 2) dohgtly o (4.13)
,0,2) = ——— 0 = ozigy, (kg 2 .
e (hg-2)2(hg+2)> 00
20k 2 2..
falhg @, 2) = _(_ozj‘_f)’_oz = 0gYy(ho 2) (4.14)
(hg—2)"(hg+2)
ahoz
falhg @, 2) = 3= ozY;(hg, 2) (415)

(hy- z)z(h0 +2z)

The control objective is to track the rotor position with a stable second-order model as rep-

resented by the following differential equation.

LptCiiptcyz, =r

(4.16)

4.4 Adaptive Controller Based on Nonlinear Parametri-

zation

By examining Eq. (4.11), it is apparent that the parameter », occurs nonlinearly while a

occurs linearly. An examination of the functions f,, f,«, and f3u2 reveals their concavity/

convexity property and are summarized in Table 34. We will now show that the following

adaptive controller can be realized:

TABLE 34. Properties of f;, fou, and fzu as a function of h;
. Concavity/ Monotonic . .
Function . Prerequisite
Convexity Property

F, = f, convex decreasing 0<z<hy,,
concave increasing ~hpyin<2<0

Fy = fou convex decreasing u>0
concave increasing u<0

Fy=fou convex decreasing 0<z<h,,,
concave increasing ~hppin<2<0
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Following the approach in Chapter 2, we choose the controller as

u = ;{—kes—D](s)+r+ua(t)+g—f1—f3u2} (4.17)
2

where ¢ is the dead zone, ¢, and ¢, are positive constants and

g, = es—esat(%s) ;e = D(s)U:)(z—zm)d‘t]

2
D(s) = s"+cys+c, ; Di(s) = c;s+¢,

3
ug(n) = -sar(2) %, a0) (4.18)

i=1

Since a occurs linearly in f,, the adaptation laws can be established using the standard

method in adaptive control theory [11] as

&) = eATizig 5 0y = eAsTpign 5 Gy = EAY U
where A, are positive.

Since a appears in conjunction with three different functions, we need to generate
three distinct estimates, &;, i = 1,2,3 as above. Special treatment must be made to obtain
the adaptation law for parameter #, using the method outlined in Chapter 2. Since both «;
and i, are positive quantities, it is sufficient to evaluate the property of each function in
absence of these information. The approach described in Chapter 2 allows us to establish

adaptation laws for »; as follows:

Since the functions F; are either convex or concave, q; and w; are chosen as follows:
a.) F,; is convex

Ife>0;
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. F, -F
a; = sat(e/€)t,, . F,.W—Fi—hL_h'"'—"(h—hmin)} (4.19)

max min

F. -F.
wi(t) = —sat(es/e)h"”‘”fh'"“" (4.20)

max min

Otherwise;

a;=0 4.21)
oF;
wi(t) = —saz(es/s)a—h’ (4.22)
h
b.) F, is concave
Ife>0;
a;=0 (4.23)
oF;
wi(t) = .\‘at(es/s)ﬁ' (4.24)
h
Otherwise;
a; = _Sat(ex/e)amax{ﬁi - Fimm - htﬂ%(ﬁ - hmin)} (425)
wilt) = —sat(e /&) me (4.26)

max min
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TABLE 35. Parameters: Adaptive controller based on nonlinear parametrization

Parameters Values Parameters Values
Initial Position 2001m hy 47
Desired Position 0 n 133
¢ 360000 A 7¢™
c, 1200 io 0.50
k 5 M 2.2

The adaptive controller defined by Eq. (4.17) - (4.26) guarantees the stability of the
magnetic bearing system. The control task is to levitate the rotor from the initial position
(200um) which is the maximum available distance up to the equilibrium position (oum) by
following a second order reference model. Figure 4.1 shows that the controller achieves
excellent tracking accuracy when both system and model originate at z = 200pm. The
steady state error is the result of the dead band which can be further reduced by decreasing
e. Figure 4.2 also reveals that the adaptation parameters 4, and o; do not converge to their
actual values which is expected from an adaptive system without persistent excitation. We
found the controller to exhibit a similar performance for all initial positions of the rotor

and reference model output.
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Figure 4.1: Rotor position using adaptive controller based on nonlinear parametrization
where initial position = 200 microns
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Figure 4.2: Adaptation errors using adaptive controller based on nonlinear parametriza-

tion where initial position = 200 microns
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Figure 4.3: Rotor position using adaptive controller based on nonlinear parametrization
where initial rotor position = 200 microns and initial reference position = 100 microns
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Figure 4.4: Adaptation errors using adaptive controller based on nonlinear parametriza-
tion where initial rotor position = 200 microns and initial reference position = 100 microns
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4.5 Adaptive Controller Based on Linearized Dynamics

We will now apply the adaptive control approach based on linearized bearing dynamics to
the system in Eq. (4.11) [15]. In this approach, the nonlinear magnetic force represented in

Eq. (4.8) is approximated in the following manner:

F(u,z) = f(z-z)+b,u 4.27)

fz-z) = ap+ay(z-z) (4.28)

where the coefficients a, and 4, depend on (z-z;) and b, is a known constant. The objec-

tive is to track the second order model defined in Eq. (4.16). The control law is chosen as:

u= (Kt ugg) (4.29)

Z

where Kz is the full-state feedback component and «,, is an adaptive control signal used to
estimate and cancel f(z-z,).

We define a two-dimensional moving sphere centered at z,, in state space of radius p
and assume that the system state is initially within the sphere. The full-state feedback term
is always part of the control signal while the adaptive component is used only when the

system trajectory lies outside the sphere as

uad = —éo_dl(z—zi) (4'30)
ay = Te"P0, 117 (4.31)
a, = T(z-z)e" P[0, 11" (4.32)

with z; defined as the state which the system first penetrates the sphere and P is the matrix

that satisfies A”P+Pa,, = -I.
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TABLE 36. Selected Parameters: Adaptive controller based on linearized dynamics

Parameters Values
Initial Rotor Position 120, 130pum
Desired Rotor Position Opum
Feedback Gains [~360000 —1200]
Adaptation Gains 1e"
p 0.5¢°
a 0
a, 0
b, (Nominal) 11.5A/N

We simulated the behavior of the closed-loop system using such a controller and the
results are shown in Figure 4.5 to 4.8 for the parameter values shown in the Table 36. The
results from the simulations show that the controller is able to track the reference model
for small initial positions of the rotor. We note that the adaptation gains in this case are
rather high for the controller to successfully cancel f(z-z;). If these gains are reduced, we
observed that steady state error in the rotor position results. Also, we found that the perfor-
mance of the controller critically depends on the choice of b,. As the deviation in b, from
its nominal value increased, the settling time increased as well, and for values outside
[10.9, 80], the controller resulted in divergence. Finally, the simulation results shows that
when the initial position of the rotor exceeds half of the maximum available distance of
200pm , the controller once again leads to a divergent behavior. This is not surprising since
the assumption that the magnetic bearing force represented by Eq. (4.27) is only valid in

the region sufficiently closed to the equilibrium position. It should be noted that, in con-
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trast, our proposed adaptive controller accomplishes stable tracking for all initial rotor

positions.
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Figure 4.5: Rotor position using adaptive controller based on linearized dynamics with z,
= 120 microns and b, = 11.5
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Figure 4.6: Adaptation parameters using adaptive controller based on linearized dynamics
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Figure 4.7: Rotor position using adaptive controller based on linearized dynamics with z,
= 130 microns and b, = 11.5
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Figure 4.8: Adaptation parameters using adaptive controller based on linearized dynamics
with z) = 130 microns and b, = 11.5

a0 [Gamma = 1e13

6r ........ ......... [ERARRRE SRRREEEE AR R e AEEEEREES ARRRERRERE :
4_ ..................................................................................................
b
©
2_. .....................................................................................................
O 1 1 1 1 1 ! 1
o ,05 1 1.5 2 2.? 3 35 4
6 X1 ] R(S)
4_ ...............................................................................................
©
2_ ..................................................................................................
0 ! ! L ! 1 ! L ! L |
0 0.5 1 1.5 2 . 25 3 5 4 4.5 5
150 error magnityde = sqrt(x 2+v’\253
2’_(.1.9 _____ e e e R H Fﬁ‘e‘(ﬁ ...... . R ST . x107*
[) . . .
° :
2 :
£ |
(“ b oo oo ...........................................................................................
E1 ;
S z
q"0 l 1 1 1 1 1 i i 1 !
0 0.5 1 1.5 2 25 3 35 4 4.5 5

122



4.6 Adaptive Controller Based on Linear Parametriza-
tion
To further emphasize the necessity of nonlinear parametrization for the magnetic bearing
system, an adaptive controller using linear approximation of functions f, with respect to
the parameters » and o was used for comparison. We choose the control law as follows:
U= ke, tr+g-f - foul) (4.33)
2

where f; are approximated at an operating point where h, = h, and o, = a,. Similarly, the

adaptation law for each function is established [2].

Figure 4.9 reveals that the controller performs satisfactorily up to about 9ms beyond
which the performance quickly degrades. This results from the unboundedness of the rotor
velocity (see Figure 4.10 which grows exponentially over time). The parameter estimates
were observed to be unbounded as well, suggesting that a nonlinear parametrization

approach is warranted in this problem.
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Figure 4.9: Rotor position using adaptive controller based on linear parametrization: z, =
10 microns
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Figure 4.10: Rotor velocity using adaptive controller based on linear parametrization: z,
= 10 microns
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Figure 4.11: Adaptation parameters using adaptive controller based on linear parametriza-
tion: zg = 10 microns
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Figure 4.12: Adaptation parameters using adaptive controller based on linear parametriza-
tion: zp = 10 microns
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Figure 4.13: Adaptation parameters using adaptive controller based on linear parametriza-
tion: zyp = 10 microns
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4.7 Summary and Remarks

We have presented in this chapter a new adaptive algorithm that is capable of stable esti-
mation and control in dynamic systems which include nonlinear parametrization. It is
shown that this algorithm is useful in magnetic bearings which is another example of such
dynamic systems. In the case of magnetic bearings, the thrust force is a nonlinear function
of the air-gap and as a result leads to yet another nonlinear parametrization. The use of the
proposed algorithm results in better tracking error and allows a large excursion in the ini-
tial position of the rotor. In contrast, adaptive control based on either linearized dynamics
or linear parametrization is seen to lead to inaccurate tracking or to instabilities when the
magnitude of the initial rotor position becomes large. Given that complex dynamic sys-
tems have a strong likelihood of such nonlinear parametrization, control using the new

algorithm has the potential for leading to better performance in a number of applications.
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Appendix A : MATLAB Simulation Programs

Level Control in Feedwater Heater System

A.1 Controller Based on Feedback Linearization
A.1.1 Simulation Case#1

%% %% This PLm file is used to integrate the func_9.m file. %% %%
%%% % This file also uses the model_1.m file as an input. %% %%

global alpha beta xf Qc

alpha=100/35;
beta=(100/35)/(1.7+60);

1#=1000;
x0=10.9 0];
xf=0.7;

[t,x}=0de23(‘tunc_9",t0,tf,x0);

n=size(x(:, 1)),
N=n(1,1);
theta=ones(N,1);
Q=ones(N,1);

forl= LN,
QI 1)=alpha*(x(I,1)-xN+beta*x(1,2);

Qe=Q(L1);
theta(l, 1)=fzero( ‘model_1",20);
end

Q=(0.00000000468362* theta, A5-0.00000058202359 " theta. 4-...
0.00001816170982*thela.*3+0.00366774086313* theta.*2-...
0.00447504781796*theta+0.01500049486870),

%% %% This section is used to find the settling time. %%%%
forl= LN,

ifabs(x(1,1)-xf) < (0.02*xf)

L1

x(L1)

else

XXXXXX = 9999999999
end

end
%% % %Finish finding the settling time% % %%

figure(1)
subplot(3,1,1), plot(t,x(:,1))
axis([0 1000 0.65 0.9])

grid

title(‘Conventional PI controller: Table 1°)
xlabel(‘time (s)")

ylabel( ‘heater level (ft)")

figure(2)
subplot(3, 1,1, plo(t,theta)
axis([0 1000 11 14])

grid
title(‘Conventional PI controller: Table 1')
xlabel(‘time (s)")

ylabel( ‘valve opening (degree)’)

figure(3)
subplot(3,1.1), plot(t.Q)
axnlds([O 1000 0.43 0.6])

g

title(*Conventional PI controller: Table 1')
xlabel( ‘time (s)")

ylabel(‘flow rate (1t*3/5)")

% %% % This func_9.m file serves as an input to the PL.m file. %% %%
function xdot=func_9(t,x)
global alpha beta xf Qc

%%%%the Pl-controller algorithm retumns theta% % %%
Qc=alpha*(x(1)-xf)+beta*x(2);

theta=fzero( ‘model_1°,20);
%%%%the dynamic equation%% %%

xtract=0.4444;

area=2*sqri(2*43.375/2/127x(1)-x(1).A2)*25;

xdot(1)=1/arca*(xtract-(0.00000000468362* theta. ~5-0.00000058202359*...

theta.~4-0.00001816170982*theta A3+0.00366774086313*theta.A...
2-0.00447504781796*theta+0.01500049486870));

xdo(2)=x(1)-xf;

% %% % This model_1.m file contains the function to be evaluated% % %%

% %% %tor zero al a particular flow rate and pressure and%%%%

%% % %returns the value of theta. [lincar model, experimental, 300psil%% %%
function [foo]=model_1(theta)

global Q¢

f00=(0.10030772006691*theta-0.67798183834717)-Qc;
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%%%%This fbl_p.m file is used to integrate the func_1.m file. %% %%
% %% % This file also uses the model.m file as an input.%%%%

global alpba xf
alpha=0.1;
t0=0;

=100;
x0=09;
xf=0.7;

[LxJ=0de23(‘func_1",W,tf,x0);

xtract=0.4444;
area=2*sqrt(2*43.375/2/12*x(1,1)-x(1,1).42)*25;
Q(L1)=xtract+alpha*area*(x(l,1)-xf);

Qe=Q(L,1);

theta(l,1)=fzero(‘model’,20),

end

Q=(0.00000000468362* theta.A5-0.00000058202359*theta. 4-...
0.00001816170982*theta.A3+0.00366774086313*theta A2-...
0.00447504781796*theta+0.01500049486870);

%% %% This section is used to find the settling time.%%%%

more on
forI= LN,

ifabs(x(I,1)-xf) < (0.02*xf)
L

x(L1)

else

XXXXXX = 9999999999
end

end
more off

figure(1)
subplot(3,1,2), plot(t.x)
axis([0 100 0.65 0.95))

title(‘Feedback linearizing P-controller: Table 2)
xlabel(‘time (s)')
ylabel(‘heater level (ft)’)

figure(2)
subplot(3,1,2), plot(t,theta)
axis({0 100 11 291)

title(*Feedback linearizing P-controller: Table 2')
xlabel(‘time (s)")
ylabel(‘valve opening (degree)’)

figure(3)
subplot(3,1,2), plot(.Q)
axis([0 100 0.35 2.5))

title(‘Feedback linearizing P-controller: Table 2')
xlabel(‘time (s)")
ylabel(‘flow rate (ft*3/s)")

%%%%This func_1.m file scrves as an input to the fbl_p.m file. %% %%
function xdot=func_1(t,x)
global alpha xf Qc

%% %%the P-controller algorithm returns theta%% %%
xtract=0.4444;
area=2*sqrt(2*43.375/2/12*x(1)-x(1).A2)*25;
Qc=xtract+alpha*area*(x(1)-xf);

theta=fzero( ‘model’,20);

%%%%the dynamic equation%% %%

xdot(1)=1/area*(xtract-...

(0.00000000468362*theta.A5-0.00000058202359*theta. d-...
0.00001816170982*theta.3+0.00366774086313*theta."2-...
0.00447504781796*theta+0.01500049486870));

%%%% This model.m file contains the function to be evaluated% % %%
%%%%for zero at a particular flow rate and pressure and% %% %

% %% %rewums the value of theta. | Sth-order model}%% %%
%%%%|[Using the experimental data, 300psi]%% %%

function [foo]=model(theta)
global Qc
00=0.1*(0.00000000468362*theta”5-0.00000058202359* theta"d-...

0.00001816170982*theta”3+0.00366774086313*theta"2-...
0.00447504781796* theta+0.01500049486870)-Qc;
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%% %% This fbt_pi.m file is used to integrate the func_2.m file. %% %%
%%% % This file also uses the model.m file as an input. %% %%

global alpha beta xf Qc

.1
Wbetp{).ol;
10=0;
11=200;
x0=10.9 0J;
xf=0.7;

1Lx]=0de23(*func_2",10,1f,x0);
n=size(x(;, 1)),

N=n(1,D);

theta=ones(N,1);
Q=oues(N,1);

forl= LN,

xtraci=0.4444;
area=2'sqn(2‘43 375/2/12*x(1,1)-x(1,1).°2)*25;

Q(L1)=xtract+alpha*area*(x(l,1)-xf)+beta*area*x(1,2),

Qe=Qu1,1)%;

thewa(I, 1=fzero( ‘model’,20);

end

Q=(0.00000000468362* theta.*5-0.00000058202359* theta. 4-...

0.00001816170982*theta.*3+0.00366774086313*theta.A2-...
0.00447504781796* theta+0.01500049486870);

% %% % This section is used to find the settling time.%%% %

more on
forl= LN,
ifabs(x(L1)-xf) < (0.02*xf)
1,1y

x(1,1)

else

XXXXXX = 9999999999
end

more off

sul (3 1,3), Elom.x( 1))
mbpll?)'m()

53:( ‘Feedback linearizing Pl-controller: Table 3°)
xlabel(‘time (s)")
ylabel(“heater level (ft)’)

figure(2)
subplot(3,1,3), ploul,lhela)
axis([0 200 7

grid

title(‘Feedback linearizing Pl-controller: Table 3°)
xlabel(‘time (s)’)

ylabel(‘valve opening (degree)’)

- urle(“)3 1,3), Q
o : L
mbs'klo 20002. plot(

grid
title(‘Feedback linearizing Pl-controller: Table 3°)
xlabel(*time (s)')

ylabel(‘flow rate (ft*3/s)’)

%% %% This func_2.m file serves as an input to the fbl_pi.m file. X% %%
function xdot=func_2(t,x)
global alpha beta xf Qc

%% % %he Pl-controller algorithm returns theta% % %%
xtract=0.4444;

nm=2‘sqn(2'43 375/2/12*x(1)-x(1).A2)*25;
Qc=xtract+alpha*area*(x(1)-xf)+beta*area*x(2);

theta=fzero( ‘model’ 20);

%%%%the dynamic equation%% %%

xdot(1)=1/area*(xtract-...

(0 362* theta.”5-0.00000058202359*theta. Md-..
0.00001816170982*theta. A3+, 00366774086313‘!1'1:!1."2- .
0.00447504781796* theta+0.01500049486870));

xdot(2)=x(1)-xf;

%%% % This model.m file contains the function to be evaluated%%%%
% %% %for zero at a particular flow rate and pressure and% %% %

%% % %retumns the value of theta. [Sth-order model)% % %%
%%%%{Using the experimental data, 300psi|%%%%

function [fool=modek(theta)
global Q¢
foo=0.1*(0.00000000468362* theta”5-0.00000058202359* theta™-...

0.00001816170982*theta”3+0.00366774086313*theta™2-...
0.00447504781796* theta+0.01500049486870)-Qc;
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A.1.2 Simulation Case#2

%%%%This P_1.m file is used to integrate the func_13.m file. %% %%
%%%%This file also uses the mode)_1.m file as an input % %%

global alpha beta xt Qc
alpha=100/35;
beta=(100/35)/(1.7*60);
0=0;
=2000;
x0=(0 9 0],

£=0.7;
[tx}=0de23(‘func_13’,10,tf,x0);
n=size(x(;,1));
N=n(1,1);

theta=ones(N,1);
Q=ones(N,1);

forl=1:N,
Q1 I)=alpha*(x(L,1)-xf)+beta*x(I,2);

Qe=Q(1.1);

theta(l, 1)=fzero(‘model_1",20);

end

Q=(0.00000000468362*theta.A5-0.00000058202359*theta, *4-...
0.00001816170982*theta."3+0.00366774086313*theta.A2-...
0.00447504781796* theta+0.01500049486870);

%%%%This section is used to find the seuling time.%%%%

more on
for[= LN,

ifabs(x(I,1)-xf) < (0.02*xf)
a1y
x(L1)
else
XXXXXX = 9999999999
end
end
more off

%%%%Finish finding the setiling time%%%%
figure(1)

subplot(3,1,1), Eloi(u(:,l))

axis([0 1000 0 2.1]))

ﬁm(‘Convamnl PI controller: Table 4°)
xlabel(‘time (s)'
ylabel(‘heater level (f1)")

igure(2)
lot(3,1,1), plot(t,theta)
%axis([0 1000 11 14])

%Il:cd( “Conventional PI controller: Table 4’)
xiabel('time (s)')
ylabel(‘valve opening (degree)’)

figure(3)
subplot(3,1,1), plot(t.Q)
%gxis([o 1000 0.43 0.6))

%’lﬁ( *Conventional PI controller: Table 4')
xlabel(‘time (s)")
ylabel(‘flow rate (ftA3/s)')

%%%%This func_13.m file serves as an input to the PI_1.m file.%% %%
function xdot=func_13(t,x)
globat alpha beta xf Q¢

%%%%the PI-controller algorithm returns theta% % %%
Qc=alpha*(x(1)-xf)+beta*x(2);

theta=fzero(‘model_1',20);

%%%%the dynamic equation%%%%

xtract=11.5%0.4444;

area=2*sqri(2*43. 375[2/12')((1 )-x(1)./2)*25;

xdot(1)=1/area* (xtract-(0.00000000468362* theta. *5-0.00000058202359* ..

theta.4-0.00001816170982*theta.*3+0.00366774086313*theta *...
2-0.00447504781796*theta+0.01500049486870));

xdot(2)=x(1)-xf;

%%%%This model_1.m file contains the function to be evaluma.l%%%%

% %% %for zero at a particular flow rate and pressure and%%%%

%%%%retums the value of theta. {linear model, experimental, 300psil%%%%
function [foo}=model_1(theta)

global Qc

foo=(0.10030772006691*theta-0.67798183834717)-Qc;
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%% %% This fbl_p_0.m file is used to integrate the func_4.m file. %% %%
%%%% This file also uses the model.m file as an input. % %%

global alpha xf
alpha=0.1;
10=0;

f=100;

x0=0.9;
xf=0.7;

[Lx]=0de23(‘func_4",10,1,x0);
n=size(x);

N=n(1,1);

theta=ones(N,1);
Q=ones(N,1);

forl= LN,

xtract=0.;
area=2*sqri(2*43.375/2/12*x(1,1)-x(1,1).A2)*25;
Q(1,1)=xtract+alpha*area*(x(I,1)-xf);

Qe=QXL1);
theta(1, 1)=fzero( ‘model’,50);
end

Q=(0.00000000468362*theta.*5-0.00000058202359" theta. 4-..,
0.00001816170982*theta.~3+0.00366774086313*theta."2-...
0.00447504781796*theta+0.01500049486870);

%% %% This section is used to find the settling time. % %% %

more on
forI=LN,

ifabs(x(1,1}-x) < (0.02*x0)
L

(LD

else

XXXXXX = 9999999999
end

end
more off

%%%%Finish finding the settling time% %% %

figure(1)
subplot(3,1,2), plot(t.x)
axis([0 100 0.85 1.35])

ﬁ:‘lcfl(‘Feedback linearizing P-controller; Table 5°)
xlabel(‘time (s)")
ylabel(‘heater level (f1)")

figure(2)
subplot(3,1,2), plot(t,theta)
axis([0 100 20.5 60.51)

title( ‘Feedback linearizing P-controller: Table 5')
xlabel(‘time (s)')
ylabel( “valve opening (degree)’)

lm(3 1,2), plo(t.Q)
::;:'zo 1001355

title(‘Feedback Imeanzmg P-controller: Table 5')
xlabel(‘time (s)')
ylabel(‘flow rate (f1*3/s)")

%%% % This func_4.m file scrves as an input to the fbl_p_O.m file. %% %%
function xdot=func_4(L,x)

global alpha xf Qc

%%% %:the P-controller algorithm retumns theta% % %%
xtract=0;

arca=2*sqrt(2*43.375/2/12%x(1)-x(1)."2)*25;
Qc=xtract+alpha*area*(x(1)-xf);

theta=tzero{ ‘model’,50);

%%% %the dynamic equation%%% %

xtract=11.5%0.4444; o

xdot(1)=1/area*(xtract-...

(0.00000000468362* theta A5-0.00000058202359* theta M-...

70982%theta,"3+0.0036677408631 3% theta 2-...
0.00447504781796* theta+0.01500049486870));

%%%%This model.m file contains the function to be evaluated%% %%
%%% %for zero at a particular flow rate and pressure and%% %%

%% % %returns the value of theta. {Sth-order model]%%%%
%%%%[Using the experimental data, 300psi]%% %%

function |foo]=model(theta)
global Qc
foo=0.1*(0.00000000468362 *theta*5-0.00000058202359* theta™d-...

0.00001816170982*theta”3+0.00366774086313*theta2-...
0.00447504781796*theta+0.01500049486870)-Qc;

135



%%%%This fbl_pi_0.m file is used to integrate the func_3.m file. % %% %
%%%%This file also uses the model.m file as an input. %% %%

global alpha beta xf Qc
alpha=0.1;

beta=0.01;

10=0;

1£=100;

x0={0.9 0];

xf=0.7;
[t.x}=0de23(‘func_3",10,tf,x0);
n=size(x(;, 1))

N=n(1,1);
theta=ones(N,1);
Q=ones(N,1);

forl=1N,

xtract=0.0;
area=2*sqri(2+*43.375/2/12*x(1,1)-x(1,1).A2)*25;
QUL D=xtract+alpha*area*(x(],1)-xf)+beta*area*x(1,2);

L1);
Pk L m——

end

Q=(0.00000000468362*theta.5-0.00000058202359*theta 4-...
0.00001816170982* thetaA3+0.00366774086313*theta A2-...
0.00447504781796* theta+0.01500049486870);

%% %% This section is used to find the settling time. % %% %

more on
for1=1LN,

ifabs(x(I,1)-xf) < (0.02*xf)
1

x(L,1)

XXXXXX = 9999999999

end

more off
%%%%Finish finding the settling time%%%%

figure(1)

subpkms 13), pIM(l.x( 1))
title(‘Feedback linearizing Pl-controller: Table 6')
a:"ilsllo 100061 1.11))

ghbel(‘lime (s)")
ylabel(‘heater level (ft)")

figure(2)
subplot(3,1,3), plo(t,theta)
Faxis([0 100 8 28])

grid

title(‘Feedback linearizing Pl-controller: Table 6’)
Xlabel(‘time (s)')

ylabel(‘valve opening (degree)’)

mbplol(S 13), FO“LQ)
axis(l0

title(‘Feedback linearizing PI-controller: Table 6°)
xlabel(‘time (s)")
ylabel(*flow rate (f\3/5)")

%% %% This func_3.m file serves as an input to the fbl_pi_0.m file. %% %%
function xdot=func_3(L,x)
global alpha beta xf Qc
%%%%the Pl-controller algorithm returns theta% %% %
xtract=0.0;
area=2*sqri(2*43,375/2/12*x(1)-x(1).72)*25;
Qc=xtract+alpha*area*(x(1)-xf)+beta*area*x(2
theta=fzero( ‘model’,80);
%%%%the dynamic equation%%% %
xtract=11.5%0.4444;
xdoi(l)=l/m"(xmcl—
(0.00000000468362* theta.5-0.00000058202359* theta. 4.
0.0000181617092*theta A3+0,0036677408631 3+ heta."2-...
0.00447504781796*thela+0.01500049486870));

xdot(2)=x(1)-xf;

%%%%This model.m file contains the function to be evaluated% % %%
%%%%for zero at a particular flow rate and pressure and%%% %
%%%%returns the value of theta. [Sth-order model]%%‘l:%
%%%%[Using the experimental data, 300psi] %

function [fool=model(theta)
global Qc
00=0.1*(0.00000000468362* theta*5-0.00000058202359*theta™4-...

0.00001816170982*theta*3+0.00366774086313*theta"2-...
0.00447504781796*theta+0.01500049486870)-Qc;
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A.1.3 Simulation Case#3

%%%%This P1_1.m file is used to integrate the func_14.m file.%% %%
%%% % This file also uses the model_2.m file as an input %% %%

global alpha beta xf Qc

alpha=100/35;
beta=(100/35)}(1.7*60);

10=0;

t=1000;
x0={0. 9 0);
xf=0,

[t.x}=0de23(‘func_14",t0,U,x0);

n=slze(x( n;
N=i

Q=ones(N,1);
forI= LN,
QUL )=alpha*(x(I1)-xD+beta*x(1,2);

Qec=Q(L1);

theta(l, 1)=fzero( ‘model_2",20);

end

Q=(0.00000000468362* theta. »5-0.00000058202359* theta. *4-...

0.00001816170982*theta, A3+0.00366774086313*thé1a. 2-...
0.00447504781796*theta+0.01500049486870);

%%% % This section is used to find the settling time. % %% %

more on
forl= LN,

ifabs(x(1,1)-xf) < (0.02*xf)
«L1)

x(LD

clse

XXxxxx = 9999999999
end

end
more off

%%%%Finish finding the settling time%% %%

figure(1)
mbpkﬂ pl l.x( 1)
s(10 1000 0 0.610
gnd
title(‘Conventional PI controller: Table 7')
xlabel(‘time (s)
ytabel(‘heater level (f)")
figure(2)

subplot(3,1,1), plot(ttheta)

aﬁ';ao 1000 11 14])

g

title(‘Conventional P controller: Table 7°)
xlabel(‘time (s)’)

ylabel(‘valve opening (degree)')

wbpnmn 1,1, plot,Q)
u)us{ 10 1000 0.43 0.61)

mlc( “Conventional PI controller: Table 7°)
xlabel(‘time (s)')
ylabel(‘flow rate (ft*3/s)')

%% %% This func_14.m filc serves as an input to the PI_2.m file %%%%
function xdot=func_14(t,x)
global alpha beta xf Qc

%% % %the Pl-controller algorithm returns theta% %% %
Qc=alpha*(x(1)-xfi+beta*x(2);

theta=fzero( ‘model_2’,20);
% %% % the dynamic equation% %% %

xtract=0.4444;

area=2*sqrt(2*43.375/2/12*x(1)-x(1).°2)*25;

xdot(1)=1/area*(xtract-(0.00000000468362*theta.5-0.00000058202359*...

theta.*4-0.000018 16170982 *theta.*3+0.00366774086313 *theta."...
2-0.00447504781796*theta+0.01500049486870));

xdot(2)=x(1)-xf;

% %% % This model_2.m file contains the function to be evaluated% % %%
% %% %for zcro at a particular flow rate and pressure and% %% %

% %% %returns the value of theta. {linear model, Man, 300psi]%%%%
function [foo)=model_2(theta)

global Q¢

f00=(0.09062981695704* theta-0.66225439803445)-Qc;
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%%%%This fbl_p_1.m file is used to integrate the func_5.m file. %% %%
%% %% This file also uses the model_O.m file as an input. %% %%

global alpha xf
alpha=0.1;

10=0;

1f=100;

x0=0.9;

xf=0.7;
[t.x}=0de23(‘func_5",10,,x0);

for]= LN,

xtract=0.4444;
area=2*sqri(2*43.375/2/12+x(1,1)-x(1,1).A2)*25;
Q(L,1)=xtract+alpha*area*(x(I,1)-xt);

Qe=Q(L1);

theta(I,1)=fzero(*model_0",20);

end

Q=(0.00000000468362* theta.»5-0.00000058202359*...

theta*4-0.00001816170982*theta 3+0.00366774086313*theta. ...
2-0.00447504781796*theta+0.01500049486870);

%%%%This section is used to find the settling time.%%% %

more on

forI=1LN,

ifabs(x(I,1)-xf) < (0.02*xf)

1,1)

x(l l)

xxxxxx 9999999999

end

end

more off

%%%%Finish finding the settling time%%%%
sul l(3 1.2), ot(l,x)

lxmll‘(,l 100 0

title(‘Feedback linearizing P-controller: Table 8')

xlabel(‘time (s)’)
ylabel(‘heater level (ft)’)

i, )
su!b‘:%l(:! 1 2). lim(t.ﬂlell)
axis(10 1009

title(‘Feedback linearizing P-controller: Table 8')
xlabel(‘ime (s)')
ylabel(‘valve opening (degree)’)

3,1.2), plot(t.Q)
mmo1p7isl)o

title(‘Feedback Imﬂmmg P-controller: Table 8")
xlabel(‘time (s)"
ylabel(‘flow rate (ft*3/5)')

%%%% This func_S.m file serves as an input to the fbl_p_1.m file. %%%%
function xdot=func_5(t,x)
global alpha xf Qc

%%% %the P-controller algorithm returns theta% % %%
xtract=0.4444;
area=2*sqrt(2*43.375/2/12*x(1)-x(1).A2)*25;
Qc=xtract+alpha*area*(x(1)-xf);

theta=fzero(‘model_0°,20);

%% % %the dynamic equation%%% %
xM 1)=1/area*(xtract-...
(0.00000000468362* theta.~5-0.00000058202359*...
theta 4-0,00001816170982*theta A3+0,00366774086313*theta ..
2-0.00447504781796*theta+0.01500049486870));

%%% % This model_0.m file contains the function to be evaluated% % %%
%% % %for zero at a particular flow rate and pressure %%%
%%%%returns the value of theta. [ Sth-order model, manufacturer's]%% %%
%%%% At 300psi. %% %%

function [foo}=mode]_O(theta)
global Qc
foo=(0.00000000533730*theta”5-0.00000079813121 *theta™d+...

0.00000662324144%theta”3+0.00259478501535* heta 2+...
0.00045531029014*theta+0.01186735930655)-Qc;
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%% %% This fbl_pi_1.m filc is used to integrate the func_7.m file. %% %
%%% % This file also uses the model_0.m file as an input %% %%

global alpha beta xf Qc

alpha=0.1;
beta=001;

10=0;
1f=100,
x0=[0 9 (U3

(tLx}=0de23(*func_7" 10,tf.x0);

n=size(x(;,1));

Q=ones(N,1);
forl=LN,

xtract=0.4444;
area=2*sqri(2*43.375/2/12*x(1,1)-x(1,1)./2)*25;

QI D=xtract+alpha*area*(x(I,1)-x)+beta*area*x(1,2);

Qe=Q(L1);
theta(], 1)=fzcro(‘model_0",20);
end

Q=(0.00000000468362"theta.*5-0.00000058202359
theta.4-0.00001816170982*theta.3+0. 0036677408631 3*theta r...
2-0.00447504781796* theta+0.01500049486870);

%%% % This scction is used to find the settling time. %% %%

more on
forI= 1N,

ifabs(x(L,1)-xD) < (0.02*x1)
uL1

x(L1)

else

XXXXXX = 9999999999

end

end
more off

%%%%Finish finding the settling lime% % %%

figure(1)

subplot(3,1,3), plout.x(:,1))

axis(t0 100 0.61 0.91])

grid

title(‘Feedback linearizing Pl-controlier: Table 9')
xlabel(‘time (s)")

ylabel(‘heater level (ft)’)

figure(2)
xnlrplm(‘i 1 3) Ploll( theta)
les([() 321

grid

title(*Feedback linearizing PI-controlier: Table 9°)
xlabel( ‘time (s)')

ylabel(‘valve opening (degree)')

figure(3)
subplot(3,1,3), plot(t.Q)
msﬂ'd(lo 1000.1 2.5

4

title(*Feedback linearizing Pl-controller: Table 9')
xlabel(‘time (s)’)

ylabel(‘flow rate (ft*3/s)")

%%%% This func_7.m file serves as an input 10 the fbl_pi_l.m file. %% %%
function xdot=func_7(t.x)
global alpha beta xf Qc

%% %% the Pl-cunuoller algorithm returns theta% %% %
xtract=0.

ma—2"‘sqn(2’43 375/2/12%x(1)-x(1)."2)*25;
Qc=xtract+alpha*area*(x(1)-xf+beta*arca*x(2);

theta=fzero( ‘model_0°,20);

%% %% the dynamic equation%% %%

xdot(1)=1/area*(xtract-...

(0.00000000468362* theta.5-0.00000058202359*...

theta A4-0.00001816170982*theta. A3+0. 0036677408631 3% theta A...
2-0.00447504781796* theta+0.01500049486870));

xdot(2)=x(1)-xf;

%%%%This model_0.m file contains the function to be evaluated% %% %

% %% %for zero at a particular flow rate and pressure and% %% %

% %% %returns the value of theta. [Sth-order model, manufacturer’s|%% %%
%%% %At 300psi. %% %%

function [fool-=model_((theta)

global Qc

£00=(0.00000000533730*the1a*5-0.00000079813121*theta”4+...
0.00000662

324144 % heta*3+0.00259478501535* theta"2+...
0.00045531029014*theta+0.01186735930655)-Qc;
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A.1.4 Simulation Case#4

%%%%This P1_3.m file is used to integrate the func_15.m file.%%%%
%%%%This file also uses the model_1.m file as an inpul. %% %

global alpha beta xf Qc

alpha=100/3
Ima:(lOOBS)I(l 7*60);

0=0;

t=1000;

x0=[0.9 0);

xf=0.7;
[t,x}=0de23(‘func_15",t0,Lf,x0);
nalze(x( ny

N=n(1,1);

theta=ones(N,1);

Q=ones(N,1);

forI= 1IN,
Q(1,1)=alpha*(x(1,1)-xD+beta*x(1,2);

Qe=Q(L1);
theta(l,1)=fzero( ‘model_1',20);

end

Q=(0.00000000781871* theta.*5-0.00000099606931 *theta A4-...
0.00002536546426* theta.A3+0. 005836]7263799‘&:“."2-.“
0.00658991522416*theta+0.02412600207374),

%% % % This section is used to find the settling time. %% %%

more on

forl=1:N,
ifabs(x(1,1)-xf) < (0.02*xf)
L1

x(LY)

else

XXXXXX = 9999999999
end

end
more off

%%%%Finish finding the settling time%% %%

ﬁ!m()an) ploLxC:1)
subplot(3,1,1), plot(tx
axis([0 1000 0.65 0.5))

grid

title(‘Conventional PI controller: Table 10°)
xlabel( ‘time (s)')
ylabel(*heater level (t)')

figure(2)
subplot(3,1,1), plot(ttheta)
“rii;(lo 1000 8 13))

B

title( “Conventional PI controller: Table 10")
xlabel(‘time (s)")

ylabel(‘valve opening (degree)’)

sul lm(3.l 1), plot(t.Q)
axnbslzlo 1000 0. ‘l“'; 0.77)

m “Conventional PI controller: Table 10°)
xlabel(‘time (s)')
ylabel(*flow rate (fi\3/s))

%% %% This func_15.m file serves as an input to the PI_3.m file. %% %%
function xdot=func_15(t.x)

global alpha beta xf Qc

%%%%lh‘c(’l:(lma.; rlxg(%tlhm returns theta% % %%

theta=fzero{ ‘model_1',20);

%% % %the dynamic equation%% %%

xtract=0.4444;
area=2*sqri(2*43.375/2/12*x(1)-x(1)./2)*25;

xdot(1)=1/area* (xtract-
(0. 000(!1)(1)781871"&:12 ~5-0.00000099606931 *theta. d-...
0.00002536546426* theta. »3+0.00583612263799 % theta.A2-...

0.00658991522416*theta+0.02412600207374));
xdot(2)=x(1)-xf;

%%%% This model_1.m file contains the function to be evaluated%%%%

%% % %for zero at a particular flow rate and pressure and% %% %
%%%%retumns the value of theta. [lincar model, experimental, 300psi]%% %%
function [fool=model_1(theta)

global Q¢

foo=(0.10030772006691*theta-0.67798183834717)-Qc; Wt
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%%% % This fbl_p_2.m file is used to integrate the func_6.m file. %% %%
% %% % This file also uses the model.m file as an input. %% %%

global alpha xf
alpha=0.1;
10=0;

t=1000;

x0=0.9;
xf=0.7;

[Lx}=0de23(*func_6',10,,x0);
n=size(x),

N=n(1.1);

theta=ones(N,1);
Q=ones(N,1);

forI = I:N,

xtract=0,
ama=2'u|n( 2‘43 375/2/12%x(1,1)-x(1,1).A2)*25;

Q(I,D=xtract+alpha*area*(x(I,1)-xf);

Qe=Q(L1);

theta(l,1)=fzero(‘model’,30);

end

Q=(0.(XXX%XXX)78187I‘IMIA .A5-0.00000099606931*theta.*4-...

2536546426 theta,A3+0.00583612263799*theta A2-...
0.00658991522416*theta+0.02412600207374);

%% %% This section is used to find the settling time. % %% %

more on
forI=1LN,

ifabs(x(L,1)-xf) < (0.02*xf)
ulL1l)
x(L1)

else
XXXXXX = 9999999999
end

more off

% %% %Finish finding the setling time%% %%

figure(1)

subplot(3,1,2), plot(t,x)

axis(]0 100 0.62 0.91))

grid

title(‘Feedback lincarizing P-controller: Table 11°)
xlabel(‘time (s))

ylabel(‘heater level (ft)")

figure(2)
ulbplolﬂ 1.2), plom,nwla)
axis([0 1007

rid

b title(‘Feedback linearizing P-controller: Table 11°)
xlabel(‘lime (s)")
ylabel(‘valve opening (degree)’)

ﬂb‘:‘l:(m)SID low(t.Q)
sul . plott
(0 100023 5)
rid

title(*Feedback linearizing P-controlter: Table 11°)
xlabel(‘time (s)’)
ylabel(‘flow rate (3/s)")

%%% % This func_6.m filc serves as an input to the fbl_p_2.m file. %% %%
function xdot=func_6{(t.X)
global alpha xf Qc

%% % %1he P-controller algorithm retums theta% % %%
xtract=0.4444;
area=2*sqrt(2*43.375/2/12*x(1)-x(1).42)*25;
Qc=xtract+alpha*area*(x(1)-xt);

theta=fzero( ‘model’,30);

%%‘ﬁzﬂw d ic equation& %% %

xdot(1)=1/area*(xtract-...

(0.00000000781871*theta.A5-0.00000099606931*theta.d-...
0.00002536546426* theta.*3+0.00583612263799*the1a."2-...
0.00658991522416*theta+0.02412600207374));

%%%% This model.m file contains the function to be evalualed%% %%
%% % %for zero at a particular flow rate and pressure and% %% %

% %% %returns the value of theta. [Sth-order model]% % %%
%%%%|Using the experimental data, 300psi)%%% %

function [foo}=model(theta)
global Q¢
foo=0.1*(0.00000000468362* theta”5-0.00000058202359* theta’d-...

0.00001816170982*theta”3+0.00366774086313*theta*2-...
0.00447504781796* theta+0.01500049486870)-Qc;
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%% %% This fbl_pi_4.m file is used to integrate the func_11.m file. %% %%
% %% %This file also uses the model.m file as an input. %% %%

global alpha beta xf Q¢
alpha=0.1;
beta=0.01;

0=0;

=100,

x0=10.9 0);

xf=0.7;
[tx]=0de23(*func_11",t0,1£,x0);

n=size(x(;,1));
N=n(1,1);
theta=ones(N,1);
Q=ones(N,1);

for[=1IN,

xtract=0.4444;
area=2*sqr(2*43.375/2/12*x(1,1)-x(1,1)./2)*25;

Q(I,=xtract+alpha*area*(x(l,1)-xf)+beta*area*x(l,2);

Qe=Q(L1
theta(l, l)=fzao( ‘model’,20);

end

Q=(0.00000000781871*theta.*5-0.00000099606931 *theta. 4-...
0.00002536546426*heta.A3+0.00583612263799*theta A2-...

0.00658991522416*theta+0.02412600207374);

%% %% This section is used to find the settling time. % %% %

more on
forI= LN,

ifabs(x(1,1)-xf) < (0.02*xf)
L1

%%% %Finish finding the settling time%%%%

figure(1)
subplot(3,1,3), plol(Lx(:;,1))
axis([0 100 0.61 0.91))

grid

title(‘Feedback linearizing Pl-controller: Table 12°)
xlabel( ‘time (s)')

ylabel(‘heater level (f6)")

figure(2)
mbpmmz). ot(t,theta)
axis([0 100 5 28])

E’M‘!‘F ‘eedback linearizing Pl-controller: Table 12°)
xlabel(‘time (s))
ylabel(‘valve opening {(degree)’)

figure(3)
subplot(3,1,3), plot(1,Q)
lxls([o 1000.1 3. Sh

mls{‘Feedbuk linearizing Pl-controller: Table 12')
xlabel(‘time (s)')
ylabel(‘flow rate (fi*3/s)’)

%%%% This func_11.m file serves as an input to the fbl_pi_4.m file. %%%%
function xdot=func_11(1,x)

global alpha beta xf Qc

%%%%he Pl-controller algorithm retumns theta% % %%

wm?ﬂ 375/2/12*x(1)-x(1)./2)*25;
Qc=xtract+alpha*area*(x(1)-xf)+beta*area*x(2);

theta=(zero( ‘model’,20),
% %% %the ic equation® % %%

xdot(1)=1/area*(xtract-..

(0.00000000781871*theta.A5-0,00000099606931 *theta. M-
0.00002536546426* theta. A3+0.00583612263799%theta.2-...
0.00658991522416* theta+0.02412600207374));

xdot(2)=x(1)-xf;

%%% % This model.m file contains the function 1o be evaluated%%% %
%%% %for zero at a particular flow rate and pressure and% %% %
%%%%returns the value of theta. [Sth-order model}%% %%
%%%%[Using the experimental data, 300psi]%% %%

function [fool=modeX(theta)
global Qc
foo=0.1*(0.00000000468362*theta"5-0.00000058202359*theta™d-...

0.00001816170982*theta"3+0.00366774086313 *theta”2-...
0.00447504781796*theta+0.01500049486870)-Qc:
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A.1.5 Simulation Case#5

%% %% This PI_4.m file is used to integrate the func_16.m file. % % %%
%% % % This file also uses the model_2.m file as an input. %% %%

global alpha beta xf Q¢
ha=100/35;
beta=(100/35)(1.7460);

1=1000;
x0=[0.9 0);
xt=0.7;

[Lx}=0de23(‘func_16',10,tf,x0);
n=size(x(:,1));

N=n(1,1);
theta=ones(N,1);

for1= LN,
Q(I,1)=alpha*(x(I,1)-xf)+beta*x(1,2);

Qe=Q(L1);
theta(l,1)=fzero(‘model_2',20);
end
Q=(0.00000000781871*theta.*5-0.0000009960693 1 *theta.A4-...
0.00002536546426* theta A3+0.00583612263799*theta A2- ..
0.00658991522416*theta+0.02412600207374);

% %% %This section is used to find the settling time.% %% %

more on

forl= LN,
ifabs(x(I,1)-xf) < (0.02*xf)
uL1)

x(L1)

else

XXXXXX = 9999999999
end

end
more off

%%% %Finish finding the sctling time%%%%

ﬁg\u'c( )
subplot(3,1,1), plot(t,x(:,1))
%axis([0 1000 0.65 0.9)

grid

title(*Conventional PI controller: Table 13)
xlabel(*time (s)")
ylabel(‘heater level (ft)')

figure(2)
subplot(! 1.1), plot(ttheta)
"l»axls(lo 1000 8 13

ntle( *Conventional PI controller; Table 13')
xlabel(‘time (s)')
ylabel(‘valve opening (degree)’)

figure(3)
subplot(3,1,1), plot(t,Q)
%axis([0 1000 0.43 0.77)

grid
uuc(‘Convenuonal PI controller: Table 13°)
xlabel(‘time
ylabel(‘flow m ([t"3/s) )

%%%%This func_16.m file serves as an input to the PI_4.m file. %% %%
function xdot=func_16(t,x)
global alpha beta xf Q¢

%%%%the Pl-controller algorithm retums theta% %% %
Qc=alpha*(x(1)-xf)+beta*x(2);

theta=fzero(‘modei_2",20);

%%% %the dynamic equation% %% %

xtract=11.5*0.4444, .
ma—2‘sqn(2"43 375/2/12')((1)—)(( 1)./2)*25; :

xdou 1)=1/area*(xiracl-...
000(!)0&778187]‘!]1:“ A5-0.00000099606931
00002536546426*theta A3+ ¢ (X)SB3612263799'lhcu"2- ee
0 00658991522416% theta+0.02412600207374));

xdot(2)=x(1)-xf;

%% %% This model_2.m file contains the function to be evaluated% % %%
%% % %for zero at a particular flow rate and pressure and%%%%

%% % %returns the value of theta. [linear model, Man, 300psi]%% %%
function [fool=model_2(theta)

global Q¢

100=(0.09062981695704* theta-0.66225439803445)-Qc;
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%%%%This fbl_p_3.m file is used to integrate the func_17.m file.%%%%
%% %% This file also uses the model_0.m file as an input %% %%

global alpha xf
alpha=0.1;

10=0;

f=1000;

x0=0.9;

xf=0.7;
{t,x]=0de23(‘func_17",10.4f,x0);

n=size(x),

Q=ones(N,1);
forI=1N,

xtract=0;
area=2*sqrt(2%43.375/2/12*x(1,1)-x(1,1).A2)*25;
Q(L,1)=xtract+alpha*area*(x(I,1)-xf);

Qe=Q(L,1);
theta(],1)=fzero(‘model_0",30);
end
Q=(0.00000000781871* theta. »5-0.00000099606931*theta. A4-...
0.00002536546426% theta.A3+0 00583612263799‘&:(:."2- -
0.00658991522416* theta+0.02412600207374);

%% %% This section is used to find the settling time.%%%%

more on

forI=1N,

l[xbslx(l,l)-xf) < (0.02*xf)

[[18}]

x(L1)
else

XXXXXX = 9999999999

end

end

more off

%%%%Finish finding the settling time%%%%
igure(1)

subplot(3,1,2), plot(t.x)

%ﬁa;is(lo 100 0.620.91])

2

titke(‘Feedback linearizing P-controller: Table 14°)

xlabel(‘time (s)')

ylabel(‘heater level (ft)’)

figure(2)

subplot(3,1,2), plot(t,theta)

%axis([0 100 7 30))

grid

title(‘Feedback linearizing P-controller: Table 14’)

xlabel(‘time (s)')
ylabel(‘valve opening (degree)’)

figure(3)
subplot(3,1,2), plot.Q)
%axis(10 100 0.2 3.5])

grid

title(‘Feedback linearizing P-controller: Table 14°)
xlabel(‘time (s)')

ylabel(‘flow rate (ft*3/s))

%%% % This func_17.m file serves as an input to the fbl_p_3.m file. %% %%
function xdot=func_17(t,x)
global alpha xf Qc

%%%%the P-controller algorithm returns theta% % %%
xtract=0.0;
area=2*sqri(2*43.375/2/12*x(1)-x(1).42)*25;
Qe=xtract+alpha*area®(x(1)-x0);

theta=fzero( ‘model_0'",30);

%%%%the d ic equation%% %%
xtract=1 lj‘(ym
xdot(1)=1/area*(xtract-
(. 00000000781811‘m A5-0.00000099606931*theta. d-...
0.00002536546426* theta \3+0.00583612263799* theta "2-...
0.00658991522416*theta+0.02412600207374));

%%%%This model_0.m file contains the function to be evalualed% % %%
%%%%for zero at a particular flow rate and pressure and%%% %

% %%%returns the value of theta [Sth-order model, manufacturer’s]%%% %
%%%%At 300psi. %% %%

function [foo]=mode]_O(theta)

global Qc

£00=(0.00000000533730*theta*5-0.00000079813121 *theta”d+-...
0.00000662:

324144%theta”3+0.002504 78501535 theta 2+...
0.00045531029014* theta+0.01186735930655)-Qc;
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%%% % This fbl_pi_S.m file is used to inte| the func_18.m file. %% %%
%% %% This file also uses the model_O.m file as an input %% %%

global alpha beta xf Qc

alpha=0.1:
beta=0.01;

10=0;

=100,

x0=[0.9 0];

xf=0.7;

[tx}=0de23(‘func_18" 10.16,x0);
n—sue(x( ShHi

Q=ones(N,1);
fori= LN,

xtract=0.0;
area=2*sqri(2*43.375/2/12*x(1,1)-x(1,1)./2)*25;
Q(11)=xtract+alpha*area*(x(1,1)-xf)+beta*area*x(l,2);

Qe=Q(L,1);
theta(1,1)=fzero( ‘model_0",40);
end
Q=(0. 00!])00(17781871‘"1:“."5 0.0000009960693 1 *theta. 4-...
00002536546426* theta.*3+0.0058361 2263799"&:&"2— -
DONSEN]SZM]G‘IMMO 02412600207374),
%%% % This section is used 10 find the setding time %% %%

more on
forl=1N,

lfah(x(l,l)-xﬂ < (0.02*xf)
ul1
x(L1y

else
XXXXXX = 9999999999
end

cnd
more off

%% % %Finish finding the settling time%% %%

figure(1)
subplot(3,1,3), plot(t,x(:,1)}
a)us(lo 100 0.61 0.99)

mle(‘FeenIbnck linearizing Pl-controller: Table 15’)
xlabel(‘time (s)")
ylabel(‘heater level (f1)')

figure(2)
SUbpIOUAL3) plotthea)
xS0 1002045

g

title(‘Feedback lincarizing Pl-controller: Table 15°)
xlabel(‘time (s)")

ylabel( ‘valve opening (degree)’)

figurel’
mpnma 1,3), plot.Q)
axis([0 100 2 8))

grid

title(*Feedback linearizing Pi-controller: Table 15°)
Xlabel(“time (s)")

ylabel(‘flow rate (ft*3/s)")

%% % % This func_18.m file serves as an input 1o the fbl_pi_5.m file.%%%%
function xdoi=func_18(t,x)

global alpha beta xf Qc

%%%%ﬂ&e PI-controller algorithm returns theta% % %%

X 2%
area=2*sqri(2*43.375/2/12*x(1)-x(1)./2)*25;
Qe=xtract+alpha*area*(x(1)-xf)+beta*area*x(2);

theta=fzero(*model_0",20),
%% % %the dynamic equation%% %%
xtract=11.5%0.4444;
xdnull—llm‘(xml-
00000000781871'|hcu"5-0m0996069 theta.d-.
0.00002536546426* theta.A3+0.! 0()583612263799‘!!:!1"2- -
0, 00658991522416'“»134-0 .02412600207374));

xdot(2)=x(1)-xf;

%%%% This model_0.m file contains the function to be evaluated% % %%
%% % %for zero at a particular flow ratc and pressure and% %% %

%% % %rewurns the value of theta. [Sth-order model, manufacturer's)%% %%
%%% %At 300psi. %% % %

function [fool=modc]_OKtheta)
global Q¢
533730*theta”5-0. 0079813121 *theta*4+...

00000662324 144* heta*3+0.00259478501 535* theta*2+...
0.00045531029014*theta+0.01186735930655)-Qc:
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A.1.6 Simulation Case#6

%%%%This bi_P1_0.m file is used to integrate the bi_func_12.m ﬁle %% %%
%%% % This file also uses the bi_model_3.m file as an input. %%

global alpha beta xf Qc
alpha=100/35;
beta=(100/35)(1.7*60);
1£=1000;

x0=[09 0;

xf=0.7;

[t.x}=0de23( ‘bi_func_12’,10,tf,x0);
n=size(x(:, 1))

Q=ones(N, 1).
forl=1LN,
Q(I,1)=alpha*(x(l,1)-xN+beta*x(L2);

Qe=Q(L1);

theta(I,1)=fzero(‘bi_model_3',20);

end

Q=(0.00000000119801*theta. 5+0.00000045506570*...
theta.A4-0.00012713682332* theta.A3+0.0080331711425 T*theta A...
2-0.02072164365028*theta+0.02523712251737);

%%%%This section is used to find the seuling time. %% %%

more on
for[= LN,

lﬂlabs)(x(l ,1)-xf) < (0.027xD)

i1

x(l l)

xxxux 9999999999

end

end

more off

%%%%Finish finding the settling time%% %%

ﬁgb“;.(l}nl()s 1,1), plot(t.x(:,1))

sul ,1,1), LX

;I;is(lo 1000 0.65 0. 90

title(‘Conventional PI-controller{two phase flow]: Table 16')

xlabel(‘time (s)’)
ylabel(‘heater level (f1))

figure(2)
subplot(3,1,1), plot(t,theta)
Faxis([0 1000 9 13])

title(‘Conventional PI-controller{two phase flow]: Table 16')
xlabel(‘time (s)")
ylabel( ‘valve opening (degree)')

figure(3)
subploi(3,1,1), plot(t.Q)
%axis([0 1000 0.43 0.70])

%(‘Cnnvemitmal Pl-controller{two phase flow]: Table 16°)
xlabel(‘time (s)')
ylabel(‘flow rate (ft*3/s)")

%%%%This bi_func_12.m file serves as an input to the bi_P1_0.m file.%%%%
function xdot=bi_func_12(t,x)
global alpha beta xf Qc

%%%%the PI-controller algorithm returns theta% % %%
Qc=alpha*(x(1)-xf)+beta*x(2);

theta=fzero( ‘bi_model_3',20);

%%%%the dynamic equation%% % %

xtract=11.5

uwZ‘sqﬂAZ‘u 375/2112‘:(( 1)-x(1).42)*25;

xdm(l)=l/aru"(xtncl—(0 0000000119801 *theta.A5+0.00000045506570*...
theta.*4-0.00012713682332*theta.*3+0.00803317114257*theta.A...
2-0.02072164365028*theta+0.02523712251737));

xdot(2)=x(1)-xf;

%%%%This bi_model_3.m filc contains the function to be evaluated%% %%
%%%%for zero at a particular flow rate and pressure and% %% %
%%%%returns the value of theta. [linear model, Man, 300psi]%% %%
function [foo]=bi_model_3(theta)

global Q¢

f00=(0.07669891094450* theta-0.42215029667971)-Qc;
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%%%%This bi_fbl_p_2.m file is used to integrate the bi_func_6.m file. %% %%
%% %% This file also uses the bi_model_0.m file as an input.[dummy] %% %%

global alpha xf
alpha=0.1;
10=0;

1£=1000;
x0=0.9;
s

{tLx}=0de23(‘bi_func_6' (0, ,x0);

n=size(x);
N=n(1,1);
theta=ones(N,1);
Q=ones(N,1);

forl=I:N,

xtract=0.0;
area=2*sqrt(2*43.375/2/12*x(1,1)-x(1,1).2)*25;
Q(1,1)=xtract+alpha*area*(x(1,1)-xf);

=Q(L,1);
theta(l, 1)=fzero(‘bi_model_0",60);
end

Q=(0.00000000119801*theta."5+0.0000004550657
theta.4-0.00012713682332*theta. ~3+0. 008033171 14257*theta.”...
2-0.02072164365028*theta+0.02523712251737);

% %% % This scction is used to find the setling time. % %% %

more on
forl= LN,

ifabs(x(L,1)-xf) < (0.02*xf)
ulL1

x(L1)

else

XXXXXX = 9999999999
end

end
more off

% %% %Finish finding the settling time%% %%

figure(1)
subplot(3,1,2), plot(t,x)
Feaxis(10 100 0.62 0.91))

grid
title(‘Feedback llnurmng P-controllerftwo phase flow]: Table 17°)
xlabel(‘time (s)")

ylabel(*heater level (ft)")

figure(2)
subplol(3,1,2), plot(t,theta)
%axis([0 100 7 25])

grid

title(‘Feedback linearizing P-controller{two phase flow]: Table 17°)
xlabel(‘time (s)")

ylabel( ‘valve opening (degree)’)

sul lol(3 1,2), plot(t,Q)
%:;ls(lo 10002 3. 5N

grid

title(‘Feedback linearizing P-controller{two phase flow): Table 17°)
xlabel(‘time (s)")

ylabel(‘flow rate (ftA3/s)’)

%%%% This bi_func_6.m file serves as an input to the bi_fbl_p_2.m file. %% %%
function xdot=bi_func_6(x)
global alpha xf Qc

% %% %the P-controller algorithm retumns theta% %% %
xtract=0.0;
area=2*sqri(2*43.375/2/12*x(1)-x(1).42)*25;
Qe=xtract+alpha*area*(x(1)-xf);

theta=fzero( ‘bi_model_0'.60);

%%%%the dynamic equation%% % %

xtract=11.5%0.4444;

xdot(1)=1/area*(xtract-(0.00000000119801*theta.*5+0.00000045506570*
theta.*4-0.00012713682332*theta.~3+0.00803317114257*theta.
2-0.02072164365028*theta+0.0252371225173 7)),

%% %% This bi_model_0.m file contains the function to be evaluated% % %%
% %% %for zero at a particular flow rate and pressure and%% %%
%% %%returns the value of theta. {Sth-order model, manufacturer’s]%% %%

function [foo)=bi_model_O{theta)
global Q¢
00=(0.00000000176289*theta*5-0.00000000574736* theta’™d-...

0.00005006103011*theta”3+0.00387922677815*theta”2-...
0.00835796763611*theta+0.01328852435868)-Qc;
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%%%% This bi_fbl_pi_4.m file is used to integrate the ln_Iunc 11.m file. %%%%
%%%% This file also uses the bi_model_0.m ﬁle as an input.[dummy} %% %%

global alpha beta xf Q¢
alpha=0.1;
beta=0.01;

10=0;
1=100;
x0=[{0.9 0);
xt=0.7;

[Lx}=0de23(*bi_func_11",10,1£,x0);

n=size(x(:,1));
N=i %

forl=1N,

tract=0.0;
area=2*sqri(2*43.375/2/12*x(1,1>-x(1,1)./2)*25;
Q(I,1)=xtract+alpha*area*(x(l,1)-xf+beta*area*x(1,2);

Qe=Q(1,1);
theta(l, 1)=fzero( ‘bi_model_0",20);
end
Q=(0.00000000119801*theta.*5+0.00000045506570*
theta *4-0.00012713682332* theta. A3+0.008033 17114257 *theta. ...
2-0.02072164365028* theta+0.02523712251737);
%% %% This section is used to find the settling time. %% %%

more on
forI=1N,

ifabs(x(L,1)-xf) < (0.02*xf)
.

x(L1)

else

XXXXXX = 9999999999

end

end
more off

%%%%Finish finding the settling time%% %%

)
,1.3), plou(tx(:,1))
‘l‘:‘:‘:’ia(lo 100 01’611 091D

lille( “Feedback linearizing controller{two phase flow]: Table 18’)
xlabel(‘time (s)')
ylabel(‘heater level (£1)')

figure(2)
subplm(S.l .3), plot(t,theta)
%axis([0 100 5 28])

m( “Feedback linearizing controller{iwo phase flow]: Table 18")
xlabel(‘time (s)")
ylabel(‘valve opening (degree)’)

figure(3)
subplot(3,1,3), plot(L.Q)
%axis([0 100 0.1 3.5))

grid

title(‘Feedback linearizing controller{two phase flow]: Table 18°)
xlabel(‘time (s)')

ylabel(‘flow rate (ft*3/s)")

%%% % This bi_model_0.m file contains the function to be cvaluated%%%%
%%%%for zero at a particular flow rate and pressure and%%%%
%%%%returns the value of theta. [Sth-order model, manufacturer’s]%% %%

function [foo]=bi_mode]_O(theta)
global Q¢
£o0=(0.00000000176289* theta"5-0.00000000574736* theta™d-...

0.0000500610301 1*theta*3+0.003879226 77815 theta2-...
0.0083579676361 1 *theta+0.01328852435868)-Qc;

%%%%This bi_model_0.m ﬁle contains the function to be evaluated%% %%
%%% %for zero at a particular rate and pressure and%%% %
%%% %returns the value of theta. [Sm-mder ‘model, manufacturer’s]%% %%

function [foo]=bi_model_0(theta)
global Q¢
foo=(0. oooooooonﬁzsrmwso 00000000574736*theta™s-...

006103011*theta®3+0.003879226 778 15* theta2-...
0 00835796763611*theta+0.01328852435868)-Qc;
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A.2 Adaptive Controller Based on Nonlinear Parametrization

%% %% This plant_sim.m filc is used 1o simulatc and%% % %
%%%%generate plots of the post processing results. % %% %

clear

clear global

globalu rts ref Qo delP Tau Gamma Kes epsilon ...
R L rho delP_min delP_max Qo_min Qo_max

%% %% Define the reference model% % %%

15=10;%% % %time constant
1=0.8,%% % %desired water level
ref=tits; %% % %equivalent input

% %% %Define extraction flow and ure% %% %
%%%%:[ normally unknown %% %%

Qo=20;%% % %extraction mass flow rate
1_Qo0=30,;%% % %initial extraction flow rate
delP=100,%% % %pressure drop across the valve
1_delP=40;%% % %initial pressure drop

%% %% Define control gains% %% %

Tau=1e6;%% %% associate with alpha_hat
Gamma=1e6,%%% %associate with delP_hat
Kes=100;%% % %initially 100

epsilon =0.02;%% % %dead band

%%%%Initial control input% %% %

init_u=2.5;
u=init_u;

%%% %Initial conditions for all states%% %%
%% % %Initially, x(4) = 37.5 was used. %% %%

x={0.9 0.9 1_Qo I_delP 0);
%%%%Simulation® % %%
[Ly}=0ded5(‘plant’,0,100,x);

%% %%Reconstruct the control input vector%% %%

th'(Z‘R‘x( 1)-x(:,1).A2).0.5*L.*0.368;
psi=1/(rho* ),

err=x(:,1)-x(.,

e_s=(x(;, l)—x( 2)»l/u*x( .5);

forN=1: Ienglh(e s),

ifabs(e_s(N, 1)/epsilon) > 1,

saturate(N, 1)=sign(e_s(N,1)/epsilon);

else
satrate(N,1)= e_s(N,1)/epsilon;
end

end

epsilon_s = e_s - epsilon*saiurate;
max=-(delP_min)"0.5 /(rho*area);

l mm=-(de:? >_max)"0. SJ(rlm'm)

%%%%lInitial control input%%%%
Eu(1,1)=init_u;
forM=1:length(epsilon_s),
ifepsilon_s(M,1) >=0,
a(M,1) = (f_max(M, 1)-f_ha(M, l))’EIl(M.I)—...
(f_max(M,1)-f_min(M, I))‘Eu(M ..
{delP. max-delP_mm)
(x(M,4)-delP_mi
w(M, l)=-sammle(M 1)*Eu(M, 1)*(f_max(M, )-{_min(M, )...
(delP_max-delP_min);
else
aM,)=0;

w':dM,l) = -saturate(M,1)*df(M,)*Eu(M, 1);

Ua(M, 1)=saturate(M, 1)*a(M,1):
Eu(M+1,1)=1/-(x(M,4)"0.5rho*area(M,1)*...
(-Kes*epsilon_s(M,1)-1As*x(M,1)+...
ref*(140.3*sin(1*t(M,1)))-...

Ua(M, 1)-psi(M,1)*x(M,3));

ifEu(M+1,1) > 3.623,

EuM+1,1) = 3.623;

elseif EwM+1,1)<0,

EuM+1,1)=0;

end

end
%% %% Lyapunov Function%% %%

V=1/2*(epsilon_s.2+...
1/Tau*(x(;,3)-1_Qo). ).A2¥...
1/Gamma*(x(:.4)-1_delP). "2);

vdot=Kes*epsilon_s.*2-

epsilon_s.*(((-80"0.. S.I(rho*m))-(f_hat)) ,.
Eu(2:length(Eu),1).*sal

w.*(x(:,4)-_delP)- Ua).

figure(20)
cl,

2

subplot(4,1,4), hold

plot(t.Eu(2:length(Eu), 1),’g-" 1,3.63*ones(size(1)),'r--")
title(“The equivalent control input’)

xlabel(‘time (s)')

ylabel(‘control input’)

grid

subplot(4,1,1), hold
plot(Ly(.,1),r-");
plol(l.y( 2)’ -

title(‘N.PC: de P-l(l) InitP=40;Tau_s=10;epsilon=0.02;Kes=100")

xlabel(“time (8)")
ylabel( wwrlevel [{(19)
grid
wl(:(plol(4.31 :‘2). hold
Ly(:,3:4));,
ride( ‘%h: ter estimates’)

xlabel(*time (s)")
w(.mm estimate’)

subplot(4,1,3), bold
plot(Ly(:.1)-r);
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title(‘The plant output error’)
xXlabel(‘time (s)’)
yﬁel(‘level deviation (ft)")
o

figure(30)

plout.V,'g-")

title(*The lya;umov function’)
xlabel(‘time (s)")

ylabel(*V*)

grid

%%% % This plant.m file contains the differential equations% % %%
%%% % used to described the plant as well as the controller. %% %%
%% %% The adaptation laws are also included in this file. %% %%
functionxdot=plant(t,x)
ﬁlnbﬂnruquodelPMGammKr.sepsllm
L rho delP_min delP_max Qo_min Qo_max
%% % %Define plant constants%% %%
R=1,85;%%%%radius of the heater
L=25; %%%%length of the heater
1ho=50;%%% %density of the liquid
%%% % Define the bounds of the parameters%% %%
delP mm=0 %%%%plessum drop across the valve
Qo _mm=0 %%%%:xmtwn mass flow rate
%u_m %%%%eqmvnlem control input
%u._min=;
%%%%Definc area which is a function of the water level% % %%
area=2*(2*R*x(1)-x(1y*2)0.5*L.*0.368;
%%% %Define the function psi%%% %
psi=l/(rho*area);
%% % %Prediction error% %% %

em=x(1)-x(2); 2
e_s=(x(1)-x(2))+1hs*x(size(x,1),9); ..
B et amamat e N

ifabs(e_s/epsilon) > 1,
sal;nmign(e_slepsihn):

e
samrate= e_s/epsilon;
end

epsilon_s = ¢_s - epsilon*saturate;
%%% % Tuning function%%%%

f_max:-(dcl?_min)"oﬂ(rho‘m);
_min=-(delP_max)*0.5/(rho*area); /\ :

fJul=-x(4Y0 Sl(lho’uu) " .

lrcpu]nn_
a=(f_max-f_| Im)’n—(f_max f_min)*u/(delP_max-delP_min)*...
{x(4)-delP_min),

w = -saturate*u*(f_max-f_min)/(delP_max-delP_min);
else
a=0;

w = saturate*df*u;
end

Ua=saturate*a;
%%% % The control law% %% %

%a =-Kes*epsilon_s
'b b= -1Ils"x(1) Ua-psi*x(3)

%d =-llu‘x(1)

u=1/(-(x(4))"0.5/(tho*area))*...
(-Kes*epsilon_s-1/ts*x(1)+...
ref*(1+0.3*sin(1*1))-...
Ua-psi*x(3));

%%%% Test if the control input saturates and set it within bounds%%%%

ifu>3.623,
u=3.623;
elseif u<0,
u=0;

%subplot“ 1 4)
%}
plm axis((0 sf)o 00.10))

'V_dot= -Kes* A2+epsilon_s*((-30040.5/(rho*area)+...
%(-x(d)’o Sl(ﬂn’lm))‘mw‘(x(ﬂt)-m) Ua))

%%%%x=| h, hm, alpha_hat, delP_hat, err 1%% %%

xdot(l):l/(rhn‘m)‘(QodelP’O 5*u);
)= ref*(140.3*sin(1*)-...
llts‘x(Z)'
xdol(3)=epsll0n s*Tau*psi;
4)=¢ps|lon_s"0mnma‘w
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Appendix B : MATLAB Simulation Programs

Position Control in Magnetic Bearing System

B.1 Adaptive Controller Based on Nonlinear Parametrization

%%%% This file is used to simulate the bearing control system %% %%

Clear
clear globalt

% Define ume vector

dT =1/ 15*1()00)

t= [0:dT:thinal]’;

nosamp = tfinal/(dT*noplot)

% Plant you want 1o simulate (normalty unknown ...)
H= 3"( 107-4));

?) 7‘( 104-4);

0.5;
muo = 1.26%(107-6));
m=22;

£=98;
ho =4.0%(107-4));
Bsat = n*mu0*i0/h0;

% Normalized variables
|v‘lm = ((Bsat"2)* A/(m*h0*mu0)*0.5;

n=

;m= gl(h()‘( 2));

K = L7*(n*mu0*i0/(2*H*Bsan)*2;
epsilon = 0.0000000001; %dcadzone
Knmax = 2'((n"mu0‘10l(2'm‘l!sa())"2).
h_min
h_max = 1. 5

% Control gain

% Initial itions for all states

xp = [2*(10M(4)), 0.0);

xm = [1*(10N-4)), O}

Hh = 0.75*(1,1,1]; % originally all one:

gm = 0‘((n'mu0“10/(2'h()'Bsal))‘Z)'mes(l3). % originally 1*

x=[xp, xm, Kh, Hh, e0};

% Prediction

es= (xp(l)—xm(l)) + c2*(xp(1)-xm( 1)) + c1*x(size(x,1),11);
saturate = sat(e_s/epsilon);

epsilon_s = e_s - epsilon*sat(e_s/epsilon);

r_hat = [4*x(8)(((x(8)-x(1))"2)*(x(8)+x(1))*2);
22OV 2 IO XD 2)* (O x(1)A2);
(10/(((x(10)-x(D)Y2)*(x(101+x(1)}*2)];

f_hat= )lx(_S,ﬂ)f)(i( ;)‘r_hal( %

x(7)‘x(] Mr_hau3)k

1_min = [4*h_max/(((h_max-x(1))*2)*(h_max+x(1))"2);
2%(h_max*2+x(1)"2)/(((h_t nmx—x(l))"l)‘(n_mx#x(l))"Z),
h_;nax/«(h_max-x(l))Az)-(h_manxu»“ )l
= [4*h_min/(((h_min-x(1))*2)*(h_min+x(1))*2);
2’(I'unm"2+x( 1*2)A((h_min-x(1)*2)*(h_min+x(1))*2);
h_min/(((h_min-x(1))*2)*(h_min+x(1))*2)};

% determine initial control input
[at.omega] = ids(x(1), [x(8), x(9), x( lO)I,u r_bat, saturate, cpsilon_s,...
r_min, r_max, h_min, h_m.
u= Swg)_ctlﬁ_m[x( l).x(2)], epsilon_ s, at, saturate, gn, ref, cl,...
s);

% Simulate
global Hn gn K epsilon c1 c2 kes ref u disturbance Knmax r_min r_max...
h_min h_max Knmax

Foptions = odeset( ‘rtol’,0.5¢-2, atol’, 1e-4);

for pl = 1:n
lot inc= «pl I)'nosampc—l) (pl*nosamp),

%r (10M-4))*(2*rand-1)*cl;
=2%(10M-4))*(2*rand- 1),

d:smrbanoe 0.*(10%(-4)y*(2*rand-1)*cl;

[T,x] = odel5s(‘mag_bearing’,[0, dT},x);

x = x(size(x,1),:);
€_s = (x(2)- x(4)) + cl*(x( D-x(3)) + c1*x(11);
saturate = sat(e_s/epsilor

epsilon_s(inc+1,1) =e_: a epsilon'salunlc
+1,:) = x(1:2);

% Lyapunov funtion
V = 0.5%(epsilon_s.*2 + (sum(((Hh-Hn).*2)"))" + (sum(((Kh-K).*2)"))");

% Plot
figure(1)
clg
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plot(t(1:length(Kh), D,xp(:. 1))
ylabel(‘gap’)

xlabel(‘Time (s)")

grid

figure(2)

clg

!""P

plot(«(1:| lengdl(Kh)‘l),Hh-Hn)
ylabel(‘*H_err')

xlabel("rm (D8

subp

plot(t(1: lmg'h(l(h).l).Kll Ky
ylabel(‘K_err’

xlahel("l‘nne )"
gi‘:l:gcnd(‘-',‘Esiimn:’.':',‘AAcnlal')
ﬁgme(s)

plni(!}‘l lﬂ';g'hﬂ(h) .1).V)

Yiabel(“Time ()
grid

pause(2)
end

%%%% This file contains the description of the magnetic bearing model %% %%
function xdot = mag_bearing(t, x)

global Hn gn K epsilon c1 ¢2 kes ref u disturbance Knmax r_min r_max...
h_min h_max Knmax

err =x(1) - xt
es= (x(Z)-x(l)) +C2*(x(1)-x(3)) + c1*x(11);
saturate = sat(e, silon);

epsilon_s = e_s - epsilon*saturate;

%f = [4*K*Hn*x(1)/((Hn-x(1))*2)*(Hn+x(1))'2);
% 2¥K*(Hn"2+x(1Y2)(((Hn-x(1)Y°2)*(Hn+x(1))*2);
%  K*Ho*x(D/((Hn-x(1)2)*(Hn+x(D2));

r_hat = [4*x@)((x(8)-x(1))"2)* (x(BHx(1))"2);
2%(x(9Y°24x (1Y 2)U(x(9)-X(1)Y*2)* (x(OH+x(1))*2);
x(10M((x(10)}-x(1)Y*2)*(x(101+x(1)*D)];

leﬁ = lx(S)"l(lg)'r_hﬂll n;
(6)*1.
x(7)‘x( 1*_ba(3)};
r_min = [4*h_max/(((h_max-x(1)y*2)*(h_max+x(1))"2);

2*(h_max*2+x(1)*2)/(((h_max-x(1))*2)*(h_max+x(1))*2);
b_max/(((h_max-x(1))*2)*(h_max+x(1)"2)];

r_max = [4*h_min/(((h_min-x(1))*2)*(h_min+x(1))*2),
2%(h_min"2+x(1"2)/(((h_min-x(1))*2)*(h_min+x(1))"2);
h_min/(((h_min-x(1))*2)*(h_min+x(1))*2)];

{at,omega] = ids(x(1), lx(s) x(9), x(10)), u, r_hat, saturate, epsilon_s,...
1_min, r_max, h_min, h_max, Knmax);,

% at = zeros(1,3); omega = zeros(1,3
u= m%_cn«_hauxﬂ) WX qmlon_s, at, saturate, ga, ref, cl,...
),

% x = [ x, dx_dt, xm, dxm_dt, K1_hat, K2_hat, K3_hat, h1_hat, h2_hat, h3_hat, err]
%%%%%%’b%‘b%'l:%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%Tum the adaptation on/off depending on what xdot is used%% %%
%%%‘L%%%%%%%%‘i%%‘i%‘k%%%‘i%%%%%%%%%%%%%%%%

%oxdot = [ x(2);

: K:((( 140.5*u)/(Hn-x(1))*2 - ((1-0.5*u)/(Hn+x(1)))*2) - gn + disturbance;
);

% ref-c1¥x(3)-c2*x(4);

% _s*er * lx(l). u; x(1)*u2);

% epsilon_s*ome;

% en]

xdot =

=[xQ);
K:(((HO . 5*ul/(H-x(1)))*2 - ((1-0.5*u)/(Ho+x(1)))2) - gn + disturbance;

(4);
ref-c1*x(3)-c2*x(4);
0* [x(1); u; x(1)*u"2);
0*omega’;

0}

%%%% This file performs the identification of the variable at and omega %%%%

function {at,omega] = ids(x, l\_hal. u, r_ha, saturate, epsilon_s, r_min,...
r_max, h_min, h_max, Knmax

omega = zeros(1,3);

ifx(1)>=0,
if epsilon_s
al)= Kmux'(x(l)‘(umxll) r_hay(1)) -...
x(1)*(r_max(1)-r_min(1))*(h_hat(1 lq_mm)lﬂumx
el:emegn( 1) = -saturate*(x(1)*(r_max(1)-r_min( l))/(h_mu~lunm)).

al)=0;
a&mm( 1) = -saturate*x(1)*df1(x,h_bat(1));

else
if epsilon_s >= 0,
ah) =0,
onwgal 1) = saturate*x(1)*df1(x,b_hat(1));

at(l) Knmax*(x(1)*(r_hat(1) - r_max(1)) -..
x(1)*(r_min(1)-r_max(1))*(b_hat(1)- h_mln)l

(h_max-h_min)); B
mdunegl( 1) = -saturate*(x(1)*(r_min(1)-r_max(1))/(h_max-h_min));

end
if 1; >=0,
i ﬁpﬂlol‘.ﬁ
al(2) = ax'(n*(r_max(Z) - _hat(2)) -...
u¥(r. max(l)—r_mm(Z))“(thallZ) h_min)/(h_max-h_min));
omegu 2) = -saturate*u*((_max(2)-r_min(2))/(b_max-h_min));

at(2) =0
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l:‘megau) = -saturate*u*df2(x,h_hat(2));
2

else

if epsilon_s >= 0,

ml) =0;

omega(2) = saturate*u*df2(x,h_hat(2));
¢

at(2) = Knmax*(u*(r_hat(2) - r_max(2)) -...

w*(r_min(2)-r_max(2))*(h_haw(2)-h_min)/(h_max-h_min));

n@:negnﬂ) = -saturate*u*((r_min(2)-r_max(2))/(h_max-h_min));
e

end

ifx(1)>=0,
if epsilon_s >= 0,
at(3) = Knmax*(x(1)*(u2)*(r_max(3) - r_hay(3)) -
x(1)*ur2)*(r_max(3)-T_min(3))*(h_hat(3)-h_min)/...
(h_max-h_min));
omega(3) = -saturate*x(1)*(u*2)*((r_max(3)-r_min(3))/...
(h_max-b_min));
else
ad) =0,
omega(3) = -saturate*x(1)*(u”2)*df3(x,h_hat(3));
end

else o
if epsilon_s >= 0,
i
I;ncgaﬂ) = saturate*x(1)*(w*2)*df3(x,h_hat(3));
el

at(3) = Knmax*(x(1)*(w"2)*(r_hat(3) - r_max(3)) -
x(1)*(uA2)*(r_min(3)-r_max(3))*(h_hat(3)-b_min)/...
(b_max-h_min));

omega(3) = -saturate*x(1)*(u*2)*((r_min(3)-r_max(3))/...
e(ll'ld_ma!t-h_min));

end

%%%% This file contains the control law % %% %
function u = bearing_ctl(f_hat, z, epsilon_s, at, saturate, gn, 1, cl, c2, kes)
rhs = gn + r - c17z(1) - ¢2*2(2) - kes*epsilon_s - sum(at)*saturatc;

u = (142*f_ha3)))*(-{_hau(2) +...
(f_hat(2y"2-4*{_hat(3)*(f_hat(1)-ths))"0.5);

%%%% This file describes the first derivative of 1 %% %%
function dfdh = df1(x,theta)

y=x-thela;
z=Xx+1hela;

dfdh = 4/((y"2)*(z2)) - 16*(theta*2)/((y~3)*(z*3));

%%%% This file describes the first derivative of 2 %%%%
function dfdh = df2(x,theta)

y=x-theta;
z=x+theta;

dfdh = 4¥theta/((y*2)*(z"2)) - 8*(theta"2+x"2)*theta/((y*3)*(z*3));

%% %% This file describes the first derivative of 3 %%
function dfdh = dt3(x,theta)

y=x- theta;
z=x+ theta;

dfdh = 1/((y"2)*(z"2)) - 4*(theta"2)A(y*3)*(z"3));
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B.2 Adaptive Controller Based on Linearized Dynamics

%% %% This program is used to simulate the adaptive% % %%
%%% %contro] system proposed by TJ in his thesis. %% %%
clear
clear global
%%%% The plant you want to simulate (normatly unknown)%% %%
h=4'( 10*(-4));
A—7‘( lO"(-4))-
i0=0.50;
mu0=1.26%(10(-6));
M=2.2;
2=9.81;
epsilon=0.5¢-6;
%%% % The control gains%%%%
%%%%c] and c2 are selected according Lo the rotor %% %%
%%% %achievable dynamic. [ wn = 600 rad/s;zeta = 11%% %%

<1=360000;
€2=1200;

%%%% The adaptation gains%%%%
%% % %are set in plant. n%%%%

Gamma=1el3;

% %% %Constants unique to this system%%%%
%bz=11.5;

bz=80;

%P = [1200*1/2*1/360000+360000*(1/2400*(1+1/360000)) 1/2*1/360000;
% 1/2*1/360000 1/2400%(1+1/360000)};

P=[0 1,388888888888889¢-06;
02. 3148l48|4814815e-09]

%%%%Reference position® % %%

=0;

%%% % Initial conditions for all states%%% %
xp0=[120*(10/(-6)), 0.0}
xm0=[120*(10%(-6)), 0.0);

a0=0;

al=0;

x0=[xp0, xm0, a0, al];

% %% %Simulate% %% %

global hn A i0 mu0 M g cl ¢2 r epsilon bz P Gamma xout

tol='

%% %% We have o define xout here for the first time% % %%
%%%%t0 enable the adaptation law for al to be valid%% %%
%%%%even while the system is within the sphere. %% %%

xout=[0;01;
[Lx]=0do45(‘plant’,t0,tf,x0,tol, 1);
figure(20)

clg

hold

title(“The rotor position: actual - ; desired -- [Gammas = 1e13]’)
xlabel(‘time (s)')

ylabel(‘rotor positi
plm(t,x( l)‘leﬁ
plot(1,x(:,3)*1e6, f—-‘)
%axis(10 0.01 -1 11p

grid
%print -deps P120B80_0

tion (micron)’)

figure(21)

clg

hold

uue("mcmwtpomuonml(]amm 1e13])
xlabel(‘time (s)')

ylabel(‘rotor position exror (micron)’)

Plot(L(x(:,3)-xC: 1))'106"111-')
%axis([0 0.01-6 1D

grid
Fprint -deps PE120B80_0

figure(22)

clg

hold

title(*The rotor velocity: actual - ; desired -- [Gamma = 1e13]')

xiabel(‘time (s)’ )

ylabel(‘mwr ity (micron/s)')

plot(Lx ,2)"le6. T- .|.x( 4)*1¢6,'g")

%axis([0 0.01 -0.4e4 0.4¢4))

%e":mx -deps V120B80_0

ﬁgule(23)

mle(‘Thc system states [Gamma = 1¢13]")

ylabel(‘velocity (micron/s)’}

xlabel( *position (micron)’)

plot(x(;,1)*16,x(:,2)* 166,r-" x(:,1)*1¢6,x(:,2)* 1¢6,"g0")
l)us{[ 0.01 -0.4¢4 0.4ed)

g:im ~deps S120B80_0

ﬁlgum(24)

¢l

subplot(3,1,1), hold

title(‘a0 [Gamma = 1e13]')

xlabel(‘time (s)')

ylabel(‘a_0')

plot(t,x(:,5),’c-")
F:axis([0 0.009 -0.0 0.004])

grid
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subplvlﬂ 1,2), hold

title(‘a:

xlxbcl( ‘umc s))

ylabel(*al’)

plot(t.x(;,6),1-')

Faxis([0 0.009 -0.00007 0.00000])

mlm( 3,1,3), hold
title(‘error magnitude = sqrt(x*2+v*2)’)
xlabel(‘time (s)')
ylabel(‘error magnitude’)
plnl(l.aqn((x( 1)-x( ,3NA24(((:,2)-X(:,4)).42)),’ m-")
Gaxis([0 0.009 -0.00007 0.00000])

grid
%:print -deps TH120B80_0
figure(25)

clg

subplot(2,1,1), hold

title( ‘Rotor position”)
xlabel(‘time (s)')

ylabel(‘rotor position (micron)’)
plot(t.x(:,1)*1e6,’r-")

plot(t,x(:,3)*1e6,’g--")
egend('Amual' .'Reference’)

sub];lm(Z.l 2) hold |

title

xlabel(‘time (l) )

ylabel(‘error (micron)’)
plot(t.x(:,1)*1e6-x(:,3)* 1e6,'r-")
grid

figure(26)

dgbplm(ll 1), hold

sul »

title(‘Parameter a0’)

plo(L,x(:,5)’c-")
subplot(2,1,2), bold
title(* al’)

y )
plot(t.x(:,6),’r-")
grid

%%%% This file contains the information needed to simulate%% %%
AL algorim which ey l-ste (osdbuck s sapaton 5%
%% %% on-demand lpwmﬂ).l%%%%

function xdot=plant(t,x)

global hn A i0 muD M g ct c2 r epsilon bz P index Gamma xout

e=[(x(1)-x(3));
(x(2)-x(4)}

%%%%If the system penetrates the sphere of radius epsilon, %% %%
%% % %then set xout to these values only for the first time. %% %%

|[sqn(mm(c A2)) >= epsilon & index == 1
xout=[x(1);

x(2)]-

clselflqn(sumlc ~2)) < epsilon

index=!

end

%% %% Turn on the adaptation if the error is h‘:?er than ®%%%
%% % %epsilon which is defined as the radius of the sphere. %% %%

ifsqrt(sum(e.*2)) >= epsilon
(-x(5)-x(6)*(x(1)-xout(1)));
=Gamma;

%%%%Now, let’s calculate the control input%% %%
ulin={-c1 -c2]*[x(1)-0;
x(2)-0);

Fu=1*(1/bz*(ulin+uad)+M/bz*g);
u=(1/bz*(ulin+1/M*uad+M/bz*g);
%%%%X = [x, dxdt, xm, dxm/dt, a0_1, al_1, a0_2, al_2]%%%%

xdot = [x(2);
(n"2‘m||0'A‘( 10+u) 2)(4*M*(h-x(1))"2)-(n"2*mu0* A* (i0-u) 2)(4*M* (h+x(1))2)-g;

x(4);
-C1*x(3)-c2*x(4);
Gamma] 1%’ *P*[0;

Galln]l;la.z‘l x(1)-xout(1))*e’*P*[0;

%%%% This file describes the property of saturation function %% %%
function y=sat(x)

ifabsi(x)>1

z;lgn{ x);

y=X;
end
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B.3 Adaptive Controller Based on Linear Parametrization

%%%%This program is used to simulate the adaptive control%%% %
%%%%of the magnetic bearing system based on Taylor series% % %%
%%%%lincarization using %% %%

clear

clear global

%%%%The plant you want to simulate (normally unknown)% %%%
h=3%(107(-4));

n=133;

A=T*(10M-4));

10=0.50;

mu0=1.26*(10%-6));

M=2.2; %

2=9.81

alpha=(n"2"mu0*A)l(4'M),

epsilon=1¢-9;

%%%%The control gains%% %%

%%%%c] and ¢2 are selected :cmnf.i“xxlg to the rotor %% %%
% %% %achievable dynamic. [ wn = 600 rad/s;zeta = 1]%%% %
€1=360000;

€2=1200;

k=1000;

%% %% The adaptation gains%%% %

Tau_l=lel3;

Tau_2=1e13;

Tan_3=lel3;

%%%%Initial control input and reference position%%%%

u=0;
r=0;

%% %% Initial conditions for all states%% %%

xp0=[1*(107(-5)), 0.01;
xm0=[1*(10X-5)), 0;
e0=0;

THETA_10= zeros(14):

THETA_20= zeros(1,4);

THETA_30= zeros(1.4);

x0=[xp0, xm0, €0, THETA_10, THETA_20, THETA _30};
%%%%Simulate% %% %

global hn A i0 mu0 alpha M g c1 c2 Tau_1 Tau_2 Tau_3 ur k epsilon
10=0;

1£=0.02;

tol=1.¢-6;

[t,x}=oded5(‘plant’ 10,tf,x0,t0l, 1);

figure(40)
clg

hold
liﬂc(‘mmrpositinn: actual - ; desired - [Tau = 0.1]°)
xlabel(‘time (s)')
ylabel(‘rotor position (micron)’)
Plot(l.x( .1)*1e6,r-")
plot(tx(:,3)*1e6,'g--")
axis([0 0.01 -1 11])
grid

figure(41)
clg

Imkl
title(‘The rotor posnwn error [Tau=0.11")
xlabel( time (s)")

error (micron)')

label( ‘rotor position
plm(L(x( ,3)-x(:, 1))‘166,m-)
axis([00.01 -6 1])
grid

figure(42)
clg

title(*The rotor velocity: actual - ; desired -- [Tau = 0.1]')
xlabel(‘time (s)")
hbel(‘mmrvelocity (micron/s)’)
Pplot(tx(:,2)*1e6,r-" t,x(: 4)*1e6,'2--")
m(loool -0.4¢4 0.4e4])

figure(43)

clg

hold

title(‘The integral error [Tau = 0.1]")
xlabel(‘time (s)")

ylabel(‘integral error (micron s)’)
]:'A:;(u( \5)*1e6,'m-")

ﬁgm(««)

mhplotlll.l). hold
title(“Theta_1"
xlabel(‘time (s)')
ylabel(* tlwm_l‘)
phn(Lx( ,6),¢c-")

axis({0 0.009 -0.0 0.004))

grid
subpkn(?.Z.Z). hold
title(‘Theta_2")
xlabel(‘time (5)")
ylabel( ")
plol(l.x( 1), 1)
[0 0.009 -0.00007 0.00000})

#mbpm«zz 3), hold

grid
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subplot(2,2, 4). hold
title(“Theta_4")
xlabel(‘time (s)')

Plot(Lx(:9),
axls(IOOOO‘) 0.008)
grid

figure(45)

clg
subplot(2,2,1), hold
title(‘Theta_5")
xlabel(‘time (s)')
ylabel(‘theta_5")
plo(t.x(:,10),’c-")
a)us{[O 0.009 -0.05 1.2

subpkn(z 2,2), hold
title(*Theta_6")

xlabel(‘time (s)')
ylabel(‘theta_6")
ploKLx(;,11),'r-")

axisl[OO 009 -0.015 0.0005])

subplot[Z 2,3), hold
title(‘Theta_7")
xlabel(‘time ()')
ylabel(‘theta_7")
plot(tx(;,12),'m-")

IXI ([0 0.009 -4000 100])

subplol( 2,2, 4). hold
itle(‘Theta_8")

xlabcl( ‘time (3)')
ylabel(‘theta_8')
plot(Lx(;,13),'w-")
axis([0 0.009 -5 70D
grid

ﬁgme(46)

suhplot(z 2,1), hold
title(‘Theta_9°)

xlabel( ‘time (s)')
ylabel(‘theta_9°)
plot(t.x(;,14),’c-")

axis([0 0.009 -0.00001 0.005])

grid

subplot(2,2,2), hold
title(‘Theta_10")
xlabel(‘time (s)')

ylabel( 'ﬂma_m‘)
plow(tx(:,15),7

mds(IOO 009 -O(XXX)S 0.0)

subplm(Z 2,3), hold
title(*Theta_11")
xlabel(‘time (s)')
ylabel(“theta_11°)
plow(Lx(:,16),’m-")
axis([0 0.009 -20 0.0}

éu‘":pmz.z 4).
title(‘Theta_12")

plot(Lx(;,17)7w-")
am(loom 0005D
grid

%%% % This program contains the description of the adaptive%% %%
% %% %control system based on Taylor series linearization. % %% %
%% %% The method adopted here is in unnormalized form. % %% %
function xdot=plant(L,x)

global hn A {0 mu0 alpha M g c1 c2 Tau_1 Tau_2 Tan_3 ur k epsilon
emr=x(1) - x(3

e = (1\(2)-)\(4)) +c2%(x(1)-x(3)) + c1*x(5);

saturate = sat(e/epsilon);

e_s = e - epsilon*saturate;

(£1,fhat_1}=thatl(x(1),h.alpha,i0,[x(6) x(7) x(8) x(9)]);
[£2.fhat_2]=that2(x(1),h,alpha.i0,[x(10) x(11) x(12) x(13)]);
[£3,fhat_3]=that3(x(1),h.alpha,i0,[x(14) x(15) x(16) x(17)]);
fhat={that_1 fhat_2 fhat_3];

u = bearing_ctl(that, [x(1), x(2)}, g, r, c1, €2, k, e_s);

%%%%x =[x, dx/dt, xm, dxm/dt, intgrl_err, THETA_1, THETA_2, THETA_31%%%%
THETA_1= Tau_1%e_s*fl1";

THETA_2= Tau_2*c_s*2";
THETA_3= Tau_3*e_s*3";

xdot = [x(2,
(n"2‘muO‘A'(l()Hl)"2)l(4'M"(h-x( D2)-(n"2*mu0* A*(0-uy"2)/(4*M*(h+x(1)12)-g;

x(4);
r-c1*x(3)-c2*x(4);

%%% % This program calculate the estimation of f_1 using%%%%
% %% %the Taylor series linearization method around the %% %%
%%%%nominal operating point. %% %%
function|f1,that_1}=fhat1(z,h,alpha,i0, THETA_1)

a=(h-2);
be(h+2);

f_lo=(4*alpha*h*z*i0*2)/...
(@"2*b"2);

dfda=(4*h*z*i0r2))...
(@ 2*p"2);

fdh=((4*alpha*z)/(a"2*b"2)-..
(4'nlpha‘h‘t’(Z‘b'a"2+2'b"2‘a))/(a“4‘b"4))'|0"2.

dfdah=((4*2)/(a*2*b"2)-...
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(PP 2+ QADar22 P2 AT,
dfdn2=(-8*alpha*z)/(x2* b3 +(8 *alpha*2)/(@3*D"2)-

(8*alpha*z)/(a*2*b"3)}+(24*alpha*h*z)/(a*2*b ) +( l6'nlpl|a'h‘z)/(a"3‘lr‘3)~

(8*alpha*2)/(a"3*bA2)+{16%alpha* h*2)/(a"3 A3 HH24*alpha*h* 2 ard b2)) i0n2;

fl=[dfda dfdh 1/2*dfdah 1/2*dfdh2];

fhat_1=f_lo+...
[dfda dfdh 1/2*dfdah 1/2*dfdh2]*THETA_1;

%%%%’Ihu‘lrpmgmn calculate the estimation of f_2 using®% %%
%%%%the Taylor series linearization method around the %% %%
%%%%nominal operating point. %%%%
function{f2,fhat_2}=fhat2(z.h,alpha.i0, THETA_2)

a=(h-z);
b=(h+2);

f_20=(2*alpha*(h*2+2°2)*i0)/...
(a*2*b"2);

dfda=(2*(h"2+z2)*i0)...

(@2*0"2);

dfdh:((4‘|$ha'h)l(l"2*b‘2

(4*alpha*( 2+z"2))l(l’*2‘b"3) -(4*alpha*(h*2422))(a”3*b"2))*i0;

didah=((4*h)}(@*2*b"2)-...

(A (P24 2 N2 D)4 242 2@ 3* B 2)*i0;

dfdh2=((4*al; 1)1(5‘2‘MZ)-(B'ulglm"h)l(a&"V‘Z!)-(B'a.lphl"h)l(l‘S“b"Z)—.‘.
(8*alpha*h)/(a"2*b3)+(12*alpha*(h*2+z"2))(a*2*b\)+(8*alpha* (h"2+2"2)M(a*3*b 3)-...
(8*alpha*h)/(a*3*b"2)+(8*alpha*(h"2+2/2))/(a*3*b*3)+(12*alpha* (h"2+2*2)(a*4*b"2))*i0;

f2=[dfda dfdh 1/2*dfdah 1/2*dfdh2};

fhat_2=f_20+...
[dfda dfdh 1/2*dfdah 1/2%dfdh2]* THETA 2';

%%%% This program calculate the estimation of f_3 using%%%%
%%%%the Taylor series linearization method around the %% %%
%%%%nominal operating point. %%%%
function(f3,fhat_3}=fhat3(z,b,alpha,i0, THETA_3)

a=(h-z);
b=(h+z);

f_3o=(alpha*h*z)/...
(@ 2*v"2);

dfda=(h*z)/...
(a*2*v"2);

dfdh=(alpha®z)/(@2*b"2)-,
(2*alpha*h*2)/(a"2*bA3)-(3*alpha*h*Z)(a"3*bA2);

dfdab=(2)/(a"2*b*2)-.
(Z*h'Z)/(i"Z‘b"3)-(2‘Il‘z)l(l"3‘b"2).
dfdh2=-(2*alpha*z)/(a*2*b"3)-(2*alpha*z)/(a*3*b"2)-...
(2*alpha*z)/(a"2*b"3)+(6*alpha*h*z)/(a"2* b ) 4*alpha*h*z)/(a*3*b*3)-...
(2*alpha*z)/(a*3*b*214+(4*alpha*h*z)/(a*3*b"3)+(6*alpha*h*2z)/(a™4*b2);

f3=]dfda dfdh 1/2*dfdah 1/2*dfdh2);

fhat_3=f_30+...
[dfda dfdh 1/2*dfdah 1/2*dfdh2]*THETA_3";

%%%% This file describes the property of saturation function %% %%
function y=sat(x)

ifabs(x)>1
y=sign(x);
else

y=x;
end
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Appendix C : FORTRAN Unit 9 Simulator Program

Kingston Unit 9 Simulator

C.1 Controller Based on Feedback Linearization

€23456789012345678901234567890123456789012345678901234567890
Subroutine gonctr(Ffhs , Lfhs , Lvls, Alpha, Beta,
& Cthdvo)

gonctr.f
ABSTRACT

‘This subroutine is designed for modeling a nonlinear
< controller used in controlling the level of the feedwater
¢ heater. The heater considered here is the shell and tube

< type in horizontal configuration.

c

c
<
c
c
<
<

NOTES

In order to implement this controller in the actual
another routine must be added 10 this program 1o

¢ enable the transition from manual to automatic mode. One

¢ possibility is to ask the controller to track a first order

< model and allow sufficient time during transition.

<

¢ The inner diameter of the heater is also changed 0

€ 10 44.375 as opposed 10 43.375 in.

3

¢ The effective area is the liquid surface area in the
¢ horizontal plane of the heater at current beater Jevel.
c

noenaon

<

Implicit none

Variable D«

--------- Inputs B ]

Real*4 Alpha ! Nonlinear proportional gain
Real*4 Beta ! Nonlinear integral gain
Real*4 Ffhs ! Extraction (s+a) flow rate (IbmJ/s)

c Real*4Pths ! Shell total pressure (psia);(optional)
Real*4 Lths ! Fecdwater heater level (in)
Real*4Lvls ! Feedwater heater level setpoint (in)

Real*4 Cfhdvo ! Drain valve lift (scale 0 to 1)

[ Intemal Variables -

Real*4a_ftr ! X-sectional effective area factor
Real*4a_htr ! X-sectional effectice area (t"2)
Real*4 htr_igth ! Heater length (ft)

Real*4 lvl_er ! Heater level error (in)

Real*4 int_Iv]_er ! Integration of level error

Real*4 Ivl_old ! Level measured at the previous step
Real*4 vol_drain ! Volumetric drain fiow (ftA3/s)
Real*4inc ! Time increment

Real*4 tho ! The density of the water (Ibm/ftA3)

dataint_lvl_er /0.0/ ! Initial integral error
data br_lgth /25./

data inc /0.25/

datatho /S0/

€ memommmnn - Begin The Program ~ ----eeeeeeee

~ Check (o see if the value of the heater level ~~e~-o~me~
~ less than zero. Set it equal 10 2€10 if it is ~~~~mo~mn

If (Lfhs .LT. 0.0) Lébs = 0.0

< First, the sectional area is
€ ~~~~~~~ The area used is in the hori; | plane
It (Lihs .GE. 0.0 .AND, Lfhs LT.4.1) a_ftr=1.0
~ ~ Nothing is in the first 4.1 in rELION ~~~~~mommmmm s

If (Lfhs .GE. 0.0 .AND. Lths LT. 21.4) a_fr=0.368
€ ~mm e 20%+43.2% is taken by the drain cooler and tubes ~~~~~~

If (Lths .GE. 0.0 .AND. Lths .LT. 43.375) a_fir = 0.46
€ ~=m~~~~ 54% is taken by the wubes

€ ~~~m~~~ Now, compute the actual arca of the heater ~~-~mmmmmmmm

a_htr = 2*SQRT(2*(44.375/2/12)*(Lths/12)-(Lths/12)**2)*
& htr_lgth*a_fir
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€ ~w~w~~~s~ Then, the desired control flow is obtained ~~~~~~a~ea

if (in_lvl_er EQ. 0) Ivl_old = Lfhs
€ ~~ma~n~n Set Ivl_old = Lfhs for the first integration ~~~~—~~~~

Ivl_er = (Lfhs-Lvis)/12
int_ivl_er = int_ivl_er+0.5%inc*((lvl_old-Ivis)/12+1vl_er)
M _old =Lfhs

€ ~~=~~~~~ Save the value of heater level for next integration ~~~

:Ldﬂin = Ffhs/rho+

Alpha*a_htr*Ivl_er+
& Beta*a_htr*int_Ivi_er
€ e Calla lnnmn that contains the valve flow ~~~—~-~- —
c data in p
€~ drain valve opening (%) e -

€ ~~~n~~wa In the preliminary test, the dala points are ~~—m-~~~~
€ ~=~~~~~ used (0 provide the approximation of the valve -

C ~~~~=n~ opening. The routine is included below  ~~~~meme.
€ ~~m~~n~~ (Using the experimental data at del_P = 300psi) ~~~~-—~
<
€ ~eemmmn Check if the vol_drain is less than zero, ~~emm~mmmman~
€~~~ If it i5, Set the valve closed. ~~~mmmmmmmmmm . S
if (vol_drain .LT. 0.0)
& Cthdvo=0.0
€ e Bctweﬂl 0 md 10 degrm valve ] [EE——
if (vol_drain .AND. vol_drain Lﬁ_‘ﬂ%)

& Cthdvo= (101(03726-0)'
& vol_drain)/90

€ ~~~mn~ee Between 10 and 20 degree valve Opening ———~wmmmmamommn
if (vol_drain .GE. 0.3726 .AND. vol_drain .LT. 1.0998)
& Cthdvo = (10/(1.0998-0.3726)*
vol_drain+10-10/1.0998-0.3726)*
& 0.3726)90

€ ~~v~m~we Between 20 and 30 degree valve Opening ~w~~mn~mmeamonn
if (vol_drain .GE. 1.0998 .AND. vol_drain .LT. 2.3381)
& Cfhdvo = (10/(2.3381-1.0998)*
& vol_drain+20-10/(2.3381-1.0998)*
& 1.0998)90

€ ~mmmmmn Between 30 and 40 degree valve Opening ~r~~~mm~maammmnns
if (vol_drain .GE. 2.3381 .AND. vol_drain .LT. 3.5430)
& Chdvo = (10/(3.5430-2.3381)*
& vol_drain+30-1043.5430-2.3381)*
& 2338190

€ ~~~~~~~ Between 40 and 50 degree valve opening ~~~—=mw~~~mmmmmm~
if (vol_drain .GE. 3.5430 .AND. vol_drain .LT. 4.5754)
& Cthdvo = (10/(4.5754-3.5430)*
& vol_drain+40-10/(4.5754-3.5430)*
& 3.5430)90

----- Bet 50 and 60 degree ValvVe OPENINg ~~~rmmmmm snr s
|f(vnl drain GE 4.5754 .AND. vol_drain LT. 5.0678)
& Cthdvo = (10/(5.0678-4.5754)*
vol_drain+50-10/(5.0678-4.5754)*
& 45 54)190

€ ~memmwm Between 60 and 70 degree valve Opening ~~—~mmm~aammmmnn
if (vol_drain .GE. 5.0678 .AND. vol_drain .LT. 5.3260)
& Cthdvo = (10/(5.3260-5.0678)*
& vol_drain+60-10/(5.3260-5.0678)*
& 5.0678)90

€ e Between 70 and BOdegree Valve OPening ~~~m~mmam s
if (vol_drain .GE. 5.3260 .AND, vol_drain .LT. 5.3750)
& Cthdvo = (10/5.3750-5,3260)*
& vol_drain+70-10/5.3750-5.3260)*
& 5326090

€ ~~~~~-~ Between 80 and 90 degree valve opening ~~~~~- e e e e e
if (vol_drain .GE. 5.3750 .AND. vol_drain .LE. 5.5400)
& Cthdvo = (10/(5.5400-5.3750)*
& vol_drain+80-10/(5.5400-5.3750)*
& 5.3750/90

€ ~~~enn If vol_drain is greater than 5.54 ftA3/s ~~mmmmmmmmmman
€ ~~~~~=~~ then fully open the valve.

lfvol_(tamGTSSﬂl))
& vo=1.0

retum
end
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