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APPLICATION OF MATHEMATICAL MODELING TO DESIGN OF
A PRACTICAL CONTROLLER FOR A COMMERCIAL SCALE FOSSIL POWER PLANT

Asok Ray David A. Berkowitz

The MITRE Corporation
Bedford, Massachusetts

ABSTRACT

To design an improved fuel controller for an operating, 386 MW(e), oil-fired power generation
system, a mathematical model of the plant was developed from fundamental principles to pre-
dict thermal-hydraulic transients. This controller was successfully implemented in the ac-
tual plant by replacing a portion of the original control system. The resulting minimum op-
erating level of the system was thus reduced from 220 MW(e) to flash tank level of 130 MW(e),
and the customary load rate of change during normal operation improved from approximately

2 MW/min to 9 MW/min.

INTRODUCTION

Due to rising fuel oil cost, economic dispatch favors operating large oil-fired power plants
as load-followers and nuclear plants as baseload units. For example, in the Boston Edison
Company system, two oil-fired 386 MW(e) once-through subcritical units were required to oper-
ate over a wider load range and to change output more rapidly following start-up of a new nu-
clear plant. However, with the original control scheme, the lower load 1imit was restricted
to 220 MiW(e) because of temperature and pressure instabilities. Figure 1 shows growing
throttle pressure and temperature oscillations following a load reduction; output power had
to be raised to'regain stability, or the unit would be shut down. Furthermore, load rate-of-
change was normally Timited to 2 MW/min.

To identify the cause of the problems and to formulate an appropriate control algorithm, a
dynamic model of the once-through subcritical steam generator and accessories was derived
using established techniques [1,2]. The model was verified with plant data collected by a
multichannel tape recorder and data acquisition system [3]. Simulation studies and test data
suggested that low load instability was due to the fuel control system. Two specific design
objectives for an improved fuel controller were defined: (1) the unit should operate stably
at any load between 130 MW and 386 MW, with main steam temperature settling to set point
value of 537.8°C (1000°F) less than 30 min after load change; and (2) main steam temperature
excursions should be bounded within +5.6°C (i_]O“F) for 9 MW/min load rate-of-change between
130 MW and 386 MW.

Application of linear control theory using the plant model led to successful design of a sim-
ple, practical fuel controller replacing a portion of the original control system. The re-
sulting Tow load operating Timit was reduced to flash tank level of 130 MW and the customary
load rate-of-change during normal operation increased to 9 MW/min. Since May 1976, Unit No.
2 at New-Boston Station has operated with the revised control system. Because of improved
performance, the plant is now automatically dispatched from the regional load control center.

SYSTEM DESCRIPTION

Plant ratings for New-Boston Unit No. 2 are given in Table 1. It incorporates a once-through
subcritical Babcock & Wilcox steam generator. Heat exchanger dimensions are given in Table 2.
The furnace has 24 guns for o0il firing and two forced draft fans. Two gas recirculating fans,
drawing flue gas just ahead of the air preheaters, discharge to recirculating ducts below the
burners and to tempering ducts near the top of the furnace radiation section; the ratio of
flue gas distribution between recirculating and tempering ducts can be adjusted manually or
automatically.

The balance of plant is essentially of conventional reheat type except that the main feed-

water pump is driven from the turbine generator shaft through a fluid drive mechanism. Feed-
water pump speed is modulated by the fluid drive to control feedwater flow or pressure.

1



Normal plant design operating range is from 100 percent to 33 percent rated feedwater flow
rate. Below 33 percent, a portion of main steam is diverted through the flash tank.

MATHEMATICAL MODEL

A mathematical description or model of the process provides an understanding of its.dynamics
and forms the basis for plant controller design and evaluation. The model must satisfy two
criteria:

1. Optimum model complexity, i.e., the model should be no larger nor more complex than is
necessary for the purposes at hand;

2. Numerical solutions of the model equations must be readily obtained.

The once-through subcritical steam generator, which is the most significant plant component,
was modelled using a first principles approach based on thermodynamic phase information (i.e.
compressed water, two-phase mixture, and superheated steam corresponding to economizer, evap-
orator, and superheater, respectively). This concept was first introduced by Adams et al.[1]
who modelled a coal-fired once-through subcritical steam generator, then linearized the model
for analog simulation. Ray and Bowman extended this technique for digital simulation of such
a steam generator in a gas-cooled nuclear power plant [2]. A nonlinear dynamic model of the
New-Boston Unit No. 2 steam generator was derived from the same concept, but with some modi-
fications. The primary modeling objective was to represent main steam temperature dynamics
for the purpose of analytical design of a fuel controller.

The phase boundaries (i.e., locations of saturated water and steam) vary with time. Although
rate-of-change of these boundary locations may be high under transient conditions, the range
of variation is relatively narrow. Thus, the nonlinear model was structured with fixed ther-
modynamic phase boundaries. Further, since steam temperature is strongly influenced by heat
transfer rate, the superheater region was modelled in primary and secondary superheater sec-
tions. When the nonlinear model was linearized at different operating points, model para-
meters for the linearized models were adjusted corresponding to the length of the phase re-
gions - the economizer, evaporator and superheater. Model results were made to agree with
steady-state plant data at several operating levels.

The nonlinear, time-invariant, continuous-time model has the form
= f(xsu) (1)
3u) (2)

s

xe

1= g

1%
(¥ =4

X is the state vector, with the elements:

X1 = secondary superheater average metal temperature

X2 = secondary superheater average steam enthalpy

X3 = secondary superheater average steam density

X4 = primary superheater average metal temperature

X5 = primary superheater average steam/water enthalpy

Xe = primary superheater average steam/water density

X7 = evaporator {two-phase section) average metal temperature

xg = economizer (subcooled water section) average metal temperature
X9 = economizer (subcooled water section) average water enthalpy

u is the input (control) vector, whose elements are:

u; = fuel flow

us = feedwater flow

u3 = feedwater enthalpy (at the inlet of economizer)
ug = throttle pressure

Y is the output vector. To design a fuel controller for maintaining constant main steam tem-
perature, only two elements were chosen as output variables:

Y1 = main steam temperature
¥, = main steam flow

Model equations (1) and (2) were linearized at seven steady-state operating points in the 45-
100 percent load range. System eigenvalues (i.e. eigenvalues of the A-matrix) were evaluated
for the seven linearized models; their root locus plot is shown in Figure 2. Two dominant
eigenvalues (closest to the imaginary axis) monotonically decrease in magnitude with Toad
reduction. By examination of the linearized models, main steam temperature was found to be



closely associated with these two eigenvalues which are strongly influenced by energy storage
in the primary and secondary superheater tube walls.

The original control system was modelled and incorporated in the plant model. The 1ingarized
closed Toop system yielded a pair of system eigenvalues very close to the imaginary axis.
With decreasing load, these eigenvalues monotonically drifted to the right-half plane.

Closed loop system stability improved with certain changes in fuel controller parameters, but
at the cost of response time. It was felt that a revised fuel control scheme was required to
satisfy the design objective.

CONTROLLER DESIGN CONCEPTS

In the boiler following mode, electrical power output changes are effected by manipulating
governor valves, whose displacement directly influences main steam flow and pressure which,
in turn, cause feedwater flow to change. Thermal-hydraulic processes in the steam generator
are dependent on both feedwater and fuel flow. Following a load change, fuel flow must be
compensated for feedwater flow variations to avoid undesirable deviations in main steam tem-
perature. Thus, feedwater flow Wg, is treated as an independent variable. Fuel flow is also
dependent on other variables (such as feedwater temperature, draft air flow, etc.). The con-
trol design task is to structure the dependence of fuel flow on several independent variables
(feedwater flow being the most significant) such that main steam temperature does not deviate
beyond specified Timits for permissible variations of the independent variables. This analy-
tical relationship is known as the feedforward function [4], which acts as a fast, coarse
controller. In addition, a relatively slow feedback Toop is provided to compensate for
modeling errors and spurious noise (i.e., to hold main steam temperature at the set point
under steady-state conditions).

Feedforward Function

The feedforward function has been constructed in two parts: static and dynamic. The static
part calculates steady-state fuel flow required for thermal equilibrium in the steam genera-
tor. To find the steady-state fuel flow, u;, for achieving a desired value of main steam
temperature Tq, set X = 0 and y; = Ty in equations (1) and (2), respectively, which results
in eleven equations.

0= f(Xgs eovs Xg3 U u

12 4)

0= folXys toes Xg3 Ups oens Ug) (3)
Ty™ 93(Xps vees Xg3 Ups wens uy)
¥5= 95(X0s vens Xg3 Ups wees Uy)

With Uys Ugs U given, equations (3) could be solved for the eleven unknowns u., y._, X., X_,
X35 Xz Xgs Xgs Xgs Xgs and xq. In practice, however, equations (3) are very aiff?culf to2
solve in closed form Eecause and g are nonlinear functions that involve implicit loops.
Analog solution would also be too complex to be practical. To circumvent this problem,
steady-state fuel flow demand was obtained by a simple energy balance in the furnace and
steam generator as shown in Figure 3. Heat delivered by feedwater, reheat attemperating
water, high pressure turbine exhaust steam, draft air and fuel matches heat removed by flue
gas, steam and fixed loss to the environment, under thermal equilibrium. If, at steady-state,
reheater load is assumed proportional to feedwater flow, and main steam enthalpy has the de-
sired constant value, then fuel flow W_._ can be expressed in terms of feedwater flow wf and
temperature wa in the following form fg]: v

Weg = K[(a + bTey)Wey, + c] (4)
a, b and c are constants whose physical meaning is discussed in reference 5.
For the dynamic portion of the feedforward function, main steam temperature transfer func-

tions with respect to feedwater flow, Wy, and fuel flow, Wfg, can be obtained from a linear-
ized version of equations (1) and (2) as,
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T T (14 s/zy5),
ms _ _ i=1 s Mm<n
m (S) s G-I(S) = K-I —n] =1 (5)
J=](1 + S/P-|J)
and
mz )
IT (1 + s/z,.
T : 2i
ms _ _ i= 5 m,<n (6)
= () = Gyls) = Ky & =2
fo 2
J.=2(1 * 5/pyy)

The transfer function of Wgo With respect to wfw, subject to the constraint that, Tms is con-
stant, is

my n2

n n
Wro (s)= a(s) K 1L 521 5,0+ 5/pyy) (7)
Wey Ga(s) ok M h

(1 +s/2,;) 1T (1 + 5/py35)
i=1 j=1

Since the model is ninth order, the number of any transfer function poles cannot exceed 9.
Therefore, max(m;, m,, n;, n,) < 9,

The coefficient of Wg, in the linearized form of Equation (4) is equal to the steady-state
gain (—Kl/K ) of equation (7) if equations (1) and (2) are linearized at the same point as
equation (43. We define dynamically compensated feedwater flow, wdc as

n
m1

2
T @rsiz )T (1+s/p,)
s) = £2 o ea(s) (0
T +s/z,) g~ (1+ s/py5)
i=1 =1

Parameters z and p are functions of the load conditions at which equations (1) and (2) are
linearized. Replacing W, by Wyo in equation (4) includes fuel flow dynamics with respect
to feedwater flow in the ¥eedforward function.

As discussed earlier, main steam temperature is strongly influenced by two dominant eigen-
values (see Figure 2). Therefore, the transfer function order in equations (5) and (6% can
be approximated by 2 or less. Further, test data and model results, as well as physical
reasoning, show no immediate change in Tms following a step change in either Wfo Or Weyss
which means that m; and m, must be less tﬁan ny and ny, respectively. Thus, max(nl,n2)52
and max(mi,my)<1 in equation (8), and an analog simulation of the transfer function Can be
constructed by at most three cascaded lag units.

The distributed thermal-hydraulic process in the superheater has been represented by two
lumped sections, and the two dominant eigenvalues are closely associated with these two sec-
tions. As a first step in the feedforward dynamic compensator design, the two dominant
eigenvalues are approximated by a single eigenvalue resulting in the simplified transfer
function structures,

K
G,(s) = ——=— and 6.(s) = —2
1 T+7as 2 1T+ 7S
which reduce equation (8) to
W 1+T.5s
'wd—c(S) =r% (9)
fw fw

Tfo and Ty are functions of plant load. The transfer function in equation (9) can be con-
structed by a single lag unit, simplifying equipment installation.



Values of Tgy and T were identified at several load levels using the 1jnearized moqel fre-
quency responses. ¥Hey were confirmed by values determined from the nonlinear model in the
time domain using a small signal perturbation technique. Thus, results obtained by frequen-
cy-domain and time-domain identification were in fairly close agreement.

The feedforward function with analytically determined values of T, and Tf, was verified ex-
perimentally at different load levels. Results indicated that the dynamic compensator struc-
ture in equation (9) was adequate for stabilizing initial oscillations that occur shortly af-
ter the disturbance is applied. Slower transients and steady-state drift are overcome by
feedback control (discussed in the next section).

Although T¢, and Tg, can be expressed as functions of load, they are not readily convertible
to analog circuit representation. If the functional dependence of Tf, and Tfw on plant load
could be avoided, equipment implementation would be simpler, resulting <9n improved reliabil-
ity. Fixed average values of 200 and 150 seconds, respectively, for Tfo and Ty were tested
over the full operating range, and initial oscillations were within permissible limits. The
transfer function for the feedwater flow dynamic compensator (which was implemented in the
plant) is, therefore,

dc _ 1 + 200s
W};(S) T T+ 150s (10)

Feedwater temperature Tg, is also compensated dynamically. The transfer function between
main steam and feedwater temperatures is primarily the result of a transport delay, Tyr in
the steam generator tubes. Following a derivation similar to the feedwater flow dynamic com-
pensator, the transfer function for Wgy with respect to Tg, is approximately

W Ko(1 + T s)

B AL o
fw PLTy

For equipment simplification, equation (11) was further approximated by

W K
fo 3

O gy m (12)

wa T +Ts

With 7 = 120 sec, tests were conducted at different Toad levels in which a disturbance in Tg,
was applied by bypassing the high pressure feedwater heaters. The results were satisfactory.
The transfer function for the feedwater temperature dynamic compensator (which was implemen-

ted in the plant), is therefore

T

dc _ 1
P i {18

Using equations (10) and (13) in the time domain form, the feedforward function of equation
(4) is modified to include dynamic compensation.

Wey = K[(a + dec)wdc + c] (14)
Feedback Controller

A conventional proportional-integral-derivative (P-I-D) controller was used for feedback con-
trol of main steam temperature. The error signal input to the proportional-integral (P-I)
controller is the difference between set point and measured value of main steam temperature.
A weighted derivative of main steam temperature is added to the P-I controller output to ob-
tain the P-I-D function. The signal required to drive the fuel flow actuator is generated
by multiplying the P-I-D controller output with the dynamically compensated feedforward sig-
nal from equation (14). A multiplier is incorporated to reduce effective feedback gain as
plant load decreases. As shown in Figure 2, the dominant time-constants (i.e., inverse of
the dominant eigenvalues) increase as plant load decreases, indicating that feedback can be
made stronger at high load than at low load. Controller parameters must be adjusted with
Toad change to ensure fast and stable operation. In this case, effective controller gain
associated with fuel flow actuator drive, which is the product of true controller gain and
feedforward signal, monotonically decreases with load.

To design the feedback controller, a Bode plot of main steam temperature versus fuel flow was
generated from the plant model at full load and is shown in Figure 4. With performance cri-



teria of gain margin = 0.5 and phase margin = 45°, the P-I-D gontro]]er parameters were eya1—
uated using standard frequency-domain design techniques for linear time-invariant §1qg]e-1n-
put single-output systems [6]. The analytically evaluated parameters were gsed initially to
operate the plant and were subsequently readjusted as operating experience increased. The
Laplace transform for the P-I-D controller impulse response is

1
0.4(1 + ?§§'+ 745) (15)

where T = 500 sec and Td = 176 sec.
CONTROLLER IMPLEMENTATION

The revised fuel controller was integrated with the original control system using spare mod-
ules installed on an adjacent empty panel. It consists of two lag units, twohservomu1t1p!1-
ers, two potentiometers, four sum units, one integrator, and one derivative unit as shown in
Figure 5.

Lag unit L1 s the dynamic compensator for feedwater temperature (see equation (13)); lag
unit L2 and sum unit A2 are for feedwater flow (see equation (10)). Sum unit Al output re-
presents the fuel flow signal generated by the feedforward function (see equation (14)). In-
put 1 at Al is proportional to the product of feedwater flow and temperature; input 2 is pro-
portional to feedwater flow, only. Inputs 3 and 4 represent the fixed term of equation (14),
which includes air flow heat load. Sum unit A3 output is proportional to the term (Wajr -
§Wfo) where & is the air-fuel ratio. For plant load above 200 MW, air flow is proportional
to fuel flow, and the output of A3 is practically zero; for lower loads, air flow is held
constant corresponding to 200 MW although fuel flow diminishes. The output of sum unit A4

is the feedback control signal which is multiplied with the Al output to yield the fuel flow
actuator drive signal. Main steam temperature error ATpg is summed with its own integral
from I1 and the derivative of Tpms from D1. The nominal servomultiplier position at Al out-
put can be adjusted by varying input 4 to A4.

RESULTS AND DISCUSSION

The fuel controller, described above, was installed at New-Boston Unit No. 2. Test results
show stable operation in the Toad range of approximately 130 MW to 386 MW, and load rate-of-
change exceeding 9 MW/min with main steam temperature variations within permissible Timits
(+5.6°C). Figure 6 shows a typical load pick up at more than 9 MW/min. Main steam tempera-
ture, which had been 543,3°C (1010°F), subsequently rose to 548.9°C (1020°F), and then re-
turned to 543.3°C (1010°F), while power increased from approximately 180 MW to 330 MW. Later
on, main steam temperature set point was adjusted bringing the main steam temperature down to
537.8°C (1000°F). In this case, load change was accomplished manually by the operator. In
other tests, load rate-of-change up to 12 MW/min on automatic dispatch has been accomplished
with permissible temperature fluctuation for both load increase and decrease.

A high pressure feedwater heater leak occurred shortly after the new fuel controller was in-
stalled. The leaky heater was bypassed and main steam temperature set point reduced to 510°C
(950°F). Under this operating condition, a 10 MW/min load rate-of-change was achieved and
Tow load stability was retained with no adjustment of control parameters. Prior to install-
ation of this controller, main steam temperature exhibited sustained oscillations with peak
amplitude of + 2.8°C (+ 5°F) and a period of about 10 min.

During another test, a high pressure heater failure caused a 33.3°C (60°F) feedwater temper-
ature change in 5 min while the unit was operating at a fixed load. Previously, this type
of disturbance could trip the unit. With the new controller, operation continued and main
steam temperature excursions were held within + 8.3°C (+ 15°F).

Boston Edison Company operating personnel have gained confidence in Toad maneuvering with the
new fuel controller. Load dispatch has been automated and New-Boston Unit No. 2 is now re-
motely controlled by the regional load control center.

CONCLUSIONS

A mathematical model for an oil-fired 386 MW(e) once=through subcritical steam power plant
was formulated using established techniques. The model was used to design a relatively sim-
ple fuel controller which was installed in the plant replacing a part of the original control
system. Significant improvement in stability and load rate-of-change was achieved, and it
was possible to put the plant on automatic dispatch.

This study shows that first-principles modeling and 1inear control theory can be applied for
designing simple and practical controllers to improve system performance. The overall method



of analysis presented here, although specifically related to a once-through subcritical steam
generator, is also applicable to other processes.
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Table 1. Plant Ratings

Electrical Power 386 MW

Throttle steam pressure 1.655x107 N/m2 g (2400 psig)
Throttle steam temperature 537.8°C (1000°F)
Reheat steam temperature 537.8°C (1000°F)

Table 2. Boiler Heat Exchanger Dimensions

Exchanger Surface Area Water Holding Capacity
Furnace 1,717 m2 51,040 kg
Primary Superheater 11,890 111,100
Secondary Superheater 1,505 18,720
Reheat Superheater 3,756 60,050
Economizer 5,481 57,960
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