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Intelligent Tuning of the Two Degrees-of-Freedom Propor-
tional-Integral-Derivative Controller On the Distributed Control
System for Steam Temperature Control of Thermal Power Plant

Dong Hwa Kim, Won Pyo Hong and Seung Hack Lee

Abstract - In the thermal power plant, there are six manipulated variables: main steam flow, feedwater flow, fuel flow, air flow,
spray flow, and gas recirculation flow. There are five controlled variables: generator output, main steam pressure, main steam
temperature, exhaust gas density, and reheater steam temperature. Therefore, the thermal power plant control system is a multinput
and output system. In the control system, the main steam temperature is typically regulated by the fuel flow rate and the spray flow
rate, and the reheater steam temperature is regulated by the gas recirculation flow rate. However, strict control of the steam tem-
perature must be maintained to avoid thermal stress. Maintaining the steam temperature can be dificult due to heating value varia-
tion to the fuel source, time delay changes in the main steam temperature versus changes in fuel flow rate, difficulty of control of
the main steam temperature control and the reheater steam temperature control system owing to the dynamic response characteris-
tics of changes in steam temperature and the reheater steam temperature, and the fluctuation of inner fluid water and steam flow
rates during the load-following operation. Up to the present time, the Proportional-Integral- Derivtive Controller has been used to
operate this system. However, it is very difficult to achieve an optimal PID gain with no experience, since the gain of the PID con-
troller has to be manually tuned by trial and error. This paper focuses on the characteristic comparison of the PID controller and
the modified 2-DOF PID Controller (Two- Degrees-Freedom Proportional-Integral-Derivative) on the DCS (Distributed Control
System). The method is to design an optimal controller that can be operated on the thermal generating plant in Seoul, Korea. The
modified 2-DOF PID controller is designed to enable parameters to fit into the thermal plant during disturbances. To attain an op-
timal control method, transfer function and operating data from start-up, running, and stop procedures of the thermal plant have
been acquired. Through this research, the stable range of a 2-DOF parameter for only this system could be found for the start-up
procedure and this parameter could be used for the tuning problem. Also, this paper addressed whether an intelligent tuning

method based on immune network algorithms can be used effectively in tuning these controllers.

1. Introduction

Studies on the control of thermal power and combined
plant have been popular for many years since these systems
have been widely adopted as peak load candidates for elec-
trical power generation [1]. The fully automatic start-up
function and the fast run-up characteristics of the control
systems have made them particularly suitable for peak-load
lopping and standby power supply purposes. In the fos-
sil-fired power plant, high-pressure and high temperature
boilers are used for generation of electric power large
capacity. Also, steam temperature deviation must be kept
within +5°C in order to maintain boiler operating effi-
ciency and equipment life time as well as to ensure safety.

The start up procedure stages for a mode thermal power
turbine include warming up of the main steam pipeline,
warming up of the turbine parts, turbine run-up, synchro-
nization, and loading. So, the control in each step, from
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start-up to loading must be stable and safes [3]. Start-up
and shutdown procedures of the steam temperature control
in the electric power generation boilers are the most chal-
lenging problems when developing new control algorithms.
The sequence of operations must be successfully per-
formed to maintain steam temperature at the outlet of the
superheater and the reheater regardless of the changes in
the plant load, properties of the fuel, the conditions of the
furnace through a sequence of safe states. At the same time,
many variables must be monitored and controlled to ensure
operational safety {3, 4]. Moreover, minimal time and en-
ergy losses during start up and run-up procedures would be
desirable.

Additional problems are involved when starting up or
shutting down certain components within a larger power
station. Because of the fuel situation, the number of
coal-fired power plants has been increasing each years, and
their steam temperature dynamics and their interconnec-
tions between components occur not only through the elec-
tric network, but also on the heat exchange side, i.e. steam
flows are affected largely by the properties of the coal and
furnace conditions such as the fouling or seasoning of
boiler tubes. Up to now, a Proportional — Integral — Deriva-
tive (PID) controller has been used in the steam tempera-
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ture control of boiler. However, it cannot effectively con-
trol such a complicated or fast running system, since the
response of a plant depends on only the gain P, I, and D.
Obtaining the linear algorithm may be problematic when
controlling a plant with highly nonlinear dynamic charac-
teristics. In addition, steam in the thermal power plant must
be produced to certain specifications during start up and
during large and fast changes of the plant load. The PID
controller cannot effectively meet the requirements of both
the set-point-following and disturbance rejection. When
using a PID controller, the plant is generally controlled
without consideration of disturbance rejection. A industrial
experience is required for higher automatic tuning; the PID
controller is usually poorly tuned in practice [4]. Failure to
tune in control will cause an inevitable plant shutdown, and
a loss of production and considerable damage to the plant
may result. An effective control is required to maintain the
system reliability and stability following a system distur-
bance [2, 4].

However, any new theory should be proven on the
physical plant or equipment before being used on the real
plant to ensure safety and reliability.

The 2-DOF PID controller is well known for its robust-
ness, because it is designed to perform two functions: 1) set
point following, 2) disturbance rejection. However, since
its tuning method and performance in a control system de-
pend on the system used, the tuning in each system must be
studied. This paper focuses on the characteristic compari-
son of the PID controller and the modified 2-DOF PID
controller on a DCS to design an optimal controller that
can be operated on a thermal generating plant in Korea.
This paper also addresses whether an intelligent tuning
method based on a immune network algorithms can be
used effectively in tuning these controllers.

2. Control Characteristics of Thermal Power Plant
for Controller Design

2.1 Control Characteristic in the Thermal Power Plant

The boiler for a thermal power plant is made by the
Hanjoong Co. in Korea, which is a typical S00MW once-
through supercritical unit. Steam temperature control, one
of many control loops in the thermal power plant considers
the most difficult and requires attention [2].

In the coal-fired thermal power plant, there are six ma-
nipulated variables: main steam flow, feedwater flow, fuel
flow, air flow, spray flow, and gas recirculation flow. In
addition, there are five controlled variables; generator out-
put, main steam pressure, main steam temperature, exhaust
gas o0, density, and reheater steam temperature [4].
Therefore, the coal-fired power plant is a multi-input and
multi-output system, which must alter the generator output
in response to changes in the load demand dictated by the

DCS in a central load dispatching office.

Fig. 1 shows a functional diagram of the steam tempera-
ture system for the Boryong power plant and is composed
of three subsystems. The first is a feedforward system,
which feedforwardly controls the manipulated variables in
accordance to a load demand signal. The second subsystem
is a feedback-control system, i.e., a proportional plus inte-
gral (PI) control system, which generates signals to modify
the manipulated variables on the basis of feedback signals
from the controlled variables. The third subsystem is a
subloop control system which adjusts the manipulated
variables according to the feedforward and the feedback
control signals.

In the thermal power plant, strict control of the steam
temperature is critical to maintain safety and avoid thermal
stress, which leads to premature failure of the steam tur-
bines. The main steam temperature typically is regulated
by the fuel flow rate and the spray flow rate, and the re-
heater steam temperature is regulated by the gas recircula-
tion flow rate. However, the following problems have been
identified in steam temperature control [1, 13].

(1) The heating value of coal, which cannot be measured
on-line, varies according to the coal source. The coal
source changes within a period ranging from a week to a
month and the heating value of the coal can vary from ap-
proximately 90% to 110% of a typical value during the
course of a day Furthermore, process characteristics
change slowly during a long operation. These factors make
it difficult to provide accurate control of the heat input to
the boiler.

(2) Since the coal pulverizing process proceeds slowly
and since the heat capacity of coal-fired plants is larger
than that of oil or gas burning plants, the time delay of
changes in main steam temperature versus the changes in
fuel flow rate greatly exceeds the delay experienced in oil
or gas burning plants. That is, accurate steam temperature
control is very difficult to attain during rapid load changes.
If the load changes rapidly, the conventional PID controller
adjusts the input variables to values corresponding to the
boiler load, causing steam temperatures deviation from its
set point (more than +5°C). Therefore, it is not easy to
compensate for steam temperature deviation during start up
and rapid load changes. The terminology is somewhat spe-
cialized to make the control easier.

(3) The main steam temperature control system and the
reheater steam temperature control system may interfere
with each other. This means that overall temperature con-
trol comprises a multi-input and output interference system.
Hence, it is difficult to control well both the main steam
temperature and the reheater steam temperature.

(4) Flow rates in water and steam fluctuate widely dur-
ing load-following operation. For example, both the time
constant and the gain vary by more than a factor of two
during a load-following operation.

(5) Characteristics of the process may change due to



80 Intelligent Tuning of the Two Degrees-of-Freedom Proportional-Integral-Derivative Controller On the Distributed Control System~

. i Reheater
Main Main Exhaust steam temp.
i
; ree'clsfsrilre steam gas 02
temp.

pressure
control

m

flow con-
troller

Governor
output

ELD: Economical
Load Dispatch

AFC: Automatic
Frequency Control

Governor Feed water Coal Forced Super heater ~ Gas recircula-
valve pump feedback Coi’ptr()l spray valve t%on
an an

Set _3.0
point +

[ Reheater |
steam
temp. con-

Main steam
| temp. con-

Fuel
flow con-
troller

Fig. 1 Functional diagram of thermal power plant.

fouling in the hot gas flow system. Figs. 4-6 are block-dia
grams restructured from Fig. 2 for the 2-DOF PID
controller design.

2.2 Steam Temperature Control Approaches in
Power Plant Boiler

In the power plant, the strategy used for the control of
steam temperature for power plant boilers is normally rec-
ommended by the boiler manufacturer. The normal steam
temperature control requirement has to sustain the
temperature within +5°C. Figs. 2 and 3 show two meth-

Fig. 3 shows an alternate cascade control for reheater
steam temperature. Figs. 4 - 6 represented the control loop
of the platon super heater, the super heater temperature
control loop, and the hanger tube temperature control loop
restively, Fig. 2, Fig.4 is a cascade loop with PID3 and
PID4. F(x]) has a feedword function. On the other hand, in
Fig. 5, PID1 and PID2 are loops for cascade control, and
Fig. 6 is composed of feedforward, cascade, and feedback
loops.

The time constants and transfer functions for the steam-
temperature systems are given in the following expressions

[4].

ods of controlling the superheater temperature using a wa- Steam temperature = 0.72 3 °C/ percent input
ter spray in the power plant. That is, in typical steam tem- Spray flow (1+85P)
perature control approaches, some form of feedforward Steam temperature 5.4

control, cascade control, or a combination of these has
been used.

Fig. 2 shows the application of a feedforward and feed-
back strategy for temperature control using a super heater
spray. In calibrating and tuning this system, the relationship
between the air flow rate and the spray water control valve
input signal is determined by steady state testing at the de-
sign steam temperature and while operating at different
boiler steam flow rates. When this relationship is known,
the air flow signal is scaled and functionally adjusted by
modifying the f(x) function and by changing the input gain
of the summer f(x).

°C/ percent input

Firing rate B (1+110p)?

From these equations, gauging the problems of control-
ling the steam temperature, notably the very long time con-
stants of the system will be possible.

2.3 Superheated Steam Temperature Control

Fundamentally, the temperature of the final superheated
steam is a function of the boilers firing rate and the steam
flow, and of the design of the heating surfaces and the plant
generally. In practice, however, the steam temperature of
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an operating boiler will be affected by the cleanliness of
the tube banks and, consequently, will tend to be higher
immediately after soot-blowing has been carried out. The
control systems for the final superheated steam temperature
in boilers rely almost exclusively on attemperators-usually
of the spray type. A cascade control system is used to
overcome the long time constants of the secondary super-
heater in steam temperature control.

The temperature of the steam leaving the secondary su-
perheater is controlled by a three-term controller as shown
in Fig. 5. Since boiler-plant measured variables tend to be
very noisy, much of the noise will be fed to the controller.
Therefore, excessive filtering would degrade the quality of
control and any derivative action will cause the output to
become unstable.
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Fig. 2 Shematic diagram of S/H heater steam tempera-
ture control system in the power plant.

2.4 Multistage Superheaters for Steam Tempera-
ture Control

In boilers with several stages of superheating and
employing cascade systems for each section as shown in
Fig. 2, spray attemperators are normally provided between
the major superheating banks. The operation of each
individual cascade system is broadly similar to the simple
loop. However, the secondary superheater system includes
some notable provisions. The first key condition in this
system is to generate the desired value for the secondary
superheater outlet temperature controller from the outlet of
the final steam temperature controller, PID1. This is
because the final temperature controller output signal can
determine the optimum temperature conditions throughout
the superheater string.

The second point is the maximum selector block, A, in-
terposed between the first-stage main controller, PID3 and
its slave, PID4. This block also receives a signal derived
from the drum pressure via a function block, which trans-
lates the measured pressure into the equivalent saturation
temperature and adds the required safety margin to the re-
sult. This arrangement prevents the slave from receiving a
de sired temperature signal that is too close to the satura-
tion temperature, and therefore prevents the chilling effect
referred to earlier [13].

Finally, the system incorporates an air flow feedforward
sinal an attempt to optimize response to load changes.
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Fig. 3 Shematic diagram of reheater steam temperature
control system in the power plant.



82 Intelligent Tuning of the Two Degrees-of-Freedom Proportional-Integral-Derivative Controller On the Distributed Control System~

FAF HFT FWF

FAF: Fuel Air Flowrate
HFT: Hanger Tube Final Temp.
FWF. F eed Water Flowrate

Fig. 4 Block diagram of platon super heater temperature
control system.

PFT
sa1-c FAF FWF
¢ - + l +

+ +
Yy |2 PID2 Ly SH

FAF: Fuel Air Flowrate
PFT: Platon Final Temp.
FWF: Feed Water Flowrate

3/H Final Temp.

Fig. 5 Block diagram of super heater temperature control
system.

FAF SWWT FWF

- + +
+

+ o + HIT Terp.
O‘—V IR ! > Tabe I >

FAF: Fuel Air Flowrate

SWWT: Spiral Water Wall Tube
FWF: Feed Watér Flowrate

HIT: Hanger Tube

J— Rx2)
MWD

Fig. 6 Block diagram of hanger tube temperature control system.
2.5 Reheated Steam Temperature Control

The reheater control system of Fig. 3 displays many of
the difficulties of the superheat counterpart. For example,
the time constants and transfer functions are given by a
similar equation [1], [13]:

Steam temperature _ 7.2
(1+110P)?

— °C/ percent input .
Firing rate

Nevertheless, because of the lower steam pressure in the
reheater system, the thermodynamic conditions are quite
different from those of the superheater. Spraying water into
the reheat circuit has an adverse effect on the cycle effi-
ciency, and therefore it is common to reserve operation of
reheat sprays for emergency duty only, with the reheated
steam temperature being controlled primarily by adjust-
ment of the hot gas flows over the tubes. In many plants,
separate gas recycling fans are specifically provided for
this purpose.
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Fig. 7(b) Function generator, F(x2)

Moreover, because of the large pressure drop between
the feed pump discharge and the reheat system, the reheat
spray-water supply must be taken from a point before the
main boiler-feed pumps. To control the hot gas flows, two
separate sets of dampers are sometimes employed, one in
the path of the gases flowing over the superheater banks,
the other controlling the gases flowing over the reheater
banks. To protect the plant against over pressurization,
these damper sets are controlled so that one set must be
fully open before the other set can begin to close. There-
fore, in this paper, damper opening is considered the same
disturbance or noise as the Fuel Air Flowrate (FAF).

3. 2-DOF PID Controller Design for the Thermal
Power Plant

3.1 Problem of the PID controller on the Steam Tem-
perature Control System of the Thermal Power
Plant

The PID controller has been widely used due to its simplic-
ity and robustness in chemical process, power plant, and elec-
trical systems. Its popularity is also due to easy implementa-
tion of hardware and software. However, using only the P, I, D
parameters, it is very difficult to control a plant with complex
dynamics, such as large dead time, inverse response, and
highly nonlinear characteristics. Since the PID controller is
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usually poorly tuned, a higher of degree of experience and
technology is required for tuning in the actual plant [5].

Table 1 P, I, D gain PID1 and PID2 controller for operation
of the power plant.

PIDI PID2
I

MW| P MW o mw| P [MwW] T
(%) |(Multiple) (%) (hg;‘:)t" D) [ time)| (%) | (%) | P
30| 07 30| 02 |0]30] 10 3010]0
0. 50 | 02 |0[65] 22652210
0| 02 (75103 [0[75 25 |75 (2510
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Table 2 P, I, D gain of PID3 and PID4 controller for opera-
tion of the power plant.
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Fig. 8 Block diagram of the design principle of the 2-DOF
PID controller with a combined 2-DOF parameter
for the thermal power plant.

There are many well known PI and PID tuning formulas
for stable processes. However, PID tuning formulas for
unstable processes or complex plants are less common.

Up to this time, many sophisticated tuning algorithms
have been tried an attempt to improve the PID controller
performance under such difficult conditions since the con-
trol performance of the system depends on the P, I, D pa-
rameter gains.

3.2 Design Principle and Advantage of the Modi-
fied 2-DOF PID Controlier for the Thermal
Power Plant

This type of the 2-DOF PID controller has a combined

parameter for a 2-DOF function as shown in Fig. 8. The
transfer functions between process value PV(s) and settling
value SV(s), and between process value PV(s) and distur-
bance DV(s) are given in the following equations, respec-
tively:

G, (= LD _ GO
VO g fie L
N Ts M
_ PY(s)
Grvsv (s)= SV(s)

a1+ | s M e
_ 5 l.sl ni,s sV
1+K | 1+—
’ "(WJ’ @)
BK K,s
1+0T,s
G (5)= G
1+K | 1+—
’ [ *xs} 3)

1
the PI
BT,

’
S

where, the filter transfer function is F(s):1
+

controller transfer function is PI(s):KF(HTi], and the D
5

. . KT .
controller transfer function is D(s):E"—;s. In equation
+ni,s

(1), the numerator has a similar function to that of the con-
ventional PID controller. That is, if the proportional gain
K, goes to a greater value, the efficiency of disturbance

G

value PV(s) and the plant G (s) depend on the two degrees
parameter o, 8,y . The proportional gain could also be

is smaller. However, equations (2) and (3), the process

affected by the parameter «, [3 , and y given for the
two degrees function. Since the disturbance can be reduced

by gains K ,, T, and ¥ the process value PV and the

plant G(s) are effectively controlled by the two degrees
parameter «, B, y. Then, a 2 - DOF PID controller can
perform the two degrees of function, completely. The re-
sult of this arrangement distinguishes it from the conven-
tional arrangement method. A detailed description is given
in the simulation section.

3.3 Performance Comparison of the Designed
Controller on the Thermal Power Plant

The performance of the controller should be proven
through running on actual plant or by a simulation and
mathematical analysis method after design. This paper uses
the transfer function and operating data of the generating
plant to compare characteristics or the conventional PID
and the modified 2 - DOF PID controller suggested in this
paper. Generally, the transfer function is given by model-
ing. However, this paper obtained the transfer function
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from operating data acquired by the data acquisition sys-
tem. The detailed advantages and characteristics will be
suggested in the Section 5.

4. 2-DOF PID Controller Tuning by Irnmune Al-
gorithms

The coding of an antibody in an immune network is very
important because a well designed antibody coding can
increase the efficiency of the controller. As shown in Fig. 9,
there are three types antibodies in this paper: 1) antibody
type 1 is encoded to represent only P gain in the PID con-
troller; 2) antibody type 2 is encoded to represent I gain; 3)
antibody is encoded to represent D gains. The value of the
k locus of antibody type 1 shows P gain allocated to route
1. That is, the value of the first locus of antibody type 1
means that P gain allocated to route 1 is obtained by 20 [11,
12].

[P 1205 [8] e [75[ 5]
[T 120 [ 3 18] eee [25] 2]
(D10 2 [1] e (5] 1]

Fig. 9 Allocation structure of P, I, D gain in locus in antibody.

On the other hand, the k locus of antibody 2 represents I
gain for tuning of the PID controller. Here, the objective
function can be written as follows.

5= L.z,
n=l

P

L,= ,-=21(Ri1m )

0:L <L™

fo= {1: Otherwise @
where, §,: objective function
z: the number of processes for obtaining an optimal PID
gain

L, : optimal level in process for selection of an optimal
gain

2% ; target optimal value in process for selection of an
optimal gain

{ : penalty constant

£, - penalty function

P: the number of route for selection of an optimal gain

R, : gain level in route i

I, : subsidiary function

L™ : limit speed in PID gain

This algorithm is implemented by the following proce-
dures.

[step 1] Initialization and recognition of antigen: The

immune system recognizes the invasion of an antigen,
which corresponds to input data or disturbances in the op-
timization problem.

[step 2] Product of antibody from memory cell: The
immune system produces the antibodies that were effective
to kill the antigen in the past. This is implemented by re-
calling a past successful solution from memory cell.

[step 3] Calculation of Affinity between Antibodies: The
affinities my,; obtained by Equation (4) and the affinity
m,, using Equation (5) are calculated for searching a op-
timal solution.

[step 4] Differentiation of lymphocyte: The B - lympho-
cyte cell, the antibody that matched the antigen, is dis-
persed to the memory cells in order to respond to the next
invasion quickly.

[step 5] Stimulation and suppression of antibody: The
expected value 1, of the stimulation of the antibody is
given by

Ny =— (5)

where o, is the concentration of the antibodies. The con-
centration is calculated by affinity based on phenotype but
not genotype because of the reduction of computing time.
So, o, is represented by

sum of antibodies with same affinity as m, ©)
o, = .
¢ sumof antibodies

Using equation (6), a immune system can control the
concentration and the variety of antibodies in the lympho-
cyte population. If antibody obtains a higher affinity
against an antigen, the antibody stimulates. However, an
excessive higher concentration of an antibody is sup-
pressed. Through this function, an immune system can
maintain the diversity of searching directions and a local
minimum.

[step 6] Stimulation of Antibody: To capture the un-
known antigen, new lymphocytes are produced in the bone
marrow in place of the antibody eliminated in step 5. This
procedure can generate a diversity of antibodies by a ge-
netic reproduction operator such as mutation or crossover.
These genetic operators are expected to be more efficient
than the generation of antibodies.

5. Simulations and Discussions

5.1 Transfer Function of the Thermal Power Plant
by Operating Data

Fig. 10 shows the data acquisition system for acquiring
the transfer function. The desired curve is achieved from
running power plant data in the data file and is compared
with the curve by the transfer function calculated. Fig. 12
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Fig. 10 Data acquisition for the power plant.

represents the curve obtained by the transfer function and
operating data during start-up and running procedures.
Both curves show a coincidental shape. This characteristic
of the curve reflects the accuracy of the transfer function
acquired from the data acquisition system.

5.2 The Characteristic of the PID Controller on
the Thermal Power Plant

To observe the characteristic and problems of the PID
controller used in the power plant, which is manually tuned
by operator, this paper simulated using the transfer func-
tion and operating data of the power plant. Figs. 13 and 14

represent the responses of the PID controller on P=2.3,
1=0.2, and D=0. When there is no disturbance, the steam
temperature curve, FF, follows the controller signal, FS.
However, in Fig. 15, the control loop that considers the
effect of gas temperature disturbance indicates that the
steam temperature FF, do not follow the controller signal,
FS. This result shows that the influence of temperature
variation (disturbance) is important to this stability of the
power plant control. This means that if the PID controller
is used in the start-up and running of a power plant, the
control response cannot has a satisfactory result when there
is a disturbance.
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Fig. 11 Modified 2-DOF PID Controller with the 2-DOF parameter in the power plant.
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Fig.

Fig.
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Gamma=1.1

16 Steam temperature response to ramp input P=2.2, I=
0.1, D=0.1, a=1.0, and B=0.1, on y=1.1 of the modi-
fied 2-DOF PID controller with disturbance of gas
temp.
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17 Steam temperature response to ramp input on
P=2.6, 1=0.01, D=0.1, 0=2.6, B=1, and =1 of the
modified 2-DOF PID controller with disturbance
of gas temp.
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18 Steam temperature response to ramp input on
P=2.6, 1=0.01, D=0.1, 0=2.6, =1, and y=1 of the
modified 2-DOF PID controller with disturbance
of gas temp, and feedwater flowrate variation F=1.
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19 Steam temperature response to ramp input on P=2.2,
1=0.2, D=0.01, w=0.2 (air flow), b=0.3 (feedwater
variation), and h=7 (hanger tube temp.) of the modified
2-DOF PID controller with 7°C disturbance of gas
temp.
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5.3 The Characteristic of Medified 2-DOF PID
Controller on the Thermal Power Plant

Figs 16 - 21 represent the result of simulation using the
modified 2 - DOF PID controller designed in this paper.
The design conception of a 2 - DOF PID controller was
suggested for a general plant by some researchers [4].
However, its tuning method should be studied to acquire a
more stable response and operation. This paper designed
the 2 - DOF PID controller for the power plant through
modification from a general 2 - DOF PID controller. As it
can be seen in Figs. 2 and 3, number of PID controllers are
used for structuring cascade and feedforward loops for the
required steam temperature control in the power plant and
the gain of controllers depends on the variation of MWD
(Mega Watt Demand: load variation) as shown in Tables 1
and 2. Therefore, the function curve of Fig. 7 is used for
the required response. In a another words, the tuning
method and procedures are very difficult and complicated.

To avoid this difficult tuning procedure and control loop,
a simple control system was suggested through the 2 -
DOF PID controller.

Figs. 16 - 20 show the results of the application of the 2
- DOF PID controller designed in this paper to the power
plant shown in Fig. 8.

To obtain the effect of the change of each parameter of

]

Fig. 20 Steam temperature response to ramp input on
P=2.2, 1=0.2, D=0.01, w=0.2 (air flow), b=0.3 (fe-
edwater variation), and h=7 (hanger tube temp.) of
the modified 2-DOF PID controller.

a . . . . . L j
0 2 4 6 8 10 12 14

Fig. 21 Steam temperature response to ramp input on
P=2.2, 1=0.2, D=0.01, w=0.3 (air flow), b=1.0 (fe-
edwater variation), and h=5 (hanger tube temp.)by
the modified 2-DOF PID controller.

the modified 2 - DOF PID controller, was studied the re-
sponse on the generating system when each parameter was
changed.

Figs. 16-17 show the characteristic of the change of pa-
rameter o, 3, and 'y in the modified 2 - DOF PID controller. In
Figs. 16-17, the result of the steam temperature control shows
a satisfactory response using tuning 2 - DOF parameters o, 3,
and 7y even if gas temperature disturbance varied from 3°C to
5°C.

On the other hand, Figs 18 - 21 illustrate the result of
simulation when other disturbances such as FWF, AFR,
and gas temperature in steam control. Many kinds of dis-
turbances are in the control loop but a satisfactory response
is acquired.

5.4 Tuning of the 2-DOF PID Controller by Im-
mune Algorithms

In this paper, the immune network algorithm is used to

tune the modified 2 - DOF PID controller. Figs. 22 - 30
show the proposed control system in this paper, as some
overshooting in the response of the PID controller tuned by
Zielgler-Nichols shown in Fig. 22. However, Fig. 23 - 30
and Table 1 reveal that the variety of PID parameter can be
obtained by the immune system.
Fig. 23 represents a comparative response to minimum val-
ues of parameters P, I, and D after learning when the
learning range of parameters in the immune network is 20
(=P=I=D), 10 (=P=I=D), and 5 (=P=]=D), respectively.

Step Response

Max

PROLIE D0, G610 : R

0 0 25

Time (;Bl:)
Fig. 22 Response to minimum values on parameter learn-
ing of immune network.

Step Response

v
Time (sec)

Fig. 23 Response to minimum values on parameter learn-
ing of immune network. (P=20, I=10, D=10)

On the other hand, Figs. 24 and 25 are the minimum and
average response when P is varied and I, D are fixed as 10
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and 20. Figs. 26 - 31 represent when P and I are is varied
and only D varies.

5.5 Relationship Between 2-DOF Parameter and
Immune Network

In this study, the relationship between the initial setting
values for learning and P, I and D gain after learning by
each cell in the immune system is not revealed clearly as
shown in Fig. 23 - 31 and Table 1. However, since there are
variations in PID parameters to a different initial value of
learning, there could be some relationship between both
parameters. Therefore, it is necessary to study this rule
further.

Step Response

o 50 100 150 200 250 Zoa
Time (sec)

Fig. 24 Response to average values on parameter learning
of immune network (P, I, D=5-20).

Step Responss

[ 3 ) 30 an ET ) 73 50 ) 100
Time (sec)

Fig. 25 Response to average values on parameter learning
of immune network.
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Fig. 26 Response to learning with P=variation and I and D
equal to=10.
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Fig. 27 Response to learning with P=variation and I and

D equal to 20.
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Fig. 28 Response to learning with D=variation and P and
I equal to 10.
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Fig. 29 Response to learning with D=variation and P and I
equal to 10.
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Fig. 30 Response to learning with D=variation and P and
I equal to 10.
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Step Rasponse
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Fig. 31 Response to learning with D=variation and P and I

equal to 20.
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Fig. 33 Simulation result in steam control loop by the con-
ventional PID controller.
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Fig. 34 Simulation result in steam control loop by the
2-DOF PID Controller.

5.6 Simulation Using Operating Data of Power Plant

Fig. 32 shows the result of load simulation using operat-
ing data of the Boryong power plant. That is, the data
achieved during operating (load level: 30%) is applied to
the controller designed in this paper. Fig. 32 illustrates the
controller signal and boiler demand. Fig. 33 represents the
result of the steam temperature control loop with the con-
ventional PID controller. On the other hand, Fig. 34 shows
the result of simulation in the same loop with the 2 - DOF
PID controller. The responses are similar.

Therefore, the designed 2-DOF PID controller can effec-
tively be used in the control loop of a power plant using a
simple control loop without a feedforward and feedback
cascade loop.

6. Conclusions

Up to now, the PID controller has been used to operate
the power plants. However, achieving an optimal PID gain
is very difficult for the steam temperature control loop with
disturbances and without any control experience since the
gain of the PID controller has to be tuned manually by trial
and error the design of the PID controller may not cover a
plant with complex dynamics, such as large dead time, in-
verse response, and a highly nonlinear characteristic.

To design an optimal controller that can actually be
operated on a generating system in Seoul, Korea, this paper
focuses on comparing the characteristics of the PID con-
troller and the modified 2 - DOF PID controller for devel-
oping tuning technology on the DCS. The modified 2 -
DOF PID controller is designed by rearranging the 2 - de-
grees parameter to enable parameters of controller to fit
into the power plant when it has a disturbance.

Of course, there are many kinds of advanced control
theories and controllers. However, all theoretical control-
lers should be proven on the physical plant or equipment
before they are operated on the real plant for safety and
reliability.

For this purpose, we acquired transfer function and op-
erating data from the start-run-stop procedure of the power
plant and compared the characteristic of the controllers
designed using this transfer function and the operating
data.

Also, we suggest an immune network tuning method of
the PID controller. Parameters P, I and D encoded in anti-
body are randomly allocated during selection processes to
obtain an optimal gain for plant. The object function can be
minimized by gain selection for control, and the variety
gain is obtained as shown in Table 1. Through this table, an
optimal gain required in the plant characteristic can be ac-
quired. All results of simulation represent more satisfactory
response than tuning in the Zielger Nichols method. The
parameter obtained by the immune system learning de-
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pends on the initial range of the parameter. Application of
the immune system to steam temperature in the power
plant control system is alternated to implement optimal
gain of the complicated control loop. The suggested con-
troller can also be used effectively in the power plant since
the controller needs no feedforward or cascade loop. Ex-
periments and more detailed discussion of the PID pa-
rameter and the immune network tuning rules should be
performed in future studies.

Table 3-a Variation of range P, I, D

P=0-5 | P=0-10 | P=0-20 [ P=0-5 P=10 P=20
Item I=5 I=5 I=5 I=10 1=10 I=10
D=5 D=5 D=5 D=10 D=10 D=10

Object
value | 339605 | 23.9675| 32.0053| 27.5662| 17.1856| 11.5160
P 2.1904| 3.2942| 32635 2.199] 8.2801] 11.5983
1 42604| 49477| 4.9977| 9.8844| 9.8954] 9.8955
D 43980 4.6729] 05497 74212 16318 4.3980

Table 3-b. Variation of range P, [, D

P=5 P=10 P=20 P=5 P=5 P=5
Item 1=20 1=20 1=20 1=0-5 I=0-10 | 1=0-20
D=20 D=20 D=20 D=5 D=5 D=5

object

value 18.0364| 13.4347| 10.8453| 33.9606| 26.7613| 27.0412

P 2.6457| 9.7672) 53462 2.1904| 3.1975] 2.1990
1 15.3932| 14.5662| 19.7008| 4.2604| 12004} 17.3172
D 15.3930| 3.0214] 9.7634| 4.3980| 4.8249| 4.9993

Table 3-c Variation of range P, I, D

P=10 P=10 P=10 P=20 P=20 P=20
Item I=0-5 1=0-10 | 1=0-20 1=0-5 I=0-10 | 1=0-20
D=10 D=10 D=10 D=20 D=20 D=20

object
16.1983 | 17.1856( 11.1638( 19.1644( 13.6286 10.8453
value
P 9.6207| 82801 9.3447| 3279 3.8328| 5.34623
I 46729 9.8954( 14.2313| 1.7890] 9.7831| 19.7008
D 23343| 1.6318] 4.3902| 16.8700| 19.6516| 9.7634
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