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DESIGN AND SIMULATION OF A COORDINATED DRUM BOILER-~-TURBINE
CONTROLLER

Sture Lindahl

ABSTRACT

The control of a drum boiler—turbine unit during disturbances
and during normal operation is investigated. The task of a
control system for a boiler—turbine unit is reviewed with re-
spect to the changing structure of the Swedish power system.
A control system is designed loop-by-loop using approximate
decoupling, feedforward, and PI-feedback. The performance of
the control system is investigated by simulation of a nonli-
near drum boiler-turbine model. The simulated responses are
promising in spite of the limited gapacity of the actuators.
The control system can be tuned so that unacceptable stresses

can be avoided.
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1. INTRODUCTTION

The interest in the dynamics of thermal power plants for elect-
ric energy production has grown considerably in Sweden during
the last years [5, 14, 15]. The reason is the changing structure
of the production system. The electric energy consumption was

80 TWh during 1975. The hydro energy production was 60 TWh and
the thermal energy production was 19 TWh. The future demand for
increased electric energy production will be covered by nuclear
power units. New hydro power units will be installed to cover

the load peaks.

The changing structure of the Swedish energy production system.

The new nuclear power units will be larger (800“1006 MW) than
both the hydro power units (<250 MW) and the fossile power units
(<340 MW) in service today. Due to their complexity the nuclear
power units will be disconnected from the network more frequent-
ly than the units in service today. Network short-circuits will
sometimes disconnect a whole power plant (1600-3400 MW). The
size and allocation of spinning regérve will be more critical
during such circumstances. The spinning reserve is for the pre-
sent mostly allocated to hydro power units in the northern part
of Sweden. The utilization of the production system and the trans-
mission system will require that more spinning reserve will be
allocated to the southern part of Sweden. Most of the units in

the southern part of Sweden are fossile or nuclear unitg.

Nordic cooperation . S

The Swedish power system is connected to the power systems in
Denmark (Sjdlland), Finland, and Norway with AC-transmission
lines. This cooperation between the Nordic countries has been

beneficial from economic point of view. The interconnection




lines have made it possible to exploit the different structure
of the production systems. Denmark has merely thermal power
units, Finland and Sweden have both hydro and thermal power
units, and Norway has merely hydro power units. If the amount
of available water is large the inexpensive hydro power may be
transmitted to the thermal areas of the Nordic countries. TIf
-the amount of available water is small the collected thermal

resources may be used to produce the energy demand.

The interconnection lines have also reduced the demand for peak=
ing power because the peak of the sum is less than the sum of
the individual peaks. The interconnection lines have also made
it possible to exploit composition effects of the total load.
The variation of the total load is less than the sum of the in-
dividual load variations. The interconnection lines have final-
ly reduced the demand for spinning reserve. The spinning reserve
must be capable of replacing the largest unit of the intercon-
nected system but not the sum of the largest units in the sub-

systems.

Utilization of the production systdm.

The power demand must be allocated among the units so that the
total operating costs are reduced as much as possible. This al-
location may lead to situations, when most of the hydro power
units are disconnected. The amount of installed hydro power
units will be so large that the exploitation of the available
amount of water during high-load periods gives the bes£ econo-
mic result. Energy production with e.g. gas turbines may be re-
duced. The consequences are that during lOWM;oad periods merely .
nuclear power units and fossile power units are in service. There
is limited experience of the long-term effects on the fuel-rods
of nuclear units, which have been used in automatic generation
control. Until such experience has been collected the fossile
power units have to contribute to the automatic generation con-
trol.




Types of boiler—=turbine units.

The amount of installed power of fossile units in Sweden is
about 6 GW. The amount of installed power of drum boiler units
is more than 90%. The new fossile units are usually equipped
with once-through boilers. The reason is that they allow higher
pressures, which contributes to a reduction of specific fuel
consumption. The economic operation of the production system
requires that the most economic units are loaded to their maxi-
mum capacity. The less economic units are part—loaded and have
to change their production to meet the power demand. These units

are often older and equipped with drum boilers.

Conclusions.

The changing structure of the Swedish power system gives rise

to more complicated control tasks both during disturbances and
during normal operation. The number and the magnitude of the
losses of production will increase due to the introduction of
new and large nuclear power units. More spinning reserve will

be allocated to fossile power units. There are a number of fair-
ly weak interconnection lines between the Nordic countries. Such
tie-lines are sensitive to power oscillations. Fossile power
units have to contribute to the automatic generation control.
Investigations of drum boiler-turbine control systems are moti-
vated.




2. CONTROL OBJECTIVES.

The changing structure of the Swedish power system gives rise
to more complicated control tasks both during disturbances and
during normal operation. Some background material will be sum-
marized and the objectives of the control system will be formu-

lated in this section.

There are only limited means of storing energy in an AC power
system. Most of the energy is stored in rotating masses. The
stored energy is proportional to the second power of the rota-
tional speed, which is proportional to the network frequency.
The stored energy is proportional to the difference between the
production and the consumption of energy. The amount of stored
energy is usually less than the energy, “which is consumed during
ten seconds. This means that the energy production must be ad-
justed carefully to the continuously varying energy consumption.
The most rapid adjustments are accomplished by the speed gover-
nors. They adjust the output power of the units in proportion
to the frequency deviation. Only hydro power units participate
in the automatic frequency contrq} in Sweden for the present.

A large number of hydro power units are equipped with modern
electro-hydraulic turbine governors. The response rate of the
hydro power units are high, more than 50%/minute. In general
the power response rate of thermal power units are lower. The
power setpoints of the governors are adjusted automatically or
manually. During power system disturbances accompanied by los-
ses of production the speed governors have to compensate for a
large difference between production and consumption. This com-
pensation has to be rapid in order to avoid large frequency de-
viations. During normal operation the output power variations °

have to be as small and slow as possible.



The most severe disturbance of the energy production system is

a sudden loss of a large production unit. Such a loss of pro-
duction can be caused by a network short—circuit, by some inci-
dent within the unit, or by some other reason. The number and

the magnitude of the losses of production will increase due to
the introduction of new and large nuclear power units. The first
20 seconds after a sudden loss of production are very dramatic.
The rest of the power system must remain synchronized. The power
oscillations must be damped out. The power deficit must be re-
duced without exceeding the capacity of the transmission network.
The network frequency drops rapidly during the first seconds af-
ter a loss of production. There is a risk that other units have
to be disconnected from the network if the frequency, decreases
below 47.5 Hz. Such disconnections increase the loss of produc-
tion and make the disturbance more severe. The output power of
the remaining units have to be increased in order to avoid large
frequency deviations. The task of instantaneous compensation of
power deficit is at the present assigned to hydro power units in
the Nordic system. In the future it may be desirable to assign
this task to thermal power units too. One situation occurs during
summer nights, when the demand is low and only run-the-river hyd-
ro power units are operating. The conclusion is that one task of
the control system is to increase the output power as fast as pos-

sible during disturbances accompanied by losses of production.

Control requirements due to tie-line oscillations.

If the power system remains synchronized after a power system
disturbance severe tie—line oscillations may have been excited.
Tie-line oscillations may also be excited during normal opera-
tion. The tie-line oscillations in the Nordic power system have
periods between one and four seconds. If the amplitude of the
tie-line oscillations are increasing or if their amplitude de-

creases too slowly there is a risk that some tie-lines may be




tripped and a disturbance is enlarged or introduced. Therefore
there is a need for means of increasing the damping of tie-line
oscillations. The damping can be increased by feeding the auto-
matic voltage regulators with supplementary signals proportional
to the speed error and the speed error derivative. The damping

of the oscillations can also be increased if the mechanical power
could be changed in proportion to the speed error. The non-mini-
mum phase character of water turbines makes it difficult to uti-
lize them. The steam turbines on the other hand may contribute

to the damping of tie-line oscillations. The conclusion is that
one task of the control system is to increase the damping of tie-~

line oscillations.

Control requirements due to normal load variations.

The random load variations disturb the power system during

normal operation. The task of following these random load vari-
ations in the Nordic power system has been assigned to the hyd-
ro power units. When the demand is low and mainly supplied by
nuclear power plants and run-the-xiver hydro power plants it will
be necessary to let the thermal power plants follow the random
load variations. The conclusion is that one task of the control

system is to adjust the output power to the total demand.

Control requirements due to transmission network limitations.

»

The load centres are located in the southern part of Sweden but
most of the hydro power plants are located in the northern part.
The capacity of the transmission network has been increased ra;
pidly during the last 25 years. The capacity will increase more
slowly in the future. When the demand is high the maximum capa-
city of the transmission network will be reached. The marginal
production cost will be lower in the northern part of Sweden due
to this constraint. The total production cost will be reduced if

the transmission from the north to the south is as high as pos-



sible during such periods. This can be achieved by adjusting
the output power of the thermal power units in the southern
part of Sweden according to the load there. The conclusion is
that one task of the control system is to adjust the output

power of the unit according to the load in one area.

Control requirements due to power system control.

One task of the power system is to supply the demand at a mi-
nimum cost. The different units have different operating costs.
The production must be allocated correctly among the units in
order to reduce the total cost. This allocation is often com-
puted in a dispatch centre and the result has to be transmit-
ted to the different units. The conclusior is that one task

of the control system is to receive a set—-point signal from a

control centre.

Control requirement due to risk of process damage.

N\
The output power of the units must not be changed so rapidly

that the units are damaged. There are many ways of damaging a
thermal power unit; Feedwater may reach the turbine. Heat ex-
changer tubes may be overheated. Thermal stresses may reduce
the life-time of the unit. The acceptable magnitude of thermal
stresses depend on the frequency of their occurrence. The maxi-
mum power response rate must be used during severe and infre-=
guent disturbances. A lower power response rate must be used
during normal load-following. The conclusion is that there
shall be two different power response rates, one to be used
during disturbances and another to be used during normal ope-
ration. The selection of the higher response rate shall be done
manually from the unit's control room, automatically based on

the network frequency, or from a control centre.




sSummary.

Following conclusions may be drawn from the previous discussion:
There is a need for a unit control system for drum boilers. The

primary task of the control system is to:

i) increase the output power during disturbances,
2) increase the damping of tie-line oscillations,
3) adjust the output power according to the load,

4) receive a set-point signal from the unit's control room or

from a remote dispatch centre,

5) modify the set-point with respect to the network frequency

in order to form the reference value of the output power,

6) limit the power response rate to adjustable values, one set
to be used during normal operation, and another set to be

used during disturbances, and

7) use the power response rate selected manually from the units
control room, automatically based on network frequency, or

from a dispatch centre.
The secondary task of the control system is to control

1) the drum pressure,
2) the drum level, and

3) the steam temperature.
The four variables shall be controlled by manipulating

1) the control valve position,

2) the fuel flow,

3) the feedwater valve position,

4) the position of the first attemperator spray flow valve, and

5) the position of the second attemperator spray flow valve.




The possibilities of improving the performance of the boiler-— |
turbine unit by manipulating the extraction flows shall also

be investigated.
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3. DESIGN METHOD.

The problem is to design a control system for a drum boiler-
turbine unit. Four important variables are to be controlled
by manipulating seven variables. One model [12] of the boiler-
turbine unit has 20 state variables. There are several nonli-
nearities in the process, e.g. the opening of the valves are
limited, the speed of the servos are limited, and the thermo-

dynamic state of water is described by nonlinear equations.

3.1. Review of Earlier Work.

There are many papers on application of modern control theory
to boiler-turbine control [1, 6, 13]. It has been proposed to
apply deterministic optimal control theory to the éroblem of
large load changes. Much of the interest has focused on the
multivariable and stochastic character of the problem. Linear
stochastic control theory has been used to find a control law
valid for small perturbations around one operating point. The
separation theorem, which states that the optimal control of

a linear stochastic system can be éeparated into one estima-
tion problem and one deterministic control problem has been
used. The estimation problem has usually been solved by a Kal-
man=Bucy filter, which provides the best estimate of the state
vector, given the observations. The solution of the control
problem is a linear feedback from the best estimate of the
state vector [31].

To implement the control law the following problems must be

solved:

1) nonlinearities,

2) reference values,

3) restrictions,

4} start-up and shut-down,

5) on~line tuning.
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Nonlinearities.

A linear model is valid only in the vicinity of an operating
point but the boiler-turbine unit has to be controlled

over the full power range. Some of the parameters will change
by a factor of two when the output power changes from minimum
to maximum. This means that the control law will change and
that the Kalman filter will change. In spite of these varia-
tions in process dynamics boilers are traditionally controlled
by regulators having fixed gains. The controllers have usually
been tuned for operation with high output power. To cope with
the problem of nonlinearities the feedback and the Kalman fil-
ter have to be recomputed or precomputed and stored. This
means that a number of control laws and a number of switching
surfaces have to be introduced. ‘

Thus the linear control system has been converted to a nonli-
near control system, the stability of which has to be investi-
gated carefully byrsimulation of the nonlinear model and the
control system.

Reference values.

A control law, obtained by applying linear theory, is based on
a model

li

d(Ax) /dt AAx + BAu '

Ay = CAx + DAu

where Ax = x - Xrof! Au = g = Upas and Ay = y = vy The Kal-

ref”
man filter is given by:

d(d&)/dt = al% + BAu + K(Aymcﬁk)

and the control law by:
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Oy = = LA%

where A% = & - X of and & is the estimate of x. There is a
problem how to compute consistent values of Xof’ Uref and
Yref® There are, however, several attempts to solve this

problem {2, 47].

Start-up and shut=down.

During start—-up and shut-down the boiler-turbine unit is usu-
ally controlled manually. As the starting procedure advances

it is desirable to switch over to automatic control successive=
ly. This means that a set of control laws has to be computed

or precomputed and stored. During startmupwand shut-down there
is not one system but in fact a number of systems to be con-
trolled.

On—-line tuning.

AN

During comissioning the control system has to be tuned. Diffe-
rences between the dynamic properties of the boiler-turbine
unit and the dynamic properties of the model as well as late
changes of components of the boiler=-turbine unit may be the
reason. The problem of on-line tuning of a controller designed

using linear stochastic control theory is not straightforward.

»

3.2. Design Procedure.

The problems mentioned above may not be impossible to solve

but even if they were solved it is questionable how much can

be gained from the application of sophisticated control schemes.
There are indications that the performance of boiler-turbine
units are not limited by the interaction between control loops.

On the contrary the performance of the boiler-turbine unit is
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knowingly limited by measures taken to avoid unacceptable
stresses of the boiler-turbine unit. Tt was decided to use

a loop-by-loop approach and simulation for the design.

Two different models have been used in order to design the
control system; One simplified model, describing the steady
state and the most important dynamics, has been used in or-
der to find the structure of the control system. Another mo-
del, described in [12] has been used in order to simulate the

control system.

The design procedure can be described as approximative decoup-
ling, feedforward and PI-feedback. The procedure used to ob-
tain the decoupling and feedforward is illustrated using a
simple linear system. Assume that the moét important dyna-
mics can be described by the linear model

dx/dt = Ax + Bu

y = Cx

where x are the state variables, u‘are the manipulated vari-
ables, y are the variables to be controlled, and A, B, and C
are matrices of appropriate dimensions. The derivative of the

controlled variables are given by

dy/dt = CAx + CBu (3.1)

»

Assuming that CB is invertible and applying the control law

u = - (CB)“l(CAx=w)
gives
dy/dt = w

Using this procedure the system is transformed into a system,

consisting of a number of decoupled integrators.
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Only a limited class of systems can be controlled using such
a procedure. If it works, the procedure is easy to apply. The
crucial step is to solve u from (3.1), which required CB regu-
lar. It is well-known from linear system theory e.g. [4] how
to handle the general case. The general solution is not known
for nonlinear systems. Specific results for the nonlinear boi-

Ter-turbine model are given in the following.

The procedure used to obtain the feedforward is also illustrated
in Fig. 3.1,

Gy
Feedforward P r '
y
-—92 Gy Z = Cp [
Yref [ = Ur u
T Feedback Process

Fig. 3.1 = The basic control loop.

From Fig. 3.1 it follows that the manipulated variables, u
consist of two components; the feedforward, Ug and the feed-
back, U.. If possible Gf is chosen so that Gpr = 1 and,in

such cases U is zero when Yraf changes. This means that y
follows Yref perfectly. In many cases Gf is chosen so that

Gpr &~ 1 or even Gf(O)Gp(O) = 1. In such cases u.. is not ze= N
ro and y does not follow Yyef perfectly. The task of the feed-

back is easier after the introduction of the feedforward.

The following elementary rules are helpful when designing a
control system by this procedure:




2)
3)

4)

15,

Feedforward counteracts the creation of a control error.
Feedforward does not affect the stability.
Feedback reduces an existing error.

Feedback does affect the stability.
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4. STRUCTURE OF THE CONTROL SYSTEM. }

The ideas underlying the design of the control system were
described in the previous section. A detailed structure of
the control system will be given in this section. The follow-
ing procedure was used to arrive at the structure: The model
described in [12] was simplified. The simplified model was
used in order to find the inputs used to control a particular
output. The simplified model was also used in order to find
the variables used to close minor control loops. The simpli-~
fied model was finally used to achieve decoupling and feedfor-
ward in analogy to the treatment of the linear case in the
example in the last section. The procedure is not unique be-
cause there is arbitrariness in choosing the inputs used to
control a particular output. This choice was guided by pre-

vious practice in boiler control as well as physical insight.

Apart from this the procedure is unique once the simplified
model is given. To arrive at the structure the differernt con-
trol loops will now be discussed starting with the most im-

portant variables.

Control loops.

There are four important variables to be controlled:

output power,
drum pressure, ’
drum level, and

steam temperature.

The most important variable is the output power. The output
power is approximately proportional to the steam flow. The
steam flow depends on the opening of the steam control valve
and the drum pressure. The drum pressure depends on the fuel
flow and the steam flow. These circumstances motivate that
drum pressure is considered more important than drum level and

steam temperature. The drum level is considered more important
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than steam temperature because drum level deviations will lead

to process damage.

Reference value of the output power.

The reference value of the output power is generated by the
power demand setter (PDS) in Fig. 4.1. The reference value is
based on the set-point of the output power and the actual net~-
work frequency. The set-point of the output power may be gene-
rated in the control room of the unit or in a remote control
centre. The set-point can be specified by a final value and a
gradient. The set-point of the output power is modified in

two steps before it becomes the reference value of the output
power. The desired output power is reduced if the network
frequency is high. The desired output power is increased if
the network frequency is low. There are adjustable limits of
the desired output power. The variations of the output power

is limited by a jump-and-rate circuit.

AN
Reference value of drum pressure.

The steam flow depends on both the opening of the control
valve and the drum pressure as mentioned before. The desired
steady-state relation between steam flow and drum pressure is
not given a priori. Constant pressure control or gliding pres-

sure control is often used. .

If constant pressure control is used the drum pressure or the

steam pressure before the control valve is kept constant near
its maximum allowable value. The opening of the steam control
valve is used to control the steam flow. Hydraulic servos for
the control valve permit very short (0.3 =5.0 s) pesitioning

times. The steam flow can be changed very rapidly if constant

pressure control is used.

If sliding pressure control is used the steam control valve is
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kept in a fully open position. The drum pressure is changed in
order to change the steam flow. The fuel flow and the stored
energy has to be changed before the steam flow is changed. This
means that the steam flow cannot be changed rapidly if sliding
pressure control is used.

The specific fuel consumption is lower if sliding pressure con-
trol is used than if constant pressure control is used. The
choice between constant pressure control and sliding pressure

control is a trade off between economy and dynamic properties.

It is desirable to design a control system with better dynamic
properties than can be achieved by sliding pressure control.

Therefore it was decided to use modified sliding pressure con-—

trol. The sliding pressure control is modified in two ways.
Firstly the reference of the drum pressure is determined from
the reference value of the output power in such a way that the
output power can be increased approximately 15% by opening of
the steam control valve. Secondly the extraction flows are tem-
porarily reduced when the output power is to be increased and
vice versa. N

The reference value of the drum pressure is generated by the

drum pressure reference setter (DPRS) in Fig. 4.1. The refe-

rence value of the drum pressure cannot be changed faster than

an adjustable value in order to avoid unacceptable stresses.

The output power 1loop.

The output power is controlled by the turbine power controller -~
(TPC), the high=-pressure preheater controller (HPPC), and the
low-pressure preheater controller (LPPC) . The TPC compares the
output power with its reference value and computes the reference
value of the stroke of the steam control valve. The control
valve servo (CVS) changes the opening of the steam control

valve by changing the stroke of the control valve.
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The reference value of the output power is high=-pass filtered
in the HPPC in order to compute the reference value of the
stroke of the high-pressure preheater extraction valves. The
high-pressure preheater servo (HPPS) changes the opening of
the high-pressure preheater valves by changing the stroke of
the valves.

The reference value of the output power is high-pass filtered
in the LPPC in order to compute the reference value of the
stroke of the low-pressure preheater extraction valves. The
deaerator pressure and its reference value is also used in or-
der to compute the reference value. The low-pressure preheater
servo (LPPS) changes the opening of the low-pressure preheater

valves by changing the strokes of the valves.

The drum pressure loop.

The drum pressure controller (DPC) computes the refereﬁce va-
lue of the fuel flow. The inputs to the DPC are the steam flow,
the derivative of the reference value of the drum pressure, the
drum pressure and its reference value. The fuel flow sexrvo (FFS)
controls the fuel flow by manipulating the fuel flow valve and

+the number of burners.

The drum level loop.

The drum level controller (DLC) computes the reference value
of the feedwater flow. The inputs to the DLC are the steam flow,
the drum level, and its reference value. The feedwater servo

(FWS) controls the feedwater flow by manlpulatlng the feedwater

valve.
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The steam temperature loop.

The steam temperature before the control valve is controlled
by the secondary superheater steam temperature controller
(8SSTC) and by the tertiary superheater steam temperature
controller (TSSTC). The SSSTC computes the reference wvalue
;f the steam temperature before the secondary superheater.
The inputs to the SSSTC are the fuel flow, the steam flow,
the steam temperature after the secondary superheater, and
its reference value. The TSSTC computes the reference value
of the steam temperature before the tertiary superheater.
The inputs to the TSSTC are the fuel flow, the steam flow,
the steam temperature after the tertiary superheater, and
its reference value. The secondary superheater steam tempera-
ture servo (SSSTS) controls the steam temperature before the
secondary superheater by manipulating the first attemperator
spray flow valve. The tertiary superheater steam temperature
servo (TSSTS) controls the steam temperature before the ter-
tiary superheater b§ manipulating the second attemperator

spray flow valve.
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5. POWER DEMAND SETTER.

The task of the power demand setter (PDS) is to generate the
reference value of the output power. The PDS is comprised of
three parts; PDS1l, PDS2, and PDS3.

The task of the PDS1l is to receive the set-point of the output
power and its derivative from a control centre and to select
the set-point of the output power and its derivative from the
control room of the unit or from a control centre. The block
diagram of the PDS1l is given in Fig. 5.1. The PDS1 contains a
switch, which selects the set-point of the output power from
the control room of the unit or from a control centre. The
preliminary reference value of the output power is the output
of an integrator, Shal (SNS1) as shown in-Fig. 5.1./There is

a feedback around the integrator and the output of the integra-
tor is compared with the selected set-point of the output power.
The difference is limited to #1 and multiplied by the selected

gradient of the set-point of the output power, u in order

nslr
to form the input to the integrator. If the difference between

the selected set-point of the output power, s and the pre-

. nslr
liminary reference value of the output power, S.sl is larger
than .1/gnSli
to the selected gradient of the set-point of the output power,

nslr® nsli (= 2.0 kW) the

difference decays exponentially with a time constant given by

(= 2.0 kW) the input to the integrator is equal

u If the difference is smaller than 1/g
the slope of the nonlinear block. The maximum rate of change of
the preliminary reference value of the output power is equal to

the selected gradient of the set-point of the output power.

The task of the PDS2 is to modify the preliminary reference .
value of the output power with respect to the measured network
fregquency and to limit the modified reference value with respect
to the allowable operating range of the boiler-turbine unit. The
preliminary reference value of the output power, Shsl is modi-
fied with respect to measured network frequency as shown in

Fig. 5.2. The frequency error is here defined as the difference
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between the reference value of the network frequency and the
measured value of the network frequency. This error is posi-
tive if the energy demand is larger than the energy production.
This means that a positive frequency error has to modify the
reference value of the output power in positive direction. This
@odification is mainly intended to be used during disturbances,
i.e. large frequency errors. During normal operation the neces-
sary changes of the energy production is transmitted from the
control centre. The frequency error input is therefore furnished
with a dead-zone, with adjustable limits. The positive limit,
ggtlh and the negative limit, ggtlﬁ are individually adjustable.
If it is desirable the size of the dead-zone can be reduced to
zero. The ratio between the change of the output power and the
change of the network frequency can be changed with the adjust-
able gain, gntlp" This corresponds to the droop of speed governors
commonly used. To prevent unacceptable values of the reference
value of the output power the modified value is limited between
a minimum, Ngszﬂ an@ a maximum, Ngth value. The mgximum value
Ngth is determined by the smallest value of the maximum output
power of the turbine and the maximum output power of the gene-
rator. This value can be reduced if all burners are not used,

if all feedwater pumps are not in operation, or if all fans are
not in operation. The maximum output power, N__ . has been fixed

gs
(= 160-MW) during the simulations.

The task of the PDS3 is to limit the variations of the reference
value of the output power with respect to the allowable stresses
of the boiler—-turbine unit. The variation of the referance value
of the output power is limited in a jump-and-rate circuit as
shown in Fig. 5.3. The negative jump (~JUMPl) and the positive
jump (JUMP2) used during normal operation are individually ad-
justable. The negative rate-of-change (-RATEl) and the positive
rate-of=change (RATE2) used during normal operation are also in=
dividually adjustable. During disturbances larger values of the
negative jump (= (JUMP1+JUMP3)) and the positive jump (JUMP2+JUMP4)
are used. The additions (-JUMP3) and (JUMP4) are also individual-

ly adjustable. During disturbances larger values of the negative
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rate (~(RATEL+RATE3)) and the positive rate (RATE2+RATE4) are

used. The additions are also individually adjustable.

The power response rates to be used during normal operation
must be chosen so that they can be used arbitrarily often. The
power response rates to be used during disturbances must be
chosen so that they can be used a limited number of times. The
values of the power response rates used during the simulations
are given in Table 5.1. The power response rates have to be
chosen in cooperation with the manufacturer of the boiler tur-

bine unit.

Jump Rate
Mode % %/min y
- + -~ +
Normal 5 5 9 6
Alerxrt 10 10 15 12

Table 5.1 - Power response rates used during the simulations.

The final reference value of the output power, is a cent~

NgsZr
ral variable of the control system for the boiler-turbine unit.
It is fed forward to the drum pressure reference setter (DPRS), -
to the turbine power controller (TPC), to the low pressure pre-
heater controller (LPPC), and to the high-pressure prelleater
controller (HPPC). Typical responses of the PDS at nominal net-

work frequency is shown in Fig. 5.4.



MW AP

28,

Set-point of the output power

Preliminary reference value, Snhs1

( Modified reference vélue, S

ns2r

Reference value, SnsZc

Fig. 5.4 - Typical responses of the power demand setter

(PDS) .

14
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6. DRUM PRESSURE REFERENCE SETTER.

The reference value of the drum pressure is computed by the
drum pressure reference setter (DPRS). The task of the DPRS

is to compute the reference value of the drum pressure based
on the reference value of the output power, to limit the refe-
rence value of the drum pressure with respect to the stresses
of the boiler, and to limit the variations of the reference
value of the drum pressure with respect to the thermal stres-

ses of the boiler.

Modified sliding pressure control is used during normal opera-
tion but constant pressure control is used during disturbances.
The reference value of the drum pressure is given in Fig. 6.1
as a function of the reference value of the output power. The
cutput power is approximately proportional to the drum pressure
if sliding pressure control is used. The reference value of the
drum pressure is linearly related to the reference value of the
output power i1f modified sliding pressure control is used. If
possible the reference value of the drum pressure is 10-20%
higher than the pressure necessary.to produce the same power
using sliding pressure control. The computed reference value

of the drum pressure is given by

Pasor = 9polfVgs2rPas2n/Ngson

where gbolf(= 1.25) is an adjustable parameter. The re?grence
value of the drum pressure is limited from below by Pasor

(= 7Q~lQ5 Pa) and from above by Pason (= 145-105 Pa). The de-
rivative of the reference value of the drum pressure is limited
from below (-RATES5) and from above (RATEG) dﬁring normal opera-
tion. The two parameters are individually adjustable. The deri-
vative is limited from below (~RATES=RATE7) and from above
(RATE6+RATES) during disturbances. Both additions are indivi-
dually adjustable. The values of the rate—-of-change are shown

in Table 6.1.
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% /\

Reference value of the drum
pressure

Constant pressure control

100

Modified sliding
pressure control

50 -
Sliding pressure
control
Reference value of
the output  power
0 |

|
0 50 100 %

N
Fig. 6.1 - Reference value of the drum pressure as a function

of the reference value of the output power.,

Rate—~of-change

Mode lO5 Pa/min

- +
Normal 4.5 9.0
Alert . 2.0 18.0

Table 6.1 - Values of the rate-of-change of the reference value

of the drum pressure.



The drum pressure reference setter consists of an integrator
with limited input and output as shown in Fig. 6.2. The in-
put to the integrator is the derivative of the reference va-
lue of the drum pressure, which is used in the drum pressure
controller (DPC).
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7. DRUM PRESSURE LOOP.

The task of the drum pressure loop is to control the drum pres-

sure by manipulating the fuel flow. The drum pressure loop is

comprised of the drum pressure controller (DPC) and the fuel
flow servo (FFS) . The task of the DPC is to compute the refe-
rence value of the fuel flow. The task of the FFS is to control
the fuel flow.

The following simplified model of the energy storage is used in

order to determine the structure of the drum pressure controller:

dH(pdsZ)

at = k'Wbo]_, + hdwlwdwl - hdszwdsz

2

Introducing Ap = Pasor ~ Pds? and assuming that Wawl = Yag2 Ve

get

- e o S 2L kwbol + (hdszmhdwl)wdsz

AN

The derivative of the drum pressure error is equal to zero if

3H dp
w I ds?2r + (h
oD dt

The feedforward part of the DPC becomes:

Io3cest T IpozatPasar/ Lt

The control law of the DPC becomes:

Wbolr = gboBthsl + gbodepdSZr/dt +

£
+ 9poaptPasa T Tpozi J APasy 9
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The term Iho3ets1 is the fuel flow which is needed to keep
the drum pressure in steady state. The parameter Ibo3e (GBO3C=

=0.00703) was determined from a steady-state simulation:

gbo3c = Wbol/wtsl

5

where atsl is the steam flow (113.8 kg/s) and %bol is the fuel
flow (7.78 kg/s). The term gbodedSZr/dt represents the extra
fuel flow, which is needed to change the drum pressure with

dpdsZr/dt Pa/s.

The parameter g (GBO3D = 4'l0m5) was determined by simula-=
bo3d

tion.

It has been assumed that the fuel flow isrgoverned by a fuel
flow servo during the simulations. From [7] it was known that
the actuator needed 25 s to shut or open completely. From [9]
it was further knowpn that a typical start up time for an oil-
burner is 80 s. This means that there is a considerable delay
from the command signal to the fuel flow. In order not to un-
derestimate this effect the delay was replaced by a minimal
(WBO1ls = 0.1 kg/s) and a maximal (WB0O1lO = N.l kg/s) rate-of-
change. This means that the FFS is four times slower than the
real process. The fuel flow is limited from below (WBOlL = 0.0
kg/s) and from above (WBOlH = 11.0 kg/s).
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8. DRUM LEVEL LOOP.

The task of the drum level loop is to control the drum level
by manipulating the feedwater valve. The drum level loop is
comprised of the drum level controller (DLC) and the feedwater
servo (FWS). The task of the DLC is to compute the reference
;alue of the feedwater flow. The task of the FWS is to control

the feedwater flow by manipulating the feedwater valve.

The control of the drum level is difficult due to the shrink

and swell phenomenon. This causes the non-minimum phase charac-
ter of the transfer function from the steam flow to the drum le-
vel. The phenomenon is pronounced when the drum pressure changes.
In such cases the mean density of the steam-water mixture in the
riser tubes is affected. If e.g. the steam flow increases rapid-
ly the drum pressure begins to decrease. The reduced pressure
forces some water in the riser tubes at the initial saturation
temperature to evaporate. This steam is not available in the drum
immediately, but fofces water and steam from the uppermost part
of the riser tubes into the drum. This means that the drum level
starts to increase. After a while Q20~4O s) the level will de-

crease due to the increased steam flow.

If we rely upon feedback only it is necessary to increase the
gain in order to prevent too large excursions of the drum level.
The situation is more difficult if the servo of the feedwater
valve has a limited rate of change. The feedwater valve starts
to close during the initial swell. Then the drum level decrea-
ses and the feedwater valve has to be opened. Unfortunately the
servo has to start from an almost closed position due to the
initial swell. This means that the drum level will reach low h
values before the feedwater valve has reached a position cor-

responding to the steam flow.

The limits of the drum level are determined by a compromise
between the risks of insufficient cooling of the riser tubes

and of water carrying over into the high-pressure turbine.
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The following simplified model of the mass storage is used in

order to determine the structure of the drum level controller:

d (Vp)
dt

= W - W

Wwhere V is the volume of the steam water mixture in the drum
system, p is the mean density and it has been assumed that

there is no mass storage in the steam volume. Introducing

Azdﬁ4 = Zqpar ~ Zaga and assuming that d(zdﬂér)/dt = 0 we oOb-
tain:s
dAz dp
VZ —248 =Vt Wigl T wdwl
dt dt :

’/

The derivative of the drum level is equal to zero if

del = W + V == .

The term Vdp/dt is neglected becauge it causes the shrink and
swell phenomenon. The feedforward part of the DLC simply be-

comes:

Wisl

The control law of the DLC becomes

t

es1 t gwwlpAzd£4 T Yuwli ;L Az dt

=V aga

Yawlr

The proportional gain, qulp (GWW1P = 500) and the integral
gain, Jwli (GWWLI = 1) have been determined by simulation.
The block diagram of the DLC is shown in Fig. 8.1.

The feedwater flow is determined by the speed and the charac-
teristics of the feedwater pump, the opening of the feedwater

valve, the drum pressure and the friction losses in the high-



pressure preheater and the economizer. The details about the
feedwater pump were not available and it has been assumed that
the pump can be represented by a constant pressure behind a
gquadratic flow resistance. The influence of drum pressure, feed-
water valve opening and friction losses have been taken into
consideration. According to [7] the speed of the feedwater pump
;an be changed from 0 to 100% in 70 s, but the actuating times
for the feedwater valve were not given. The feedwater valve
servo has been modelled by an integrator with minimal, S w2
(-SWW2§ = - 0.05 s™*) and maximal, s, (SWW20 = 0.05 s~1)
rate of change. The stroke of the valve has been limited from
ww2h (SWW2H =
= 1.,0). It has been assumed that the opening of the feedwater

below, by Suni2fl (SWW2L = 0.0) and from above, by s

valve is a quadratic function of the stroke. The block diagram

of the FWS is shown in Fig. 8.2.

4
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9. STEAM TEMPERATURE LOOP.

The task of the steam temperature loop is to control the steam
temperature by manipulating the attemperator spray flow valves.
There are two valves to be manipulated; one before the tertiary
superheater and another before the secondary superheater. The

Steam temperature loop is comprised of the tertiary superheater
steam temperature controller (TSSTC), the secondary superheater
steam temperature controller (SSSTC), the tertiary superheater
steam temperature servo (TSSTS), and the secondary superheater

steam temperature servo (SSSTS).

The task of the TSSTC is to compute the reference value of the
steam temperature before the tertiary superheater in order to
keep its outlet temperature at the reference value. The task of
the S8SSTC is to compute the reference value of the éteam tempe-
rature before the secondary superheater. The task of the TSSTS
is to control the steam temperature before the tertiary super-
heater by manipulating the second attemperator spray flow valve.
The task of the SSSTS is to control the steam temperature before
the secondary superheater by manipulating the first attemperator
N

spray flow valve.

The performance of the steam temperature loop is important from
economic point of view. The specific fuel consumption is reduced
by a high steam temperature but the superheater material limits
the temperature. If it is possible to design a steam temperature
loop, which reduces the steam temperature variations it is pos=
sible to choose a higher reference value of the steam tempera-
ture. This means that aigood performance of the steam tempera-

ture loop can reduce the specific fuel consumption.

The control of the steam temperature is difficult due to the
disturbances from the output power loop and the drum pressure
loop. These control loops change the steam flow through the su-
perheaters, the heat flow to the superheaters, and the steam
temperature after the primary superheater. Especially the steam

flow variations are rapid.
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Each superheater is modelled by a first order system. In [7]
it was shown that higher order systems do not give an essen-
tially better fit to the measurements. The first order model
does overestimate the phase margin of the steam temperature
control loop. This means that the gain of the steam tempera-
ture controllers must be low in order to attain stability.

»This implies that we cannot rely on feedback only. The use

of feedforward is thus appropriate.

The following simplified model of a superheater is used in or-
der to determine the structure of the steam temperature con-
trollers:

dh
T

2 - q - w(hzmhl) )
dt y

The derivative of the outlet enthalpy is equal to zero if

hy = hy = b (T,~Ty) = q/w

The feedforward part of a steam temperature controller becomes:
Tir = Ty = kga/w

The control law of a steam temperature controller becomes:

Tip = TZr - qu/w + kpATZ + ki [ ar,dt ’

The TSSTC now becomes: . ~
Ttslr = TtsZr B gtwlfwbol/wtsl

t
;L AT, ,dt

T Itw1p®Tes2 t Teyrg




and the $8STC becomes

Tsslr = TssZr - qSwlfwbol/wtsl
t

ss2 © Jawli ;L ATsszdt

* qswlpAT

This equation will now be used in order to examine the function
of the feedforward part of the control law. If the reference va-
lue of the outlet steam temperature is changed by 6T the refe-
rence value of the inlet steam temperature will be changed by 6T
too. If the heat flow and the steam flow remain unchanged this
is the only action which is necessary. If the fuel flow is in-
creased the reference value will be decreased. Notice that the
gain depends on the steam flow and decreases with increasing
load. If the steam flow is increased the reference vélue will

be increased. Notice that the gain depends on the fuel flow and
the steam flow and decreases with increasing load. The control
law thus automatically changes the gain of the feedforward term.
In all cases the inlet steam temperature is changed as fast as
the steam temperature servo allows. The proportional feedback
makes the closed loop system faster and the integral feedback

eliminates steady state errors.

The block diagrams of the TSSTC and the S8STC are given in Fig.
9.1 and Fig. 9.2 respectively. The gains of the TSSTC and the
SSSTC have been determined by simple stability considerations
(GTW1F = 849.0)

gtwlf ,
(GSWIF = 853.0) have been found from simulation in

and by simulation. The feedforward gains,
and goyif
steady state at 150 MW. The proportional gains, gtwlp (GTW1P =
= 1.0) and gswlp

stability of the closed loop system in absence of integral feed-

(GsWlp = 1.0) have been chosen to guarantee N

back for any phase shift of the superheater. The integral gains,

Jewli (GTW1I = 0.04) and . (GSW1I = 0.,03) have been chosen

by simulation.

1li

The inlet steam temperatures of the secondary and the tertiary

superheaters are controlled by the first and the second attem-




perators respectively. The temperatures are controlled by mani-
pulating the spray flow valves. The disturbances of the steam
temperature servos are the steam temperatures before the attem-
perators, the driving pressures of the spray flow valves, and
last but not least the steam flow. The steam flow will vary from
20% to 100%. This means that the steady state gain of the trans-
fer function from spray flow to steam temperature will vary from
1.0 to 0.2. The driving pressure of the spray flow valves depend
on the position where the spray flow is taken from the feedwater
line (before or after the feedwater valve), and on the feedwater
flow as well as on the steam flow. From control point of view it
is most suitable to connect the spray flow line after the feed-
water valve. This means that the driving pressures of the spray

flow valves are proportional to the steam flow:

Ap =

ZAekvps

The attemperator spray flow is given by:

The enthalpy of the steam after the attemperator is given by:

W
= - -
h = h (hsl hw)
WC‘

o

Introducing the spray flow gives:

It follows from this equation that the enthalpy of the steam
after the attemperator (hsz) does not change with the steam

flow. This would not be the case if the attemperator flows were
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extracted before the feedwater valve [10].

Each attemperator servo is modelled by an integrator. The out-
puts of the integrators are limited from below, Stwol (STW2L =
0.0) and Sawas (SSW2L = 0.0) and from above, (STW2H =
1.0) and S qw2h (SSW2H

mited from below, =s

S
tw2h
1.0). The rates of change are also li-

oS (8TW2S = 0.04) and nSSWZS (sswW2s = 0.04)
S w20 (sTW20 = 0.,04) and S w20 (88SW20 = 0.04).

The openings of the spray flow valves have been assumed to be

and from above,

quadratic functions of the strokes of the valves. The block
diagrams of the TSSTS and the SSSTS are given in Fig. 9.3 and
Fig. 9.4 respectively. The differences between the reference
values and the measured values of the inlet steam temperatures
are multiplied by the gains, Irwoi (GTW2I = 0.005) and Yew2i
(GSW2I = 0.005) in order to obtain the rates of chagge of the

strokes.
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10. OUTPUT POWER LOOP

The task of the output power loop is to control the output
power by manipulating the steam control valve and the extrac-
tion steam valves. There are seven extractions. The output po-
wer loop is comprised of the turbine power controller (TPC),
the control valve servo (CVS), the high-pressure preheater con-
troller (HPPC), the low-pressure preheater controller (LPPC),
the high-pressure preheater servo (HPPS), and the low=pressure

preheater servo (LPPS).

The task of the TPC is to compute the reference value of the
stroke of the control valve in order to keep the output power
at its reference value. The task of the CVS is to control the
stroke of the control valve. The tasks of the HPPC and the LPPC
are to compute the reference values of the strokes of the ex-
traction valves. The tasks of the HPPS and the LPPS are to con-

trol the strokes of the extraction valves.

The output power of the turbine is given by:

which is valid in steady state, but not during transients due
to the mass storage in the reheater. In order to increase the
output power the stroke of the control valve may be increased.
There is an almost linear relationship between the steam flow
through the high-pressure turbine and the steam pressure be-
fore the turbine. The increased opening of the control valve

is accompanied by an increased steam flow through the high-
pressure turbine. The steam pressure in the reheater remains
unchanged, but the increased steam flow causes a pressure gra-
dient. There is an almost linear relationship between the steam
flow through the intermediate-pressure turbine and the steam
pressure before the turbine. When the steam pressure in the re-

heater increases the steam flow through the intermediate-pres-
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sure turbine will increase too. The time constant of this tran-
sient is 5-15 s. The extraction flows can be decreased in order
to increase the output power rapidly. The response of the output
power is not delayed by the mass storage in the reheater. The
limited rates of change of the extraction valve servos may delay
the response of the output power. The mass storages in the inter-
mediate-pressure turbine and the low-pressure turbine are assso-
ciated with small time constants (0.1-0.3 s).

The block diagram of the TPC is given in Fig. 10.1. The reference
value of the output power is selected by a switch, NgsZm (NGS2M) .

One reference value, is computed by the PDS and another,

N
Ngst (NGS2B) is manua%iécadjustable. The TPC is a PI-controller
with an adjustable dead-zone in the P-channel. The output of the
TPC is the reference value of the stroke of the steam control
v1p (GVSLE = 5.0+107°) and the
veli (GVS1I = 1,010 7) have been found by si-
mulation. The size of the dead-zone, [“gvslﬂ’ g ([-GvsliL,

GVS1H]) was zero.

valve. The proportional gain, g

integrating gain, g

vslh]

The stroke of the steam control valve is controlled by the CVS.

It was known from [7] that the opening time is 5.0 s and the clos-
ing time is 0.4 s. The servo has been modelled by an integrator.
The output of the integrator has been limited from below, Sys2f
(gvs2L = 0.0) and from above, S s 2h (SVS2H = 1.0). The rate of
change has also been limited from below, ~S,52g (sve2 = 2.0 sml)

and from above, (8Vs20 = 0.2 sml)e The opening of the steam

3 2
V540
control valve is a piecewise linear function of the stroke of the

control valve [11].

The block diagram of the CVS is shown in Fig. 10.2. The reference
value of the stroke of the control valve is selected by a switch,
s (SVS2M) . One reference value, Susoc (svs2C) is computed by

SVS2B) is manually adjustable. The in-

Ve 2m

the TPC and another, s__.,. (

tegral gain, (GV82I = 0.2 sml) is chosen in orxrder to avoid

vs2i
gstiff equations in the simulation.




The extraction flows are changed in order to increase the power
response rate of the unit. The contribution from the extraction
flow changes is limited (10-15%) but is added to the responses

due to changes of the steam control valve. This improves the
responses of the output power considerably during the first (10)
seconds. There is no contribution from the extraction flow changes
to the output power in steady state. The low-pressure preheater
extraction flows are also adjusted in order to control the steam

pressure in the deaerator.

The block diagram of the HPPC is given in Fig. 10.3. The HPPC con-
sists of a first order high-pass filter. The bandwidth of the fil-

Jea1i (GFS1lI = 0.03). This choice
implies that the bandwidth is 0.03 rad/s. The steady state value

ter is determined by the gain,

of the extraction valve servo, S £gop (SFs2B = 0.5) is a parameter

to be chosen.

The block diagram of the LPPC is given in Fig. 10.4. The LPPC al-
so consists of a first order high-pass filter with a bandwidth of
0.03 rad/s. The bandwidth is determined by the gain, Ifs6i (GFS6I =
= (0.03). The reference value of the steam pressure in the deaera-

AN

tor 1s selected by a switch, P4som (PAS2M) . One reference value,

(PAS2C) is computed and another p is manually adjust-

Pas2e as2m
able. The parameters of the deaerator pressure controller gfs%p

(GFS5P = 1.0) and Tegoi (GFS2I = 0.0) was chosen by simulation.

The extraction valves are moved into their positions by the pre-="
heater servos. During the simulations it was assumed that the four
valves of the high-pressure preheater are controlled b§ one servo
and that the three valves of the low-pressure preheater are con-
trolled by another servo. Each preheater servo is modelled by an
integrator. The outputs of the integrators are limited from be-
low, ey (SFS7L = 0.0) and Segnp (8FS2L = 0.0) and from above,
Sea7h (SFs7H = 1.0) and S fqoh (SFS2H = 1.0). The riies of change
are also limited from below, "Sfeg (8FP878 = 1.0 ¢ ) and

1 “SfSZS
(SFS2S = 1.0 s ™)

and from above, s (sFs70 = 1.0 sml) and
£s70

(SFS20 = 1.0 sul), The openings of the extraction valves

S
fs20
are assumed to be guadratic functions of the strokes of the valves.



o
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The extraction valve openings have been adjusted to agree with

measurements [11].

The block diagram of the HPPS is shown in Fig. 10.5. The refe-

rence value of the stroke of the high-pressure preheater ectrac-
tion valve is selected by a switch, Sfsom (SFS2M) . One reference
Seg0e (sTs2C) is computed by the HPPC and the other S £s9h
(8F82B) is manually adjustable. The integral gain, Iesni (GFS2T =

A
value,

= 0.5) is chosen in order to avoid stiff differential equations

in the simulation.

The block diagram of the LPPS is shown in Fig. 10.6. The refe-
rence value of the strokes of the low-pressure preheater extrac-
tion valves is selected by a switch, S £57m (SFS7M) . One reference
value, Srs7c (SFS7C) is computed by the LPPC and the,other S£57h
(SFS7B) is manually adjustable. The integral gain, Ieg7i (GFS7I =
= (0,5) is chosen in order to avoid stiff differential equations

in the simulation.
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1l1. SIMULATIONS.

There are well-established methods of describing the performance
of control systems for single-input single—output linear systems.
The model of the drum boiler-turbine is neither linear nor single-
input single-output. The control system does also contain several
nanlinearities, designed in order to utilize the process. It was
decided to investigate the performance of the control system by
simulation instead of trying to express the performance by some
performance index. There are both advantages and disadvantages
with this approach. One disadvantage is that it is necessary to
investigate a large number of cases. Another disadvantage is that
it is difficult to make sure that every solution is stable and

not only that the investigated solutions are stable. One advantage
is that it is possible to communicate the results of the investi-

gation to persons, who are not familiar with control theory.

11.1. Simulation Method.

The boiler-turbine and the control system are simulated complete-
ly digitally using a mathematical mgdela One reason is the avail-
ability of a very flexible interactive simulation program. The
program is developed at the Institute of Automatic Control, LTH,
by H. Elmgvist [8]. The program is capable of integrating nonli-
near differential equations of the form:

dx/dt = f(x,u,p,t) (la)

y = g(x,u,p,t) (1b)
where

x is a vector of states,

u is a vector of inputs,

y is a vector of outputs,

p is a vector of parameters, and

t is time.
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The right hand side of (1) can be defined by statements written
in an ALGOL~like high-level language or by subroutines written
in FORTRAN. It was decided to define the model and the control
systems by subroutines written in FORTRAN. This choice was dis-
cussed in [12], where the subroutines defining the drum boiler-
turbine are given. The subroutines defining the control system

a¥e given in Appendix.

11l.2. Investigated Cases.

The following six cases were investigated by simulation:

A) decrease of output power in normal mode,
B) transfer from normal to alert mode,

C) 1increase of output power in alert mode,

D) decrease of output power in alert mode,

E) transfer from alért to normal mode, and

F) increase of output power in normal mode.

AN
The relation between output power and drum pressure is determined
by the mode (normal or alert) of the control system. The varia-
tions of the output power and the drum pressure are illustrated
in Fig. 11.1.

Decrease of output power in normal mode (Section 12). '

A decrease of the energy consumption or a new agreement between
partners in a power pool may result in a desire to decrease the )
output power. The time needed for the decrease is not critical

in such cases and it was assumed that the control system was in
normal mode. The power response rate and the pressure response
rate must be chosen so that the thermal stresses and the risk of
process damage are sufficiently low. The total operating cost

may be reduced slightly by increasing the power response rate
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and only during the decrease of the output power. This decrease

of cost does not, however, motivate very high response rates.

Transfer from normal to alert mode (Section 13).

Y

A high probability that a rapid increase of output power will
be required may lead to a desire to initiate a transfer from
normal to alert mode. The main reason is that there is an in=-
creased probability of loss of production, e.g. load rejection
tests or routine checks of control and stop valves on thermal
power units in operation. Another reason is that the transmig-
sion network is weakened or a high probability that it will be
disturbed. The transmission network will be weakened if one cru-
cial transmission line is out of service. fhe risk of transmis-
sion network disturbances is high e.g. during thunderstorms, snow-

storms, or saltstorms.

Increase of output power in alert mode (Section 14).

AN

A loss of production, a weakening of the transmission network,
or a separation of the power system may lead to a desire to in-
crease the output power as fast as possible. It is reasonable
to assume that the control system is in alert mode if the power
demand could be anticipated.

Decrease of output power in alert mode (Section 15).

A separation of the power system may lead to a desire to decrease\
the output power as fast as possible. Tt is reasonable to assume
that the control system is in alert mode if the power system dis-
turbance could be anticipated.
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Transfer from alert to normal mode (Section 16).

A reduction of the probability that a rapid increase of output
power will be required may lead to a desire to initiate a trans-
fer from alert to normal mode. One reason is the completion of
load rejection tests or routine tests of valves. Another reason
is that a transmission line is taken into service again. The
ceasing of thunderstorms, snowstorms, or saltstorms will also

reduce the probability of power network disturbances.

Increase of output power in normal mode (Section 17).

An increase of the energy consumption or a new agreement con=
cerning power exchange may result in a desire to inc;ease the
output power. The time needed for the increase may not be cri-
tical and it was assumed that the control system was and re-
mained in normal mode. The power response rate and the pres-
sure response rate must be chosen so that thermal stresses and
the risk of process damage are sufficiently low. The total ope-
rating cost may be reduced slightly by increasing the power
response rate and only during the igcrease of the output power.
This decrease of cost does not, however, motivate very high re-

sponse rates.

11.3. Details of Computation.

»

Every case starts from steady state. The steady state values

were found by integration of the differential equation until

the steady state was reached. The disturbance occurs at t = 10 s«
Every case lasted from 0 < ¢t < 500 s. The simulation time on a

PDP 15 with floating point hard—-ware was about 40 min. per case.
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12. DECREASE OF OUTPUT POWER IN NORMAL MODE.

The performance of the control system when the output power

is decreased in normal mode will be examined in this section.
The output power was changed by changing the power demand sig-
nal from 150 MW (94%) to 100 MW (63%) at t = 10 s. The power

demand signal, s is input to the power demand setter (PDS),

a nsly
which generates the reference value of the output power. The

reference value of the output power, N is limited by the

gs2r
jump-and-rate circuit (PDS3) in Fig. 5.3. The numerical value
of the jump of NgsZr is 16 MW (10%) and the numerical value of
the rate of NgsZr is 9.6 MW/min (6%/min) in normal mode. The

performance of the drum pressure loop, the drum level loop, the

steam temperature loop, and the output power loop will now be
examined.

The drum pressure loop.

The task of the drum pressure loop is to control the drum
pressure by manipulating the fuel flow. The reference

value of the drum pressure, r1is generated by the

Pasor
drum pressure reference setter (DPRSY, which was described in

Section 6. The reference value of the drum pressure is determined
by the reference value of the output power, NgsZr and by the mode
(normal or alert) of the control system. In this case Pasor is

> Pa (97%) to 113-10° Pa (75%) with a limi-

ted, 4.5~105 Pa/min (3%/min) rate-of-change. The steam flow (Fig.
12.22), the feedwater flow (Fig. 12.6), and the feedwater tempe-

rature after the high-pressure preheater (Fig. 12.19) disturb

decreased from 145-10

the drum pressure Joop. The mean density of the steam-water mix-
ture in the riser tubes, the steam temperature after the primary
superheater, the heat flows to the superheaters, to the reheater,\
and to the economizer are disturbed by the fuel flow variations.

The fuel flow, is the output of the fuel flow servo (FFS),

W
bol
which was described in Section 7. The reference value of the fuel
flow, Yol ig determined by the drum pressure controller (DPC),
which was described in Section 7. The inputs to the DPC are Pagoy

and its derivative, s

bolt ! the drum pressure, Pag2’ and the steamnm
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flow, Wege The block diagram of the DPC is given in Fig. 7.1.
The rate-of-change of the fuel flow is limited in the FFS. The

limits are parameters, and w of the first nonlinear

\
bolo bols
block in Fig. 7.2. The numerical value of w and w are

5 bolo bols
both 0.1 kg/s” (60%/min).

The response of the fuel flow is shown in Fig. 12.1. The fuel

flow decreases linearly for 10 < t < 30 s, due to the limited
rate-of-change of the fuel flow. The effect of the feedforward
from the steam flow can be observed at t = 225 s. The effect of
the feedforward from the derivative of the reference value of

the drum pressure can be observed at t = 470 s.

The response of the drum pressure is shown in Fig. 12.2. The

drum pressure increases for 10 < t < 40 s due to the rapid de-~
crease of the steam flow (Fig. 12.22). The fuel flow is decreased

as fast as possible during the increase of the drum pressure. The

5

maximum drum pressure error is 4-107 Pa (3%). The maximum rate-

5

of~change of the drum pressure is 4.5°10° Pa/min (3%/min).

The response of the steam pressure before the control valve is
AN
shcwn in Fig. 12.3. The steam pressure increases at t = 10 s due

to the decreased steam flow (Fig. 12.22). The decreased steam
flow decreases the pressure drop in the superheaters due to fric-
tion losses. The increase and the decrease of the drum pressure
can be observed in the response of the steam pressure before the
control valve too.

”

The response of the steam temperature after the primary super-

heater is shown in Fig. 12.4. The total variation of the tempe-
rature is about 20°C. The temperature increases for 10 < t < 50 s
due to the decreased steam flow (Fig. 12.22) and the increased
steam temperature before the primary superheater with no corre-
sponding decrease of the heat flow to the primary superheater.
The steam temperature before the primary superheater is deter-
mined by the drum pressure (Fig. 12.2). The heat flow to the pri-
mary superheater is approximately proportional to the fuel flow
(Fig. 12.1).
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Properties: The steam flow is the most severe disturbance of

the drum pressure loop. The steam flow and the derivative of
the reference value of the drum pressure influences the fuel
flow through the feedforward. The effects of the other disturb-
ances are reduced by feedback. The limited rate-of-change of
the fuel flow deteriorates the performance of the drum pressure
foop for 10 <t < 40 s. This must, however, be accepted because
of the restrictions of the burner equipment. The maximum drum

pressure error is 4»105 Pa (3%).

The drum level loop.

The task of the drum level loop is to control the drum level,
Zap4 by manipulating the feedwater control valve. The reference
value of the drum level, Zaphr is constant. The steam flow (Fig.
12.22) and the fuel flow (Fig. 12.1) disturb the drum level loop.
The feedwater temperature is disturbed by the variations of the
feedwater flow. If the drum level is too high there is a danger
that water will reach the turbine. If the drum level is too low
there is a danger that the riser tuges will be damaged due to
insufficient cooling. The feedwater flow, W is the output of
the feedwater servo (FWS), which was described in Section 8. The

reference value of the feedwater flow, w is determined by

fwhr
the drum level controller (DLC), which was described in Section 8.

The inputs to the DLC are Zd£4r’ Zd£4’ and the steam flow, Wigqe

The block diagram of the DLC is given in Fig. 8.1. The npate-of-
change of the stroke of the feedwater valve is limited in the
and s

Sww2o Ww28s
of the first nonlinear block in Fig. 8.2. The numerical values of

feedwater servo (FWS). The limits are parameters,

520 and Suw2s Bre both 5%/s.

12.5. The valve opening has to be decreased in order to decrease
the feedwater flow and to compensate for the decreasing drum pres-

sure. The valve is closing for 10 < t < 20 s due to the feedfor-
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ward from the steam flow (Fig. 12.22). The valve is opening
for 20 < t < 40 s due to the feedback from the drum level (Fig.
12.7) . The valve is closing for t > 40 s due to the feedforward

from the steam flow and the feedback from the drum level.

The response of the feedwater flow is shown in Fig. 12.6. The

response of the feedwater flow is similar to the response of

the stroke of the feedwater valve. The response of the feedwa-
ter flow is also similar to the response of the steam flow (Fig.
12.22). The effect of the changing mean density of the steam-
water mixture in the drum system is visible. The feedwater flow
is at most 15 kg/s (11%) higher than the steam flow for 10 < t

< 60 s. The drum level is, however, decreasing for 10 < t < 30 s.
The feedwater flow is about 5 kg/s (4%) lower than the steam flow
for t > 220 s. The drum level is, however, fairly constant but

the drum pressure is decreasing.

The response of the drum level is shown in Fig. 12.7. The shrink

phenomenon decreases the drum level 4 cm at t = 30 s. The drum

level is about 1 cm high during the decrease of the drum pres-

sure. N

The response of the drum water temperature is shown in Fig. 12.8.

The rate-of-change of drum water temperature determines the ther-
mal stresses of the drum material. The rate-of-change is less
than BOC/min.

Properties: The steam flow 1s the most severe disturbance of the

drum level loop. The control of the drum level is difficult due
to the shrink-and-swell phenomenon. The steam flow influences the
feedwater through the feedforward. The effects of the other dis-
turbances are reduced by feedback. The maximum drum level error

is about 4 om.
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The steam temperature loop.

The task of the steam temperature loop is to control the steam

temperature after the tertiary superheater, by manipulating

T
ts2

the first and the second attemperator spray flow valves. The re-

ference value of the steam temperature after the tertiary super-

héater, is constant. The steam flow (Fig. 12.22), the heat

T
flows to Eﬁirsecondary and tertiary superheaters, and the steam
temperature after the primary superheater (Fig. 12.4) disturb the
steam temperature lbop. The heat flows to the secondary and ter-
tiary superheaters are both approximately proportional to the fuel
flow (Fig. 12.1). The specific fuel consumption is reduced if the
steam temperature after the tertiary superheater is increased. The
steam temperature is limited by the properties of the superheater
material. The steam temperature before the*secondary’superheater,
Tssl is the output of the secondary superheater steam temperature
servo (SSSTS), which was described in Section 9. The steam tempe=-

rature before the tertiary superheater, is the output of the

T
tsl
tertiary superheater steam temperature servo (TSS8TS), which was

described in Section 9. The reference value of the steam tempera-
is determined by the

T
tslr
tertiary superheater steam temperature controller (TSSTC), which

ture before the tertiary superheater,
A

was described in Section 9. The inputs to the TSSTC are Ttszr’
Ttsz’ Wegqr and the fuel flow, Yot The block

diagram of the TSSTC is given in Fig. 9.1. The reference value

the steam flow,

of the steam temperature before the secondary superheater, Tsslr

is determined by the secondary superheater steam temperature con-
troller (SSSTC), which was described in Section 9. The inputs to

the SSSTC are T T and w The rate~of-change of

ss2r’ “ss2’ "tsl’ bol”
the stroke of the second attemperator spray flow valve is limited

in the TSSTS. The limits are parameters, and s, ., . of the -

SthO tw2s

first nonlinear block in Fig. 9.3. The numerical values of S w20
and Siyog Ore both 4%/s. The rate—of-change of the stroke of the

first attemperator spray flow valve ig limited in the SS8STS. The

limits are parameters, s and = of the first nonlinear

SW20 wZs

block in Fig. 9.4. The numerical values of Sqw20 and Sauw2s

both 4%/s. The difference between TssZr and Ttslr is a parameter,

: . . o] .
Isw2b of the S$SSTC. The numerical value of Ieop 5 307C and is

are
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chosen so that the second attemperator spray flow valve is ap-
proximately halfopen. This means that the steam temperature be-
fore the tertiary superheater can be changed rapidly in both di-

rections.

valve is shown in Fig. 12.9. The valve is opening for 10 < t <
< 25 s due to the decreasing steam flow through the secondary
superheater with no corresponding decrease of the heat flow.
The valve is then closing for 25 < t < 90 s due to the decreas-
ing heat flow. The valve is completely closed for t > 90 s and
is thus incapable of controlling the steam temperature before

the secondary superheater.

The response of the spray flow of the first attemperator is shown

in Fig. 12.10. The spray flow follows the stroke of the valve
fairly well. The decreasing steam flow gives, however, a more

rapidly decreasing spray flow for 25 < t < 90 s.

The response of the steam temperature before the secondary super-

heater is shown in Fig. 12.1l1. The gteam temperature is reduced
for 10 < t < 25 s in order to compensate for the decreased steam
flow. The steam temperature is then increased for 25 < t < 90 s
in order to compensate for the decreasing heat flow. The steam
tenperature is continuously decreasing for t > 90 s due to the
decreasing steam temperature after the primary superheater (Fig.
12.4) and the limited capacity of the first attemperator.

14

The response of the steam temperature after the secondary super-

heater is shown in Fig. 12.12. The difference between the steam
temperature after the secondary superheater and the steam tempe-
rature before the tertiary superheater (Fig. 12.15) shall be
30°C. This is, however, not the case due to the limited capacity

of the first attemperator.

valve is shown in Fig. 12.13. The valve is opening for 10 < t <
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< 15 s in order to compensate for the decreasing steam flow.
The valve is then closing for 15<t <460 s in order to compen-
sate for the decreasing heat flow to the tertiary superheater
and for the decreasing steam temperature after the secondary
superheater. The valve is finally opening for t > 460 s in or-
d?r to compensate for the increased heat flow to the tertiary

superheater.

The response of the spray flow of the second attemperator is

shown in Fig. 12.14. The spray flow follows the stroke of the

valve fairly well.

The response of the steam temperature before the tertiary super-

heater is shown in Fig. 12.15. The steam temperature is decreased
for 10 < t < 25 s in order to compensate for the decreasing steam
flow. The steam temperature is then increased for 25 < t < 130 s
in oxder to compensate for the decreasing heat flow to the texr-
tiary superheater. Tbe steam temperaturse is decreased for t > 460

s in order to compensate for the increasing heat £flow.

The response of the steam temperatuxe after the tertiary super-

heater is shown in Fig. 12.16, The maximum steam temperature er-

. o)
ror is 27C.

Properties: The steam flow and the fuel flow are the most severe

disturbances of the steam temperature loop. The steam flow and

the fuel flow influence the spray flows by feedforward. The ef-
fects of the other disturbances are reduced by feedback.. The maxi-
mum steam temperature error is 2°c. The limited capacity of the
first attemperator does not increase the error of the steam tem-

hs

perature after the tertiary superheater.
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The output power loop.

The task of the output power loop is to control the output power,

Ngsz by manipulating the steam control valve and the extraction

steam valves. The reference value of the output power, NgSZr is

generated by the power demand setter (PDS), which was described

in Section 5. A preliminary reference value of the output power,
Shal is determined from the set-point of the output power, Shslr
in the first part of the power demand setter (PDS1l). The block

diagram of the PDS1 is given in Fig. 5.1. The S, is modified

with respect to the network-frequency in the secgig part of the
power demand setter (PDS2). The block diagram of the PDS2 is gi-
ven in Fig. 5.2. The Ngs2r is obtained from the third part of
the power demand setter (PDS3), which limits the jump and the
rate-of-change of NgsZr' The block diagram” of the PDS3 is given
in Fig. 5.3. The steam pressure before the control valve, Pigo
(Fig. 12.3) and the steam temperature before the steam control
valve, Ttsz (Fig. 12.16) disturb the output power loop. The su-
tsl (Fig. 12.22), the reheated steam flow,

Voo and the extraction steam flows,

perheated steamn flow} W

W w

"ns2' Yis2’ Yis4a’ Yise’ Viss’
Wosor and Vpoy are disturbed by the\output power loop. The stroke
of the steam control valve is the output of the control valve
servo (CVS8), which was described in Section 10. The reference

value of the stroke of the control valve, s is determined

vs2r
by the turbine power controller (TPC), which was described in
Section 10. The inputs to the TPC are NgsZr and NgsZ' The block

diagram of the TPC is given in Fig. 10.l1. The rate-of-change of
the stroke of the control valve is limited in the CVS. The limits
and s of the first nonlinear block in

S
vsS20 vS2s

Fig. 10.2. The numerical values of s and s of the first
vs20 vs2s

nonlinear block in Fig. 10.2. The numerical values of Svs20 and ™

are 20%/s and 200%/s respectively. The strokes of the pre-

are parameters,

S
hzziir extraction valves are the outputs of the high-pressure
preheater servo (HPPS), which was described in Section 10. The
reference value of the strokes of the high-pressure preheater
valves, Sggoyp 2T determined by the high-pressure preheater
controller (HPPC), which was described in Section 10. The input

to the HPPC is NgsZr' The block diagram of the HPPC is given in
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Fig. 10.3. The strokes of the low-pressure preheater extraction
valves are the outputs of the low-pressure preheater servo (LPPS)
which was described in Section 10. The reference value of the
strokes of the low-pressure preheater extraction valves, Sfg7y
is determined by the low-pressure preheater controller (LPPC),
which was described in Section 10. The inputs to the LPPC are
N;SZr’ the reference value of the deaerator steam pressure,
Pagop? and the deaerator steam pressure, Pag2® The block diagram
of the LPPC is given in Fig. 10.4., The rates-of-change of the
strokes of the high-pressure preheater extraction valves are li=
mited in the HPPS. The limits are parameters of the first nonli-

near block in Fig. 10.5. The numerical values of s and s

fs2o0 fs2s
are both 100%/s. The rates-of-change of the strokes of the low-
pressure preheater extraction valves are limited in the LPPS.The
limits are parameters, Sea70 and Sre7s of the first nonlinear
block in Fig. 10.6. The numerical values of s

both 100%/s.

fs70 and st7s are

The responses of the strokes of the low=-pressure preheater ex-

traction valves are shown in Fig. 12.17. The strokes of the valves

are then decreasing with a time constant of about 30 s. The refe-
AN
rence value of the output power reaches its final value at t =220s

which is visible in the responses of the strokes.

The responses of the strokes of the high-pressure preheater ex-

traction valves are shown in Fig. 12.18. The strokes of the valves

are increased for 10 < t < 15 s due to the feedforward from the
decreasing reference value of the output power. The strokes of the
valves are then decreasing with a time constant of about 30 s. The
target value is higher than 0.5 and is determined by the deriva-
tive of the reference value of the output power. The reference va-
lue of the output power reaches its final value at t = 220 s,

which is clearly visible in the responses of the strokes.

The response of the feedwater temperature after the high-pressure

preheater is shown in Fig. 12.19. The temperature decreases about

ZSOC due to the final decrease of extraction steam flows. The tem=
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porary opening of the extraction valves do not affect the feed-
water temperature seriously. The low-pass filtering effect of

the seven preheater stages are pronounced. The feedwater tempe-
rature starts to decrease when the pressures before the extrac-

tion valves decrease.

is shown in Fig. 12.20. The temperature decreases about 10°¢
due to the decreasing feedwater temperature before the economi-

zer and the decreasing heat flow to the economizer.

The response of the stroke of the control valve is shown in Fig.

12.21. The valve opening is decreased with maximum rate-of-change
for 10 <t <13 s in order to decrease the output power rapidly.
The valve opening is then decreased with a-lower ratgmof-change

in order to decrease the output power like a ramp. The reference
value of the output power is constant for t > 220 s but the drum
pressure is still decreasing. This means that the opening of the
valve has to be increased. The output power loop has been tuned
for fast responses. This explains the peak in the response of the
stroke of the control valve at t = 13 s. This type of response may
lead to unacceptable wear of the coﬁfrol valve and its servo. The
wear can, however, be reduced by reducing the response rate of the
output power loop. The high response rate was chosen in order to
demonstrate that it does not lead to severe interaction between

the control loops.

The response of the steam flow is shown in Fig. 12.22. The re-

sponse of the steam flow is similar to the response of the stroke
of the control valve for 10 < t < 40 s. The effect of the decreas-
ing steam pressure is easily recognized for t > 220 s. The stroke.
of the control valve is increasing but the steam flow is fairly

constant.

The response of the reheater steam pressure is shown in Fig.

12.23. The pressure is approximately proportional to the steam

flow. The pressure responds, however, more slowly due to the mass
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storage in the reheater.

The response of the output power is shown in Fig. 12.24. The

output power shows a jump-and-rate response. The settling-time
is about 3 s. The output power has reached its final value with=-
in 250 s. The output power error is less than 1 MW for t > 15 s.

L]

Properties: The steam pressure before the control valve is the

only important disturbance of the output power loop. The varia-
tions of the steam pressure before the control valve do not, how=
ever, cause any difficulties. The effects of the disturbances

are reduced by feedback. The output power error is less than 1 MW
for t > 15 s. The response of the stroke of the control valve may
lead to unacceptable wear of the control valve and its servo. The
wear can, however, be reduced by reducing the response rate of
the output power loop. The high response rate was chosen in order

to demonstrate the performance of the control system.

Conclusions.

The performance of the control systém when the output power is
decreased from 150 MW (94%) to 100 MW (63%) in normal mode has
been investigated by simulation. In order to decrease the output
power it is necessary to decrease both the steam flow and the fuel
flow. The steam f£low is the most severe disturbance of the drum
pressure loop, the drum level loop, and the steam temperature 1005.
The fuel flow is a severe disturbance of the steam temperature
loop. The influences of the variations of the steam flow and the
fuel flow have been reduced by feedforward. The limited rate-of-=
change of the fuel flow deteriorates the performance og the drum-
Pa (3%).

The control of the drum level is difficult due to the shrink-and-

pressure loop. The maximum drum pressure error is 4-10

swell phenomenon. The maximum drum level error is 4 cm. The limit-
ed capacity of the first attemperator does not deteriorate the
performance of the steam temperature loop. The maximum steam tem-

perature error is 2°C. The steam presSure before the control valve
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is the only important disturbance of the output power loop.

The output power error is less than 1 MW for t > 15 s. The out=
put power loop has been tuned for fast responses, which may cause
unacceptable wear of the control valve and its servo. The simula-
tions show that even with such a tight loop there are no diffi-

culties due to interaction with other loops.

3
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13. TRANSFER FROM NORMAL TO ALERT MODE.

The performance of the control system during transfer from normal
to alert mode will be examined in this section. The reference va-

lue of the output power, is constant and equal to 100 MW

N
gs2r
(632) during the transfer from normal to alert mode. The mode was
changed by changing the parameter ALERT from 0 to 1 at t = 10 s.
The parameter ALERT determines the magnitude of the jump and the

rate of N The parameter ALERT also determines the relation

between tgizieference value of the drum pregsure, Pasor and NgsZr’
In this case Pasor is increased from 113-10 Pa (75%) to 145.10° Pa
(97%) with a limited, lS»lOS Pa/min (12%/min), rate of change. The
performance of the drum pressure loop, the drum level loop, the
steam temperature loop, and the output power loop will now be exa-

mined.

’

The drum pressure loop.

The reference value of the drum pressure, Pasor is generated by

the drum pressure reference setter (DPRS), which was described in
AN

Section 6. The reference value of the drum pressure is determined

by the reference value of the output power, N and by the mode

gslr
of the control system (normal or alert). In this case Pagor is in-
creased from 113-10° Pa (75%) to 145-10° Pa (97%) with a limited,

18°105 Pa/min (12%/min), rate of change. The fuel flow, LY is )
the control variable of the drum pressure loop. The steam flow
(Fig. 13.22), the feedwater flow (Fig. 13.6), and the fgedwater
temperature after the economizer (Fig. 13.20) disturb the drum
pressure loop. The mean density of the steam-water mixture in the
riser tubes, the steam temperature after the primary superheatery
the heat flows to the superheaters, to the reheater, and to the
economizer are disturbed by the fuel flow variations. The fuel
flow, Yol is the output of the fuel flow servo (FFS), which was
described in Section 7. The reference value of the fuel flow,

is determined by the drum pressure controller (DPC), which

W
bolr
was described in Section 7. The inputs to the DPC are Dgyg 9. and
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its derivative, Sbolt’ the drum pressure, pdsé’ and the steam
flow, Wegqe The block diagram of the DPC is given in Fig. 7.1.
The rate of change of the fuel flow is limited in the FFS., The
of the first nonlinear

limits are parameters, and

“bolo “bols
block in Fig. 7.2. The numerical value of w and w are

bolo bols
0.1 kg/s (60%/min).

The response of the fuel flow is shown in Fig. 13.1. The fuel

flow increases linearly for 10 < t < 25 s, due to the limited
rate of change. The fuel flow is about 3 kg/s (30%) higher than
normally during the pressure increase. The effect of the feed-
forward term from the derivative of the reference value of the

drum pressure can be observed at t = 110 s.

The response of the drum pressure is shown in Fig. 13.2. The

gradient of the drum pressure is not greater than the gradient
of the reference value of the drum pressure. There is an over~

shoot of 3°105 Pa (2%), which lasts more than 300 s.

The response of the steam pressure before the control valve is

shown in Fig. 13.3. The steam pressyre before the control valve
follows the drum pressure closely. The decreased pressure drop

due to higher density is visible.

The response of the steam temperature after the primary super-

heater is shown in Fig. 13.4. The steam temperature variation

is about 20°C. The steam temperature increases for 10 < t < 180 s
due to the increased heat flow to the primary superheater and the
increased steam temperature before the primary superheater with-
out corresponding increase of the steam flow (Fig. 13.22). The
steam temperature before the primary superheater is determined ™
by the drum pressure (Fig. 13.2). The heat flow to the primary

superheater is roughly proportional to the fuel flow (Fig. 13.1).

Properties: The reference value of the drum pressure increases

rapidly in this case. The derivative of the reference value of

the drum pressure and the steam flow influence the fuel flow
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through the feedifcrward terms. The effects of the other dis-
turbances are reduced by feedback. The limited rate of change
of the fuel flow deteriorates the performance of the drum pres-
sure loop for 10 < t < 30 s. This must, however, be accepted
because of the restrictions of the burner equipment. The maxi-

mum drum pressure error is 7~lO5 Pa (5%).

The drum level loop.

The task of the drum level loop is to control the drum level,
2304 by manipulating the feedwater control valve. The reference
value of the drum level, Zqpar is constant. The fuel flow (Fig.
13.1) and the steam flow (Fig. 13.22) disturb the drum level
loop. The drum level loop disturbs the feedwater temperature.

If the drum level is too high there is a danger that water will
reach the turbine. If the drum level is too low there is a danger
that the riser tubes will be damaged due to insufficient cooling.

The reference value of the feedwater flow, is determined by

\4
fwhr
the drum level controller (DLC), which was described in Section 8.
The inputs to the DLC are Zd£4r’ Zdﬁ4 and the steam flow, Wigy e
The block diagram of the DLC is given in Fig. 8.1l. The rate of

change of the stroke of the feedwater valve is limited in the

feedwater servo (FWS). The limits are parameters, s and s

Ww20o WW2 3
of the first nonlinear block in Fig. 8.2. The numerical values of
S 20 and S g 2Ye both 5%/s.

The response of the stroke of the feedwater valve is shown in

Fig. 13.5. There are two reasons for changing the valve opening.
The £irst is that the pressure drop over the feedwater valve has
to be decreased due to the increasing drum pressure. The second
is that the feedwater flow has to be increased due to the increas-

ing mean density of the steam-water mixture in the riser tubes.

The response of the feedwater flow is shown in Fig. 13.6. The

feedwater flow is about 10 kg/s higher than in steady-state dur-
ing the increase of the drum pressure. The increase of the feed-

water flow compensates for the increasing mean density of the




105.

steam-water mixture in the riser tubes.

The response of the drum level is shown in Fig. 13.7. The drum

level error is about 3»10“2 m during the increase of the drum

pressure. The settling time of the drum level is about 50 s.

The response of the drum water temperature is shown in Fig. 13.8.

The rate of change of the drum water temperature determinesg the
thermal stresses of the drum material. The temperature variation

is about 20°C. The rate of change of the temperature is less than
o} .
127°C/min.

Properties: The heat flow to the riser tubes is the most severe

disturbance of the drum level loop in this case. The steam flow
influences the feedwater flow through the feedforward term. The
effects of the other disturbances are reduced by feedback. The

maximum drum level error is 3 cm.

The steam temperature loop.

AN
The task of the steam temperature loop is to control the steam

temperature after the tertiary superheater, Ttsz by manipulating
the first and the second attemperator spray flow valves. The re-
ference value of the steam temperature after the tertiary super-
heater, TtsZr is constant. The heat flows to the secondary and
tertiary superheaters, the steam temperature after the primary
superheater (Fig. 13.4), and the steam flow (Fig. 13.22), disturb
the steam temperature loop. The heat flows to the secondary and
tertiary superheaters are both approximately proportional to the
fuel flow (Fig. 13.1). The specific fuel consumption is reduced *
if the steam temperature after the tertiary superheater is in-
creased. The steam temperature is limited by the properties of

the superheater material. The steam temperature before the second-
ary superheater, TSSl is the output of the secondary superheater
steam temperature servo (SSSTS), which was described in Section 9.
The steam temperature before the tertiary superheater, Ttsl is the

output of the tertiary superheater steam temperature servo (TSSTS),
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which was described in Section 9. The reference value of the
steam temperature before the tertiary superheater, Ttslr is
determined by the tertiary superheater steam temperature con-
troller (TSSTC), which was described in Section 9. The inputs
to the TSSTC are T and the
fuel flow, Yiol®

9.1. The reference value of the steam temperature before the se-

P TtsZ' the steam flow, Wegpr

The block diagram of the TSSTC is given in Fig.

condary superheater, TSslr is determined by the secondary super-=
heater steam temperature controller (SSSTC), which was described

in Section 9. The inputs to the SSSTC are T and

ss2r’ Tgs2! Yieg1r
W01 The rate of change of the stroke of the second attempera-
tor spray flow valve is limited in the TSSTS. The limits are pa-

rameters, and s

S w20 tw2s of the first nonlinear block in Fig.
9.3. The numerical values of s

S w26 S tw2s are both 4%/s. The

rate of change of the stroke of the first dttemperator spray flow

and

valve is limited in the SSSTS. The limits are parameters, Sqw2o

and s of the first nonlinear block in Fig. 9.4. The numerical

swW2s
values of s

T

W26 and ?sts are both 4%/s. The difference between

sgoy 200 Ttslr is aoparameter, Jsw2b of the SSSTC. The numerical
value of I w2 is 30°C and ig chosen so that the second attempera-
tor spray flow valve is approximate{y half~open. This means that
the steam temperature before the tertiary superheater can be

changed rapidly in both directions.

The response of the stroke of the first attemperator spray flow

valve is shown in Fig. 13.9. The stroke of the valve is changed
in order to maintain the steam temperature before the secondary
superheater at its reference value. The valve opens for 10 < t <
< 30 s due to the increasing heat flow to the secondary superhea-
ter. The valve is fully open for 30 < t < 140 s. This means that
the performance of the steam temperature loop is deteriorated by ™

the limited capacity of the first attemperator.

in Fig. 13.10. The spray flow follows the stroke of the valve

guite well. The maximum spray flow is 6 kg/s (8% of the steam flow).

The response of the steam temperature before the secondary super-
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heater is shown in Fig. 13.11. The steam temperature is reduced
about 50°C for 10 < t < 30 s. The consequences of the limited
capacity of the first attemperator is clearly wvisible for 30 <
<t < 140 s.

The response of the steam temperature after the secondary super-

heater is shown in Fig. 13.12. The difference between the steam
temperature after the secondary superheater and the steam tempe-
rature before the tertiary superheater (Fig. 13.15) shall be
about 30°C. This is, however, not the case due to the limited
capacity of the attemperator. The steam temperature after the
secondary superheater starts to increase due to the increased
heat flow to the superheater. The temperature then decreases for
20 < £t < 70 s due to the decreased steam temperature before the
secondary superheater. For 70 < t < 120 s the steam temperature
after the secondary superheater increases due to the limited ca-
pacity of the first attemperator. The temperature then decreases
for 120 < t < 160 s due to the decreased heat flow to the secon-

dary superheater.

The response of the stroke of the second attemperator spray flow
valve is shown in Fig. 13.13. The v;lve opens for 10 < t < 25 s
due to the increasing heat flow to the tertiary superheater. The
valve is completely open for 25 < t < 130 s. This means that the
performance of the steam temperature loop is also deteriorated

by the limited capacity of the second attemperator.

The response of the spray flow of second attemperator is, shown

in Fig. 13.14. The spray flow follows the stroke of the valve
quite well. The maximum spray flow is about 4 kg/s (5% of the

steam flow) . v ~.

heater is shown in Fig. 13.15. The steam temperature decreases
for 10 < t < 25 s due to the increasing spray flow. The steam
temperature before the tertiary superheater starts to increase
for 25 < t < 30 due to the limited capacity cf the second attem-

perator. The temperature is then determined by the steam tempera-
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ture after the secondary superheater for 30 < t < 130 s. For
£ » 130 s the steam temperature before the tertiary superheater

is increasing due to the reduced spray flow to the tertiary su-

perheater.

The response of the steam temperature after the tertiary super-

heater is shown in Fig. 13.16. The steam temperature increases
for 10 <« t < 30 s due to the increased heat flow to the tertiary
superheater. The steam temperature controllers can cope with the
situation for 30 < t < 60 s and the steam temperature error is
less than 3°C. The steam temperature error increases for 60 < t <
< 130 s due to the limited capacity of the attemperators. The
maximum error is about 8°c. The steam temperature after the ter-
tiary superheater has reached its final value at t = 350 s.

’

Properties: The heat flows to the secondary and the tertiary su-

perheater and the steam temperature after the primary superhea-
ter are the most severe disturbances in this case. The fuel flow
and the steam flow influence the steam temperature controllers

by feedforward terms. The effects of the other disturbances are
reduced by feedback. The maximum steam temperature error is about
8°C. The performance of the steam temperature loop is deteriorated
by the limited capacity of the attemperators but not by the multi-
variable nature of the problem. In this case the fuel flow is in=-
creased about 30% in order to increase the drum pressure very ra=

pidly. The control system cannot handle more severe disturbances.

The output power loop.

The task of the output power loop is to control the output power,

Ngsz by manipulating the steam control valve and the extraction

steam valves. The reference value of the output power, NgsZr is

generated by the power demand setter (PDS), which was described
in Section 5. A preliminary reference value of the output power,
S sl ig determined from the setpoint of the output power, S, i,
in the first part of the power demand setter (pDS1) . The block
diagram of the PDS1l is given in Fig. 5.1. The Shslr is modified

with respect to the network-frequency in the second part of the



109.

power demand setter (PDS2). The block diagram of the PDS2 is

given in Fig. 5.2. The NgsZr is obtained from the third part

of the power demand setter (PDS3), which limits the jump and

the rate of NgsZr“ The block diagram of the PDS3 is given in

Fig. 5.3. The steam pressure before the control valve, Prgo

(Fig. 13.3) and the steam temperature before the control valve,
T;sz (Fig. 13.16) disturb the output power loop. The superheated

steam flow, Wigy (Fig. 13.22), the reheated steam flow, Wigo and

"ms2’ Wis2’ Yisa’ Vise’ Visg’ Vis2
and Wpoy, are disturbed by the output power loop. The stroke of

the extraction steam flows, w
the control valve is the output of the control valve servo (CVS),
which was described in Section 10. The strokes of the high-pres-
sure preheater extfaction valves are the outputs of the high-
pressure preheater servo (HPPS), which was described in Section
10. The strokes of the low-pressure preheater extraction valves
are the outputs of the low-pressure preheater servo (LPPS),

which was described in Section 10. The reference value of the

stroke of the control valve, s is determined by the turbine

vs2r
power controller (TPC), which was described in Section 10. The
inputs to the TPC are N and N . The block diagram of the
gs2r gs?2

TPC is given in Fig. 10.1. The refegence values of the strokes
of the high-pressure preheater extraction valves, Sggoy, are de-
termined by the high-pressure preheater controller (HPPC), which

. The
gs2r
block diagram of the HPPC is given in Fig. 10.3. The reference

was described in Section 10. The input to the HPPC is N

value of the strokes of the low-pressure extraction valves, SesTr .

are determined by the low-pressure preheater controller (LPPC),
which was described in Section 10. The inputs of the LPPEC are

N the reference value of the deaerator steam pressure, p

gs2r’
and the deaerator steam pressure, p

as2y
as2° The rate of change of the
stroke of the control valve is limited in the CVS. The limits are
parameters, s and sVSZS of the first nonlinear block in Fig.

vs20 vsog 2re 20%/s and 200%/s

respectively. The rates of change of the strokes of the high-pres-

vs20
10.2. The numerical values of s

and s
sure extraction steam flow valves are limited in the HPPS. The li~-
of the first nonlinear block
are both

mits are parameters, S£520 and Sfena

in Fig. 10.4. The numerical values of s and s

fs2o0 fsls
100%/s. The rates of change of the strokes of the low-pressure

extraction steam flow valves are limited in the LPPS. The limits
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are parameters, S£570 and S g7 of the first nonlinear block
in Fig. 10.6. The numerical values of Sfs70 and Sgg7g OF€ both
100%/s.

The response of the strokes of the LP-preheater extraction

valves are shown in Fig. 13.17. The reference value of the out-
put power is constant and the reference value of the strokes of
the LP-preheater extraction valves are only influenced by the
deaerator pressure controller. The increase of the strokes are
due to the increased feedwater flow without corresponding in-

crease of the steam flow.

The response of the strokes of the HP-preheater extraction

valves are shown in Fig. 13.18. The reference value of the out-
put power is constant and the strokes of the HP-preheater extrac-

tion valves are constant too.

The response of the feedwater temperature after the HP-preheater

is shown in Fig. 13.19. The temperature decreases about 5°C due

to the increased feedwater flow.

N\
The response of the feedwater temperature after the economizer

is shown in Fig. 13.20. The feedwater temperature increases for
10 < £ < 130 s due to the increased heat flow. The feedwater tem-
perature decreases for 130 < t due to the decreased heat flow.

The temperature increase is about 15°c.

The response of the stroke of the control valve is shown in Fig.

13.21. The control valve opening decreases for 10 < t < 120 s
due to the increasing drum pressure.

The response of the steam flow is shown in Fig. 13.22. The steam

flow decreases for 10 < ¢ < 120 s due to the increasing steam
temperature. The steam flow then increases for 120 < t due to
the decreasing steam temperature. The maximum steam flow devia-
tion is about 5 kg/s (4%).

The response of the reheater steam pressure is shown in Fig. 13.23.
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The pressure follows the steam flow quite well.

The response of the output power is shown in Fig. 13.24. The

reference value of the output power is constant. The output

power error is barely visible.

£l

Properties: The steam temperature and the steam pressure be-

fore the control valve disturb the output power loop in this
case. The effects of the disturbances are reduced by feedback.

The output power error is barely noticable.

Conclusions.

The performance of the control system during transfer from nor-
mal to alert mode has been investigated by simulation. In this
case the reference value of the drum pressure was increased
from 113-10° Pa (75%) to 145-10° Pa (97%) with a limited, 18-10

Pa/min (12%/min), rate of change. The reference value of the out=

5

put power is constant and equal to 100 MW (63%) during the trans-
fer from normal to alert mode. The Quel flow has to be increased
temporarily in order to increase the drum pressure. The fuel flow
is about 3 kg/s (30%) higher than normally during the increase of
the drum pressure. The limited rate of change of the fuel flow
deteriorates the performance of the drum pressure loop for 10 <
5 °

Pa (5%). The

heat flow to the riser tubes is the most severe disturbance of

< t < 30 s. The maximum drum pressure error is 7-10

the drum level loop in this case. The maximum drum level. error

is about 4 cm. The heat flows to the superheaters are the most
severe disturbances of the steam temperature loop in this case.
The performance of the steam temperature loop is deteriorated by*
the limited capacity of the attemperators but not by the multi-
variable nature of the problem. In this case the fuel flow is in-
creased about 3 kg/s (30%) in order to increase the drum pressure
very rapidly. The control system cannot cope with a more severe
disturbance. The maximum steam temperature error is about 8°c.

The steam temperature and the steam pressure before the control
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valve disturb the output power loop in this case. The output

power error is, however, barely noticable.
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14. INCREASE OF OUTPUT POWER IN ALERT MODE.

The performance of the control system when the output power is
increased in alert mode will be examined in this section. The
output power was changed by changing the power demand signal
from 100 MW (63%) to 150 MW (94%) at t = 10 s. The power demand

signal, s is input to the power demand setter (PDS), which

nslr
generates the reference value of the output power. The reference

value of the output power, N is limited by the jump-and-rate

gs2r
circuit (PDS3) in Fig. 5.3. The numerical value of the jump of
Ng op is 24 MW (15%) and the numerical value of the rate of N

is 19.2 MW/min (12%/min) in this case. The performance of the

gs2y

drum pressure loop, the drum level loop, the steam temperature

loop and the output power loop will now be examined.

The drum pressure loop.

The task of the drum pressure loop is to control the drum pres-
sure by manipulating the fuel flow. The reference value of the
drum pressure, Pasor is generated by the drum pressure reference
setter (DPRS), which was described 1n Section 6. The reference
value of the drum pressure is determined by the reference value

of the output power, H and by the mode of the control system

(normal to alert). In gﬁig case Pagoy is constant and equal to
l450105 Pa (297%). The steam flow (Fig. 14.22), the feedwater flow
(Fig. 14.6) and the feedwater temperature after the economizer ’
(Fig. 14.20) disturb the drum pressure loop. The mean depsity of
the steam-water mixture in the riser tubes, the steam temperature
after the primary superheater, the heat flows to the superheaters,
to the reheater, and to the economizer are disturbed by the fuel -

flow variations. The fuel flow, w is the output of the fuel

bol
flow servo (FFS), which was described in Section 7. The reference

value of the fuel flow, Yol is determined by the drum pressure
controller (DPC), which was described in Section 7. The inputs to

the DPC are Pas2r and its derivative, the drum pressure,

Sbolt’

and the steam flow, The block diagram of the DPC is

Pas2r Yeg1®
given in Fig. 7.1. The rate of change of the fuel flow is limited
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in the FFS. The limits are parameters, w and w of the

bolo bols
first nonlinear block in Fig. 7.2. The numerical value of w

and Wiols 2Fe both 0.1 kg/s. (60%/min).

bolo

The response of the fuel flow is shown in Fig. 14.1. The fuel

flow increases linearly for 10 < t < 25 s due to the: limited
rate of change of the fuel flow. The fuel flow is at most 1 kg/s
(12%) higher than the final value. The fuel flow has reached its
final value at t = 300 s.

The response of the drum pressure is shown in Fig. 14.2. The

drum pressure decreases for 10 <t < 25 s due to the rapid in-
crease of the steam flow. The fuel flow is increased as fast as
possible during the decrease of the drum pressure. The maximum

5

drun pressure error is 3<107 Pa (2%). The maximum rate of change

of the drum pressure is 18°105 Pa/min (12%/min) .

The response of the gteam pressure before the control valve is
shown in Fig. 14.3. The steam pressure decreases 65105 Pa (4%)
at t = 10 s due to the increased steam flow (Fig. 14.22). The

increased steam flow increases the pressure drop in the super-
AN
heaters due to friction losses. The steam flow is changed by a

factor 1.5 and the friction losses by a factor 2.2.

The response of the steam temperature after the primary super-

heater is shown in Fig. 1l4.4. The steam temperature variation
is about 3°C. The temperature decreases for 10 < t < 110 s due
to the increased steam flow (Fig. 14.22) and the decreased steam
temperature before the primary superheater without corresponding
increase of the heat flow to the primary superheater. The steam
temperature before the primary superheater is determined by the-»
drum pressure (Fig. 14.2). The heat flow to the primary super-

heater is roughly proportional to the fuel flow (Fig. 14.1).

Properties: The steam flow is the most severe disturbance of the

drum pressure loop. The steam flow and the derivative of the re-

ference value of the drum pressure influence the fuel flow through




139.

the feedforward terms. The effects of the other disturbances
are reduced by feedback. The limited rate of change of the fuel
flow deteriorates the performance of the drum pressure loop for
10 < &t < 25 s. This must, however, be accepted because of the
restrictions of the burner equipment. The maximum drum pressure

error is 3*105 Pa (2%).

£l

~The drum level loop.

The task of the drum level loop is to control the drum level,
Z304 by manipulating the feedwater control valve. The reference
value of the drum level, Zapar is constant. The steam flow (Fig.
14.22) and the fuel flow (Fig. 14.1) disturb the drum level loop.
The drum level loop disturbs the feedwater temperature. If the
drum level is too high there is a danger that water will reach
the turbine. If the drum level is too low there is a danger that
the riser tubes will be damaged due to insufficient cooling. The
reference value of ﬁhe feedwater flow, W5y is determined by
the drum level controller (DLC), which was described in Section
8. The inputs to the DLC are Zd£4rk zd£4, and the steam flow,
Wegt® The block diagram of the DLC is given in Fig. 8.1. The
rate of change of the stroke of the feedwater valve ig limited
in the feedwater servo (FWS). The limits are parameters, 8w 20
of the first nonlinear block in Fig. 8.2. The numerical
are both 5%/s.

and s
WWZS

values of s and s
ww

WW20 2s

The response of the stroke of the feedwater valve is shown in

Fig. 14.5. The valve opening has to be increased in order to in-
crease the feedwater flow. The valve is opening for 10 < t < 15 s
due to the feedforward from the steam flow (Fig. 14.22). The b
valve is closing for 15 < t < 30 s due to the feedback from the
drum level. The valve is finally opening for 30 < t s due to

the feedforward from the steam flow and the feedback from the

drum level.

The response of the feedwater flow is shown in Fig. 14.6. The
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response of the feedwater flow is similar to the response of
the stroke of the feedwater valve. The response of the feed-
water flow is also similar to the response of the steam flow
(Fig. 14.22). The effect of the changing mean density of the
steam-water mixture in the drum system is visible for 10 « t <«
< 120 s. The feedwater flow is at most 15 kg/s (10%) lower

fhan the steam flow.

The response of the drum level is shown in Fig. 14.7. The swell

phenomenon increases the drum level 5 cm at t = 30 g. The drum

level has returned to its reference value at t = 60 s.

The response of the drum water temperature is shown in Fig.l1l4.8.

The rate of change of drum water temperature determines the
thermal stresses of the drum material. The decrease, in tempera-
ture is less than 2°C and the rate of change is less than ZOC/
/min. This is less than can be predicted from the rate of change

of drum pressure.

Properties: The steam flow is the most severe disturbance of

the drum level loop in this case. The control of the drum level
is difficult due to the shrink-and-swell phenomenon. The steam
flow influences the feedwater flow through the feedforward term.
The effects of the other disturbances are reduced by feedback.

The maximum drum level error is 5 cnm.

The steam temperature loop. »

The task of the steam temperature loop is to control the steam
temperature after the tertiary superheater, Ttsz by manipulating
the first and the second attemperator spray flow valves. The re-
ference value of the steam temperature after the tertiary super-
heater, TtsZr is constant. The heat flows to the secondary and
tertiary superheaters, the steam temperature after the primary
superheater (Fig. 14.4), and the steam flow (Fig. 14.22) disturb

the steam temperature loop. The heat flows to the secondary and




tertiary superheaters are both approximately proportional to
the fuel flow (Fig. 14.1). The specific fuel consumption is re-
duced if the steam temperature after the tertiary superheater
is increased. The steam temperature is limited by the proper-
ties of the superheater material. The steam temperature before
Ehe secondary superheater, Tssl is the output of the secondary
superheater steam temperature servo (SS8TS), which was described
in Section 9. The steam temperature before the tertiary super-
heater, Ttsl is the output of the tertiary superheater steam
temperature servo (TSSTS), which was described in Section 9.
The reference value of the steam temperature before the tertia-
ry superheater, Ttslr is determined by the tertiary superheater
steam temperature controller (TSSTC), which was described in
Section 9. The inputs to the TSSTC are TtsZr’ Ttsz’ the steam
flow, Wyegpr and the fuel flow, Yol ® The block diagram of the
TSETC is given in Fig. 9.1. The reference value of the steam

temperature before the secondary superheater, T is deter=-

sslr
mined by the secondary superheater steam temperature controller

(s8sTC), which was éescribed in Section 9. The inpﬁts to the

SSSTC are T TssZ’ Weglr and Wyo1 e The rate of change of the

ss2r’
stroke of the second attemperator spray flow valve is limited in
of the first

and

the TSSTS. The limits are parameters, and s

Stw20 tw2s

nonlinear block in Fig. 9.3. The numerical values of Stw2o

Stw2s are both 4%/s. The rate of change of the stroke of the first

attemperator spray flow valve is limited in the SSSTS. The limits
and s of the first nonlinear block in

SwW20 SW2s .
Fig. 9.4. The numerical values of s Sqyag 2Fe both 4%/s.
is a parameter, Isw2b of

are parameters, s

and
SW20

The difference between TssZr and Ttslr 2
the S588TC. The numerical value of Iswob is 307°C and is chosen so
that the second attemperator spray flow valve is approximately

~

halfopen. This means that the steam temperature before the ter-

tiary superheater can be changed rapidly in both directions.

The response of the stroke of the first attemperator spray flow

valve is shown in Fig. 14.9. The valve closes for 10 < t < 25 s
due to the increasing steam flow through the secondary superhea=-

ter without corresponding increase of the heat flow. The valve
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opens for 25 < t < 140 s due to the increasing heat flow to
the secondary superheater. The valve closes again for 140 < t s

due to the decreasing heat flow to the secondary superheater.

The response of the spray flow of the first attemperator is

shown in Fig. 14.10. The spray flow follows the stroke of the
valve fairly well. The final value of the spray flow is about
60% higher than the initial value but the final value of the
stroke is only about 2% higher than the initial value. This in-
crease of spray flow is due to the increased pressure drop in

the economizer and the primary superheater.

The response of the steam temperature before the secondary su-

perheater is shown in Fig. 14.11. The steam temperature is in-
creased for 10 < t < 25 s in order to combensate faor the in-
creased steam flow. The steam temperature is decreased for 25 <«
<t < 140 s in order to compensate for the increased heat flow.
The steam temperature is finally increased for 140 < t's in or-

der to compensate for the decreased heat flow.

The response of the steam temperature after the secondary super-—

heater is shown in Fig. 14.12. The steam temperature decreases
about 3°Cc for 10 < t < 20 s due to the increasing steam flow.
The steam temperature then increases for 20 <t < 60 s due to
the increasing heat flow and the increasing steam temperature

before the secondary superheater.

The response of the stroke of the second attemperator spray flow

valve is shown in Fig. 14.13. The valve is closing for 10 < t <
< 20 & due to the increasing steam flow. The valve is opening
for 20 < t < 60 s due to the increasing fuel flow. The valve is

finally closing for t > 60 s due to the increasing steam flow.

The response of the spray flow of the second attemperator is

shown in Fig. 14.14. The spray flow follows the stroke of the
valve fairly well. The final value of the spray flow is about

60% higher than the initial value but the final value of the




stroke is only about 2% higher than the initial value. The in-
crease of the spray flow is due to the increased pressure drop
in the economizer, the primary and the secondary superheater.
The peak of the spray flow at t = 10 s is due to the very rapid

increase of the steam flow at t = 10 s.

The response of the steam temperature before the tertiary super-

heater is shown in Fig. 14.15. The steam temperature is increased
about 10°C for 10 < t < 20 s in order to compensate for the in-
creasing steam flow. The steam temperature is then decreased for

t > 20 s in order to compensate for the increasing heat flow.

The response of the steam temperature after the tertiary super-

heater is shown in Fig. 14.16. The maximum steam temperature er-

ror is less than BOC.

Properties: The steam flow and the fuel flow are the most severe

disturbances of the steam temperature loop. The steam flow and
the fuel flow influénce the spray flows by feedforward terms.
The effects of the other disturbances are reduced by feedback.
The maximum steam temperature error is 3°C. The spray flows are
extracted after the feedwater valvéﬁ which means that the spray
flows increase with the steam flow. This increase of gain coun-
teracts the decrease of gain in the attemperators with the steam

flow, which is an advantage.

The output power loop.

The task of the output power loop is to control the output power,
Ngsz by manipulating the steam control valve and the extraction -
steam valves. The reference value of the output power, NgsZr is
generated by the power demand setter (PDS), which was described
in Section 5. A preliminary reference value of the output power,
Shsl is determined from the setpoint of the output power, Shslr
in the first part of the power demand setter (PDSl). The block

diagram of the PDS1 is given in Fig. 5.1. The Shslr is modified
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with respect to the network-frequency in the second part of

the power demand setter (PDS2). The block diagram of the PDS2
is given in Fig. 5.2. The NgsZr is obtained from the third part
of the power demand setter (PDS3), which limits +the jump and
the rate of NgsZr' The block diagram of the PDS3 is given in
Fig. 5.3. The steam pressure before the control valve, Pigo
(Fig. 14.3) and the steam temperature before the control valve,
Tion (Fig. 14.16) disturb the output power loop. The superheated
steam flow, Vg1 (Fig. 14.22), the reheated steam flow, Wi and
the extraction steam flows, WhSZ’ Wi$2’ wisé’ Wis6' WisS’ WKSZ’
and Wpoy BYe disturbed by the output power loop. The stroke of
the control valve is the output of the control valve servo (cvs),
which was described in Section 10. The strokes of the high-pres-
sure preheater extraction valves are the outputs of the high-
pressure preheater servo (HPPS), which was' described in Section

10. The reference value of the stroke of the control valve, s

vs2r
is determined by the turbine power controller (TPC), which was
described in Section 10. The inputs to the TPC are\Ngszr and Nqu,

The block diagram of the TPC is given in Fig. 10.1. The reference
value of the strokes of the high=pressure preheater extraction
valves, Sggoy aFe determined by the\highmpressure preheater con-
troller (HPPC), which was described in Section 10. The input to
the HPPC is NgsZr“ The block diagram of the HPPC is given in Fig.
10.3. The reference value of the strokes of the low=pressure ex-
traction valves, Sgg7y ATe determined by the low-pressure prehea-
ter controller (LPPC), which was described in Section 10. The inmﬁ

puts of the LPPC are N the reference value of the deaerator

Pagar as2’ The
rate of change of the stroke of the control valve is limited in

gs2r’

steam pressure, and the deaerator steam pressure, ,p

a I _—
the CVS. The limits are parameters, Svs26 and Sys2s of the first

nonlinear block in Fig. 10.2. The numerical values of Svs20 and ~

S,g2g A€ 20%/s and 200%/s respectively. The rates of change of
the strokes of the high-pressure extraction steam flow valves are

limited in the HPPS. The limits are parameters, and s

Sfs20 fs2s
of the first nonlinear block in Fig. 10.4. The numerical values
of Sfe96 and Spgog ArE both 100%/s. The rates of change of the

strokes of the low-pressure extraction steam flow valves are li-




145,

i i 1 ° imi > S d
mited in the LPPS. The limits are parameters, S£s70 20 Spoqg

of the first nonlinear block in Fig. 10.6. The numerical values

of Sfs70 and Sey7g AFE both 100%/s.

The responses of the strokes of the LP-preheater extraction

valves are shown in Fig. 14.17. The valves start to close at

t = 10 s and are fully closed at t = 12 s. The valves are then
closed for 12 < t < 30 s. The effect of the high-pass filtering
of NgsZr is clearly visible at t = 90 s.

The response of the strokes of the HP-preheater extraction.

valves are shown in Fig. 14.18. The valves close for 10 < t <
< 15 s and opens again for t > 15 s. The high-pass filtering

of NgSZr is clearly visible at £ = 90 s.

The response of the feedwater temperature after the HP-prehea-

ter is shown in Fig. 14.19. The temperature increases about 20°¢
due to the final increase of extraction steam flows. The closing
of the extraction valves do not affect the feedwater temperature
seriously. The low-pass filtering effect of the seven preheater
stages are pronounced.

AN

The response of the feedwater temperature after the economizer

is shown in Fig. 14.20. The temperature increases due to the in-
creasing fuel flow and to the increasing feedwater temperature
after the HP-preheater. The final feedwater temperature after
the economizer increases about 20°C.

»

The response of the stroke of the control valve is shown in Fig.

14.21. The valve is opened rapidly for 10 < t < 13 s in order to
increase the output power rapidly. The valve is then opened with.
a lower rate in order to increase the output power like a ramp.
The control valve is completely open for 100 < t < 120 s. The
output power loop has been tuned for fast response. This explains
the peak in the response of the stroke of the control valve at

t = 13 s. This type of response may lead to unacceptable wear of
the control valve and its servo. The wear can, however, be re-

duced by reducing the response rate. The fast response was chosen




to demonstrate that it does not lead to severe interaction bet-

ween the control loops.

The response of the steam flow is shown in Fig. 14.22. The re-

sponse of the steam flow is similar to the response of the
stroke of the control valve. The nonlinearity of the control

Valve is clearly visible for 50 < t < 150 s.

The response of the reheater steam pressure is shown in Fig.

14.23. The pressure is approximately proportional toc the steam
flow. The pressure responds, however, more slowly due to the

mass storage in the reheater.

The response of the output power is shown in Fig. 14.24. The

output power has an almost perfect jump-and-rate response. The
settling-time is about 3 s. The output power has reached its

final value within 130 s.

Properties: There are no severe disturbances of the output po-

wer loop in this case. The output power error is 1 MW for t >

> 15 s. The response of the stroke of the control valve may lead
to unacceptable wear of the controf valve and its servo. The

wear can be reduced by reducing the response rate of the output
power loop. The high response rate has been chosen to demonstrate
the performance that can be obtained using the proposed control

system.

Conclusions.

The performance of the control system when the output power is -
increased from 100 MW (63%) to 150 MW (94%) in alert mode has
been investigated by simulation. In order to increase the out-
put power it is necessary to increase both the steam flow and
the fuel flow. The steam flow is the most severe disturbance of
the drum pressure loop, the drum level loop, and the steam tewm-

perature loop. The fuel flow is a severe disturbance of the




steam temperature loop. The fuel flow is a severe disturbance

of the steam temperature loop. The influences of the steam flow
and the fuel flow have been reduced by feedforward. The limited
rate of change of the fuel flow deteriorates the performance of
the drum pressure loop. The maximum drum pressure error is 3-105
Pa (2%). The control of the drum level is difficult due to the
;hrinkmandwswell phenomenon. The maximum drum level error is 5 cm.
The limited capacity of the attemperators do not introduce any
errors of the steam temperature. The maximum steam temperature
error is 3°C. The load dependent pressure drops in the economizer
and the superheaters have been exploited in order to obtain load
independent gains of the steam temperature servos. There are no
severe disturbances of the output power loop in this case. The
output power error is less than 1 MW for t > 15 s. The output
power loop has been tuned for fast response, which may cause un-
acceptable wear of the control valve and its servo. The simula-
tions show that even with such a tight loop there are no diffi-

culties due to interaction with other loops.
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15. DECREASE OF OUTPUT POWER IN ALERT MODE.

The performance of the control system when the output power is
decreased in alert mode will be examined in this section. The
output power was changed by changing the power demand signal
from 150 MW (94%) to 100 MW (63%) at t = 10 s. The power demand

signal, s is input to the power demand setter (PDS), which

nslr
generates the reference value of the output power. The reference

value of the output power, N is limited by the jump-and-~rate

gs2r
circuit (PDS3) in Fig. 5.3. The numerical value of the Jjump of

Ngs7r is 24 MW (15%) and the numerical value of the rate of

NgsZr is 19.2 MW/min (12%/min) in this case. The performance of
the drum pressure loop, the drum level loop, the steam tempera-

ture loop and the output power loop will now be examined.

The drum pressure loop.

The task of the drum pressure loop is to control the drum pres-
sure by manipulating the fuel flow. The reference value of the
drum pressure, Pagoy is generated @y the drum pressure reference
setter (DPRS), which was described in Section 6. The reference
value of the drum pressure is determined by the reference value
S0y and by the mode (normal or alert) of
the control system. In this case Pasor is constant and egual to
145=105 Pa (97%). The steam flow (Fig. 15.22), the feedwater flow

(Fig. 15.6) and the feedwater temperature after the economizer

of the output power, Ng

(Fig. 15.20) disturb the drum pressure loop. The mean density of
the steam—water mixture in the riser tubes, the steam temperature
after the primary superheater, the heat flows to the superheaters,
to the reheater, and to the economizer are disturbed by the fuel

flow variations. The fuel flow, w is the output of the fuel

bol
flow servo (FFS), which was described in Section 7. The reference

value of the fuel flow, is determined by the drum pressure

w
bolr
controller (DPC), which was described in Section 7. The inputs to

the DPC are Paaor and its derivative, Sholt ! the drum pressure,

Pgg2’ and the steam flow, Wegye The block diagram of the DPC is
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given in Fig. 7.1. The rate-of-change of the fuel flow is 1i-

mited in the FFS. The limits are parameters, w and w

bolo bols
of the first nonlinear block in Fig. 7.2. The numerical value

2 o .
of Yholo and ols 2TE both 0.1 kg/s” (60%/min).

The response of the fuel flow is shown in Fig. 15.1. The fuel

flow decreases linearly for 10 < t < 35 g due to the limited
rate of change of the fuel flow. The fuel flow is at most 1 kg/s
(12%) lower than the final value. The fuel flow has reached its
final value at t = 450 s. The effect of the feedforward term
from the steam flow is clearly visible for 50 < t < 150 s. (Com-

pare Fig. 15.22 which shows the steam flow.)

The response of the drum pressure is shown in Fig. 15.2. The

drum pressure increases for 10 < t < 35 s due to the rapid de-
crease of the steam flow. The fuel flow is decreased as fast as
possible during the increase of the drum pressure. The maximum

drum pressure error is 3-105

Pa (2%). The maximum rate of change
of the drum pressure is 6~lO5 Pa/min (4%/min). The drum pressure

reaches the final value at t = 350 s without any undershoot.

The response of the steam pressure before the control valve is
5 Pa (5%)
at t = 10 s due to the decreased steam flow (Fig. 15.22). The

shown in Fig. 15.3. The steam pressure increases 8-10
decreased steam flow decreases the pressure drop in the super-—
heaters due to friction losses. The steam flow is changed by a

factor 0.64 and the friction losses by a factor 0.41.

The response of the steam temperature after the porimary super-

heater is shown in Fig. 15.4. The steam temperature variation
is about 3°C. The steam temperature increases for 10 < t < 40 s
due to the decreased steam flow (Fig. 15.22) and the increased
steam temperature before the primary superheater with no corre-
sponding decrease of the heat flow to the primary superheater.
The steam temperature before the primary superheater is deter-
mined by the drum pressure (Fig. 15.2). The heat flow to the
primary superheater is roughly proportional to the fuel flow
(Fig. 15.1).
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Properties: The stean flow is the most severe disturbance of

the drum pressure loop. The steam flow and the derivative of
the reference value of the drum pressure influence the fuel
flow through the feedforward terms. The effects of the other
disturbances are reduced by feedback. The limited rate of
change of the fuel flow deteriorates the performance of the
drum pressure loop for 10 < t < 35 S. This must, however, be
accepted because of the restrictions of the burner equipment.

. . 5
The maximum drum pressure error is 3-10~ Pa (2%) .

The drum level loop.

The task of the drum level loop is to control the drum level,
Zqea by manipulating the feedwater contrel valve. The reference
value of the drum level, 2404y is constant. The steam flow (Fig,
15.22) and the fuel flow (Fig. 15.1) disturb the drum level
loop. The drum level loop disturbs the feedwater temperature,

If the drum level is too high there isg a danger that water will
reach the turbine. If the drum level is too low there is a dan-
ger that the riser tubes will be damaged due to insufficient
cooling. The feedwater flow, L is the output of the feedwa~-
ter servo (FWS), which was described in Section 8. The reference
value of the feedwater flow, LS. is determined by the drum le-
vel controller (DLC) , which was described in Section 8. The in-
puts to the DLC are Zd£4r’ .zd/&4 and the gteam flow, Wtsl‘ The
block diagram of the DLC is given in Fig. 8.1. The rate of change
of the stroke of the feedwater valve ig limited in the feedwater

of the
Ww20 ww2s
first nonlinear block in Fig. 8.2. The numerical values of s

servo (FWS). The limits are parameters, s and s

WW20
and s are both 5%/s.
ww2s

The response of the stroke of the feedwater valve is shown in

Fig. 15.5. The valve Opening has to be decreased in order to de-
Crease the feedwater flow. The valve is closing for 10 < t < 20 S
due to the feedforward from the steam flow (Fig. 14.22). The

valve is opening for 20 < t < 35 g due to the feedback from the
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drum level. The valve is finally closing for t > 35 s due to
the feedforward from the steam flow and the feedback from the

drum level.

The response of the feedwater flow is shown in Fig. 15.6. The

response of the feedwater flow is similar to the response of
the stroke of the feedwater valve. The response of the feedwa-
ter flow is also similar to the response of the steam flow (Fig.
15.22). The effect of the changing mean density of the steam-
water mixture in the drum system is visible for 10 < t < 120 s.
The feedwater flow is at most 15 kg/s (10%) higher than the

steam flow.

The response of the drum level is shown in Fig. 15.7. The shrink

phenomenon decreases the drum level 6 cm at t = 30 s. The drum
level response looks oscillatory but the variations are mainly
due to the disturbances from the steam flow (Fig. 15.22). The

drum level has returned to its reference value at £ = 160 s.

The response of the drum water temperature is shown in Fig. 15.8.

The rate of change of drum water temperature determines the
thermal stresses of the drum material. The variation of drum
water temperature is lesg than 2°C and the rate of change is
less than ZOC/min. This is less than can be predicted from the

rate of change of drum pressure.

Properties: The steam flow is the most severe disturbance of

the drum level loop in this case. The control of the drum level
is difficult due to the shrink-and-swell phenomenon. The steam
flow influences the feedwater flow through the feedforward term.
The effects of the other disturbances are reduced by feedback.

The maximum drum level error is 6 cm.
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The steam temperature loop.

The task of the steam temperature loop is to control the steam

temperature after the tertiary superheater, Ttsz by manipulating
the first and the second attemperator spray flow valves. The re-
ference value of the steam temperature after the tertiary super-

heater, is constant. The heat flows to the secondary and

TtsZr
tertiary superheaters, the steam temperature after the primary
superheater (Fig. 15.4), and the steam flow (Fig. 15.22) disturb
the steam temperature loop. The heat flows to the secondary and
tertiary superheaters are both approximately proportional to the
fuel flow (Fig. 15.1). The specific fuel consumption is reduced
if the steam temperature after the tertiary superheater is in-
creased. The steam temperature is limited by the properties of
the superheater material. The steam tempefature before the se-

condary superheater, T is the output of the secondary super-

ssl
heater steam temperature servo (SSSTS), which was described in

Section 9. The steam temperature before the tertiary superheater,
Ttsl is the output of the tertiary superheater steam temperature
servo (T8STS), which was described in Section 9. The reference
value of the steam temperature before the tertiary superheater,

T is determined by the tertiary superheater steam tempera-=

tslr
ture controller (TSSTC), which was described in Section 9. The

inputs to the TSSTC are TtsZr’ TtsZ’ the steam flow, Weg ! and
the fuel flow, o1 The block diagram of the TSSTC is given in
Fig. 9.1. The reference value of the steam temperature before the

secondary superheater, Ts is determined by the secondary super-

slr
heater steam temperature controller (88STC), which was described

. I . . o T
in Section 9. The inputs to the SSSTC are lssZr’ TssZ’ Weg1 ! and

W01t The rate of change of the stroke of the second attempera-

tor spray flow valve is limited in +the TSSTS. The limits are pa-

rameters, S w20 and s are both 4%/s. The rate of change of

Ttwis
the stroke of the first attemperator spray flow valve is limited

in the SSSTS. The limits are parameters, s and S cwls of the

sw20
first nonlinear block in Fig. 9.4. The numerical values of S 420
and Sqw2s are both 4%/s. The difference between TSSZr and Ttslr

is a parameter, g, .oy 0f the SSSTC. The numerical value of g .oy
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is 30°C and is chosen so that the second attemperator spray
flow valve is approximately halfopen. This means that the steanm
temperature before the tertiary superheater can be changed ra-

pidly in both directions.

The response of the stroke of the first attemperator spray flow

valve is shown in Fig. 15.9. The valve opens for 10 < t < 25 g
due to the decreasing steam flow through the secondary superhea-
ter without corresponding decrease of the heat flow. The valve
closes for 25 < t < 110 s due to the decreasing heat flow to the
secondary superheater. The valve opens again for t > 110 s due

to the increasing heat flow to the secondary superheater,

The response of the spray flow of the first attemperator is shown

in Fig. 15.10. The spray flow follows the stroke of the valve
fairly well. The final value of the spray flow is 68% of the ini-
tial value but the final value of the stroke is approximately the
same as the initial value. The decrease of the spray flow is due
to the reduced pressure drop in the economizer and the‘primary

superheater.

The response of the steam temperature before the secondary super-

heater is shown in Fig. 15.11. The steam temperature is decreased
for 10 < t < 25 s in order to compensate for the decreased steam
flow. The steam temperature is increased for 25 < t < 110 s in or-
der to compensate for the decreasing heat flow. The steam tempe-
rature is finally increased for t > 110 s in order to compensate

for the increased heat flow.

The response of the steam temperature after the secondary super-

heater is shown in Fig. 15.12. The steam temperature increases
about 2°C for 10 < t < 20 s due to the decreasing steam flow. The
steam temperature then decreases for 20 < t < 45 s due to the de-
creasing steam temperature before the secondary superheater and

the decreasing heat flow to the secondary superheater.
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The response of the stroke of the second attemperator spray

flow valve is shown in Fig. 15.13. The valve is opening for

10 < £t < 20 s due to the decreasing steam flow. The valve is
closing for 20 < t < 50 s in order to compensate for the de-
creasing heat flow to the tertiary superheater and the decreas-
ing steam temperature after the secondary superheater. The
valve is finally opening for t > 50 s in order to compensate

for the decreasing steam flow (Fig. 15.22).

The response of the spray flow of the second attemperator is

shown in Fig. 15.14. The spray follows the stroke of the valve
fairly well. The first peak of the spray flow at t = 10 s is
due to the rapid decrease of the steam flow at t = 10 s (Fig.
15.22). The final value of the spray flow is about 61% of the
initial value but the final value of the stroke of the valve
is about 98% of the initial value. The decrease of the spray
flow is due to the decreased pressure drop in the economizer,

the primary and the secondary superheater.

The response of the steam temperature before the tertiary su-

perheater is shown in Fig. 15.15. The steam temperature is ce-
creased about 10°C for 10 < t < 30 s in order to compensate for
the decreasing steam flow. The steam temperature is then in-
creased for t > 30 s in order to compensate for the decreasing
heat flow.

The response of the steam temperature after the tertiary super-

heater is shown in Fig. 15.16. The maximum steam temperature

\ . o)
error is less than 37C.

Properties: The steam flow and the fuel flow are the most se-

vere disturbances of the steam temperature loop. The steam flow

and the fuel flow influence the spray flows by feedforward terms.

The effects of the other disturbances are reduced by feedback.
The maximum steam temperature error is less than 3°c. The spray
flows are extracted after the feedwater valve, which means that

the spray flows increase with the steam flow. This increase of
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gain counteracts the decrease of gain in the attemperators with

the steam flow, which is an advantage.

The output power loop.

The task of the output power loop is to control the output power,
Ngsz by manipulating the steam control valve and the extraction
steam valves. The reference value of the output power, NgsZr is
generated by the power demand setter (PDS), which was described
in Section 5. A preliminary reference value of the output power,
nslr in the

first part of the power demand setter (PDS1l). The block diagram

Shel is determined from the power demand signal, s

of the PDS1 is given in Fig. 5.1. The Shslt is modif%ed with re-
spect to the network-frequency in the second part of the power
demand setter (PDS2). The block diagram of the PDS2 is given in
Fig. 5.2. The Ngs2r is obtained from the third part of the power
demand setter (PDS3),; which limits the jump and the rate of NgsZr“
The block diagram of the PDS3 is given in Fig. 5.3. The steam pres-
sure before the control valve, Pigo (Fig. 15.3) and the steam tem-
(Fig. 15.16) disturb the
Weoy (Fig. 14.22),

and the extraction steam flows,

perature before the control valve, T£52
output power loop. The superheated steam flow,
the reheated steam flow, Wogor

W, Wis6’ Wis%’ WKSZ, and W£s4 are disturbed by the

W ¢ W, v 7
hs2 is?2 is4d
output power loop. The stroke of the control valve is the output
of the control valve servo (CVS), which was described in Section

10. The reference value of the stroke of the control wvalve, Sygor
is determined by the turbine power controller (TPC), which was
described in Section 10. The inputs to the TPC are NgsZr and NgsZ'
The block diagram of the TPC is given in Fig. 10.1. The strokes

of the low-pressure preheater extraction valves are the outputs
of the low=-pressure preheater servo (LPPS), which was described
in Section 10. The reference value of the strokes of the low=pres-

sure preheater extraction valves, is determined by the low-

]
fs7r
pressure preheater contrcller (LPPC), which was described in Sec~

tion 10. The input to the LPPC are N the reference value of

gs2r’
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the deaerator steam pressure, and the deaerator steam

Pasor’
pressure, p_ .. The block diagram of the LPPC is given in Fig.
10.5. The strokes of the high-pressure preheater extraction
valves are the outputs of the high-pressure preheater servo
(HPPS), which was described in Section 10. The reference value
of the strokes of the high-pressure preheater extraction valves,
Seqoy is determined by the high-pressure preheater controller
(HPPC) , which was described in Section 10. The input to the HPPC

is N The block diagram of the HPPC is given in Fig. 10.3.

gs2r”®
The rate of change of the stroke of the control valve is limited

and of
Svs2o Svs2s the

first nonlinear block in Fig. 10.2. The numerical values of s

in the CVS. The limits are parameters,

vs20

and s are 20%/s and 200%/s respectively. The rates of change

Vs2s
of the strokes of the high-pressure extraction steam flow valves

are limited in the HPPS. The limits are parameters, Seso0 and

Segog of the first nonlinear block in Fig. 10.4. The numerical
values of Sfs20 and Sggog BTE both 100%/s. The rates of change

of the strokes of the low-pressure extraction steam flow valves

Sfs7o and
Sfe7s of the first nonlinear block in Fig. 10.6. The numerical

are both 100%/s.

are limited in the LPPS. The limits are parameters,

values of sf and sf

s70 s7s

The response of the strokes of the low-pressure preheater extrac-

tion valves are shown in Fig. 15.17. The opening of the valves

are increased for 10 < t < 20 s due to the decreasing reference
value of the output power. The opening of the valves are then
decreased due to the feedback from the deaerator pressure. The
reference value of the output power reaches its final value at

t = 90 s, which is clearly visible in the response of the strokes.

The response of the strokes of the high-pressure preheater extrac-

tion valves are shown in Fig. 15.18. The opening of the valves

are increased for 10 < t < 15 s due to the feedforward term from
the decreasing reference value of the output pdwer. The opening

of the valve is then decreasing with a time constant of about 30 s.
The target value is higher than 0.5 and is determined by the rate
of the reference value of the output power. The reference value of

the output power reaches its final value at t = 90 s, which is




clearly visible in the response of the strokes.

The response of the feedwater temperature after the high-pres-—

sure preheater is shown in Fig. 15.19. The temperature decreases

about 20°C due to the final decrease of extraction steam flows.
The temporary opening of the extraction valves do not affect the
feedwater temperature seriously. The low-pass filtering effect

of the seven preheater stages are pronounced.

The response of the feedwater temperature after the economizer

is shown in Fig. 15.20. The temperature decreases due to the de-
creasing fuel flow and due to the decreasing feedwater tempera-
ture after the high-pressure preheater. The final decrease of

the feedwater temperature after the economizer is about 20°cC.

The response of the stroke of the control valve is shown in Fig.

15.21. The valve opening is decreased rapidly for 10 < t < 13 s

in order to decrease{the output power rapidly. The valve opening
is then decreased with a lower rate for 20 < t < 90 s in order

to decrease the output power like a ramp. The output power loop
has been tuned for fast response. This explains the peak in the
response of the stroke of the control valve at t = 13 s. This

type of response may lead to unacceptable wear of the control
valve and its servo. The wear can, however, be reduced by reduc-
ing the response rate. The fast response was chosen to demonstrate
that it does not lead to severe interactions between the control

loops.-.

The response of the steam flow is shown in Fig. 15.22. The re-

sponse of the steam flow is similar to the response of the stroke
of the control valve. The final value of the steam flow is about
66% of its initial value but the final value of the stroke of the

control valve is about 61% of its initial value.

The response of the reheater steam pressure is shown in Fig. 15.23.

The pressure is approximately proportional to the steam flow. The
pressure responds, however, more slowly due to the mass storage

in the reheater.
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The response of the output power is shown in Fig. 15.24. The

settling-time of the output power is about 3 s. The output
power error is less than 1 MW for t > 15 s. The output power

has reached its final value within 90 s.

Propertieg: There are no severe disturbances of the output po-

wer loop in this case. The output power error is less than 1 MW
for t » 15 s. The response of the stroke of the control valve

may lead to unacceptable wear of the control valve and its ser-
vo. The wear can be reduced by reducing the response rate of the
output power loop. The high response rate has been chosen to de-

monstrate the performance of the control system.

Conclusions.

The performance of the control system when the output power is
decreased from 150 MW (94%) to 100 MW (63%) in alert mode has
been investigated by simulation. In order to decrease the out-
put power it is necessary to decrease both the steam flow and

the fuel flow. The steam flow is the most severe disturbance of
the drum pressure loop, the drum level loop, and the steam tem-
perature loop. The fuel flow is a severe disturbance of the steam
temperature loop. The influence of the steam flow and the fuel
flow have been reduced by feedforward. The limited rate of change
of the fuel flow deteriorates the performance of the drum pres-
sure loop. The maximum druwm pressure error is 3-105 Pa (2%). The
control of the drum level is difficult due to the shrink-and-
swell phenomenon. The maximum drum level error is 6 cm. The 1i-
mited capacity of the attemperators do not deteriorate the per-
formance of the steam temperature loop in this case. The maximum
steam temperature error is less than 3°C. The load dependent pres-
sure drops in the economizer and the superheaters have been ex-
ploited in order to obtain load independent gains of the steam
temperature servos. There are no severe disturbances of the out-
put power loop in this case. The output power error is less than
1 MW for t>15 s. The output power loop has been tuned for fast

response, which may cause unacceptable wear of the control valve
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and its servo. The simulations show that even with such a tight
loop there are no difficulties due to interaction with other

loops.
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16. TRANSFER FROM ALERT TO NORMAL MODE.

The performance of the control system during transfer from alert
to normal mode will be examined in this section. The reference

value of the output power, is constant and equal to 100 MW

N
(63%) during the transfer frg;ZZlert to normal mode. The mode was
changed by changing the parameter ALERT from 1 to 0 at t = 10 s.
The parameter ALERT determines the magnitude of the jump and the
rate of NgsZr’ The parameter ALERT also determines the relation
between the reference value ?f the drum pregsure, Pasor and Ngsgr'
In this case Pasor is decreased from 145-10° Pa (97%) to 113-10-° Pa
(75%) with a limited, 4.5-10°

performance of the drum pressure loop, the drum level loop, the

Pa/min (3%/min), rate of change. The

steam temperature loop, and the output power loop will now be exa-

mined.

The drum pressure loop.

The task of the drum pressure loop is to control the drum pressure,
Pas? by manipulating the fuel flow,_wbol. The reference value of
the drum pressure, P3sor is generated by the drum pressure refe-
rence setter (DPRS), which was described in Section 6. The refe-
rence value of the drum pressure is determined by the reference

value of the output power, and by the mode of the control

N
system (normal or alert). Ingiiis case Pggoy is decreased from
145-10° Pa (97%) to 113-10° Pa (75%) with a limited, 4.5-10° Pa/
/min (3%/min), rate of change. The steam flow (Fig. 16.22), the
feedwater flow (Fig. 16.23), and the feedwater temperature after
the HP-preheater (Fig. 16.19) disturb the drum pressure loop. The
mean density of the steam—water mixture in the riser tubes, the
steam temperature after the primary superheater, the heat flows

to the superheaters, to the reheater, and to the economizer are
disturbed by the fuel flow variations. The fuel flow, Yol ig the
output of the fuel flow servo (FFS), which was described in Sec-
tion 7. The inputs to the DPC are Pasor and its derivative, Sholt’

the drum pressure, Pago’ and the gteam flow, Wegt® The block dia-
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gram of the DPC is given in Fig. 7.1. The rate of change of
the fuel flow is limited in the FFS. The limits are parameters,
Yiolo and Viols of the first nonlinear block in Fig. 7.2. The

numerical value of Yiolo and Yiols 2F€ 0.1 kg/s (60%/min).

The response of the fuel flow is shown in Fig. 16.1. The fuel

flow is about 0.7 kg/s (7%) lower than normally during the pres-
sure decrease. The effect of the feedforward term from the deri-
vative of the reference value of the drum pressure can be ob-

served at t = 430 s.

The response of the drum pressure is shown in Fig. 16.2. The ma-

5 pa (12).

ximum deviation from the reference value is about 2°10

The response of the steam pressure before the control valve is

shown in Fig. 16.3. The steam pressure before the control valve
follows the drum pressure closely. The increased pressure drop

due to lower density is visible.

The response of the steam temperature after the primary super-

heater is shown in Fig. 16.4. The steam temperature reduction

< t < 450 s due to the decreased heat flow to the primary super=
heater and the decreased steam temperature before the primary
superheater without corresponding decrease of the steam flow (Fig.
16.22). The steam temperature before the primary superheater is
determined by the drum pressure (Fig. 16.2). The heat flow to the
primary superheater is approximately proportional to the fuel
flow (Fig. 16.1).

Properties: The reference value of the drum pressure decreases

is about 20°C. The steam temperéture decreases slowly for 10 < ‘
slowly in this case. The derivative of the reference value of

the drum pressure and the steam flow influence the fuel flow

through the feedforward terms. The effects of the other dis-

turbances are reduced by feedback. The maximum drum pressure

error is about 2»105 Pa (lg).
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The drum level loop.

The task of the drum level loop is to control the drum level,
2304 by manipulating the feedwater control valve. The reference

value of the drum level, is constant. The fuel flow (Fig.

Z
16.1) and the steam flow (gﬁé? 16.22) disturb the drum level
loop. The drum level loop disturbs the feedwater temperature.

If the drum level is too high there is a danger that water will
reach the turbine. If the drum level is too low there is a dan-
ger that the riser tubes will be damaged due to insufficient
cooling. The reference value of the feedwater flow, WSy is de-
termined by the drum level controller (DLC), which was described
in Section 8. The inputs to the DLC are Zapar’ 2a04 and the steam
flow, Wigte The block diagram of the DLC is given in Fig. 8.1l. The
rate of change of the stroke of the feedwater valve is limited in

the feedwater servo (FWS). The limits are parameters, s and

Ww20
of the first nonlinear block in Fig. 8.2. The numerical

are both 5%/s.

Sww2s

values of s and s

WW20 WW2S

The response of the stroke of the feedwater valve is shown in

Fig. 16.5. There are two reasons for changing the valve opening.
The first is that the pressure drop over the feedwater valve has
to be increased due to the decreasing drum pressure. The second is
that the feedwater flow has to be decreased due to the decreasing

mean density of the steam-water mixture in the riser tubes.

The response of the feedwater flow is shown in Fig. 16.6. The

feedwater flow is about 5 kg/s (4%) lower than in steady-state
during the decrease of the drum pressure. The decrease of the
feedwater flow compensates for the decreasing mean density of

the steam=water mixture in the riser tubes.

The response of the drum level is shown in Fig. 16.7. The drum

level error is about 1 cm during the decrease of the drum pres-

sure. The settling time of the drum level is about 50 s.

The response of the drum water temperature is shown in Fig. 16.8.




The rate of change of the drum water temperature determines the
thermal stresses of the drum material. The temperature variation
is about 20°C. The rate of change of the temperature is less than
o) .

37C/min.

Properties: The heat flow to the riser tubes is the most severe

disturbance of the drum level loop in this case. The steam flow
influences the feedwater flow through the feedforward term. The
effects of the other disturbances are reduced by feedback. The

maximum drum level error is 1 cm.

The steam temperature loop.

The task of the steam temperature loop is to control the steam

temperature after the tertiary superheater, by manipulating

T
the first and the second attemperator spray fgiis valves, The re-
ference value of the steam temperature after the tertiary super-
heater, TtsZr is constant. The heat flows to the secondary and
tertiary superheaters, the steam temperature after the primary
superheater (Fig. 16.4), and the steam flow (Fig. 16.22) disturb
the steam temperature loop. The heat flows to the secondary and
tertiary superheaters are both approximately proportional to the
fuel flow (Fig. 16.1). The specific fuel consumption is reduced

if the steam temperature after the tertiary superheater is increased.
The steam temperature is limited by the properties of the superhea-
ter material. The steam temperature before the secondary superhea-
ter, Tssl is the output of the secondary superheater steam tempe-
rature servo (S8STS), which was desgscribed in Section 9. The steam

temperature before the tertiary superheater, is the output

T
tsl
of the tertiary superheater steam temperature servo (TSSTS), which

was described in Section 9. The reference value of the steam tem=

perature before the tertiary superheater, ig determined by

T
tslr
the tertiary superheater steam temperature controller (TSSTC),
which was described in Section 9. The inputs to the TSSTC are
TtsZr’ Ttsz’ Weaqr and the fuel flow, Yio1® The

block diagram of the TSSTC is given in Fig. 9.1l. The reference

the steam flow,




212,

value of the steam temperature before the secondary superheater,
Tsslr is determined by the secondary superheater steam tempera-
ture controller (SSSTC), which was described in Section 9. The

inputs to the SSSTC are TssZr’ TssZ’ tsl bol® The rate of

change of the stroke of the second attemperator spray flow valve

w and w

is limited in the TSSTS. The limits are parameters, and

S
tw2o

StWZs of the first nonlinear block in Fig. 9.3. The numerical

values of Stho and Sths

the stroke of the first attemperator spray flow valve is limited
W20 of the

first nonlinear block in Fig. 9.4. The numerical values of s
Ss2r and Ttslr
sw2b of the SSSTC. The numerical value of I5u2b

is 30°C and is chosen so that the second attemperator spray flow

are both 4%/s. The rate of change of

in the SSSTS. The limits are parameters, s

SW20

and Squ2g OF€ both 4%/s. The difference between T

is a parameter g
valve is approximately half-open. This means that the steam tem-
perature before the tertiary superheater can be changed rapidly

in both directions.

The response of the stroke of the first attemperator spray flow

valve is shown in Fig. 16.9. The stroke of the valve is changed
in order to maintain the steam temperature before the secondary
superheater at its reference value. The valve closes for 10 < t <
< 55 s due to the decreasing heat flow to the secondary superhea-
ter and the decreasing steam temperature after the primary super-
heater. The valve is completely closed for 55 < t < 460 s. This
means that the performance of the steam temperature loop is af-

fected by the limited capacity of the first attemperator.

The response of the spray flow of the first attemperator is shown

in Fig. 16.10. The spray flow follows the stroke of the valve
quite well.

heater is shown in Fig. 16.11. The steam temperature is increased
about 15°C for 10 < t < 50 s. The consequences of the limited ca-
pacity of the first attemperator is clearly visible for 50 < t <
< 480 s.
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The response of the steam temperature after the secondary super-

heater is shown in Fig. 16.12. The difference between the steam
temperature after the secondary superheater and the steam tempe-
rature before the tertiary superheater (Fig. 16.15) shall be about
30°C. This is also the case in spite of the limited capacity of
the first attemperator.

The response of the stroke of the second attemperator spray flow

valve is shown in Fig. 16.13. The valve is closed for 10 < £ < 30 s
due to the decreasing heat flow to the tertiary superheater. The
heat flow is approximately proportional to the fuel flow (Fig. 16.1).
The valve is then opened for 30 < t < 80 s in order to compensate
for the increasing steam temperature after the secondary superhea-
ter. The valve is closed for 80 < t < 440 s in order to compensate
for the decreasing steam temperature after - the secondary superhea-

ter.

The response of the spray flow of the second attemperator is shown

in Fig. 16.14. The séray flow follows the stroke of the valve quite
well.

The response of the steam temperaturé before the tertiary super=-

heater is shown in Fig. 16.15. The steam temperature increases for
10 < t < 130 s due to the decreasing spray flow. The spray flow is
decreased in order to compensate for the decreasing heat flow to
the tertiary superheater. The heat flow is approximately propor-
tional to the fuel flow (Fig. 16.1).

The response of the steam temperature after the tertiary superhea-

ter is shown in Fig. 16.16. The steam temperature error is about
o
0.57C.

Properties: The heat flows to the secondary and tertiary superhea-

ter and the steam temperature after the primary superheater are
the most severe disturbances in this case. The fuel flow and the
steam flow influence the steam temperature controllers by feedfor-
ward terms. The effects of the other disturbances are reduced by

feedback. The maximum steam temperature error is about 0.5°C. The




performance of the steam temperature loop is not deteriorated

by the limited capacity of the first attemperator.

The output power loop.

The task of the output power loop is to control the output power,
Ngsz by manipulating the steam control valve and the extraction

steam valves. The reference value of the output power, Nqszr is
generated by the power demand setter (PDS), which was described
in Section 5. A preliminary reference value of the output power,

S is determined from the setpoint of the output power, s

nsl nslr
in the first part of the power demand setter (PDS1l). The block
diagram of the PDS1 is given in Fig. 5.1. The S slr is modified
with respect to the network-frequency in the second part of the
power demand setter (PDS2). The block diagram of the PDS2 is gi-
ven in Fig. 5.2. The NgSZr is obtained from the third part of

the power demand setter (PDS3), which limits the jump and the
rate of NgsZr' The block diagram of the PDS3 is given in Fig. 5.3.
The steam pressure before the control valve, Prao (Fig. 16.3) and
the steam temperature before the control valve, Ttsz (Fig. 16.16)
disturb the output power loop. The superheated steam flow,
(Fig. 16.22), the reheated steam flow, w

Vsl

and the extraction
rs?

"hs2' Yis2’ Wisa’ ise’ Yiggr Wpsar AN Vpgy ave dis-
turbed by the output power loop. The stroke of the control valve

steam flows,

is the output of the control valve servo (CVS), which was described
in Section 10. The strokes of the high-pressure preheater extrac-
tion valves are the outputs of the high-pressure preheater servo
(HPPS) , which was desgcribed in Section 10. The strokes of the low-
pressure preheater extraction valves are the outputs of the low-
pressure preheater servo (LPPS), which was described in Section

10. The reference value of the stroke of the control valve, s

vs2r
is determined by the turbine power controller (TPC), which was
described in Section 10. The inputs to the TPC are NgsZr and Nqu“

The block diagram of the TPC is given in Fig. 10.1. The reference
value of the strokes of the high-pressure preheater extraction
valves, Sfeoy is determined by the high-pressure preheater con-

troller (HPPC), which was described in Section 10. The input to
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the HPPC is Ngsﬁr, The block diagram of the HPPC is given in

Fig. 10.3. The reference value of the strokes of the low-pres-

sure extraction valves, is determined by the low-pressure

S
fs7r
preheater controller (LPPC), which was described in Section 10.

The inputs of the LPPC are N the reference value of the de-

gs2x’

aerator steam pressure, p and the deaerator steam pressure,

as2r
Pogoe The rate of change of the stroke of the control valve is

limited in the CVS. The limits are parameters, Sys20 2 Sys2s

of the first nonlinear block in Fig. 10.2. The numerical values

vs2o
of change of the strokes of the high-pressure extraction stean

of s and Sysng Y€ 20%/s and 200%/s respectively. The rates

flow valves are limited in the HPPS. The limits are parameters,
Sfs00 and Segog of the first nonlinear block in Fig. 10.4. The
fo0g 2TE both 100%/s. The rates

of change of the strokes of the low=pressure extraction steamn

numerical values of s. and s
fs2o0

flow valves are limited in the LPPS. The limits are parameters,
Sfs70 and Seg7g OF the first nonlinear block in Fig. 10.6. The

are both 100%/s.,

numerical values of ?fs7o and sfs7s

The responses of the strokes of the LP-preheater extraction

valves are shown in Fig. 16.17. The reference value of the out-
put power is constant and the reference value of the strokes of
the LP-preheater extraction valves are only influenced by the
deaerator pressure controller. The decrease of the strokes are
due to the decreased feedwater flow without corresponding in-

crease of the steam flow.

The response of the strokes of the HP-preheater extraction

valves are shown in Fig. 16.18. The reference value of the out-
put power ig constant and the strokes of the HP-preheater extrac-

tion valves are constant too.

is shown in Fig. 16.19. The temperature increases about 2°¢ due

to the decreased feedwater flow.

The response of the feedwater temperature after the economizer




is shown in Fig. 16.20. The feedwater temperature decreases for
10 <t < 200 s due to the decreased heat flow to the economizer
in spite of the increased temperature before the economizer. The
heat flow to the economizer is approximately proportional to the

fuel flow (Fig. 16.1). The temperature decrease is about 4OC°

The response of the stroke of the control valve is shown in Fig.

16.21. The control valve opening is increased for 10 < t < 430 s

in order to compensate for the decreasing drum pressure.

The response of the steam flow is shown in Fig. 16.22. The steam

flow variation is less than 0.5 kg/s (0.5%).

The response of the reheater steam pressure is shown in Fig. 16.23.

The pressure variations are similar to the'steam flow variations.

The response of the output power is shown in Fig. 16.24. The re-

ference value of the output power is constant. The output power

error is barely visible.

Properties: The steam temperature and the steam pressure before

the control valve disturb the outpuf power loop in this case. The
effects of the disturbances are reduced by feedback. The output

power error is barely visible.

Conclusions.

The performance of the control system during transfer from alert
to normal mode has been investigated by simulation. In this case
the reference value of the drum pressure was decreased from 145-
-10° Pa (97%) to 113-10° Pa (75%) with a limited, 4.5-10° Pa/min
(3%3/min), rate of change. The reference value of the output power
is constant and equal to 100 MW (63%) during the transfer from
alert to normal mode. The fuel flow has to be decreased tempora-
rily in order to decrease the drum pressure. The fuel flow is
about 0.7 kg/s (7%) lower than normally during the decrease of the

. . 5
drum pressure. The maximum drum pressure error is 2107 Pa (1%).




The heat flow to the riser tubes is the most severe disturbance
of the drum level loop in this case. The maximum drum level er-
ror is 1 cm. The heat flows to the secondary and tertiary super-
heater and the steam temperature after the primary superheater
are the most severe disturbances in this case. The maximum steam
temperature error is about 0.5°C. The steam temperature and the
steam pressure before the control valve disturb the output power

loop. The output power error is, however, barely visible in this
case.
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17. INCREASE OF OUTPUT POWER IN NORMAL MODE.

The performance of the control system when the output power is
increased in normal mode will be examined in this section. The
output power was changed by changing the power demand signal
from 100 MW (63%) to 160 MW (100%) at t = 10 s. The power demand

signal, s ig input to the power demand setter (PDS), which

nslr
generates the reference value of the output power. The reference

value of the output power, igs limited by the jump-and-rate

I\
gs2r
circuit (PDS3) in Fig. 5.3. The numerical value of the jump of
NgsZr is 16 MW (10%) and the numerical value of the rate of NgsZr
is 9.6 MW/min (6%/min) in normal mode. The performance of the
drum pressure loop, the drum level loop, the steam temperature

loop, and the output power loop will now be examined.

The drum pressure loop.

The task of the drum pressure loop is to control the drum pres-
sure by manipulating the fuel flow. The reference value of the
drum pressure, Pagor is generated by the drum pressure reference
setter (DPRS), which was described in Section 6. The reference
value of the drum pressure is determined by the reference value

of the output power, N and by the mode (normal or alert) of

gs2r
the control system. In this case Pasgor is increased from 113°10
Pa (75%) to 145-10° Pa (97%) with a limited, 9:10° Pa/min (6%/min)

rate-of=change. The steam flow (Fig. 17.22), the feedwater flow

5

(Fig. 17.6), and the feedwater temperature after the HP-preheater
(Fig. 17.19) disturb the drum pressure loop. The mean density of
the steam—-water mixture in the riser tubes, the steam temperature
after the primary superheater, the heat flows to the superheaters,
to the reheater, and to the economizer are disturbed by the fuel
Wyo1 is the output of the fuel

flow servo (FFS), which was described in Section 7. The reference

flow variations. The fuel flow,

value of the fuel flow, is determined by the drum pressure

%
bolr
controller (DPC), which was described in Section 7. The inputs to

the DPC are Pasar and its derivative, Sbolt’ the drum pressure,

Pago’ and the steam flow, LA The block diagram of the DPC is



given in Fig. 7.1. The rate-of-change of the fuel flow is li-

mited in the FFS. The limits are parameters, w and w
! bolo bols
of the first nonlinear block in Fig. 7.2. The numerical value
, 2 o /s
of Yiolo and Wiolg 8Ye both 0.1 kg/s” (60%/min).

The response of the fuel flow is shown in Fig.17.1. The fuel

flow increases linearly for 10 < t < 35 s due to the limited
rate-of-change of the fuel flow. The fuel flow is about 1.2
kg/s (14%) higher than the final value during the increase of
the drum pressure. The effect of the feedforward term from the
derivative of the reference value of the drum pressure can be
observed at t = 220 s. The fuel flow is reduced rapidly in or-

der to avoid overshoot of the drum pressure.

The response of the drum pressure is shown'in Fig. 17.2. The

drum pressure decreases somewhat for 10 < t < 25 s due to the
rapid increase of the steam flow (Fig. 17.22). The increase of
the drum pressure starts at t = 30 s, when the rate-of-change

of the fuel flow is lower than the maximum value. The drum pres-

sure has an overshoot of 4-105 Pa (3%).

The response of the steam pressure before the control valve is

shown in Fig. 17.3. The steam pressure decreases at t = 10 s

due to the increased steam flow (Fig. 17.22). The increased steam
flow increases the pressure drop in the superheaters due to fric-
tion losses. The decrease and the increase of the drum pressure
can be observed in the response of the pressure before the con-

trol valve too.

The response of the steam temperature after the primary super=

heater is shown in Fig. 17.4. The total variation of the tempe-
rature is about 20°C. The temperature decreases for 10 < t < 30 s
due to the increased steam flow (Fig. 17.22) and the decreased
steam temperature before the primary superheater with no corre-
sponding increase of the heat flow to the primary superheater.
The steam temperature before the primary superheater is deter-
mined by the drum pressure (Fig. 17.2). The heat flow to the pri-
mary superheater is approximately proportional to the fuel flow
(Fig. 17.1).




Properties: The steam flow is the most severe disturbance of

the drum pressure loop. The steam flow and the derivative of
the reference value of the drum pressure influence the fuel
flow through the feedforward. The effects of the other distur-
bances are reduced by feedback. The limited rate-of-change of
the fuel flow deteriorates the performance of the drum pressure
loop for 10 < t < 40 s. This must, however, be accepted because
of the restrictions of the burner equipment. The maximum drum

pressure error is 4°105 Pa (3%).

The drum level loop.

The task of the drum level loop is to control the drum level,
2304 by manipulating the feedwater control 'valve. The reference
value of the drum level, Zapar is constant. The steam flow (Fig.
17.22) and the fuel flow (Fig. 17.1) disturb the drum level loop.
The feedwater temperature is disturbed by the variations of the
feedwater flow. If tﬁe drum level is too high there is a danger
that water will reach the turbine. If the drum level is too low
there is a danger that the riser tubes will be damaged due to
insufficient cooling. The feedwater flow, WS is the output of
the feedwater servo (FWS), which was described in Section 8. The
reference value of the feedwater flow, Wty is determined by
the drum level controller (DLC), which was described in Section
8. The inputs to the DLC are Zapar’ Zara and the steam flow, Weoqe
The block diagram of the DLC is given in Fig. 8.1. The rate=-of=-
change of the stroke of the feedwater valve is limited in the

feedwater servo (FWS). The limits are parameters, and s

Sww20 ww2s
of the first nonlinear block in Fig. 8.2. The numerical values of

S %0 and S 2g AFE both 5%/s.

The response of the stroke of the feedwater valve is shown in

Pig. 17.5. The valve opening has to be increased in order to in-
crease the feedwater flow and to compensate for the increasing
drum pressure. The valve is opening for 10 < t < 15 s due to the

feedforward from the steam flow (Fig. 17.22). The valve is clos-



ing for 15 < t < 30 s due to the feedback from the drum level.
The valve is opening again for t > 30 s due to the feedforward

from the steam flow and the feedback from the drum level.

The response of the feedwater flow is shown in Fig. 17.6. The

response of the feedwater flow is similar to the response of
the stroke of the feedwater valve. The response of the feedwa-
ter flow is also similar to the response of the steam flow (Fig.
17.22). The effect of the changing mean density of the steam-

water mixture in the drum system is visible for 10 < t < 250 s.

The feedwater flow is lower than the steam flow for 10 < t <« 50 s.

The maximum difference is about 20 kg/s (14%) . The feedwater flow
is higher than the steam flow for 60 < t < 250 s, when the drum

pressure is increasing.

The response of the drum level is shown in Fig. 17.7. The swell

phenomenon increases the drum level 4 cm at t = 25 s. The drum
level is about 0.2 cm low during the increase of the drum pres-

sure.

The response of the drum water temperature is shown in Fig. 17.8.

The rate-of-change of drum water temperature determines the ther-
mal stresses of the drum material. The rate-of-change is less
than 6°C/min.

Properties: The steam flow is the main disturbance of the drum

level loop. The control of the drum level is difficult due to
the shrink-and-swell phenomenon. The steam flow influences the
feedwater flow through the feedforward term. The effects of the
other disturbances are reduced by feedback. The maximum drum le-

vel error is about 4 cm.
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The task of the steam temperature loop is to control the steam

temperature after the tertiary superheater T by manipulating

the first and the second attemperator spray Eiiw valves. The re-
ference value of the steam temperature after the tertiary super-
heater, TtsZr is constant. The heat flows to the secondary and
tertiary superheaters, the steam temperature after the primary
superheater (Fig. 17.4), and the steam flow (Fig. 17.22) disturb
the steam temperature loop. The heat flows to the secondary and
tertiary superheaters are both approximately proportional to the
fuel flow (Fig. 17.1). The specific fuel consumption is reduced
if the steam temperature after the tertiary superheater is in-
creased. The steam temperature is limited by the properties of
the superheater material. The steam temperéture before the se-
condary superheater, Tssl is the output of the secondary super-,
heater steam temperature servo (SS8TS), which was described in
Section 9. The steam, temperature before the tertiary superheater,
Ttsl is the output of the tertiary superheater steam temperature
servo (TSSTS), which was described in Section 9. The reference
value of the steam temperature before the tertiary superheater,
Ttslr is determined by the tertiary superheater steam tempera-
ture controller (TSSTC), which was described in Section 9. The
and

inputs to the TSSTC are T the steam flow,

te2r’ Tts2’ sl
the fuel flow, L The block diagram of the TSSTC is given in

Fig. 9.1. The reference value of the steam temperature before the

secondary superheater, T is determined by the secondary super-

selr
heater steam temperature controller (8SSTC), which was described

in Section 9. The inputs to the SSSTC are T T and

ss2r’ “ss2’ "tsl!
W1 The rate-of-change of the stroke of the second attempera-
tor spray flow valve is limited in the TSSTS. The limits are pa-
S w20 and S tw2s of the first nonlinear block in Fig.

twos 8Fe both 4%/s. The

9.3. The numerical values of s and s
rate-of-change of the stroke of the first attemperator spray flow

rameters,

tw2oe

valve is limited in the S88TS. The limits are parameters, Sew2o

and Sqwas of the first nonlinear block in Fig. 9.4. The numerical

values of s__,  and s are both 4%/s. The difference between

o) sSw2s
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Togor and Ttslr is a paramiter, I awob of the SSSTC. The nume-
rical value of Jw2b is 30°C and is chosen so that the second
attemperator spray flow valve is approximately halfopen. This
means that the steam temperature before the tertiary superhea-

ter can be changed rapidly in both directions.

The response of the stroke of the first attemperator spray flow

valve is shown in Fig. 17.9. The valve is closing for 10 < t <
< 20 due to the increasing steam flow through the secondary su-
perheater with no corresponding increase of the heat flow. The
valve is then opened for 20 < t < 60 s due to the increasing heat
flow to the secondary superheater. The valve is finally closing

for t > 220 s due to the decreasing heat flow.

The response of the spray flow of the first attemperator is shown

in FPig. 17.10. The spray flow follows the stroke of the valve
fairly well. The increased steam flow gives, however, an increased
spray flow in spite of the constant stroke of the valve for 50 <

< t < 220 s. The increase of the spray flow is due to the increased

pressure drop in the economizer and the primary superheater.

The response of the steam temperatufe before the secondary super-

heater is shown in Fig. 17.11l. The steam temperature is increased
for 10 < t < 30 s in order to compensate for the increased steam
flow. The steam temperature is then decreased for 30 < t < 220 s
in order to compensate for the increasing heat flow. The steam
temperature is finally increased for t > 220 s in order to com-

pensate for the decreased heat flow.

The response of the steam temperature after the secondary super-

heater is shown in Fig. 17.12. The steam temperature decreases

for 10 < £t < 15 s due to the increasing steam flow. The difference
between the steam temperature before the tertiary superheater and

the steam temperature after the secondary superheater is approxi-

mately constant for t > 100 s.

The response of the stroke of the second attemperator spray flow
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valve is shown in Fig. 17.13. The valve is closing for 10 < t <«
< 15 s due to the increased steam flow. The valve is opening
for 15 < t < 40 s due to the increased fuel flow. The valve is
then closing for 40 < t < 140 s in order to compensate for the
decreasing steam temperature after the secondary superheater.
The valve is finally opening for 140 < t < 220 s in order to
compensate for the increasing steam temperature after the se-
condary superheater. The effect of the feedforward term from
the fuel flow can be observed at t = 220 s.

The response of the spray flow of the second attemperator is

shown in Fig. 17.14. The spray flow follows the stroke of the
valve guite well. The first peak of the spray flow at t = 10 s
is due to the rapid increase of the steam flow (Fig. 17.22).
The final value of the spray flow is about-200% of the initial
value but the final value of the stroke of the valve‘is about
111%. The increase of the gain i1s due to the increased pressure
drop in the economizer, the primary and the secondary superhea-

ter.

The response of the steam temperature before the tertiary super-

heater is shown in Fig. 17.15. The steam temperature is increased
for 10 < t < 15 s in order to compensate for the increased steam
flow. The temperature is then decreased for 20 < t < 60 s in or-
der to compensate for the increasing heat flow. The temperature
is finally increased for 220 < t < 350 s in order to compensate

for the decreasing heat flow.

The response of the steam temperature after the tertiary super-

heater is shown in Fig. 17.16. The maximum steam temperature er-

ror is less than ZOC.

Properties: The steam flow and the fuel flow are the most severe

disturbances of the steam temperature loop. The steam flow and

the fuel flow influence the spray flows through feedforward terms.
The effects of the other disturbances are reduced by feedback. The
maximum steam temperature error is less than 3°C. The spray flows

are extracted after the feedwater valve, which means that the spray
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flows increase with the steam flow. The gain in the attempera=-
tors decrease with the steam flow. This decrease of gain in

hence counteracted, which is an advantage.

The output power loop.

The task of the output power loop is to control the output power,
Nggz by manipulating the steam control valve and the extraction

steam valves. The reference value of the output power, Ngs?r is

generated by the power demand setter (PDS), which was described
in Section 5. A preliminary reference value of the output power,

S

is determined from the power demand signal, s in the

nsl nslyr
first part of the power demand setter (PDS1l). The block diagram

of the PDS1 is given in Fig. 5.1. The s is modified with re=-

nslr
spect to the network-frequency in the second part of the power
demand setter (PDS2). The block diagram of the PDS2 is given in
Fig. 5.2. The NgsZr
demand setter (PDS3)’, which limits the jump and the rate-of=-change

of N

is obtained from the third part of the power

gs2r® The block diagram of the PDS3 is given in Fig. 5.3. The
steam pressure before the control valve, Pigo (Fig. 17.3) and the
£s2 (Fig. 17.16) dis-

turb the output power loop. The superheated steam flow, Wegt (Fig.

steam temperature before the control valve, T

17.22), the reheated steam flow, Voo and the extraction steam

flows, w A W w Wﬂsz’ and Yooy are disturbed

hs2’ "is2’ Visa’ Yise’ Vigs’
by the output power loop. The stroke of the control valve is the
output of the control valve servo (CVS), which was described in
Section 10. The reference value of the stroke of the control valve,

S is determined by the turbine power controller (TPC), which

vVSZr

was described in Section 10. The inputs to the TPC are N and

NgsZ' The block diagram of the TPC is given in Fig. lO,l?Séie
strokes of the low-pressure preheater extraction valves are the
outputs of the low-pressure preheater servo (LPPS), which was de-
scribed in Section 10. The reference value of the strokes of the
low=-pressure preheater extraction valves, Sfe7y is determined by
the low-pressure preheater controller (LPPC), which was described

in Section 10. The inputs to the LPPC are Ng the reference va-

s2x’
lue of the deaerator steam pressure, Pagoy’ and the deaerator steam
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pressure; p_ o- The block diagram of the LPPC is given in Fig.
10.5. The strokes of the high-pressure preheater extraction
valves are the outputs of the high-pressure preheater servo
(HPPS) , which was described in Section 10. The reference value
of the stroke of the high-pressure preheater extraction valves,
Segor is determined by the high-pressure preheater controller
(HPPC) , which was described in Section 10. The input to the HPPC

is N The block diagram of the HPPC is given in Fig. 10.3.

gs2r”®
The rate-of=-change of the stroke of the control valve is limited
in the CVS. The limits are parameters, Sys20 and Sys2s of the

first nonlinear block in Fig. 10.2. The numerical values of Sva20

and Sygag 2Ye 20%/s and 200%/s respectively. The rate=-of=-change
of the stroke of the high-pressure extraction steam flow valves

are limited in the HPPS. The limits are parameters, and

S
fsZ2o
Sfsos of the first nonlinear block in Fig..10.4. The numerical

values of g and s are both 100%/s. The rate-of=-change

fs2o0 fs2s
of the stroke of the low-pressure extraction steam flow valves

are limited in the LPPS. The limits are parameters, Ses70 and

Sfe7g of the first nodnlinear block in Fig. 10.6. The numerical

values of Sfa76 and s are both lOO%/s,

fsis

The response of the stroke of the ldw“pressure preheater extrac-

tion valves are shown in Fig. 17.17. The opening of the valves

are decreased for 10 < t < 15 g due to the feedforward term from
the increasing reference value of the output power. The opening
of the valves are then increased with a time constant of about
30 s. The reference value of the output power reaches its final
value at t = 280 s, which is clearly visible in the response of

the strokes.

The response of the stroke of the high-pressure preheater extrac~

tion valves are shown in Fig. 17.18. The opening of the valves

are decreased for 10 < t < 15 s due to the feedforward term from
the increasing reference value of the output power. The opening
of the valve 1is then increasing with a time constant of about

30 s. The target value is lower than 0.5 and is determined by the
derivative of the reference value of the output power. The refe-
rence value of the output power reaches its final value at t =

= 280 s, which is clearly visible in the response of the strokes.
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The response of the feedwater temperature after the high=pressure
preheater is shown in Fig. 17.19. The temperature increases about

250C due to the final increase of extraction steam flows. The tem=

porary closing of the extraction valves do not affect the feedwa-
ter temperature seriously. The low-pass filtering effect of the
seven preheater stages are pronounced. The feedwater temperature
starts to increase when the pressures before the extraction valves

increase.

The response of the feedwater temperature after the economizer

is shown in Fig. 17.20. The temperature increases about 40°C due
to the increasing temperature before the economizer and the in-

creasing heat flow to the economizer.

The response of the stroke of the control wvalve is shown in Fig.

17.21. The valve opening is increased with maximum rate for 10 <
<t <13 s in order to increase the output power rapidly. The
control valve is almost completely open for t > 300 s. The out-
put power locp has been tuned for fast responses. This explains
the peak in the response of the stroke of the control valve at

t = 13 s. This type of response may lead to unacceptable wear of
the control valve and its servo. Hoﬁever, the wear can be reduced
by reducing the bandwidth of the output power loop. Thé high kand-
width was chosen to demonstrate that it does not lead to severe

interactions between the control loops.

The response of the steam flow is shown in Fig. 17.22. The steam

flow starts to increase rapidly for 10 < t < 13 s. The rate-of-
change is almost constant for 20 < t < 280 s. The steam flow is

almost constant for t > 300 s.

The response of the reheater steam pressure is shown in Fig. 17.23,

The pressure is approximately proportional to the steam flow. The
pressure responds, however, more slowly due to the mass storage in

the reheater.



252,

The response of the output power is shown in Fig. 17.24. The

settling=time is limited to about 4 s because of the servo.
The output power has reached its final value at t = 300 s. The

output power error is less than 1 MW for t > 15 s.

Properties: The steam pressure before the control valve is the

only disturbance of any importance of the output power loop in
this case. The variationg of the steam pressure before the con-
trol valve does not, however, introduce any difficulties. The
effects of the disturbances are reduced by feedback. The response
of the strocke of the control valve may lead to unacceptable wear
of the control valve and its sexvo. The wear can, however, be re-
duced by reducing the bandwidth of the output power loop. The
high bandwidth has been retained here in order to demonstrate

the performance of the control system.

Conclusions

The performance of the control system when the output power is
increased from 100 MW (63%) to 160 MW (100%) in normal mode has
been investigated by simulation. In order to increase the out-
put power it is necessary to increase both the steam flow and

the fuel flow. The steam flow is the most severe disturbance

of the drum pressure loop, the drum level loop, and the steam
temperature loop. The fuel flow is a severe disturbance of the
steam temperature loop. The influence of the steam flow and the
fuel flow has: been reduced by feedforward. The limited rate of
change of the fuel flow deteriorates the performance of the drum
pressure loop. The maximum drum pressure error is 4~105 Pa (3%).
The control of the drum level is difficult due to the shrink-and-
swell phenomenon. The maximum drum level error is about 4 cm. The
limited capacity of the attemperators does not deteriorate the per-
formance of the steam temperature loop in this case. The maximum
steam temperature error ig less than 2°c. The load dependent pres-
sure drop in the economizer and the superheaters has Dbeen ex-
ploited in order to obtain load independent gains of the steam

temperature servos. There are no severe disturbances of the out-
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put power loop in this case. The output power error is less than
1 MW for £t > 15 s. The output power loop has been tuned for fast
response, which may cause unacceptable wear of the control valve
and its servo. The simulations show that even with such a tight

loop there are no difficulties due to interaction with other
loops.
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18. CONCLUSIONS

The interest in the dynamics of thermal power plants has grown
in Sweden due to the changing structure of the power system [5,
14, 15]. An increasing share of the electric energy will be pro-
duced in nuclear power units. New hydro power units will be in-
stalled mainly to cover load peaks. New fossile power units will

mainly be back-pressure units.

The nuclear power units will be larger (700-1000 MW) than the
existing hydro power units (<250 MW) as well as the existing fos-
sile power units (<340 MW). The newer and larger nuclear units
will, due to their complexity, be disconnected from the network
more frequently than the units in service today. Many disconnec-
tions will happen automatically, rapidly, and without any advance
warning. This means that a larger spinning reserve, partly in fos-

sile power units, has to be activated more frequently than today.

The alternating-current interconnection tie-lines between the
nordic countries; Denmark (8j&8lland), Finland, Norway and Sweden
are econcmically beneficial. The tie-lines have made it possible

to exploit the different structure df the production systems as
well as the different compositions of the power demands. The trang-
mission capacity of the tie-lines may, however, be reduced by po-
wer oscillations. This means that all possible methods for reduc-

ing the oscillations should be considered.

The total power demand has to be divided among the available pPro-=
duction units so that the total production cost is minimized. This
economic dispatch may sometimes indicate that most of the hydro
power units should be taken out of service. In such cases the fos-
sile units have to cover the difference between the total power
demand and the (constant) output power of the nuclear power units.
This means that the fossile power units must participate in the
automatic generation control, which is not the case in Sweden to-
day [14].
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The changing structure of the power system give rise to more
complicated control tasks both during disturbances and during
normal operation. This study is motivated by the fact that the
total output power of fossile power units equipped with drum-
boilers accounts for more than 920% of the total installed power

of all fossile power units (~ 6 GW) in Sweden.

Control objectives.

The dynamic properties of thermal power units, in terms of power
jumps and power rates, have been specified in [5]. In order to
make full use of the thermal power units they have to be equipped
with automatic control systems. The primary task of such a unit
control system is to control the output power, at least from the
point of view of supplying the power demand. The control of the
drum pressure, the drum level, and the steam temperatures are al-

so crucial for the safe operation of the thermal power unit.
The primary task of the control system is to:

1) increase the output power during disturbances (as much as

possible within 30 s),

2) increase the damping of tie—line oscillations (frequency
0.25 - 1.0 Hz),

(98]
~—

adjust the output power according to the power demand (rate
2 - 4%/min),

4) receive a set=point signal from the unit's control room oxr

from a remote dispatch centre,

5) modify the set-point of the output power with respect to
the network freguency in order to form the reference value

of the output power,

6) limit the power response rate to adjustable values, one set
to be used during normal operation, and another set to be

used during disturbances, and




7) use the power response rate selected manually from the
unit's control room, automatically based on network fre-

guency, or from a remote dispatch centre.

The specifications given above are essentially the ones given
in [5, 14].

The secondary task of the control system is to control:

1) the drum pressure,
2) the drum level, and

3} the steam temperatures.

The reference value of the drum pressure is not given a priori.
Constant pressure control will result in the most rapid response
of the output power. Sliding pressure control will result in the
lowest specific fuel consumption. In [5] it was concluded that
modified sliding pressure control with opening reserve is a rea-
sonable compromise. Allowable drum pressure errors have not been
specified. Allowable drum level errors vary from unit to unit
with typical values ¢ 0.1 - 0.2 m. Allowable steam temperature

o
errors are 5 = 107¢C,

Design method

The following aspects of the design have been considered:

1) generation of reference values,
2) preservation of margins,

3) treatment of non-linearities,
4) generation of control signals,
5) start up and shut down, and

6) on=line tuning.
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The non-constant reference values were generated by a jump-and=-
rate circuit for the output power and by a rate-circuit for the
drum pressure. This circuit can be implemented using an integra-
tor having limiting circuits at the input and at the output. These
intentional non-linearities are pure feedforward elements and do
not introduce any extra stability problems in the design of the

control system of the thermal power uvnit.

The preservation of margins is achieved by limiting the jump and
the rate of the variable reference values. The non-linearities
are the same as mentioned above and the remark on the stability

is alsc valid.

The influences of inherent non-linearities have been reduced by
having closed feedback loops around them. The inherent non-linea-
rities of the spray flow valveg have been used to obtain suitable

gain-scheduling of minor temperature control loops.

The control signals are generated by feedforward as well as by
feedback. The feedbacks are simple PI controls. The feedforwards
are more unconventional and may contain non-linearities. The con-
trol system is designed loop by loo?° The final performance is in-
vestigated by simulation. There are four variables to be controlled
and seven variables to be manipulated. This means that there is

a certain arbitrariness in the choice of manipulated variables of
the control loops. Some arbitrariness was removed by the decision
to use modified sliding pressure control with opening reserve. It
is also reasonable to use the extraction valves in order to im=
prove the power response rate. The main control loops; output po-
wer, drum pressure, drum level and steam temperature are subdivi-
ded into minor control loops. There is also a certain arbitrari-
ness in the choice of these minor control loops. They were chosen
in order to reduce the influence of inherent non-linearities and
by considering the possibilities to measure certain process vari-
ables. The non-linear feedforward compensation in the output power
loop and the drum pressure loop are pure feedforwards, which can-

not give any stability problems in the design of the control sys-




o
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tem of the fossile power unit. The non-linear feedforward com-
pensation in the steam temperature loop is based on measured
signals in other loops. This could potentially give a stability
problem. This has, however, not been found in the simulations.
The only intentional nonlinearities in the feedback paths are
limitation of the integrals of the control errors when the mani-
pulated variables have reached their limits. This means that the
control errors are not necessarily reduced to zero for large dis-

turbances.

Some attention has been given to the problem of smooth and safe
transfer (bumpless transfer) from manual to automatic control
during start up and from automatic to manual control during shut
dowr: of the boiler turbine unit. The control system is thus pro=
vided with a number of switches selecting manual or automatic
control. This means that the control loops can be switched over
to automatic control and back again one-by-one and part-by-part.
The performance has proven to be acceptable by simulation. The
proposed scheme must, however, be investigated more thoroughly

before it can be implemented.

The chosen control scheme makes it pbssible to tune the control
system loop by loop. It is advisable to start with the minor con-
trol loops for the feedwater flow and the fuel flow. It is then
possible to proceed with the drum level loop, the steam tempera-
ture loop, the drum pressure loop, and finally the output power

loop. This procedure was tried in the simulations.

Control system.

The main components of the control system are:

1) the power demand setter,
2) the drum pressure reference setter,

3) the drum pressure loop,
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4) the drum level loop,

5) the steam temperature loop, and

6) +the output power loop.

A block diagram of the control system was given in Fig. 4.1. The
task of the power demand setter is to generate the reference va-
lue of the output power. A preliminary reference value of the out-
put power is generated from the set-point of the output power and
from the network-frequency according to an adjustable power-fre=
quency characteristic. The final reference value of the output po-
wer is obtained from a jump-and-rate circuit, which modifies the
preliminary reference value of the oalput power. The parameters

of the jump-and-rate circuit are adjustable in order to protect

the boiler-turbine unit from unacceptably large stresses.

The task of the drum pressure reference setter is to generate the
reference value of the drum pressure. A preliminary reference value
of the drum pressure is determined from the reference value of the
output power according to an adjustable power-pressure characteris-
tic., The final reference value of the drum pressure is obtained from
a rate circuit, which modifies thé\preliminary reference value of
the drum pressure. The parameters of the rate circuit are adjustable

in order to protect the boiler from unacceptably large stresses.

The task of the drum pressure loop is to control the drum pressure
by manipulating the fuel flow. The fuel flow is controlled by the
fuel flow servo. The reference value of the fuel flow is determined
by the drum pressure controller. The drum pressure controller uses
feedforward from the steam flow as well as from the rate of the drum
pressure. The drum pressure controllai also uses feedback from the

error in the drum pressure and its integral.

The task of the drum level loop is to control the drum level by ma-
nipulating the feedwater control valve. The feedwater flow is con-
trolled by the feedwater servo. The reference value of the feed-
water flow is determined by the drum level controller. The drum

level controller uses feedforward from the steam flow. The drum
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level controller also uses feedback from the error in drum level

and its integral.

The task of the steam temperature loop is to control the steam
temperature after the tertiary superheater by manipulating the
first and the second attemperator spray flow valves. The steam
temperatures before the secondary and tertiary superheaters are
controlled by the secondary and by the tertiary superheater steam
temperature servos. The reference values of the steam temperatures
before the secondary and before the tertiary superheaters are ge-
nerated by the secondary and by the tertiary superheater steam
temperature controllers. The difference between the reference va-
lue of the steam temperature after the secondary superheater and
the reference value of the steam temperature before the tertiary
superheater is an adjustable parameter. Thé steam temperature con-
troller use feedforward from the reference value of the steam tem-
perature, from the fuel flow, and from the steam flow. The steam
temperature controllers also use feedback from the errors of the

steam temperatures and their integrals.

The task of the output power loop is to control the output power
by manipulating the steam control valve and the extraction steam
valves. The stroke of the control valve is controlled by the con-
trol valve serxrvo. The strokes of the extraction valves are con-
trolled by the high-pressure and by the low-pressure preheater
servos. The reference values of the strokes of the extraction
valves are generated by the high-pressure and by the low-pressure
preheater controllers. The reference value of the stroke of the
steam control valve is generated by the turbine power controller.
The preheater controllers use feedforward from the reference va-
lue of the output power. The low-pressure preheater controller
also uses feedback from the error of the deaerator pressure and
its integral. The turbine power controller uses feedback from the

error of the output power and its integral.
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Simulations.

The dynamic properties of the boiler=turbine unit cannot be re-
presented by one linear model valid for the whole operating range.
The given control objectives cannot be achieved with an entirely
linear control system. It is very difficult to predict stability,
control errors, settling-times, and sensitivity of non-linear mul-
tivariable systems using available theory. Since a flexible, in-
teractive simulation program, SIMNCH [8] was available it was
therefore decided to investigate the performance of the control
system by simulation. The drawback of this approach is that ex-
tensive simulations are necessary to ensure that the control sys-—
tem was reliable over the whole operating range. The advantage of
the approach is that it is easy to communicate with persons, who
are not familiar with control theory using the results of the si-
mulations. The following cases have been investigated in detail

by simulation:

A) decrease of outpﬁt power in normal mode,
B) transfer from normal to alert mode,

C) increase of output power in alert mode,

D) decrease of output power in alert mode,

E) transfer from alert to normal mode, and

F) increase of output power in normal mode.

The set-point of the output power was changed from 150 MW (94%)

to 100 MW (63%) in order to decrease the output power in normal

mode. The jump and the rate of the reference value of the output
power were 16 MW (10%) and 9.6 MW/min (6%/min) respectively. Mo-
dified sliding pressure control with opening reserve was used.

The reference value of the drum pressure was decreased from 145-10
Pa (97%) to 113-105 Pa (75%). The rate of the reference value of

the drum pressure was 4.5-10° Pa/min (3%/min).

5




The reference value of the output power was 100 MW (63%) during
the transfer from normal to alert mode. The reference value of
> Pa (75%) to 145.10°
Pa (97%). The rate of the reference value of the drum pressure

was 18°105 Pa/min (12%/min) .

the drum pressure was increased from 113-10

The set-point of the output power was changed from 100 MW (63%)

to 150 MW (94%) in order to increase the output power in alert

mode. The Jjump and the rate of the reference value of the output
power were 24 MW (15%) and 19.2 MW/min (12%/min) respectively.
Constant pressure control was used. The reference value of the

drum pressure was 145°105 Pa (97%).

The set-point of the output power was changed from 150 MW (94%)

to 100 MW (63%) in order to decrease the ouUtput power in alert

mode. The jump and the rate of the reference value of the output
power were 24 MW (15%) and 19.2 MW/min (12%/min) respectively.
Constant pressure control was used. The reference value of the
drum pressure was l45-l65 Pa (97%).

The reference value of the output power was 100 MW (63%) during

the trangfer from alert to normal mode. The reference value of

the drum pressure was decreased from 14510 Pa (97%) to ll3°105

Pa (75%). The rate of the reference value of the drum pressure
was 4.5°l05 Pa/min (3%/min).

The set-point of the output power was changed from 100 MW (63%)

to 160 MW (100%) in order to increase the output power in normal

mode. The jump and the rate of the reference value of the output
power were 16 MW (10%) and 9.6 MW/min (6%/min) respectively. Mo-
dified sliding pressure control with opening reserve was used.

The reference value of the drum pressure was increased from 113-
-lO5 Pa (75%) to 145-105 Pa (97%). The rate of the reference va-

lue of the drum pressure was 9~105 Pa/min (6%/min) .
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Performance of the drum pressure loop.

The reference value of the drum pressure is constant in alert
mode but it varies in normal mode. The most severe disturbance
of the drum pressure loop is the steam flow. Six responses of

the drum pressure will now be examined.

The response when the output power is decreased in normal mode .

is shown in Fig. 18.1. The drum pressure error is increased for

10 < t < 30 8, when the rate-of-change of the fuel flow ig 1li-

mited (see Fig. 12.1). The drum pressure error is 4°105 Pa (3%).

. 5
The drum pressure error is reduced from 4°10

within 300 s.

Pa (3%) to zero

The response due to transfer from normal to alert mode is shown

in Fig. 18.2. The drum pressure error increases for 10 < t < 25 s

when the rate-of-change of the fuel flow is limited (see Fig. 13.1).

5

The maximum drum pressure error is 7°10° Pa (5%). The overshoot

5

of the drum pressure is 310~ Pa (2%). The drum pressure error is

reduced with a time constant of about 200 s.

The response when the output power is increased in alert mode is

shown in Fig. 18.3. The drum pressure error increases for 10 < t <
< 20 s, when the rate-of-change of the fuel flow is limited (see
> Pa (2%). The

drum pressure error is reduced with a time constant of about 200 s.

Fig, 14.1)..The maximum drum pressure error is 310

The response when the output power is decreased in alert mode is

shown in Fig. 18.4. The drum pressure error increases for 10 < t <
< 35 g, when the rate-of-change of the fuel flow is limited (see
Fig. 15.1). The increase of the drum pressure error for 10 < t <

< 35 g is 3'105 Pa (2%).

The response due to transfer from alert to normal mode is shown
5
Pa (1%).

in Fig. 18.5. The drum pressure error is less than 2-10
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is shown in Fig. 18.6. The drum pressure error increases for 3
10 <t < 35 g, when the rate-of-change of the fuel flow is li-
mited (see Fig. 17.1). The maximum drum pressure error is 6-105
Pa (4%). The overshoot of the drum pressure error starts to de-

crease for t > 400 s.

The rate-of=change of the fuel flow is as high as possible when
the drum pressure errors are created. A steam flow step, with
an amplitude of 20 kg/s (15%) caused a drum pressure error of
3°.';LO5 Pa (2%). A reference value ramp, with a rate of518-105

Pa/min (12%/min) caused a drum pressure error of 7-107 Pa (5%).

The high rate—of-change of the reference value was chosen to de-
monstrate that it does not cause severe interactions between the
control loops. The rate-of-change has to be chosen in cooperation
with the manufacturer of the boiler. The drum pressure errors are

eliminated with a time constant of about 200 s.

Performance of the drum level loop.

The reference value of the drum level is constant. The most se-
vere disturbance is the steam flow. The control of the drum le-
vel is difficult due to the shrink-and-swell phenomenon. The

feedwater flow is disturbed by drum pressure variations. Six re-

sponses of the drum level will now be examined.

The response when the output power is decreased in normal mode

is shown in Fig. 18.7. The drum level error increases for 10 < t <

< 30 s, to a maximum value of 4 cm.

The response due to transfer from normal to alert mode is shown

in Fig. 18.8. The drum level error increases for 10 < t < 35 s.
The drum level error is less than 3 cm when the drum pressure is
increasing. The drum level error is eliminated within 60 s, when
the increase of the drum pressure ceases.

The response when the output power is increased in alert mode is
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shown in Fig. 18.9. The drum level error increases for 10 < t <
< 35 s, to a maximum value of 6 cm. The drum level error is ze-

ro for t > 250 s.

is shown in Fig. 18.10. The drum level error increases for 10 <«
< t < 30 s, to a maximum value of ¢ cm. The drum level oscilla-
tions are mainly caused by the steam flow variations (see Fig.
15.22) and not by a badly tuned drum level controller. Observe
that nonlinear effects cause differences between the responses

in Fig. 18.9 and 18.10. The drum level erroris zero for t > 250 s.

The response due to transfer from alert to normal mode is shown

in Pig. 18.11. The drum level error is less than 1 cm.

The response when the output power is increased in normal mode

is shown in Fig. 18.12. The drum level error is increased for

10 < t < 25 g, to a maximum value of 4 cm. The drum level error

is less than 2 com duiing the increase of the output power. The

major part of the drum level error is eliminated within 20 s, !
when the increase of the output power ceases. The drum level er-

ror is reduced to zero within 120 s.

The largest drum level errors are created by the shrink-and-
swell phenomenon. A steam flow step, with an amplitude of 20 kg/s
(15%), causes a drum level error of 6 cm. The drum level error is

eliminated with a time constant of about 100 s.

Performance of the steam temperature loop.

The reference value of the steam temperature after the tertiary
superheater is constant. The steam flow and the heat flows to

the superheaters are the most severe disturbances of the steam
temperature loop. If sliding pressure control is used there are
also disturbances due to variations in the saturation tempera-

ture of the steam entering the primary superheater. Six responses



of the steam temperature after the tertiary superheater will

now be examined.

The response when the output power is decreased in normal mode

is shown in Fig. 18.13. The steam temperature error increases
for 10 < t < 13 s, when the rate of the stroke of the second
attemperator is limited (see Fig. 12.13). The maximum steam tem-

. o
perature error is 27C.

The response due to transfer from normal to alert mode is shown

in Fig. 18.14. The steam temperature error increases for 10 < t <

< 120 s. The spray flow valve of the second attemperator is com=

pletely open feor t > 30 s (see Fig. 13.9). The maximum steam
temperature error is 8°Cc. The steam temperature approaches the
reference value without overshoot and with-a time constant which

is less than 100 s.

The response when the output power is increased in alert mode is |

shown in Fig. 18.15. The steam temperature error increases for
10 < © < 15 s, when the rate of the stroke of the second attem-
perator is limited (see Fig. 14.13). The maximum steam tempera-
ture error is 3°C. The steam temperéture error decreases with a

time constant which is less than 100 s.

The response when the output power is decreased in alert mode is

shown in Fig. 18.16. The steam temperature error increases for
10 < £t < 13 s, when the rate of the stroke of the second attem=-
perator is limited (see Fig. 15.13). The maximum steam tempera-

, o)
ture error is 37°C.

The response due to transfer from alert to normal mode is shown

. . o
in Fig. 18.17. The maximum steam temperature error is 1°C. The
steam temperature error is eliminated with a time constant of
about 100 s.

is shown in Fig. 18.18. The steam temperature error increases
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for 10 <t < 15 s, when the rate of the stroke of the second
attemperator valve is limited. The maximum steam temperature
error is 2°C. The steam temperature error starts to decrease

for £t > 250 8 with a time constant of about 100 s.

The limited capacity of the attemperators caused the largest
steam temperature error during transfer from normal to alert
mode. The fuel flow was increased about 3 kg/s (30%). This

caused a steam temperature error of 8°C. The steam flow steps
caused the most rapid increase of the steam temperature error.

A step in steam flow, with an amplitude of 20 kg/s (15%) caused

a steam temperature error of 3°C. The servo of the second attem-
perator operated with maximum rate in these situations. The steam
temperature errors were eliminated without any overshoot and with

a time constant of about 100 s.

Performance of the output power loop.

The reference value of the output power is changed like a step
followed by a ramp, but was kept constant during the transfer
from one mode to the other. The disturbances of the output power
loop are the pressure and the temperature of the steam before
the steam control valve. Six responses of the output power loop

will now be examined.

The response when the output power is decreased in normal mode

ig shown in Fig. 18.19. The rise time is about 3 s. The maximum

output error is less than 1 MW (0.7%) for t > 15 s.

The response due to transfer from normal to alert mode is shown

in Fig. 18.20. The output power error is barely visible.

shown in Fig. 18.21. The rise time is about 3 s. The maximum out-

put power error is less than 1 MW (0.7%) for t > 15 s.
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The response when the output power is decreased in alert mode

is shown in Fig. 18.22. The rise time is about 3 s. The maxi-

mum output power error is less than 1 MW (0.7%) for t > 15 s.

The response due to transfer from alert to normal mode is shown

in FPig. 18.23. The output power error is barely visible.

The response when the output power is increased in normal mode

is shown in Fig. 18.24. The rise time is about 3 s. The maxi-

mum output power error is less than 1 MW (0.7%) for t > 15 s.

The output power loop has been tuned for fast responses. The
responses of the control valve servo (see Figs. 12.21, 14.21,
15.21, and 17.21) may lead to unacceptable wear of the control
valve and its servo. The high response rate of the output power
loop was chosen in order to demonstrate that it does‘not lead

to severe interaction between the control loops.

Concluding remarks.

The performance of the control system in six different cases
has been examined in detail. A summary of the performance, in

terms of control errors, is given in Tab. 18.1.

The multivariable character of the boiler-turbine unit does
not prevent the use of simple-minded controllersg, designed and
tuned loop by loop. The dynamic properties of the boiler—-tur-
bine unit is limited, not by the interaction between control

loops, but by limited range and limited rate-of-change of the

actuators as well as by the necessity to avoid stresses and wear.

The control system can protect the boiler-turbine unit from un-=
acceptably large stresses. The final choice of power Jjumps, po-
wer rates, and pressure rates has to be discussed with the manu-

facturers of the boiler and the turbine.
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FUNCTION PREKE(T,TH)
DIMEMSITON A(60)

ATA

133.(1)/”10U/»
2AC2Y /=1 0/

AALEY /1,07,
4AC4)Y/+1 .07,
Bal5)/+1.07,
HACEY/+1, U/,

TACT7Y/ 1,0/
8ALB)Y/~1.0/,
GALDY/ =1, 0/

DATA ACLO) /=1 .00/,
1TaCi1)/=-1.0/,
2alizy/-1.0/,
FA013)/+ 1.0/
A6014Y/+1 .0/,
BACLBY/ *1 .0/
nal1e)/=1.0/,

TACLTY =40/,
BACLEY/ =10/
9ACLeY/ =1 .0/

DATA ACZO01/+1.0/7,
TACZAY/=1.0/
2ALRZ)/ =1 .0/
SACRE)/ =1 .0/
AAC2A)/+1 07
BACPRY/+1 .0/
HALR2EY/ v 0/
7a027)/+1 .07
BACZaY/+1.0/,
GA(29)/=1,0/

DATA AL3D) /41 .0/,
LAaCAI) /=1 .0/
FACIZY/ AL 0/
SA{33)/=1.0/7,
4ACEAY /=1 .00/
BACERY/ =1 .07
AACEEY/ 1 0007

TACET7 /=1 .0/
BACZE)/=1.0/,
OAC3Y )/ =1 .0/

DATA ACAD)/=1,0/,
TAC4AL /41 .0/
PACAZY/ + L0/
SHCAEY/+1 .0/
aal44)/7/+1 .0/,
Bal45)/+1,0/,
HATAE)Y/ =140/
Thi473y/%1 .07,
BAl4) /=107
GAL49)/=1.0/
DATA A(BDY/+1
1AL/ =107
PACBRY/ =1, 0/,
SALBAY /=1 .0/
AA(Bd)/=1.0/,
SA(BSY/ v 1.1/
EALBEY/+1 .0/,
TALBT v +1 01/
BA(BB)/+1,0/7,
galsuy/+1.0/
DATA Ala0)/+1.07/

07

-




IF1ACCH=T5)/A0.1)
7Y 10,10, 21

THE EXPER|H

PECIT-50) 30,380,40

THE EXPERIHENT |5 RUNNI]NG

THE EXPERIMENT |5 OVER

PEUKE=0,0

T HAZ NOT STARTED
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REAL FUNCTION SERVOIX,XT,XS5, X0, XL XH)

SERVOsXT

FFOXTY 10,9020
SERVOzAMAXL (XT,=%8)
IFOX,LE.XL)Y SERVO=0.0
GO TO 90
SERVO=AMINL(XT,XD)
FFOX L GE.XH)Y SERVO=0,0
RETURN

END
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pel
036
n37
038
039
040
041
04z
043
044
045
046
N47
D4a
049
050
051
0b2
053
054
(15%
%6
1
058
0%9
060
Dol
gaz
Dé&3
064
DenH
p66
0a7
068
D649
070
071
n7e

20
S0

FUNCTION VALVEOW
DIMENSION A(9),B(9)

DATA

1AL /70.,900/
2A2Y/0.,232/
SAC8)Y/D.2807,
GAC4)Y/0.388/,
BA(S)I/D.483/,
6ACE)/0.568/,
TA(7)Y/0,68B4/7,
BA(B)/D.740/
QAL /D .928/,

1B /0.0007,
28(2)/15.00/,
38(3)/15.00/,
4B(4)/25.00/
BR(BI/40.00/,
GRO6)/50.00/7
TH7Y/60.00/7
BR(BIZT0.00/
9R(9)/AB0,00/,
15MAX/96,.00/
25FUL/15.00/
ZANULZL cO0E=8/
S=SMAX®Y

STOT=0.90

00 20 ‘31n@
SPEL=S-8(01)
IFOSDELY 30,10.10
SHEL=ACIY=SDEL
SPDEL=AMINL(SFUL,SDEL)
STOT=85TOT+SDEL
VALVE=STOT/135%,0 .
VALVE=AMAXA (ANUL , VAL VE)
RETURN

END




