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Fossil-fuel-driven steam-electric power plants may operate
as both load-following and baseload units. Load-following op-
erations require careful monitoring and control of plant vari-
ables with due consideration to plant stability and perfor-
mance constraints. Power plant performance is usually
expressed in terms of thermodynamic efficiency during
steady-state operations and load regulation to match actual
load demand under transient operations. An often overlooked
problem under load regulation and rapid power maneuvering
is the impact of load variation on service life, that is, struc-
tural durability, of power plant components. Under transient
operations such as load following and start-up, the critical
plant components are subjected to high thermal and mechani-
cal stresses due to variations in steam temperature, pres-
sure, and flow rate with the attendant risk of significant re-
duction in the service life (1). For example, a plant with 40
years of useful life is usually recommended for up to 100 cold
starts and emergency shutdowns as an indicator of allowable
limits of severe operational transients. Therefore, while
matching the varying load demand on a day-to-day or even an
hourly basis, power plants need to be operated in an optimal
manner to avoid premature component failures and forced
plant shutdowns. The obvious benefits include increased ser-
vice life of plant components, increased availability, and cost
reduction.

This article introduces a new technique called life-ex-
tending load-following control (LELFC) for power plants. The
objective here is to maximize the service life of fossil power
plants under load regulation without compromising the re-
quired plant performance. Essentially life extension is
achieved through reduction in structural damage to plant
components that can occur in ways such as fatigue and creep
crack growth and through corrosion. Ray et al. (2,3) and Dai
and Ray (4) have introduced the concept of damage-mitigat-
ing control of complex thermomechanical systems with a spe-
cific example of a reusable rocket engine. The technical ap-
proach is interdisciplinary, relying on:

* Mechanics of materials, along with thermodynamics and
fluid mechanics, to develop models of power plant dy-
namics and structural damage in critical plants

» Systems-theory and approximate reasoning, to design a
hierarchically structured robust control strategy based
on the above models

Structural damage occurs due to excessive temperature and
pressure oscillations during transient conditions (5). The

plant performance criterion is expanded to include tempera-
ture and pressure oscillations at critical plant components.
Kallappa et al. (5) and Kallappa and Ray (6) have taken this
approach to design a LELFC system for power plant load reg-
ulation while achieving life extension. The issues of robust
stability and performance are also addressed. The LELFC
system, presented in this article, is designed for perfor-
mance—damage trade-off under wide range operations from
25% to 100% of the rated plant load. The control strategies
are synthesized using mathematical models of power plants
(7) and structural damage processes (5) in the state-variable
setting. Implementation of these strategies in an operating
power plant would require a state-variable plant model which
matches, at the very least, with the steady-state input—
output characteristics of the actual plant. The uncertainty
modeling techniques for robust controller design (8), can be
used to overcome some limitations arising from mismatch
during transient operations.

The next section discusses the basic framework of a control
system for a steam-electric fossil power plant which must re-
spond to load demands and enhance component life and plant
availability. The sections that follow introduce different tools
for achieving the design goals. The control tools introduced
are followed by simulation experiments which demonstrate
the effectiveness of these tools.

LIFE-EXTENDING LOAD-FOLLOWING CONTROL SYSTEM

The goal of a life-extending load-following control (LELFC)
system is to formulate feedforward-feedback control law(s) in
order to satisfy the performance objective(s), while main-
taining the damage accumulation and damage rate within
prescribed limits. A major benefit of the LELFC system is to
facilitate daily cycling of large generating units that might
have been originally designed for baseload operations only.
This process takes advantage of: (i) constrained nonlinear op-
timization for feedforward control; (ii) robust linear analysis
and synthesis tools for feedback control; and (iii) approximate
reasoning (i.e., fuzzy logic) for hierarchically structured deci-
sion-making. The major challenge in the synthesis of LELFC
systems is to account for the nonlinear characteristics of ther-
mal-hydraulic dynamics of the power plant process and mate-
rial damage in the structural components.

In general, a combination of feedforward control (FFC) and
feedback control (FBC) is needed for wide-range operation of
fossil power plants (7). The FFC policy does not have the abil-
ity to compensate for disturbances and plant modeling uncer-
tainties. That is, under FFC alone, the plant outputs may
drift away from the desired trajectory. On the other hand,
FBC alone is often inadequate for wide-range control of non-
linear plant dynamics. These problems can be remedied by
using a combination of feedback and feedforward control.
While a robust feedback control is necessary to overcome per-
turbations in the plant dynamics, an open-loop feedforward
policy provides a nominal trajectory that reduces feedback
control efforts and improves the overall performance. In this
article the load regulation FFC laws are developed to handle
two scenarios. The first one is where the operating strategy is
known a priori and the other where it is not. A priori knowl-
edge of the operating strategy can be used to formulate a
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feedforward strategy which takes into account directly the
damage rate and accumulation.

One of the tools for LELFC design is the damage-predic-
tion system shown in Fig. 1 for quantitative estimation of
structural damage in components. The plant model is a finite-
dimensional state-space representation of the power plant dy-
namics under control. The plant states (or their estimates)
are inputs to the component structural model which gener-
ates the necessary information for the damage-prediction
model. The output of the structural model is the structural
stress vector which, for example, consists of time-dependent
stress, strain, and temperature at critical point(s) of the
structure (e.g., main steam and hot reheat headers, or super-
heater and reheater tubes in steam generators). The damage
model is a continuous-time representation of material degra-
dation so that this model can be integrated with the plant
dynamic model in the state-variable setting. The objective
here is to include the effects of time-dependent damage rate
and damage accumulation at the critical points of plant com-
ponents which are subjected to time-dependent, varying-am-
plitude load. The damage state vector v(¢) indicates the dam-
age levels, for example, in terms of fatigue cracks and
inelastic strain due to thermomechanical fatigue and creep-
plasticity. The time derivative of damage, v(¢) indicates how
the instantaneous load is affecting the critical structure(s) of
the plant.

The structural damage model is highly nonlinear as are
the actual damage phenomena. Therefore it is difficult to con-
trol damage solely by linear feedback control. Damage mitiga-
tion requires an understanding of the causal relationships be-
tween various plant conditions and damage rate. This
knowledge is useful for mitigating the damage rate through
control of these plant conditions. The component structural
model and the damage model are derived by applying the fun-
damental principles of thermodynamics and mechanics to
creep and plastic deformation and fatigue crack growth. The
damage model generates both damage rate and accumulation
as continuous functions of time.

A general structure of the plant and damage models used
in the LELFC system follows. All representations are in con-
tinuous time-invariant state-space setting.

Plant dynamics:

x = f(x,u)Vt > ¢,
y=8(,u)

given x(t,) = x,

(D

Damage dynamics:

v = hlv, gx, u)] such that A > 0Vt > ¢, given v(t,) = v,

(2)

vector v(¢)  dynamic model is replaced by the actual

plant.

where x € R" and y € R? are the plant state and plant output
vectors;

u € R™ is the control input vector

v € R’ is the damage state vector

q € R* is the structural stress vector

Damage is a structural degradation process which leads to
reduction in functional life of the component, for example,
cracks, corrosion, creep and plastic deformation. Critical com-
ponents in a fossil-fuel power plant which limit its functional
life include:

* Turbine rotor bearings, shaft, and casing, which fail due
to vibrations and friction damage

» Steam generator tubes that fail due to creep and corro-
sion

* Main steam and hot reheat steam headers that fail due
to creep—fatigue interaction.

This article focuses on life extension of main steam and
hot reheat steam headers and the radiant superheater and
reheater sections of steam generator tubes. The rationale for
selection of these components for life extension of the power
plant is that together they constitute the major source of
forced shutdown (9). Modeling of damage in steam headers
and steam generator tubes is discussed in detail by Kallappa
et al. (5) and Lele et al. (10), respectively. Note that other
mathematical models can be used for control synthesis, pro-
vided that these are sufficiently accurate and computationally
tractable. The control strategies suggested here can be used
to reduce damage in other plant components too.

The LELFC system consists of three modules or systems,
as shown in Fig. 2. These modules together calculate the in-
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l
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Figure 2. Structure of control system.
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put to the plant. As shown in Fig. 2, the system uses a combi-
nation of feedforward (x%) and feedback (™), to form vector u
(u = uf + u®). The measured plant output vector is denoted
by y and the plant output reference signal is denoted by ...
The control system is managed by a supervisory system,
which receives the load demand from a remotely located auto-
matic dispatch system (ADS). The goals of the complete con-
trol system, composed of the feedforward, feedback, and su-
pervisory systems, are as follows:

1. Load following by taking the plant load (MWe) starting
from a steady-state level to the target point within the
prescribed time

2. Maintaining plant stability and performance robustness
in the presence of sensor noise and modeling uncertain-
ties

3. Maintaining steam temperatures and pressures within
a prespecified range to mitigate structural damage in
plant components

There is clearly a trade-off between achieving goal 1 and the
remaining two goals.

The control systems are tested via simulation experiments
on a once-through steam power plant model with a rated ca-
pacity of 525 MWe. The plant dynamics are represented by a
27th-order nonlinear state-space model, which is described in
detail by Weng, Ray, and Dai (7). The plant maintains the
throttle steam condition at 2415 psia and 950°F and hot re-
heat steam temperature at 1000°F for loads over 40%. At
lower loads the throttle pressure needs to be lowered. Goal 3
is achieved by maintaining these three conditions as such.
The following four valve commands are selected as control in-
puts: (1) high-pressure turbine governor valve area (AGVR),
(2) feedpump turbine control valve area (APTR), (3) furnace
fuel/air valve area (AFAR), and (4) reheat spray attemperator
valve area (AATR). The measured plant outputs are electric
power (JGN in MWe), throttle steam temperature (THS), hot
reheat steam temperature (THR), and throttle steam pres-
sure (PHS). All simulations and examples are specific to this
plant.

The next three sections discuss in detail the various as-
pects in the design of the three systems and present some
simulation results. The three systems can be synthesized and
used independently of each other, but, as simulation results
will show, they produce better results when used in conjunc-
tion with each other.

FEEDFORWARD SYSTEM DESIGN

The feedforward system objective is to maneuver the plant
from an initial equilibrium state to a new equilibrium state
within a specified time and without violating the prescribed
physical and damage constraints. The motivation here is to
facilitate daily cycling of large electric generating units. Input
to the feedforward system is always the current desired load
output in MWe (y,s in Fig. 2) and its output is the current
command signal to position the input valves (z) in the ab-
sence of any feedback.

During steady-state operation uff is held constant at the
steady-state value of the command input corresponding to the
steady-state outputs. Under steady-state operations the plant

states and inputs are determined by the load and other out-
puts (pressure and temperatures). Following Eq. (1), the
steady-state condition is defined as:

fxss, uss) =0 and Yss = & (Xss, Uss) 3)

where the subscript “ss” denotes steady state. The steady-
state inputs and states are obtained by solving Eq. (3) for u,
and x, for a desired output y,. Since u, and x,, are uniquely
determined by y,, the damage rate and performance are also
unique for a given steady-state operating condition of load de-
mand, steam pressure, and temperature. On the other hand,
during transient operations each input of the power plant can
be changed in different ways to the dual objectives of load
following and damage mitigation.

Damage in power plant components can be severe during
transients such as start-up, shutdown, and load-following op-
erations (11) because of fluctuations in steam temperatures,
pressures, and other state variables. If the operation strategy
is known a priori, a damage-mitigating feedforward policy can
be formulated via off-line optimization based on the damage-
prediction systems. The cost functional for this optimization
is a weighted sum of the measures of plant performance and
accumulated structural damage. If the operational strategy is
not known a priori, on-line optimization is required. This may
not be practical due to computational limitations. Therefore
feedforward for this case is determined by y,, the reference
output, based on the steady-state operations and Eq. (3). The
u' for each y, corresponds to the steady-state input for the
output. This uf is not damage mitigating.

An optimal feedforward control (FFC) policy can be gener-
ated as an input sequence over a finite-time horizon to enable
rapid response to changes in load demand. The performance
index is expressed in terms of the deviation from the desired
load temperatures and pressure, and the rate of change of
actuator commands. The objective is to minimize a nonlinear
cost functional which represents the plant performance, dam-
age accumulation without violating given damage, and dam-
age rate constraints along with performance constraints (op-
erating temperatures and pressures).

The optimal FFC is synthesized via constrained nonlinear
programming (NP) due to the nonlinear plant and damage
models. Since optimization of FFC is computationally expen-
sive due to the large models used, on-line methods of optimi-
zation, such as receding horizon predictive control, appear to
be ineffective. Therefore optimal FFC is generate off-line with
feedforward actuator valve positions (uf) being the decision
variables. A quadratic cost functional is chosen as the sum of
the square of weighted deviation of plant outputs and control
effort (change in input valve positions) and weighted absolute
value of the damage rate and damage accumulation which are
nonnegative. The optimization procedure identifies a finite se-
quence of control inputs {u,}}-¢ at uniform time steps for &£ =
0 to N — 1 that will minimize this functional. Since each of
the plant and damage models has a continuous-time struc-
ture, the control inputs are, in effect, continuous-time steps
where u;, represents the height of the step for the duration
[¢,, t,+1). The sequence of control inputs are calculated such
that the plant can be maneuvered from a known initial plant
state x, and damage state v, at initial time ¢, close to the spec-
ified terminal state and control effort at the final time ¢; corre-



sponding to the final time step N. The optimization procedure
is summarized below:
Minimize:

N-1 ) L

J= [Th 1@ rTr1 + T Ryl +Spup 1+ ) (v —v,) @)
k=0 i=1

Subject to the following constraints:

Plant dynamics:

t
o1 =2, Jr/k+1 fle@).u®ldt  x,l,_o =x(ty) =%, (5)

b
Plant output:  y, = g(x;, u,) (6)
Control signal bound: 0 <ul <o’ i=12L m (7)
Plant output constraints: lyil<yi i=12L p (8
Damage rate: 0<v <Bl i=1,2 L L 9)
Damage accumulation: vl — vl < T i=120L L
(10)

where

x5, U, and y, are plant states, control inputs, and plant out-
puts, respectively, at time ¢,
Y = yr — 31 1s the deviation of the actual output from the de-
sired output
4, = u, — u,-, is the incremental change in the control input
at time ¢,
vy, is the damage state
U} is the damage rate
N is the total number of discrete time steps for the time
period [¢, ¢
Q. € RP?; R, € R™™ and S, € RY are weighting matrices,
k=1L N
o is the normalized upper limit of the ith actuator position
vector
Bi is the maximum rate of the ith damage state vector at
time ¢,
v is the normalized constraint for the ith output deviation
75, at time ¢,
I is the maximum increment of the ith damage state for
the time period [¢, 1

Figure 2 shows implementation of the optimal FFC by the
feedforward system. The control input u to the plant is com-
posed of the addition of two signals. The first is the feedfor-
ward signal, uf, and the second is the feedback signal, u®.
Prior to initiation of the transients (e.g., load ramp up), uf is
held at the steady-state value of the inputs corresponding to
the initial load. During transients, uf is identically equal to
the optimal FFC which is generated off-line via constrained
optimization over a specified finite interval of time. At the
expiration of the finite time interval, uf is held at the steady-
state value corresponding to the inputs at the final load. The
feedback signal, u™, is provided on-line by the feedback con-
troller. To maintain robustness at all times the linear feed-
back system is active during both steady-state and transient
conditions. The presence of a feedforward during transient op-
erations reduces the feedback control effort and damage.
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SIMULATION EXAMPLES FOR FEEDFORWARD SYSTEM

Optimal feedforward control policies were obtained for the
given plant model with actuator and plant output constraints
for the transient operations of load following. Only the case
of power ramp-up under normal operating conditions is pre-
sented as a typical example in this article. During the ramp-
up operation, the plant load (JGN) was uniformly increased
from 40% to 100% base load, that is, from 210 MWe to 525
MWe, in 360 s. The main steam header pressure (PHS) was
constrained within *45 psia around the nominal value of
2415 psia. Similarly, the main steam temperature (THS) was
constrained within =10°F around the nominal value of 950°F
and the hot reheat steam temperature (THR) within +15°F
around the nominal value of 1000°F. For the feedforward ex-
periments only the main steam header damage was taken
into account. Damage to other components can also be in-
cluded in the optimization, but that would make the optimiza-
tion computationally intensive. The goal is to demonstrate the
effectiveness of the optimization and it can be done by using
just one critical component.

Before this optimization study was conducted, simulation
experiments were conducted for the above ramp-up operation
based on an ad hoc feedforward input trajectory which is of-
ten practiced in industry (1). The objective was to observe the
accumulated damage level and damage rate for this power-
ramping operation. The ad hoc feedforward input trajectory
was constructed by uniformly interpolating between steady-
state input values for 40% and 100% load. The observed dam-
age levels and damage rates were used as constraints during
nonlinear optimization to calculate the optimal feedforward
trajectory.

The FFC sequence was updated at a uniform interval of
lsGe,t,—t,,=1sfork=1,2,. . . N). With four control
inputs at each time step, the number of decision variables,
{u}i=¢, is 1440 for a period of 360 s. The decision vector, u;, =
{AGV,, APT,, AFA,, AAT,}" is the vector of normalized valve
positions varying from 0 (fully closed) to 1 (fully open). Other
details of these simulations are described in Ref. 5.

Upon completion of the optimization task, simulation runs
were conducted for two different scenarios, each for a mid-life
operation of the plant for a period of 9000 s. Each of these
simulation experiments started with a ramp-up operation
(duration 360 s) followed by a steady-state operation around
100% load for 8640 s. The simulation are used to demonstrate
the superiority of the optimized feedforward trajectory over
the ad hoc trajectory.

The first scenario used the ad hoc input feedforward se-
quence for the ramp-up followed by the steady-state values
of the control inputs. The second scenario used the optimal
feedforward control sequences, instead of the ad hoc ones, for
the ramp-up operation and maintained the steady-state con-
trol inputs for feedforward thereafter. Feedback control was
used in these simulations. Its design will be discussed in the
subsequent section. The same feedback system was used for
both simulations, to have a fair comparison between the two
types of feedforward.

Figures 3 and 4 compare the results of simulations ob-
tained from the ad hoc feedforward control and the optimized
feedforward control. Figure 3 shows that the overall perfor-
mance of the optimized feedforward sequence is clearly supe-
rior to that of the ad hoc feedforward sequence. The output in
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the optimized feedforward case follows the reference load
(JGN) trajectory more closely. (It is difficult to distinguish the
two load trajectories from the plot due to scaling.) Further-
more, although the temperature and pressure signals in the
optimized case have higher frequency contents due to more
rapid maneuvering of the control valves, they have smaller
amplitude than in the ad hoc case. For each plant output,
steady-state is reached at approximately the same time. The
optimal trajectory generation is driven by three goals: first, to
follow the output ramp as closely as possible, which is demon-
strated in Fig. 3; second, to keep the three other outputs
within specified bounds, for safety reasons and damage miti-
gation. Figure 3 demonstrates that the optimized feedforward
keeps the outputs within bounds and relatively closer to the
reference output, as compared to the ad hoc input. The third
aim is to reduce damage due to creep and fatigue in the steam
headers. Both creep and fatigue damage are functions of the
steam temperature and pressure. The optimization process
keeps a trade off between load-following and safety and dam-
age constraints.

Figure 4 compares the damage and damage rates resulting
from the plant operation and control scenarios of Fig. 3. Fa-
tigue damage accumulation and rate are calculated by the fa-
tigue crack growth model in terms of the increments of crack
length in mm, assuming an initial crack length of 1.5 mm.
Creep damage is expressed as a normalized dimensionless
variable. It is the reduction in thickness of the header pipe
divided by the original thickness. In effect, creep and fatigue
damage accumulations and rates shown in Fig. 4 refer to the
thinning and cracking of the main steam header. Both fatigue
and creep damage are lower for the optimized input as com-
pared to the ad hoc input. For both types of damage, under
the ad hoc feedforward control inputs, the peak occurs during
the transient condition of power ramp-up. This demonstrates
the need for damage mitigation during transient operations.
The life-extending load-following under the optimized feedfor-
ward inputs reduces the creep thinning damage by about 40%
and the fatigue damage by about 90%, as seen in Fig. 4. Opti-
mal feedforward control achieves significant savings in struc-
tural damage, as compared with ad hoc feedforward. How-
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ever, this requires rapid maneuvering of the control valves,
which will increase wear and therefore more frequent mainte-
nance of actuator valves will be needed. This is a small price
in contrast to the gain achieved by life extension of the steam
header and (possibly) other plant components such as steam
generators and steam turbines.

FEEDBACK SYSTEM DESIGN

The feedback signal u® is provided on-line by the feedback
controller. Controller synthesis is done, keeping in mind not
only the desired plant performance but also the effect of vari-
ous states on damage of critical plant components. The con-
trol objectives include manipulation of these states to reduce
damage. In effect, the feedback controller is a damage-miti-
gating controller which is designed to be robust and to handle
plant disturbances, modeling uncertainties, and sensor noise.

The mathematical tools needed to design nonlinear con-
trollers are not sufficiently developed to handle systems as
large as a complete power plant. Therefore linear controller
synthesis techniques are used. The feedback controller is syn-
thesized based on linearized plant model(s). To circumvent
the problem of large perturbation under wide-range opera-
tion, a set of feedback controllers are designed and imple-
mented via gain scheduling (12), which is implemented by the
supervisory system. The feedback control (FBC) system is de-
signed in the sample-data configuration in which the sampler
and hold are synchronized, as seen in Fig. 5. That is, even
though the computation of the feedback signal u(k) is com-
pleted before expiration of the sampling period, it is held in
the buffer until the beginning of the next sample. This syn-
chronization with the sampler makes implementation easier
and should not cause any appreciable performance degrada-
tion if the sampling period, 7, is chosen small relative to the
process dynamics. Having the sampler and hold synchronized
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» Plant
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Figure 5. Feedback control system configuration. The plant operates
in continuous time while the controller operates in discrete time. In
the Sample Data Controller configuration, Hy is the hold timer and
Sy is the sample timer.

allows the use of a powerful sampled data feedback controller
design technique. This technique takes advantage of the fact
that a synchronized sampled-data system is T-periodic, since
shifting the system inputs by an integer multiple of T will
result in the plant outputs being sampled at the same points,
but shifted by the multiple of 7. For the power plant consid-
ered in this article, a sample time of 0.1 s was found to be
sufficient for control purposes. Unlike a discrete controller,
the sample data technique also guarantees intersample per-
formance.

A feedback controller synthesis technique has been
adopted, which minimizes the worst-case gain between the
energy of exogenous inputs (e.g., noise, disturbances, and ref-
erence signals) and regulated outputs (e.g., error signals and
control effort). This is known as Ly-induced controller synthe-
sis which involves finding the stabilizing controller K which
minimizes:

z
21z,

(11)
wz,

1w (K)HLQ—ind =Ssup {

wll,, # 0}

where Ty is the closed-loop transfer function between the
previously mentioned exogenous inputs (w) and exogenous
outputs (z), and [|- ||, denotes a norm whose value is the en-
ergy of the signal that it operates on. For linear time invari-
ant systems, controller synthesis based on the induced L,-
norm is known as H. controller synthesis, which has been
well documented in the control literature (13). However, H.,
controller synthesis cannot be applied directly to sampled-
data systems because of their time varying nature. Bamieh
and Pearson (14) proposed a solution to the L,-induced con-
troller synthesis problem for sampled-data systems, which
has subsequently been incorporated as the function sdhfsyn
in the MATLAB mutools toolbox (15).

Since the linear model being used for the synthesis of the
feedback controller is only an approximation of the true dy-
namics of the power plant, the designed controller should ex-
hibit robustness properties. Analysis of the robust stability
and performance of sampled data systems has been explored
in a paper by Sivashankar and Khargonekar (16). For control-
ler synthesis, a D-K iteration technique toolbox (17) can be
used where “suboptimal” rational polynomial weights D’s are
found using w-synthesis and the controller K is found using
the induced L, sampled-data design procedure.

In a wider range of power plant operation from 25% to
100% of full load, a single linear feedback controller does not
yield required performance or stability because the plant dy-
namics are very nonlinear in the lower range. The single con-

troller is designed on a given linearized plant model using
linear techniques and may not meet the stability and perfor-
mance requirements while operating away from the lineariza-
tion point. Analogous to plant stability and performance, the
damage-mitigation quality of a control system may not be ef-
fective if away from the postulated region of plant operation.
Gain scheduling is commonly used for wide-range control of
complex dynamical processes such as power plants and tacti-
cal aircrafts. It allows robust linear control of (continuous)
nonlinear plants over a wide operating range. It breaks the
task of control synthesis into two steps (17).

The first step is to synthesize a family of local linear con-
trollers based on linearization of the nonlinear plant at sev-
eral different equilibrium points (operating conditions). The
linear controllers yield satisfactory local performance, that is,
when the nonlinear plant is operated near the respective op-
erating points. The second step involves interpolation of the
linear control laws at intermediate operating conditions. The
role of a gain-scheduling policy is to schedule the gains/pa-
rameters of the linear control law structure. This scheduling
is dependent on the operating conditions. One or more of the
operating conditions could form the independent scheduling
variable. Major issues in the gain-scheduling decision include
the number of linear controllers, the algorithm for switching
from one controller to another, and the choice of the schedul-
ing variable. These choices are to be made with due consider-
ation to stability, performance, life extension, and overall
cost.

The optimal number of gain-scheduled controllers should
take into account two factors: (1) robust stability and perfor-
mance in the entire operating range; and (2) impact of switch-
ing transients or interpolation of control signals on the plant
performance. Although an increase in the number of control-
lers in the operating range often improves the performance,
any switching action may lead to an abrupt change in the
closed-loop plant dynamics and the occurrence of such phe-
nomena should be kept minimal. The number of controllers
may differ from plant to plant and requires good working
knowledge of the particular plant. For this particular plant
three controllers are deemed optimal. The controllers are de-
signed by linearizing the plant at 25%, 35%, and 60% plant
load. The reason for the concentration of controllers toward
the lower operating range is the greater nonlinear dynamic
behavior exhibited by plants at lower operating ranges. This
is because the feedwater pump pressure and the throttle pres-
sure are very sensitive to steam flow rate through headers
and generator tubes when the flow is reduced during lower
ranges of operation.

Since linear time-invariant approximations of the plant dy-
namics are used to design the controllers and the actual plant
is nonlinear, the gain-scheduled control system is not likely
to exhibit stability or performance over the entire operating
range. However, all gain scheduling can still be implemented
under the guidelines that the scheduling variables should
vary slowly and capture the nonlinearities of the plant. For
power plants plant load output/generated power output
(MWe) is a scheduling variable that effectively captures the
plant nonlinearities. Initial choice of generated power output
was made keeping life extension in mind. Intuitively, slow
variations in plant load reduce the damage in most plant com-
ponents.



An important issue in gain scheduling involves the sched-
uling technique for the family of linear controllers. The choice
is between smooth scheduling and switched scheduling.
Smooth scheduling for wide-range control of large-order non-
linear plants is much more complicated because linearization
of the high-order nonlinear plant dynamics makes the system
poles and zeros far from each other at various operating
points. Therefore, the linear controllers may be significantly
dissimilar. The order of these controllers is very high (e.g.,
over 60 states). Any reduction in controller states to a lower
order further diminishes any similarity between the individ-
ual controllers making smooth scheduling more difficult.
Therefore, gain scheduling based on binary switching (i.e.,
switched scheduling) has been adopted.

Switched scheduling involves binary bidirectional switch-
ing from one controller to another with no intermediate stage.
Successful implementation of the switching must not induce
any abrupt changes (i.e., jerks) to the control system, while
maintaining the required conditions of stability, performance,
and life extension. These features satisfy the requirements of
bumpless transfer (18). If the controller is observable, a sim-
ple observer-based technique used by Astrom et al. (19) and
Graebe et al. (18) can be used for controller switching. The
details of this technique are discussed by Kallappa and Ray
(6).

Figure 6 shows the set-up used for the synthesis of the
linear robust controller. The synthesis is based on a lineariza-
tion of the nonlinear power plant model at a load of 25%, 35%,
and 60% of the maximum load. Input multiplicative modeling
uncertainty is represented by

W =2(537) a2
which implies that the amount of plant uncertainty is being
estimated as being 10% at low frequencies and 200% at high
frequencies. This is because the plant model performance
matches the steady-state plant operations very well; there-
fore, very little uncertainty is expected at lower frequencies.
The disturbance weighting function is chosen to be

0.1

Waise () = s+0.1

(13)

which means that disturbances with frequency content of less
than 0.1 rad/s are expected.

The physics of material degradation and operating experi-
ence lead to the observation that large oscillations of steam
temperature and pressure are the major source of damage in
power plant components, especially in the steam headers and
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Figure 6. Synthesis of the linear robust feedback controller.
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steam generator tubes. Large oscillations in steam tempera-
ture may also cause high damage in the turbine blades, but
the pressure oscillations are relatively less damaging. The ra-
tionale is that the structural damage is caused primarily by
creep flow and thermal stresses leading to cracks. Creep is an
exponential function of temperature and rapid temperature
oscillations cause high thermal stresses and stress oscilla-
tions. On the other hand, unlike an exponential function, me-
chanical stress cycling induced by pressure oscillations is gov-
erned by a relatively less nonlinear relationship. Therefore
pressure constraints are relaxed to enhance the quality of dy-
namic performance during load following. The dominant
modes of thermal-hydraulic oscillations in a power plant are
below 10 Hz (7). The amplitude of high-frequency oscillations
(e.g., in the order of 10* Hz or more) of any output variables
is likely to be insignificant. Therefore, a larger penalty is im-
posed on lower frequencies of each performance-weighting
function. However, due to high-frequency unmodeled dynam-
ics, the risk of completely ignoring high-frequency oscillations
is nonnegligible, because rare as they might be, these inci-
dents may cause instability, leading to catastrophic failures
or unscheduled plant shutdown. Based on the above observa-
tions, each performance weight is formulated as the sum of a
low-pass filter and an all-pass filter.

The main steam generator is the major source of thermal-
hydraulic instability in once-through steam power plants
where rapid variations in the length of the evaporator (e.g.,
two-phase water/steam region under subcritical conditions)
section may occur due to changes in steam/water flow and
rates of heat release. Any variations in the evaporator length
are reflected in the main steam temperature (THS), which is
the most significant of the damage-causing variables. There-
fore, the penalty imposed on THS is most significant, that is,
the low-pass filter has the largest bandwidth. The weights for
the controller at 60% plant load are selected as follows:

100
w =20+ —— for THS
p1(s) + s+5 or

2
Wpy(s) =20+ S0l for THR
1 (14)
Wpg(s) =10+ STo1 for PHS

2
= — fi
Wpy(s) =20+ 101 or JGN

The performance weights for the controllers at 25% and
35% load impose a larger penalty on temperature oscillations
because larger temperature variations are observed at lower
load levels. This implies that the quality of dynamic perfor-
mance is traded-off for better damage mitigation and stabil-
ity. The performance weights for the controllers at 25% and
35% load are selected as follows:

150
Wpi(s) =30+ P for THS

3
Wpy(s) =30+ STo1 for THR

1 (15)
Wps(s) =10+ S0l for PHS

2
Wpy(s) =20+ sTo1 for JGN
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In each case, the generalized plant models (i.e., the aug-
mentation of the linearized plant model with Wy, Wy, and
W,) have 47 states. The MATLAB u-Analysis and Synthesis
Toolbox was used to design a linear feedback controller using
the method outlined above. The induced L, synthesis was per-
formed through D-K iteration (8,15). The polynomial fits for
D in the final iteration of all three controllers are of either
order 3 or 4 and the stability robustness measure was below
0.8 for each controller. The controller at 60% has 71 states
and each of the other controllers had 79 states. Most of these
states are only lightly controllable and, after applying Hankel
model order reduction, each controller is reduced to 26 states
and the stability measure of each controller still remains be-
low 0.8.

The implementation of the feedback control within the
LELFC system is shown in Fig. 5. Both the feedforward and
feedback control signals are discrete signals. The sequence of
feedforward commands, uf(k), is stored in a computer a priori,
and the signal generated by the feedback controller, Au(k), is
calculated by a computer on-line. At each sampling instant
(e.g., every 0.1 s) the feedforward and feedback control signals
are added together and converted into a continuous signal by
using a zero-order hold device. Since the feedforward se-
quence is based on a 1 s sampling time, and the feedback
sequence is based on a 0.1 s sampling time, each element in
the feedforward sequence is applied for 10 consecutive 0.1 s
samples. The error signal, e(k), which serves as the input to
the feedback controller, is calculated by subtracting samples
taken from the plant outputs, y(k), from the a priori chosen
reference trajectory, y™/(). Each of these signals are based on
a 0.1 s sampling time.

SUPERVISORY SYSTEM

The supervisory system, as its name suggests, acts as an on-
line supervisor. It has two major functions. The first function
is to implement the gain scheduling of feedback controllers.
This decision is made based on the sensor data, that is, the
plant output, y. The second function is to select the reference
signal y™ based on the operation strategy and plant output.
This decision is made using fuzzy logic and fuzzy membership
functions (20). The supervisor is an expert system and is con-
structed based on expert knowledge of the plant and the
structural damage models.

The gain-scheduling function of the supervisory controller
can be incorporated into the feedback system too. If that is
done, the feedback system can operate both with or without
the supervisory system. This fact is used later on to test the
superiority of fuzzy logic over a simple feedback system. The
decision about y™f using fuzzy logic is a function specific to
the supervisor only. It requires as inputs plant load demand
from the remote grid and plant output from the plant sensors
and the output is y™ (Fig. 2).

In order to emulate decision-making capabilities of a hu-
man supervisor, the supervisory system must be embedded
with the knowledge of human operators. Yen et al. (21) have
demonstrated the ability of fuzzy logic to emulate human su-
pervisors. The basic configuration of the fuzzy controller is
shown in Fig. 7. The nonfuzzy inputs are converted into fuzzy
inputs via membership functions (20), in the fuzzifier. The
membership function maps the nonfuzzy input to a real value
in the interval 0 to 1, indicating the extent to which this input
is a member of the fuzzy set. The fuzzy rule base is built upon
expert knowledge of an experienced human operator in a rule-
based format. The inference mechanism generates the output
using the fuzzy input and the rule base. The defuzzifier con-
verts the fuzzy output set into nonfuzzy analog or digital con-
trol signals. In this application, the fuzzy control algorithm
serves to achieve three interrelated goals:

1. To maintain robust stability of the gain-scheduled con-
trol system through slow variations in the scheduling
variable (plant load in MWe)

2. To avoid abrupt damage-inducing dynamic changes in
plant variables during controller switching by enhanc-
ing smoothness of the switching mechanism

3. To reduce the damage rate in the critical plant compo-
nents while satisfying the plant performance require-
ments, creating a trade-off between plant performance
and damage during transients

The inputs to the supervisory controller have to be quanti-
ties that can be easily measured and are readily available,
that is, sensor data y(¢). Similarly, its outputs must be quanti-
ties that an operator can manipulate to achieve the goals.
Knowledge of the plant and damage dynamics helps in mak-
ing these choices. Critical plant states and outputs which af-
fect stability and structural damage should be inputs. The
patterns and behavior of the outputs that lead to appreciable
damage and instability should be incorporated into the mem-
bership functions and rule bases.

The critical nature of main steam temperature (THS) and
hot reheat temperature (THR) in terms of damage and stabil-
ity has been discussed earlier. In contrast, the other two
plant outputs, main steam pressure (PHS) and generated load
(JGN) are not as critical. Therefore, THS and THR are used
to derive the inputs to the fuzzy controller. The effects of tem-
perature can be critical in two ways. First, a rapid change in
steam temperature may cause significant damage to the plant
components or even plant instability. The rates of change
of the two temperatures are therefore used as nonfuzzy in-
puts to the fuzzy controller. Even a slow change in tempera-
ture may lead to instability by gradually taking the control-
lers away from their region of attraction. To circumvent this
problem, magnitudes of the two output temperature errors
are also used as fuzzy inputs. Based on the fuzzy inputs, a

Nonfuzzy Fuzzy Fuzzy Nonfuzzy
—_— Fuzzifier - »| Fuzzy inference mechanism > Defuzzifier p———>
input input output output

Figure 7. Fuzzy controller structure.
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course of action is adopted, via an if—then rule base that par-
tially captures human expertise. The nonfuzzy output of the
fuzzy system is the load ramp rate which can be integrated
to determine load—the gain scheduling variable. This choice
provides a convenient means for achieving the first goal. The
remaining two goals can also be achieved through this ap-
proach via judicious choice of the membership functions.

During transient operations the two temperatures THS
and THR are major indicators of the damage-accumulation
rates. In order to obtain better control of the damage-caus-
ing variables, slowing down of the process dynamics is the
most natural action of the supervisory controller. This implies
a reduction in the load ramp rate. On the other hand, a good
temperature performance can leave sufficient margins to in-
crease the ramp rate. This justifies the choice of the absolute
value of ramp rate as the fuzzy controller output. For exam-
ple, if the goal is to achieve a smooth load increase from 30%
to 60% at the average rate of 10% full load per minute, the
supervisor may decrease the ramp rate below 10% at certain
points to maintain stability or reduce damage. On the other
hand, if the sensor-based information indicates a low damage
rate and stable operation, the load ramp rate can be safely in-
creased.

The first step in the synthesis of a fuzzy control law is
creating membership functions for the four inputs and one
output. For the two temperature errors, identical membership
functions are used because the process variables THS and
THR are functionally similar. The same argument holds for
the rates of change of these two temperatures. A third mem-
bership function is required for the output.

Each membership function set has cardinality of five. The
membership functions are shown in Fig. 8. Unlike the mem-
bership functions of temperature rate and temperature error
membership, functions of load ramp rate are not uniformly
spaced. The spacing in load is arrived at via trial and error
over extensive simulation runs, similar to what a human op-
erator would like to do. The triangular shape of the member-
ship functions is chosen for mathematical simplicity and pro-
duces sufficiently good results. An interpretation of these
membership functions is as follows:

r; = very low rate of change of temperature
ro = low rate of change of temperature

rs = moderate rate of change of temperature
r, = high rate of change of temperature

rs = very high of change of temperature

Similar labels can be assigned to temperature error and load
ramp rate. The membership functions are now combined into
a set of fuzzy rules constituting a four-input single-output
fuzzy control system with each input having cardinality of
five. This implies that there can be 5* (=625) combinations of
inputs and an if—then rule is required for each combination.
To simplify this situation, the fuzzy control system is parti-
tioned into two parallel processing fuzzy systems S; and S,,
as shown in Fig. 9. The inputs to S; are temperature rates
and the output is the load ramp rate, while the inputs to S,
are the temperature errors and output is also ramp rate. The
junction “<” in Fig. 9 represents an operation which picks the
minimum of the two outputs, that is, the slower ramp rate.
Thus a conservative approach is adopted in order to simplify
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Figure 8. Membership functions.

a large rule base. The advantage of this simplification is that,
instead of 625 rules, two sets of 25 if-then rules are now
needed as listed in Table 1 and Table 2. For example, a rule
If r18S and rTUR, then RR; represents: If the rate of change of
main steam temperature is very low and the rate of change
of hot reheat temperature is very low, then make ramp rate
very high.

The membership functions fuzzify the nonfuzzy inputs.
The inference mechanism then determines the applicability of
each rule to the present situation. The parameter A;, deter-
mines the applicability of each of the 25 rules to the present
situation and takes a value in [0, 1] representing a measure

Absolute values

of rate of change: Sy Ramp rate

of temperatures

Ramp rate

Absolute values oi

Ramp rate

temperature errors S2
> S2

Figure 9. Parallel processing of the fuzzy control algorithm.
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Table 1. If-Then Rules for Temperature Rate of Change
(Fuzzy Controller S,)

r’fHS rgHS rgHS rIHS r%‘HS
rHR RR; RR, RR; RR, RR,
rjik RR, RR, RR; RR, RR,
rjHR RR; RR; RR; RR, RR,
rjHR RR, RR, RR, RR, RR,
riHR RR, RR, RR, RR, RR,

of the amount the inputs satisfy the if part of the respective
rule. The subscripts i and j represent the row and column for
rules. For example, in Table 1, A; = min{r/®, rJH8} implies
that, A; takes the minimum of the two values of the member-
ship function involved in each rule.

The defuzzifier calculates one deterministic output in the
form of ramp rate. The output is calculated as a weighted
average of the outcome of each rule (RR,, 2 = 1, 2, 3, 4, 5)
with the respective N’s as the weights. Since there are no
probabilities associated with the fuzzy decision-making in the
present controller, each outcome is concentrated on the geo-
metric mean (i.e., center of gravity) of its membership func-
tion. The membership functions in Fig. 8 are symmetric and
the mean lies at the value with membership of one. Let the
mean outcome of each rule be represented as rr;;, where rr;;
can take one of the five mean values, depending on the out-
come of the if—~then rule. Then, the final ramp rate is repre-
sented by:

>y (16)

i.j=1..5

ramp rate = Z ATy /

i.j=1..5

which is the weighted average of the geometric means of the
output membership functions.

FEEDBACK-SUPERVISORY SYSTEM IMPLEMENTATION

The implementation strategy of the supervisory control sys-
tem, shown in Fig. 10, has three main modules. The discrete-
time and continuous time signals are denoted by “&2” and “¢”,
respectively, in parenthesis. The supervisory controller mod-
ule consists of the gain scheduler and the fuzzy controller.
The gain scheduling of controllers is carried out based on the
measured plant outputs y(k), specifically the fourth element
of y(k), which is the generated load (JGN) in MWe. However,
the gain scheduling can also be implemented by the feedback
module. Given a power plant operating strategy, the fuzzy-
logic-based control module in the supervisory controller
serves the role of generating y™(k). The feedforward signal is
generated via equilibrium steady-state calculations. The ro-

Table 2. If-Then Rules for Temperature Error (Fuzzy
Controller S,)

Es EJBs EIBs EHS EmS
ETHR RR; RR, RR; RR, RR,
EHR RR, RR, RR; RR, RR,
EffR RR; RR; RR; RR, RR,
EHR RR, RR, RR, RR, RR,
EfiR RR, RR, RR, RR, RR,

bust feedback module is realized by three linear controllers
whose ranges of operation are as follows:

1. Controller synthesized at 25% plant load: used for
range [25%, 32%] plant load

2. Controller synthesized at 35% plant load: used for
range (32%, 50%] plant load

3. Controller synthesized at 60% plant load: used for
range (50%, 100%] plant load

All three controllers are synthesized closer to the lower end
of their operating range. The rationale is that the extent of
nonlinearity is much more severe as the load is diminished.

The sequence uf(k) of the feedforward signal is updated
every 1 s by the fuzzy controller, based on y*(%), and is stored
in the control computer a priori. The feedback control law
uM(k) is generated on a 0.1 s sampling time and is imple-
mented as discussed earlier.

The operating strategy simulated and tested here are load
ramp-up and ramp-down. The first three elements, namely,
reference signals for THS, THR, and PHS, of y*(k) are func-
tions of the fourth element. Once the vector {yref(k)} is com-
pletely determined it can be used to generate feedforward in-
put for the next instance. At any instant, one and only one
linear controller is on-line and provides the feedback signal.
The controller in use in Fig. 10 is the one synthesized at 25%
plant load. While a single specific controller is on-line, the
trackers for the remaining two controllers, which are off-line,
are functioning to ensure that the controllers are ready to
switch smoothly under a sudden change in the plant load de-
mand. As soon as the active controller goes off-line, its tracker
is switched on. While the main role of the supervisory control-
ler is life extension without any significant loss of perfor-
mance, it also ensures stability. It is shown in the next section
via simulation experiments, that at times when the feedback
controllers fail, the supervisory controller can maintain ro-
bust stability.

RESULTS AND DISCUSSION OF SIMULATION EXPERIMENTS

Simulation experiments are performed to demonstrate perfor-
mance, robustness, and damage-mitigating capabilities of the
entire control system for fossil power plants. This is accom-
plished by comparison of the plant dynamic performance un-
der three control system configurations. Each control config-
uration uses the same feedforward policy. The first
configuration uses just one feedback controller over the entire
range of operation and no supervisory system. The second
configuration uses the three gain scheduled controllers, but
does not use the fuzzy functions of the supervisory controller.
In effect, this is half the supervisory system without the intel-
ligent fuzzy control function. The third configuration is the
system depicted in Fig. 10, with the feedback system and the
complete supervisory system. The goal of these simulations
is to demonstrate the superiority of the combined feedback-
supervisory system over the other two systems.

The comparison between these three cases is done based
on output performance and structural damage. The plant per-
formance requires generated plant load (JGN) to follow a pre-
determined trajectory. Each of the other three outputs,
namely, THS, hot reheat temperature THR, and PHS, follow
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Figure 10. Implementation of supervisory control system.

a trajectory based on the current plant load and is maintained
within respective bounds. During these operations, damage
accumulation in the main steam header, hot reheat header,
and superheater tubes is calculated using the damage predic-
tion system of Fig. 1. Simulation experiments are also per-
formed to test the robustness of the control system under
plant transients. Some of the plant parameters, like time con-
stants of valve dynamics, heat transfer coefficients, and tur-
bine and pump efficiencies, are perturbed and the outputs
and damage accumulation are compared for the three cases.

SIMULATION SET-UP

To test the closed-loop control system, for both nominal and
perturbed plant conditions (two operations): a power ramp-up
from 25% to 100% plant load and a power ramp-down from
100% to 25% plant load, are simulated. The recommended
ramp rate is 10% per minute for both operations. The desired
operating conditions for the THS, THR, and PHS at a given
plant load (JGN) are a function of the JGN. The operating
conditions are determined as the steady-state values of these
outputs at the given plant load. The operating conditions for
each load are as follows:

* 25% load—[THS, THR, PHS] = [935°F, 990°F, 2050 psil]

* 30% load—[THS, THR, PHS] = [948°F, 998°F, 2285 psi]

* 40% to 100% load—[THS, THR, PHS] = [950°F, 1000°F,
2415 psil

Linear interpolation determines the output values in between
these conditions. At loads below the 40% power level the pres-

sure PHS needs to be decreased to avoid feedwater pump
valve saturation. The feedwater pump is primarily responsi-
ble for generating the steam pressure. The operating temper-
atures are also lowered slightly for thermodynamic reasons.
It should be noted that the reference trajectories for these
three operating conditions are a function of the actual load
output and not load demand.

The damage accumulation and rates are monitored for
three critical components. The main steam header, which
damages from fatigue cracking and thickness reduction due
to creep. Maximum crack growth occurs on the outer surface
and in the radial direction. An initial value of crack length is
assumed. Normalized creep is calculated as the reduction in
header thickness per unit original thickness and is desig-
nated “Creep Thinning”. The hot reheat header and super-
heater tubes are the other two components. Damage in each
of these is predominantly due to creep and is represented in
a fashion identical to the creep damage in the main steam
header. Each of these assumed to be made of 2i% chromium
and 1% molybednum ferritic steel.

The next two subsections present simulation results for
nominal and perturbed plant conditions. Each set of simula-
tion experiments is performed by running the feedback-super-
visor control system first. The time taken to complete the op-
eration using this system is used for the other two systems.
This ensures a proper comparison of the performance and
damage mitigation among the various control systems. The
plots in the figures are marked with appropriate labels (e.g.,
“single controller”, “gain sch.” for gain scheduled, and “feed-
back-sup.” for feedback-supervisor) to indicate different con-
figurations.
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SIMULATION UNDER NOMINAL CONDITIONS

For nominal plant simulation results from only ramp-up oper-
ations are reported. Three different configurations of feedback
control are used as mentioned earlier. The single robust con-
troller, adopted for simulation experiments, yields the best
performance out of many single controllers that are designed

Figure 11. Ramp-up performance of sin-
gle controller for nominal plant. Power
ramp up takes place from 25% to 100%
plant load, starting at 100 s and lasting
for 738 s. The single feedback controller
causes large oscillations in temperatures
and power output during both transient
and steady state operations.

and tested. This controller is an induced L, controller based
on the plant model linearized at 40% full load. Figure 11
shows the performance of this controller for ramp-up opera-
tions. The average ramp rate is determined from the time
taken to ramp the feedback-supervisory system. It takes 738
s for the ramp-up operation with an average ramp rate of
6.1% (of full load) (see Fig. 12). The plots in Fig. 12 show the
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respective initial steady-state loads held for the first 100 s, to
demonstrate absence of any initial (nonsteady-state) tran-
sients. Similarly, the final steady states are held for an ex-
tended period of time to exhibit stability. Referring back to
the single controller case in Fig. 11, the main steam tempera-
ture (THS) abruptly increases by about 100°F as the power
ramp-up starts, and the hot reheat steam temperature (THR)

larger oscillations in temperatures and
power output during transient operations.

by over 55°F. Sudden temperature changes of this nature may
cause structural damage to the steam headers as well as in
the steam turbines. The final steady-state responses are ex-
tremely oscillatory for all four outputs in Fig. 11. This is
highly undesirable for both dynamic performance and struc-
tural damage. It is reiterated that this single controller has
yielded the best performance out of a large group of single
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robust controllers that were designed. It is also found to be
unstable for injected plant perturbations.

Figure 12 shows comparisons of the outputs between “gain
scheduled” (i.e., without fuzzy logic) and “feedback-sup.”, un-
der ramp-up. The reference trajectories (“Ref. Tra.”) for THS,
THR, and PHS are different for the two cases because they
are determined by the current load output (JGN) and at any
instance JGN can differ for either case. Gain scheduling
shows a marked improvement over “single controller” system
in terms of steady-state behavior but the transient response
still has large temperature variations almost like the “single
controller” in Fig. 11. In contrast, the “feedback-sup.” outputs
show excellent behavior for the steam temperature and pres-
sure transients, THS, THR, and PHS, that are directly re-
sponsible for damage reduction. Unlike the other two control
systems, the temperature variations are well controlled.

For ramp-up operations in Figs. 11 and 12, the load-follow-
ing performance of all three scenarios is comparable. The
“single controller” has slight oscillations, the “gain scheduled”
controller suffers from large transients around the points of
controller switching especially at 50% load, and the feedback-
supervisory system stays below the reference trajectory until
the end. However, the other three outputs, PHS, THS, and
THR, are superior for the feedback-supervisory system. The
load-following performance can be improved by changing the
frequency-dependent performance weights W, in the robust
feedback controller synthesis as and by allowing larger ramp
rates in the membership functions of the plant outputs. For
each case, the changes involve a trade-off, which is the de-
signers’ decision.

Figure 13 compares the damage under a ramp-up opera-
tion. The operation is preceded by 1000 s of steady-state and
followed by another 2000 s. This ensures that any delayed
dynamics in damage will show up during steady-state opera-
tion. In Fig. 13, for each of the critical components, the feed-
back-supervisory system yields better damage control. Maxi-
mum damage reduction takes place in the main steam
header, because it is a thick pipe and is more prone to ther-
mal stresses arising from larger temperature gradients across
the wall. The control system focuses on reduction of tempera-
ture and pressure fluctuations in the main steam header. The
hot reheat header, on the other hand, is a thinner pipe and
its damage is mainly due to the temperature and not temper-
ature gradients. A similar logic applies to the superheater
tubes, which are not as thick as the main steam header. For
superheater and other steam generator tubes, the main cause
of damage is the fireball size in the furnace, which is primar-
ily responsible for transfer of (radiant) thermal energy to the
tubes. The fireball size is controlled by the air-fuel valve. Un-
der nominal plant operations, the feedforward control input
to this valve is carefully designed to avoid any sudden change
in fireball size and the feedback signal is responsible for fine-
tuning only. It will be shown later that under perturbations
there is vast improvement in damage mitigation and stability
can be achieved by using the feedback-supervisory system. In
conclusion, during power ramp-up, the “single controller”
yields better life extension of the steam generator tubes than
the “gain scheduled controller,” but the “feedback-sup.” is the
best amongst the three controllers. Similar trends were no-
ticed for ramp-down operation, except that the single control-
ler gave highest damage and the worst performance. The re-
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Figure 13. Damage during ramp-up operation in nominal plant.

sults for nominal plant power ramp-up operation are
summarized in Table 3.

PERTURBED PLANT SIMULATION

Simulation experiments are also conducted on the plant
model with injected perturbations, in order to test the ro-
bustness of the control system. The following perturbations
were introduced:

* 3% decrease in the efficiencies of the turbines and feed-
water pump turbines and feedwater pumps due to struc-
tural degradation of rotating components

* 3% decrease in the heat transfer coefficients in the steam
generator and reheater tubes resulting from possible
scale formation on the inside wall

* 25% increase in the time constants of the governor, feed-
pump turbine, and fuel/air valves due to possible degra-
dation of the actuator components

The “single controller” was unstable under perturbed con-
ditions for both ramp-up and ramp-down and these results
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Table 3. Summary of Results for Power Ramp Up Operation in Nominal Plant

Performance
Feedback Type/Attribute Stable Steady State Transient Damage Mitigation
Single Controller Yes Poor Fair Poor
Gain-Scheduled Yes Fair Fair Very Poor
Feedback-Supervisor Yes Good Good Good

Legent: NA = Not Available.

are not shown. Figure 14 has the ramp-down outputs for the
perturbed plant under gain-scheduled and the feedback-su-
pervisor system. There is a trade-off between power ramp-
rate and temperature control at lower loads where steam tem-
peratures begin to oscillate. However, the improvement in
performance by using the feedback-supervisor system is evi-
dent, especially in the case of THS. Figure 15 shows the dam-
age for both controllers. Similar to the results in Fig. 13, the
damage is less for the feedback-supervisor system. But, un-
like Fig. 13, there is a marked improvement in damage con-
trol for superheater tubes. This is because, as mentioned in
the previous section, damage mitigation is largely accom-
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Figure 14. Ramp-down performance for perturbed plant.

plished by the feedforward action for the nominal plant. In
contrast, for the perturbed plant, the feedforward action is no
longer accurate and consequently the feedback action plays a
relatively larger role. Thus, during ramp-down, for the per-
turbed plant, the feedback-supervisor system yields both bet-
ter performance and damage control than the gain scheduled
system, with a trade-off in load rate. These results are tabu-
lated in Table 4.

Figure 16 shows the ramp-up operation for the perturbed
plant. While the feedback-supervisor system performs reason-
ably well, the control system becomes unstable without the
fuzzy controller. The rationale for this observation is as fol-
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Figure 15. Damage during ramp-down in perturbed plant.
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Table 4. Summary of Results for Power Ramp Down Operation in Perturbed Plant

Performance
Feedback Type/Attribute Stable Steady State Transient Damage Mitigation
Single Controller No NA NA NA
Gain-Scheduled Yes Fair Fair Fair
Feedback-Supervisor Yes Good Good Good

NA = Not Available

lows: As the system starts to move away from the reference
points, the fuzzy controller slows down the ramp rate and
thereby the rate of change of the plant load is reduced and
stability is maintained. This is in accordance with the claim
that a slow variation of the gain scheduling variable, in this
case the plant load, ensures stability. This observation clearly
demonstrates the effectiveness of fuzzy logic in keeping the
control system robust. Since, for this case, all other systems
are unstable, no damage comparisons are made (Table 5).

Ref. traj. = reference trajectory

1050 r T
C i ---- Ref. traj. feedback-sup.
_ 10007 Gain sch. ——- Ref. traj. gain sch.
o 950 1
T
|_ -~
900 Feedback-sup.
850, 500 1000 1500
Time (s)
1050 — T T
o
o 1000
T
-
Feedback-sup.
950 L L
0 500 1000 1500
Time (s)
2600 T :
% 2400 | T T T AL .
§ 00 e ’ ~— Feedback-sup.
%) -~ Gain sch.
a 2200 ---- Ref. traj. feedback-sup.
/ ——- Ref. traj. gain sch.
2000 ! :
0 500 1000 1500
Time (s)
600 v T
---- Ref. traj. feedback-sup.
g 40} T Ref. traj. gain sch. : J
3
= Feedback-sup.
o 200 1
™ Gain sch.
0 . .
0 500 1000 1500

Time (s)

Figure 16. Ramp-up performance of perturbed plant.

CONCLUSIONS

This article presents three distinct tools for power plant load
control where the objectives are to enhance load-following and
load regulation in power plants with an emphasis on life ex-
tension and trade-off between plant performance and compo-
nent life. These three tools, namely, optimal feedforward,
gain-scheduled linear feedback, and supervisory control using
fuzzy logic, can be used in conjunction with each other or in-
dependently to form a life-extending load-following control
(LELFC) system for power plants. The LELFC systems are
synthesized assuming that the designer has a thorough
knowledge and understanding of the functioning of power
plants. The importance of each of these techniques has been
discussed earlier. An important feature of these systems is
the ease of synthesis and implementation. All of the above
system synthesis can be carried out using simple worksta-
tions and fast PCs. On-line software implementation of these
systems can be done using personal computers. While the
feedback controllers are not flexible, the supervisory control-
ler can be adjusted and changed on-line during operation to
suit any change in demand or other operating conditions.

Simulation runs have been conducted to test the dynamic
performance versus damage mitigation trade-off of the
LELFC systems under load-following operations. The feedfor-
ward system achieves significant improvement in damage
mitigation with almost no loss in the load-following capabil-
ity. However, it must be remembered that the feedforward is
not robust and can be used only under certain conditions.
Based on the results of simulation experiments, it is apparent
that there is practically no trade-off in damage control among
the major critical components of the power plant. It also es-
tablishes the overall superiority of gain scheduling with fuzzy
control. This concept of wide-range life-extending load follow-
ing is of significant engineering importance. For example, in-
cluding damage in the control scheme leads to potential life
extension of the plant as well as increasing the mean time
between major maintenance actions.

Feedforward optimization is dependent on availability of
accurate mathematical models of the power plant and struc-
tural damage of the critical components. Adequate computa-
tional resources are needed for fast convergence of an optimal
solution. For its implementation, load demand has to be
known a priori. The induced Ly-norm technique, used for con-
troller synthesis, can be replaced by other techniques, but the
performance constraints and criteria should remain the same.
The number of gain-scheduled controllers can vary from plant
to plant and this decision requires working knowledge of the
plant operations.

The supervisory system with fuzzy logic improves the load-
following capabilities of the system. The fuzzy logic based sys-
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Table 5. Summary of Results for Power Ramp Up Operation in Perturbed Plant

Performance

Feedback Type/Attribute Stable Steady State Transient Damage Mitigation

Single Controller No NA NA NA

Gain-Scheduled No NA NA NA

Feedback-Supervisor Yes Good Good Not Calculated

NA = Not Available
tem is very flexible especially in terms of the membership 18. S.F. Graebe and A. L. B. Ahlen, Dynamic transfer among alterna-
functions. The temperature membership functions can be ad- tive controllers and its relation to antiwindup controller design,
justed to reduce damage or relax damage constraints in order IEEE Trans. Control Syst. Technol., 4:92-99, 1996.
to improve performance' The Output membership functions of 19. K. J. Astrom and B. Wittenmark., Computer Controlled Systems:
load ramp rate can be a function of load demand, instead of Theory and Design, Englewood Cliffs, NJ: Prentice-Hall, 1984.
keeping them fixed. This is an important issue and should be  20. M.Jamshidi, N. Vadiee, and T. J. Ross (eds.), Fuzzy Logic and Con-
further investigated. trol, 1st ed., Englewood Cliffs, NJ: Prentice-Hall, 1993.

21. J. Yen, R. Langari, and L. A. Zadeh, Industrial Applications of
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