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Abstract—This paper describes a scheduling method for repre-
senting the thermal stress of turbine shafts as ramp rate constraints
in the thermal commitment and dispatch of generating units. The
paper uses Lagrangian relaxation for optimal generation sched-
uling. In applying the unit commitment, thermal stress over the
elastic limit is used for calculating the ramping cost. The thermal
stress contribution to generation cost requires the calculation of a
set that includes thermal stress at the end of each time step; this re-
quirement presents a complicated problem which cannot be solved
by an ordinary optimization method such as dynamic program-
ming. The paper uses an improved simulated annealing method to
determine the optimal trajectory of each generating unit. Further-
more, the paper uses linear programming for economic dispatch
in which thermal stress limits are incorporated in place of fixed
ramp rate limits. The paper illustrates the economics of frequently
ramping up/down of low cost generating units versus the cost of
replacement of their turbine rotors with a shorter life span. The
experimental results for a practical system demonstrate the effec-
tiveness of the proposed method in optimizing the power system
generation scheduling.

Index Terms—Lagrangian relaxation, ramp rates, short term
generation scheduling, simulated annealing, thermal stress.

I. INTRODUCTION

E LECTRICAL power systems are designed and operated
to meet the continuous variation of consumer demands. In

order to ensure an optimal economic operation, power systems
scheduling is based on two important tasks (i.e., unit commit-
ment and economic dispatch). The generation scheduling objec-
tive is to minimize the system generation cost over a period of
24 to 168 h, while satisfying multiple physical and operational
constraints. From the mathematical point of view, this problem
represents a large and complex mixed integer programming. Re-
search and development endeavors on this subject have been di-
rected toward more efficient and near-optimal generation sched-
uling solutions in power systems with increasingly more diverse
constraints.

Traditionally, unit commitment [1]–[4] has adopted a fixed
ramp-rate limit for representing physical limits of generating
units, such as the rotor fatigue effect, on unit ramping charac-
teristics. This scheme presumes that as long as the ramp-rate is
within preselected limits, the ramping process will not shorten
the life of the rotor. Even though the use of properly prese-
lected ramp-rate limits guarantees a more reasonable generation
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schedule, it fails to provide the flexibility for allowing system
operators to select proper ramping rates for various levels of
power.

In [5], we use a fatigue index, instead of fixed ramp rates,
to balance the benefits of ramping the units with low operating
cost against the cost of shortening the service life of the turbine
rotor. We use two parameters: one is the elastic range which
represents the limited change in generating power for a given
ramping time that would not shorten the service life of the rotor,
and the other one is the ramping penalty, which is based on the
cost of the future rotor replacement allocated to each megawatt
of ramping beyond the elastic range. These two parameters are
used as limits in our economic dispatch or as additional cost
in unit commitment, which result in a more exact solution in
operation of units.

In [6], we present another model for optimal generation
scheduling, which includes unit ramping cost as part of the
overall system operation cost. In that model, the effect of
fatigue on the life of a unit is converted into factors of ramping
cost, which is minimized by considering various ramping
policies. The ramping cost in power systems operation includes
the fuel cost for generating the required electrical energy and
starting up decommitted units as well as the rotor depreciation
during ramping processes such as starting up, shutting down,
loading, and unloading. In that model, the unit minimum
up/down times constraints are represented by ramping costs,
which conceptually and computationally improve the optimal
generation scheduling.

Reference [7] presents a method for steam electric generator
dispatch which replaces fixed ramp rate constraints by thermal
stress computation in the dynamic dispatch of generating units.
At power stations, changes in turbine rotor temperature can be
monitored by temperature sensors, and a process computer uses
this information to control the rate at which a generator is loaded
and unloaded. The approach incorporates into modified dispatch
equations a calculation of thermal stress of the rotor. The calcu-
lation parameters are taken from turbine manufacturers’ fatigue
index curves.

This study proposes a generation scheduling method, which
considers thermal stress as a limit for generation scheduling and
dispatch. Thermal stress cost denotes the effect of strain due to
peak tensile or compressive thermal stress in the nonelastic re-
gion of generating units. Therefore, instead of fixing ramp-rate
limits as one set of unit operating constraints, the proposed ap-
proach permits variable ramping rates and determines a suitable
generation schedule by minimizing the overall system operation
cost. The cost, however, includes a component that depends on
the number of stress/strain cycles and their peak values.
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Following a mathematical formulation of the problem, the
proposed approach will be described. Then, the experimental
results for a practical system demonstrate the effectiveness of
the proposed approach in optimizing the power system genera-
tion scheduling.

II. M ATHEMATICAL MODELS

The objective of the generation scheduling problem studied
in this paper is to minimize the system operation cost, which in-
cludes the cost of fuel consumed for electrical energy generation
and starting up processes, as well as the thermal stress contribu-
tions to operating cost, without violating any system operation
constraints.

The list of symbols used in this paper is as follows
total operating cost of the entire period;
width of time step; in our study, is half an
hour;
total study time span in half hours, while
is the set index;
total number of units;
commitment state of unitat end of time step

(1 or 0); no power is generated if
at either the beginning or end of a time step;
power output of unit at end of time step
(MW);
average power of unit during time step
(MW);
system energy demand for interval ending at
time (MWh);
rated upper power limit of unit (MW);
rated lower power limit of unit (MW);
system spinning reserve requirement at time
step ;
Lagrangian multiplier for system power bal-
ance constraint;
Lagrangian multiplier for system spinning re-
serve constraint;
thermal stress limit for turbine rotor of unit,

;
thermal stress on unitat end of time step,

;
slope of turbine metal temperature versus
power output, ;
first stage temperature at full power of unit,

;
first stage temperature at transition to partial
arc steam admission, ;
turbine loading at transition to partial arc
steam admission, MW;
turbine rotor thermal time constant for unit,
h;
start up cost, $ of unit at time step ;
coefficients of the start-up cost function of
thermal unit ;
time constant in the start up cost function of
thermal unit ;

cost of turbine thermal stress, $ of unitat
time step ;
magnitude of peak tensile or compressive
thermal stress in the nonelastic region for unit
, at time step ;

temperature corresponding to elastic limit of
unit , ;
cost coefficient for elastic strain ;
initial control temperature;
lower bound on the control temperature;
fuel cost rate of unit, U.S.$/h
time duration for which unit has been on/off
at hour (Hr);
minimum up/down time of unit.

Mathematically, the optimization problem can be described
as follows. The objective of the problem is to minimize

(1)

where

The objective is to minimize the system operation cost which
consists of three elements. One is the power generation cost for
supplying the system load demand and reserves, the second is
the start-up cost, and the last one is the cost attributed to the
turbine thermal stress.

The constraints for the problem are

1) System energy balance

(2)

2) System spinning reserve requirements

(3)

3) Unit generation limits

(4)

4) Thermal stress constraints

(5)

where

(6)

5) Thermal unit minimum start up/shut down times

(7)

Equation (6) represents the dynamic equation of the thermal
stress of a unit at a specific time step, which is a linear function
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of the unit’s thermal stress at the previous time step and the
unit’s power output at the current and the previous time steps.
Due to the dynamic process of the thermal stress change, the
peak value may be different than . See [7, Fig. 1] for
more details.

The difference between this study and our earlier study
[8]–[12] is that the thermal stress is used as a constraint to unit
operation and its excess over the elastic limit will cause a penalty
to the operation cost of the unit .
From (6), we know that the thermal stress of a unit at timeis
determined by a dynamic equation, which is a linear function
of its thermal stress at time and the unit power outputs at
times and . The unit power output is already determined
by the economic dispatch subproblem; thus as long as the unit
states at time are given, the thermal stress at timewill be
calculated step by step using (6). If the unit power output jumps
between two power values, the thermal stress may exceed
its elastic limit which would contribute to the operation cost.
However, if the unit power output change is moderate (e.g., a
small change between two power values), the thermal stress
will be in its elastic range and there will be no penalty attributed
to the operation cost.

In some cases, the thermal stress contribution to operation
cost , along with the inclusion of start-up cost , al-
lows us to use rotor fatigue costs to represent minimum up-time
constraints. Minimum down-time, however, may be based on
the maximum speed in which station operators may be able to
start a unit.

III. PROPOSEDSOLUTION STRATEGY

The Lagrangian relaxation method (LRM) is used in this
study for adjoining the system constraints into cost factors via
Lagrange multipliers, thus reducing the number of variables in
the optimization process by decomposing the original problem
into several subproblems. Since each subproblem in LRM
considers the operation strategy of each unit over the entire
time span, LRM is proposed for handling ramp-rate constraints.
In our study, thermal stress below the elastic limit will not lead
to fatigue; otherwise, it will cause rotor depreciation during
ramping processes. The excess amount of thermal stress over
the elastic limit is used to calculate the fatigue contribution
to operation cost. Since the calculation of ramping cost needs
the complete set of thermal stress values at each time step, we
present an improved simulated annealing method to determine
the optimal trajectory of each generating unit. Once the status
of units is determined, we apply linear programming (LP) to
economic dispatch. In our method, thermal stress is used in
place of ramping limits to mimic the process that takes place
in power stations; this is more accurate than the use of a fixed
ramp rate limit.

In the following, the proposed approach for the optimal gen-
eration scheduling is given. An iterative procedure is used to
search for a suitable solution for , , , with
relaxed system energy balance constraints. The procedure for
finding a suitable unit commitment schedule is as follows:

Step 1) Assign an initial value to and ,
, denoted by and .

Step 2) Find the suitable unit commitment schedule under
current system operating status by simulated an-
nealing method. That is

where the solution is denoted by and .
Step 3) If for

, we have obtained a satisfactory unit com-
mitment schedule; proceed with the economic dis-
patch algorithm; otherwise, go to Step 4).

Step 4) Corresponding to the unit states and , use
the subgradient method to modify and .
Once the updated and are obtained, go
back to Step 2).

A. Lagrangian Function for Unit Commitment

LRM decomposes the original scheduling problem into
subproblems. Each subproblem corresponds to the most eco-
nomical operation strategy in operating a generating unit during
the entire study period and under certain system conditions.
The system conditions are described by Lagrangian multipliers
which physically represent the system operating condition,
including the incremental cost of the system energy, the incre-
mental cost of the system generating capacity, and so on. Each
subproblem considers a dynamic process which determines the
unit state (either on or off) in each time interval for minimizing
the operation cost of the unit over the entire study period.

The Lagrangian function for unit commitment is

(8)

with constraints expressed by (4)–(6).
Therefore, the search for the optimal commitment schedule

under certain system condition, that is for a given and ,
which are denoted by and , becomes a

minimization process for variables and .
Rearranging (8) to categorize all variables and constants, we

have

(9)

Since the last two items of (9) are constant, they do not affect
the final solution of (9), and thus, can be ignored in searching the
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optimal commitment schedule. In this regard, the optimization
problem presented in (9) can be decomposed intosubprob-
lems, each corresponding to the optimal unit commitment of in-
dividual units over the entire study period, which is expressed
as

(10)

subject to (4)–(6).
Since the stress contribution to cost requires the com-

plete set of values for thermal stress at the end of each time step,
it will be difficult to use traditional optimization methods such
as dynamic programming to obtain the optimal solution. So we
adopt an improved simulated annealing method to find the suit-
able values of , which minimize (10) and satisfy (4) and
(6).

B. Simulated Annealing Algorithm for Unit Commitment

In this study, the operation cost consists of three terms,
one is the system generation cost which represents the fuel
and variable operation and maintenance (O&M) expense for
supplying the system load demand, another is the start-up cost

which can be determined by the unit operation trajectory
and the third one is the thermal stress contribution to the
unit operation cost.

1) Peak Stress:The total study time can be divided into a
sequence of intervals in which the thermal stress is i) tensile be-
yond the elastic limit, ii) compressive beyond the elastic limit, or
iii) within the elastic limit. Changing over to and from the elastic
region separates the time intervals. For each set of continuous
time steps of type i) or ii), there is a cost associated with
the peak value of the stress that occurs within the time in-
terval. Since simulated annealing can identify the complete set
of stresses , , its application to our approach
can spot the peak stress in each type i) or type ii) continuous in-
terval, and thus, account for the cost contributed during
each of these intervals.

Mathematically, each subproblem represents a 0–1 integer
programming (IP). For a small size problem, the enumeration
method is feasible since the number of configurations is small.
However, in this study, the number of configurations becomes
excessively large , and the applicability of the
enumeration method will be infeasible. If we apply DP, which
is used extensively in LRM, with a single state variable to
determine an optimal trajectory with minimum operation cost,
we will have difficulty in obtaining the optimal solution. One
condition for the application of dynamic programming (DP)
is the separability of the objective function, which means
the objective function must be separable for all, or the
effect of final stages on the objective function of an n-stage
process must depend only on states and upon the
final decisions . However, for our
commitment subproblem, the calculation of stress contribution

to cost does require the previous values of the thermal stress
at times ; thus, the separability condition of the
objective function is not satisfied. So, we cannot resort to the
one-dimensional (1-D) DP for the solution of this problem.
One possible approach would be to add another state variable
to describe dynamic stress equations, thus a two-dimensional
(2-D) problem is required to formulate and obtain a DP solu-
tion; however, this effort will require a much greater numerical
computation and storage which preclude its application to our
problem.

We envisioned that the calculation of stress contribution to
cost is relatively simple. Once the unit states at each time

are given, the complete set of values for thermal stress at each
time can be determined by (6), while the operation cost of unit
will be calculated by (9). Hence, simulated annealing [13]–[15]
can be applied readily to obtain the optimal trajectory; in this
study, we present an improved simulated annealing method to
determine the optimal trajectory of each generating unit more
efficiently.

2) Simulated Annealing:Assume is
the set of all combinatorial configurations, and is
a cost function given by (9), which assigns a real number to
each configuration. Thus, the combinatorial problem is to find
a configuration for which

For our unit commitment subproblem, this configuration is
equivalent to finding an optimal trajectory for each unit.

The fundamental concept of simulated annealing is based on
a strong analogy between the physical annealing process of solid
materials and the problem of solving large combinatorial opti-
mization problem. In that case, the configurations assume the
role of states of a solid material, while the cost functionand
the control parameter represent energy and temperature, re-
spectively. Let decrease slowly from a high value; for each,
use the Metropolis algorithm to simulate the evolution of a solid
to thermal equilibrium, that is, given a configuration, generate
another configuration by choosing an element at random
from the neighborhood of . If , then ac-
cept as a new state with a probability . This
process is continued until the probability distribution of config-
urations satisfies the Boltzmann distribution as follows:

If decreases very slowly and , then, based on the
above equation, the final state is the one with minimum cost.

The above concepts can be implemented by two separate al-
gorithms, one is the annealing process (AP), and the other is the
Metropolis Sampling (MS) algorithm.

Annealing Process (AP) algorithm:
1 Select an initial state at random; let , the initial
temperature be and

2 Let ; call Metropolis algorithm using and , and
let the returned stateof MS be the present state

3 Decrease according to some perceived rules (e.g.,
) where and
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4 Check the stopping criterion, if satisfied, go to 5; otherwise,
go to 2

5 Represent as the optimal solution, stop.

Metropolis Sampling (MS) algorithm:According to the input
and from AP,

1 Let and
2 Generate a trial state from the neighbor set of. For
our commitment subproblem, this new state can be obtained
by choosing a random numberfrom , then
changing the status of a unit at time t; that is, if the unit is on
at , let it off and vice versa. We denote the new state as.
Calculate the cost of by (9) and obtain the change of cost as

3 If , accept as the present state; if , then ac-
cept with a probability of . If is accepted,
let ; otherwise,

4 , check the convergence criteria, if satisfied, go to
5; otherwise, go to 2

5 Return AP with as the present state.

From Steps 2 and 3, we observe that, for a given temperature
, the time series reflects not only the up-

dating procedure of the solution but also the searching trace in
the configuration set. Since the algorithm accepts the bad solu-
tion with probability , the time series does not
decrease monotonically. In simulated annealing, the present so-
lution is a time updating series which is cascaded by series at
different decreasing values of. This is why the simulated an-
nealing has the ability to exit from a local minima; due to this
reason, the present solution may be worse than some of the solu-
tions searched. From the above analysis, we construct the mono-
tonically decreasing series as follows:

if
if
otherwise

(11)

with the following advantages.

1) Since the searching strategy is not changed, the ability to
exit from local minima is maintained; the final solution
must be the best one of all the states visited, which en-
hances the ability to obtain the optimal solution without
increasing the computation requirements. So, the solution
obtained by this improvement is always superior to that of
the original simulated annealing method.

2) For a given temperature,
indicates that after consecutive searches, the

solution is not better than . If is large enough, there
is no sense to continue the search. So, we should provide a
threshold value , and if , we stop the MS process
for a given temperature .

3) For a given temperature, denote its final solution
as . If for each ,

, then after continuous drop in the tempera-
ture, the optimal solution is not improved. Thus, there

is no sense to decrease the temperature any further. So,
we provide a threshold value and stop the annealing
process for .

Therefore, the improved simulated annealing algorithm is de-
scribed as follows:

Improved Annealing Process (IAP) algorithm
1 Select an initial optimal solution at random with an initial
state and let ; also let the initial temperature be,
for and .
2 Let , and call the Improved Metropolis algorithm using

, , and . Let the returned optimal solution be and
the returned present state be .
3 If , ; otherwise, let
and .
4 Decrease the temperature according to some perceived rules
(i.e., ), where ; let .
5 If , go to 6; otherwise, go to 2.
6 Print as the optimal solution, stop.

Improved Metropolis Sampling (IMS) algorithm:According to
and obtained from IAP,

1 Let and the present state be . The initial
optimal solution is and .
2 Generate a trial state from the neighboring set of

by using the same random unit commitment generator as
in the MS algorithm. Calculate the change of cost as

3 If , then is the next present state. If
, then and ; otherwise, ; if

, then accept with probability . If
is accepted, let and ; otherwise,

.
4 , if (convergence criteria) go to 5; otherwise,
go to 2.
5 Return to IAP with as the optimal solution and as
the present state.

C. Constrained Economic Dispatch

Once the status of each unit is determined, the second part
of the problem concerning thermal stress constraints will be
to solve the economic dispatch problem. In this study, thermal
stress of each unit is used as a limit, instead of fixed ramp rates,
for the operation of the unit which permits a dispatch at higher
ramp rates without increasing turbine rotor fatigue. Linear pro-
gramming (LP) is used for the optimal economic dispatch in
which a thermal model of the rotor is incorporated to limit the
effect of fatigue due to thermal stress. The objective of the eco-
nomic dispatch is as follows:

(12)

where is the set of all committed units.
We apply the upper bounded technique to the simplex

method. However, as we use the piecewise linear fuel cost
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function, the dimension of the problem will exceed the capa-
bility of personal computers. Since the piecewise fuel cost of a
unit is continuously differentiable except on vertices, it would
be possible to find the optimal solution as long as the vertices
can be checked. In this regard, the objective function is (12),
subject to (4) and (5). The details for solving this problem are
the same as that in [8]–[10].

D. Subgradient Method for Modifying and

The method is based on the approach given in [8]–[12], and
is implemented as follows.

1) The incremental cost of the system power generation
.

a) In Step 4 of the solution procedure, the power bal-
ance constraint is relaxed, so

Using the subgradient method, can be updated
as

(13)
where is the step size as a function of the number
of iterations.

b) System energy balance constraints will be satisfied
by economic dispatch. If the convergence criterion
is not met, will be modified. Since we use
a piecewise linear fuel cost function, the highest
incremental cost of all committed units, denoted by
, is used in order to compensate for the system

. Therefore

(14)

where is a relaxation coefficient.
2) The incremental cost of system generating capacity

. The following procedure is applied to the iterative
process.

a) Set .
b) If

, then neither nor
will be modified; otherwise, go to C.

c) According to the subgradient method, is up-
dated as

(15)

where is the step size as a function of
the number of iterations. As for , if

,
then will not be adjusted; otherwise, increase

by a constant value equal to the smallest ca-
pacity of all units (i.e., ).

TABLE I
EQUIPMENT OUTAGE TABLE

TABLE II
CHARACTERISTICS OF THEAVAILABLE UNITS

IV. EXPERIMENTAL RESULTS

The data for this project were provided by a generating com-
pany in the U.S., which owns 11 generating units including
three nuclear, three coal-fired, and five oil-fired units. Since nu-
clear units are almost always in service, they are excluded from
unit commitment. An operating policy exists regarding the two
peaking units, Oil 1–2, indicating that these two units should
never be operated at the same time. Since these two units have
identical characteristics, they can be treated as one unit in the
generation scheduling process. As to which unit should be op-
erated, the operating station has the right to decide. The most
recent operating record provided by the generating company is
for the week of January 26 to February 1. During that week,
three units were under scheduled outage for repair or inspection
as shown in Table I. The capacity of Coal 1 is reduced by 80 MW
for two days (01/29 to 01/30). The remaining five units supply
the system load demand and their characteristics are listed in
Table II.

In order to study the efficiency of our algorithm, we set the
parameters for the “end-test” of large and small iterations in sim-
ulated annealing as , , which correspond to a
usual simulated annealing method. Let , ,

, , and set the initial unit states to be off
for the whole period. After 11 iterations, LRM converges to a
near optimal solution of U.S.$ 803 846.71. If we set

and maintain all other parameters unchanged, LRM con-
verges in seven iterations with a near optimal solution of U.S.$
624 029.06; obviously, this result is much better than the earlier
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TABLE III
GENERATION AND LOAD (MW) FOR JANUARY 28, 2002

one. If we set , LRM converges to a near optimal so-
lution of U.S.$ 628 354.07; however, the CPU time increases to
16 s due to additional iterations of simulated annealing in each
subproblem. These results imply that is a crucial factor for
the implementation of the algorithm; it influences not only the
CPU time but also the quality of the solution. In some cases,
simulated annealing cannot exit from local minima even though

is small.

Now, we use the improved simulated annealing to obtain the
near optimal solution; after several experiments, we set

, for the given system. The values of and are
determined empirically for a near optimal solution within a rea-
sonable computation time. Let , , ,
and set the initial unit states to off for the whole period; we ob-
tain the near optimal solution of U.S.$ 624 029.06 in seven iter-
ations. If we set to be 10 or 1, we obtain the same solution
with a slightly higher CPU time. This experiment indicates that
the values of , , and play a major role in calculating the
near optimal solution. Furthermore, the improved simulated an-
nealing is able to provide more efficient results within a shorter
period of time.

Table III presents the results for Monday, January 28, 2002
based on the proposed method (denoted as Cal.2). In addition,
results based on [5] which considers fixed ramp-rate limits in
unit commitment and economic dispatch as it incorporates the
rotor fatigue effect (denoted as Cal.1), as well as the actual
operating costs (denoted as Act.) are listed in Table III. The
corresponding operating costs for actual, Cal.1, and Cal.2 cases
are U.S.$ 629 124.69, U.S.$ 626 495.00, and U.S.$ 624 190.00,
respectively. Although both calculation methods satisfy thermal
stress limits, Cal.2 results in a lower operating cost because
Cal.2 is not as constrained as Cal.1. In comparison, the results
for Sunday (day before) and Tuesday (day after) are given as
follows. On Sunday, hourly loads are smaller and operating
costs for actual, Cal.1, and Cal.2 are U.S.$ 365 637.00, U.S.$
364 583.00, and U.S.$ 363 031.03, respectively. Likewise, for
Tuesday January 29, operating costs are higher since one of
the base units (Coal 1) is on scheduled partial outage as listed
in Table I. The Tuesday operating costs for actual, Cal.1, and
Cal.2 cases are U.S.$ 528 920.63, U.S.$ 527 412.05, and U.S.$
526 799.00, respectively.

The saving in operating cost, based on the application of the
proposed method, will depend on the daily load profile and the
amount of unit ramping required to follow the load variations.
All experiments performed on the test system demonstrate that
the proposed method (Cal.2) provides better and more realistic
generation schedules.

V. CONCLUSION

In this paper, a new method for incorporating the thermal
stress during the loading and unloading of steam-electric units
is discussed. The method permits a dispatch at higher rates than
fixed ramp rates without increasing the turbine rotor fatigue.
The calculation of thermal stress is made from a thermal model
of the rotor that does not require temperature sensors. The equa-
tions are validated against fatigue index curves provided by tur-
bine manufacturers. The objective of the optimization process
is to minimize the system operation cost, which includes those
of energy production, start up, and thermal stress contribution
to operating cost. The power dispatch based on thermal stress
represents stress as a function of power output, which allows
dispatchers to mimic the process that takes place in power sta-
tions, and essentially does not increase the dispatch equation
complexity. LRM is used to decompose the original problem
into several subproblems, each corresponding to a search for
the best commitment under certain system operating conditions.
This problem is solved by an improved simulated annealing
method, which yields near-optimal and faster solutions than DP.
In economic dispatch, thermal stress limits along with power
generation limits are set as constraints, which is solved by LP.
The experimental results demonstrate the effectiveness of the
proposed method in providing reasonable constrained operation
schedules for practical studies.
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