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Robust Wide-Range Control of
Steam-Electric Power Plants

Chen-Kuo Weng and Asok Raygenior Member, IEEE

Abstract—To facilitate daily cycling of large electric generating government regulations on the emission standard and intense
units that were originally designed for baseload operation, the competition by independent power producers resulting from
control system has to be redesigned for plant maneuverabil- the Energy Deregulation Act. Moreover, the aging utility-
ity over the operating range. A methodology for synthesizing . . ’ . .
an integrated feedforward—feedback control (FF/FBC) strategy CWNed power generating units already have high operation
is proposed for wide-range robust control of commercial-scale and maintenance costs. Nearly 70% of U.S. fossil power
steam-electric power plants. In the proposed methodology, the plants, representing more than 45% of U.S. electric power
feedforward control (FFC) policy is generated via nonlinear generation capacity, will be over 30 years old by the year

programming for simultaneous optimization of all control inputs : - -
under specified constraints. This family of optimized trajectories, 2000. Since most of these plants are designed for a service

which represent the best achievable performance of the plant life of 40 years, a significant part of their useful life is already
under specified conditions, serve as tracking signals for the expended. Therefore, in order to extend the remaining service

FF/FBC system. The feedback control (FBC) law is synthesized |ife, the utility companies will have to carefully operate and
following the 7¢..-based structured singular value(n) approach — maintain these aging power plants to avoid forced shutdown

to achieve the specified stability and performance robustness. hil imult | tchi . load d d d
The major features of the integrated FF/FBC system are 1) while simultaneously matching varying loa emand an

optimized performance over a wide operating range resulting Meeting increased competition for lower cost of electricity. For
from the feedforward element and 2) guaranteed stability and example, in the load following mode of a fossil power plant,

performance robustness resulting from the feedback element. To excursions of the main steam and reheat steam temperature

exemplify this control methodology, a family of FFC policies oy hressure must be regulated within prescribed limits to
has been synthesized based on a nonlinear state-space mode

of a 525 MWe fossil-fueled power plant. The synthesis of an ensure plant safety (e.g., protection of the steam headers and
FFC policy is identified as an optimization problem where the turbines). Daily cycling of large generating units that were
performance is characterized by rapid maneuvering of electric originally designed for baseload operations has now become
power to meet the specified load demand while simultaneously 30 economic necessity for many utility companies [2], [7]. The
maintaining the throttle steam temperature and pressure, and lant trol t der th . t t
the hot reheat steam temperature within allowable ranges of power p‘r_’m controf sys em, un_ er e_se c_lrcums ances, _mus
variation. The results of simulation experiments show that the allow rapid load maneuvering without violating the constraints
FF/FBC system satisfies the specified performance requirements of temperature and pressure oscillations in order to avoid
of power ramp up and down in the range of 40%-100% load excessive stresses on the plant components [10].

under nominal operating conditions. The results also suggest that The concepts of both feedforward (open-loop) and determin-

this robust control law is capable of rejecting the anticipated . .. - .
disturbances such that the plant closely follows the optimal istic feedback (closed-loop) control have been adopted in this

trajectory determined by the FFC policy. Although this research paper. A feedforward control (FFC) system can achieve the
focuses on control and operation of fossil power plants, the best nominal performance under specified constraints based
proposed FF/FBC synthesis methodology is also applicable to gn g given performance index and a plant model but it has
ggﬁéf&gﬁ’tﬁxtﬂg_c;;?nsd Slgﬁgina; oalaa?rrgfgﬂlsgﬁgjg‘t’gtﬂpn;nccliearlim?ted capability to tolerate disturbances and malfunctions
transient operations of rocket engines. which are not included in the plant model. For example, under
open-loop control, a change in the valve characteristics due to
sticking will cause a variation in valve position in response to
a given input-demand signal, thus introducing an error into the
performance of the open-loop control [11]. Such disturbances

. INTRODUCTION may even cause plant instability, and the control system will

UTOMATED process control plays a key role in thewot be able to compensate for these disturbances without

continuous search for enhanced safety, reliability arfppropriate feedback actions. The feedback control (FBC)

performance of electric power plant operations. The U.8djusts the inputs to the plant based on the difference between

electric utility industry has recently been confronted witithe input demand signals and the measured plant outputs. With

immense technical and financial challenges. These incluidiés structure, FBC has the capability to overcome uncertainties
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(FF/FBC). With this structure, the FFC maneuvers the plant
trajectory close to the desired operating conditions, and only b
a smaller range of actions is left for the FBC to compensate. | Feedforward —={  Plant
Therefore, the performance of FF/FBC is anticipated to be Controller -
better than FFC or FBC alone. Since FBC can attenuate
the errors induced by perturbations, the FF/FBC system can U Ay tr
overcome a larger set of disturbances. The most effective con- Feedback .
trol strategy under the current state-of-the-art of power plant Controller
operations is the integrated control system, which combines

. . . . Fig. 1. The proposed FF/FBC structure.
a number of classical (e.g., single-input/single-output Iead—laé4
and proportional-integral-derivative) FBC's and static FFC's

separately designed for each subsystem. Since the main funcih® structure of the proposed FF/FBC system is shown

tion of the FFC in the FF/FBC structure is to ensure good norft Fig- 1. The FFC inputl/// and the corresponding plant
inal performance, the nonlinear programming technique tH{tPUtY /7, which are calculated off-line by NP, are used as
optimizes the plant dynamic performance based on a speciftd§ "eference control input and tracking signals, respectively;
cost functional and constraints has been adopted to geneftd AY and AU are the inputs and outputs of the FBC.
the FFC input sequence. On the other hand, the major objectilefN® Presence of disturbances, the actual trajectory may
of the FBC is to provide good stability and performancgev'ate from the nominal trajectory, and the role of FBC is

robustness. Hence, thH..-based structured singular valud® compensate for this deviation. The contributions of the
. 1 oo

(1) technique that synthesizes muItipIe-input/multiple—outplﬁf’seamh work reported in this paper are summarized below:

(MIMO) feedback control laws with guaranteed robustness® formulation of a methodological framework for synthesiz-
is adopted here. In the conventional control systems design, INg & robust FF/FBC strategy for wide-range operations
the nominal trajectory is unknown and the FBC attempts to Of complex dynamic processes using the recent develop-
regulate the plant response during the transients as close to Ments in the systems theory with specific applications to
the final steady-state set point as possible. On the contrary, commercial-scale electric power plants;
in the proposed approach, the nominal trajectory is knawn * optimization of nominal plant trajectories of a power plant
priori and is fed into the control loop as a tracking signal. The under a variety of operating conditions corresponding to
FBC is only required to subdue the disturbances to follow the l0ad cycling, hot start-up, and scheduled shutdown;
nominal trajectory generated by the FFC. e formulation of a methodology for synthesizing robust

The power plant under consideration is a fossil-fueled, controllers for wide-range operations of complex thermo-
generating unit having the rated capacity of 525 MWe. fluid-mechanical processes, which can also accommodate
The plant dynamics have been represented by a 27th-order multiobjective optimization of additional performance re-
nonlinear state-space model which is described in detail by duirements such as life extension and damage mitigation.
Ray and Weng [8] and Weng [13]. The plant maintains the This paper is organized in five sections and an Appendix.
throttle steam condition at 2415 psia (16.65 MPa) and°958&ection Il formulates the FFC synthesis problem in the setting
F (51C°C), and hot reheat steam temperature at $080 of nonlinear programming. Section Il presents the problem
(537.8C). The following four valve commands are selectetbrmulation and synthesis of the FBC law in thesetting
as control inputs: (high-pressure turbine) governor valve aredpported by a brief review of the fundamental properties of
(AGVR), feedpump turbine speed control valve area (APTRH)e structured singular valug:) in the Appendix. Section IV
fuel/air valve area (AFAR), and reheat spray attemperatpfesents the results of simulation experiments conducted on the
valve area (AATR). The measured plant outputs are electrionlinear dynamic model under the proposed FF/FBC. Finally,
power (JGN), throttle steam temperature (THS), hot rehe3gction V summarizes and concludes the paper.
steam temperature (THR), and throttle steam pressure (PHS).
The control problem is to steer the plant from the initial II. SYNTHESIS OF THE OPTIMAL
equilibrium state of power at 525 MWe (100% load) to FEEDFORWARD CONTROL PoLICY
the new equilibrium state of 210 MWe (40% load) within & The NP problem for the optimal FFC is formulated in the
specified time and without violating the prescribed constraingowing generic form:
The objective is to facilitate daily cycling of large electric L

. . . . (NP)  Minimize  J(u)
generating units that were originally designed for baseload . .
: . subjectto g;(u) <0 fori=1,---,m

operation. In the proposed control synthesis methodology, hy(u) =0 for j = 1,--- (1)
the FFC law is generated via nonlinear programming (NP) i J S
for simultaneous optimization of all control inputs undewherew is the set of decision variableg(u) is the objective
specified constraints. This family of optimized trajectoriesunctional reflecting the mission goaj;(x) < 0 represents
which represent the best achievable performance of the plém set of inequality constraints related to the plant operating
under the specified conditions, serve as tracking signals fanditions, and the set of equality constraimigx) = 0
the FF/FBC system. The FBC law is synthesized followingepresents the plant dynamics. EachJ¢f), g;(v) andh;(w)
the H..-based structured singular valug:) approach to in (1) is allowed to be smooth nonlinear functions of the
achieve the desired stability and performance robustness. decision variables..
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The task of FFC synthesis in this paper is to optimize the TABLE |
feedforward input sequence as a decisionlaiW over a given SELECTED WEIGHTS IN THE OBJECTIVE FUNCTIONAL
finite-time horizon. The FFC law has been synthesized in the | i o THS R ot
discrete-time setting as a standard NP problem whose solution
is a sequencd/// = {ug,ur, -, un_1}; the subscripts 0 j—aues of & 25.0 0.25 0.10 0.01
and n correspond to the initial time and the final time) Variable u AGVR APTR AFAR AATR
respectively. The plant outplt ™/ = {y1, 42, -+, ¥} is Values of Ry 1.0 1.0 1.0 1.0

the corresponding output sequence whggels specified as
a known initial condition. The control input,, at the final
nth step is not included in the sequentd/ because the to 40% load range. On the other hand, in order to maintain

optimization problem has no bearing on the control input &igh efficiency and reduce material damage, throttle steam
the final time. The objective functional(u) is selected to temperature and pressure, and hot reheat steam temperature has
represent a performance measure of p|ant Operations un@bbe maintained as close to their respective nominal values as
the FFC policy over the finite time horizon of interest, and theossible. The desired load trajectory is a 52.5 MWe/min ramp
constraints that specify the feasibility of the NP problem afélp or down) rate power output while reducing the oscillations
chosen to delineate the plant dynamics, the region of desit@the plant variables as much as possible. That is, the desired
plant operation, and the physical limitations. In the discret®alues ofys;at timet, are the following:
time setting, the FFC optimization problem is formulated as « (JGN);, = the value of the power rate corresponding to
follows: the specified ramp rate;
N o~ . . - * (THS); = 95C°F (510°C);
(NP) Mm,lmlze /= Ek:l[y;{?kyk U T J AT . l(10t r)éheat steagn terereratur(él’HR)k = 100CF
subject to wpq1 = @ + [ fla,u) dt (537.8C);
up —up? <0 and  w —ux <0 « (PH9) = 2415 psia (16.65 MPa).
gr (@, u) < P 2 Since oscillations of the valve actuators contribute to the
. . wear and tear of the moving components, the rate of the
whder(:] the planlt.outptgyk' Is a function of the~ plant statey. .ol valve movement is pe%alizedp. Accordingly;, is set
?snth; edeC\c/)igtt:gn”:)?uttr?; "?" Uk = Q(@k, uk) Uk = Uk = Yak g ux—1 With »_; equal to the known control input prior to
. . pan~t OutpU, from_ the resp_ecpve initiation of the load ramp. Furthermore, the control inputs
desired valueg.; at timey, iy = uy — uy IS the deviation " " neirained to satisfy the physical limitations of the

gL.“e’é ,[fir\?emfg:]it:gigf]c(t'v)eigeas'rvsgi Vﬁtlggf“’:gfrsegofmzzge actuators. Since the plant parameters do not vary over the
! v 9 2 Yk time horizon of interest, the weighting matric€s, and R

tiy,, which signifies the total mean-square error, the We'ght'r\]/gere chosen as constant diagonal matrices. Further, since the

\Ta?itgt(izgﬁg’:) ]:'{n dfr’: ds~e rv?eizézzvreelly?“:heev?qlgQriybgctjvxi'ﬁgi:;&am model is required to follow a transient trajectory, the time
. — +3§k+1 f(.;;’u ) dt satisfies the nonlinear modellntervals_Atk in the objective functlo_nal _of (2) V\{ere ch_osen
kil kTt v to be uniformly spaced over the entire time horizon with the

i ub b
of plant dynamics{«}*} and {u;’} are the sequences of thei, e equal to 1s, i.eAt, =1 s, for all k.

upper and lower bounds within which the control inputs are Table | lists the (diagonal) elements of the output and

constrained, and is the upper bound of (wx, ux) Which o0 weighting matrices);, and R,. Each (diagonal) el-
represents the selected plant variables or their combinatio ent of the control weighting matrig, is chosen to be

N is the total number of discrete steps from the initial timqjne because each actuator command kis normalized. On the
to, to the final timet;; and At is the possibly nonuniform hand, the (diagonal) entries of the output weighting

time interval, Atyy =ty — -1, for k=1,2,..., N, which functions(y, are chosen to reflect the relative importance for

must be chosen properly. If the time intervals are too Iarggach variable. In order to closely follow the desired power

the performance of FFC will degrade; conversely, if they ar&utput at a specified rate of ramp up or down, the weight

too_small, more steps are required and the number of decisg)rp JGN is selected to be the largest. The values)pfs
variables becomes large. for the remaining three outputs are accordingly selected with
reference to their respective allowable variations, in which
the outputs with smaller allowable variations are selected

The goal of the FFC is to have rapid response to changeshave higher weights. For example, the THS is weighted
in load demand while maintaining the plant output variablerore heavily than the hot reheat temperature THR because
(e.g., THS and PHS) constant. Consequently, the performafficetuations in THR is relatively less harmful to the steam
measure is expressed in terms of the rate of load chanbeaders and turbine blades than those in THS. Similarly, the
deviations in plant variables, and rate of change of actuatbrottle steam pressure PHS is weighted the least because
commands. Load change rates were specified accordingat@ressure swing is considered to have less harmful effects
the needs of the utility industry. Referring to the standamh structural integrity of the power plant than an equivalent
of Electric Power Research Institute (EPRI) [10], the targéémperature swing. However, there are no firm rules for
load change rate was set to a ramp up or down at 10% of thelection of the weighting matrice®; and R;; these are
rated load of 525 MWe/min, i.e., 52.50 MWe/min, in the 100%argely the choice of the plant operation engineer.

A. Formulation of the Objective Functional
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B. Specification of Constraints equations of the dynamic plant model. The numerical solution

Since physical limitations such as actuator saturation & the above NP problem for constrained optimization of
always present in the real world, the nonlinear programmirg® POWer plant performance is computationally intensive.
approach may not yield a practical solution of an FFC policgPecifically, in this FFC synthesis problem, the target load
unless appropriate constraints are specified. In this FFC sfhiange rate is 102/"/ min (|(;e.: the elapse time of the control
thesis problem, the constraints are classified into the followiffgocess from 100% to 40% is 6 min) and the time interval

two categories, namely, physical constraints and operatioﬁgltweej‘” the consecutive instants of control updating is equal
constraints. to 1 s (i.e., the control inputs have to be updated at 360 discrete

. . : instants of time). With four control inputs at each time step,
* Physical constraints These constraints represent th . . s
. o . e FFC synthesis problem requires a total of 1440 decision
physical limitations of the process dynamics. For

I variables to be optimized. The required central processing unit
example, a valve can only have a position from full

open (100%) to fully closed (0%). Therefore, physicaCPU) time for computing this problem on a state-of-the-art

: - Lo workstation computer (e.g., Silicon Graphics Indy) is estimated
constraints are critical for process optimization and canng . .
: . . ; . t0 be in order of tens of days. Therefore, an alternative
be violated. The physical constraints considered in this . .
.~ formulation must be used to enhance the speed of computation.
FFC problem are the four control valve areas. Since, . . .
N . . The CPU time(T) required to solve an NP problem is
in this problem, the decision variables are chosen to be . . ) .
. . : . pproximately proportional to a polynomial function of the
the control inputs, these physical constraints are simp - . .
specified as the upper and lower bounds mber of the decision variable8/p = N x m whereN is
P PP X the number of steps and: is the dimension of the control

* Operational constraintsAlthough these constraints areinputu in the optimization problem. Therefore, reduction of

physically possible, they are imposed on the FFC sy _é’ in the formulation of the NP problem is one of the

thesis problem for specific purposes such as to enhanc . . e :
most effective ways to circumvent the difficulty of time-
safety and performance of the control system. For ex-

ample, the steam temperatures are restricted to rem&onsuming calculations. As the desired optimal trajectory is

i : . ’ﬁ‘hnown, the NP problem can be divided into a number of
below a certain level to avoid possible creep damage . . o
maller dimensional subproblems, each of which is used to

in the headers and thermal shock in the turbine bladés. . . . .
L timize the control input sequence for the respective section
The tolerable variations of the measured outputs, namely, . :
the optimal trajectory. Then, the complete sequence of

THS, THR, and PHS, are specified as: THS within

LG 5550, THR A <157 553, and S Lo, S P 00 0 subepina) st b
within £45 psi (0.310 MPa) [7]. 9 b ' P

being divided into M subproblems, each withVpgy, =
Np/M decision variables, the total CPU time is approximately
C. Numerical Computation of the Feedforward reduced by a factor of some power 8f. In this paper, the
Control (FFC) Policy FFC problem has been divided into 20 subproblems. In each

The optimization of the FFC strategies was accomplished Bybproblem, the power output is reduced by 3% (15.75 MWe)
the nonlinear programming NP software package NPSOL [8} the rate of 10%/min (i.e., the subproblem is solved for a
on a Silicon Graphics Indy computer workstation. NPSOL us@égriod of 18 s). Therefore, selecting the uniformly spaced
the sequential quadratic programming (SQP) algorithm whiétne interval in the objective functional of (2) to be 1 s (i.e,,
has been shown to outperform many other tested methodsdifx. = 1 for all k), the number of decision variables to be
terms of computational efficiency, accuracy, and percentaigentified in each subproblem becom¥g;.;, = 18 x 4 = 72.
of successful solutions over a large number of test problenfs this formulation, the optimization for each subproblem
[9], [12]. The basic algorithm of the SQP technique is tf€eds about 5 h CPU time on a Silicon Graphics Indy, and
approximate a general NP problem as a sequence of quadritftotal CPU time for computing the 20 subproblems is about
programming (QP) problems, and then to use the solutid@0 h. Although the resulting FFC trajectories are obtained
obtained from one QP problem as the search direction for t& suboptimal solutions, they adequately serve as reference
next QP problem. At each iteration starting from the curreffiejectories for load cycling, automated start-up, and scheduled
point z, the new iterate point is obtained @s= z+«dz where shutdown in power plants. The specifications for thih
Sz is the solution of the previous QP problem serving as tffé!bproblem in this problem are summarized below.
search direction and >0 is the scale factor for adjusting
the correction. Each iteration involves two series of iterations,
namely major iterations and minor iterations. In the major (NP) Minimize the cost functional in (2)

iterations, « is determined by minimizing a suitable merit 18
function and éz is determined from the minor iterations. Jp = Z{Qu(THS— 950)2 + Qo (THR — 1000)2
Merit functions are used to enforce steady progress toward im1
the optimal point by balancing the (usually) conflicting aims of + Q3;(PHS— 2415)? + Q4 (JGN— yé(n,i))Q

reducing the objective functional and satisfying the nonlinear ‘ ‘ 2 ‘ ‘ 2
constraints [5] + Rlz(ul,z - Ufl,z—l)2 + RQZ(U'Q,Z Uf?,z—l)Q

The variable-step Runge—Kutta—Fehlberg method [4] has + Rai(us,i — uz,i—1)” + Rai(ug,i —ugi-1)"} (3)
been adopted for the integration of nonlinear differential subject to
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TABLE I
SysTEM EIGENVALUES AT DIFFERENT LOAD LEVELS
100% load 90% load 80% load 70% load
-21.0829 -21.4011 -21.7782 -22.1945
-17.1988 -14.8868 -12.3836 -9.3068
-4.3653 + 0.66511 -4.4649 + 0.5953i -4.8802 -6.3158
-4.3653 - 0.6651i -4.4649 - 0.59531 -4.3700 -3.6448
-2.9839 -3.0614 -3.1465 -3.3566
-2.1417 -2.1641 -2.1881 -2.2139
-1.6282 -1.6377 -1.6508 -1.6712
-1.0895 -1.0777 -1.0867 -1.1329
-1.0003 -1.0016 -1.0017 -1.0017

-0.6750 + 0.25131
-0.6750 - 0.2513i
-0.6994

-0.2832 + 0.10651
-0.2832 - 0.1065i
-0.3228

-0.1576 + 0.1168i
-0.1576 - 0.11681
-0.1625

-0.0396 + 0.0753i
-0.0396 - 0.07531

-0.6468 + 0.2396i
-0.6468 - 0.23961
-0.6475

-0.2740 + 0.1019i1
-0.2740 - 0.1019i
-0.3171

-0.1480 + 0.1128i
-0.1480 - 0.1128i1
-0.1531

-0.0358 + 0.0694i
-0.0358 - 0.0694i

-0.6221 + 0.21911
-0.6221 - 0.2191i
-0.6009

-0.2649 + 0.0963i1
-0.2649 - 0.0963i
-0.3106

-0.1387 + 0.10721
-0.1387 - 0.1072i
-0.1436

-0.0320 + 0.0631i
-0.0320 - 0.0631i

-0.6000 + 0.1822i
-0.6000 - 0.1822i
-0.5608

-0.3031

-0.2558 + 0.0894i
-0.2558 - 0.0894i
-0.1295 + 0.09981
-0.1295 - 0.0998i1
-0.1331

-0.0279 + 0.0568i
-0.0279 - 0.0568i

-0.0082 -0.0075 -0.0067 -0.0059
-0.0522 -0.0476 -0.0188 -0.0167
-0.0228 -0.0208 -0.0432 -0.0390
-0.0313 -0.0291 -0.0268 -0.0243
-20.0000 -20.0000 -20.0000 -20.0000
-20.0000 -20.0000 -20.0000 -20.0000
-3.3330 -3.3330 -3.3330 -3.3330
60% load 50% load 40% load 35% load
-22.6994 -23.3030 -24.0648 -24.6146
-6.8999 + 2.2225i -5.9208 + 2.5743i -6.4895 -8.1803
-6.8999 - 2.2225i1 -5.9208 - 2.5743i -4.0522 -2.0899 + 3.04061

-3.3198 + 0.4576i

-3.1898 + 0.8027i

-2.9079 + 2.4263i

-2.0899 - 3.04061

-3.3198 - 0.45761 -3.1898 - 0.8027i1 -2.9079 - 2.42631 -3.5611
-2.2417 -2.2731 -2.3337 -2.3685
-1.7121 -1.8486 -2.0509 -2.0170
-1.2530 -1.4678 -1.5994 -1.6311
-1.0017 -1.0017 -1.0007 -1.0006
-0.5689 + 0.10811i -0.6807 -0.7288 -0.7431
-0.5689 - 0.10811 -0.4574 + 0.0598i -0.3861 + 0.0386i1 -0.3479
-0.5431 -0.4574 - 0.0598i -0.3861 - 0.03861 -0.3634
-0.2942 -0.2819 -0.2643 -0.2522

-0.2469 + 0.0810i
-0.2469 - 0.0810i
-0.1203 + 0.09031
-0.1203 - 0.09031
-0.1222

-0.0239 + 0.0498i1
-0.0239 - 0.04981

-0.2384 + 0.0712i
-0.2384 - 0.0712i1
-0.1107 + 0.07821
-0.1107 - 0.0782i1
-0.1104

-0.0197 + 0.0424i
-0.0197 - 0.04241

-0.2305 + 0.0607i
-0.2305 - 0.0607i
-0.0999 + 0.06331
-0.0999 - 0.0633i
-0.0971

-0.0153 + 0.0348i
-0.0153 - 0.0348i

-0.2268 + 0.05631
-0.2268 - 0.0563i
-0.0936 + 0.05431
-0.0936 - 0.05431
-0.0896

-0.0130 + 0.03091
-0.0130 - 0.03091

-0.0050 -0.0043 -0.0037 -0.0034
-0.0146 -0.0124 -0.0102 -0.0091
-0.0350 -0.0319 -0.0298 -0.0290
-0.0218 -0.0190 -0.0161 -0.0146
-20.0000 -20.0000 -20.0000 -20.0000
-20.0000 -20.0000 -20.0000 -20.0000
-3.3330 -3.3330 -3.3330 -3.3330

25.0,Q2; = 0.25,Q3; = 0.10, and Q4 = 0.01, for ¢ =
1,-.-,14. In order that the nominal trajectory (i.e., the plant
trajectory in the absence of any disturbances) converges toward
the terminal point of the desired trajectory, the weights at
the last four time intervalgi = 15,---,18) were increased
) _ to 100 times the weights at the first eight intervals, that is,
2370 psis PHS < 2460 psi Qi = 2500.0,Q9 = 25.0,Q3 = 10.0, and Q4 = 1.0
—0.5%/s <JGN< 0%/s for 4 = 15,---,18. The weights for control input variables,
where/(n, ) = 18(n— 1)+i; Y, represents the desired powehowever, are held constant &; = 1.0, Ry; = 1.0, Rs; =
output at timet, = /¢th instant. Referring to Table I, thel.0, and Ry, = 1.0 for ¢ = 1,.--,18. as specified in Table I.
weights for plant output variables are specified @g = Furthermore, the instantaneous rate of power change was

tet1
Tyl = Ty, +/ [z, u,t) dt
t

k

0<u, <1
9AC°F < THS < 96C°F
985°F < THR < 1015°F
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TABLE I
TRANSMISSION ZEROS AT DIFFERENT LOAD LEVELS
100% load 90% load 80% load 70% load
-14.6784 -13.7896 -12.9703 -12.2117

-5.6242 + 0.9839i

-5.6242 - 0.9839i
1.5408 + 2.37431
1.5408 - 2.3743i

-2.1378

-1.6303

-0.0656 + 0.7162i

-0.0656 - 0.7162i

-0.7313

-0.3895 + 0.1274

-0.3895 - 0.1274i
-0.1423 + 0.1627:

-5.4202 + 1.9180i

-5.4202 - 1.91801
1.8443 + 2.33901
1.8443 - 2.3390i

-2.1605

-1.6395

-0.0492 + 0.6763i
-0.0492 - 0.6763i

-0.6747

-0.3840 + 0.12511
-0.3840 - 0.1251i
-0.1267 + 0.1501i

-5.1196 + 2.60501
-5.1196 - 2.6050i
2.1653 + 2.2215i
2.1653 - 2.2215i1
-2.1852

-1.6474

-0.0332 + 0.6449i
-0.0332 - 0.6449i
-0.6199

-0.3772 + 0.12251
-0.3772 - 0.12251
-0.1116 + 0.1366i

-4.7112 + 3.1906i
-4.7112 - 3.1906i
2.4938 + 1.9983i
2.4938 - 1.9983i
-2.2122

-1.6537

-0.0173 + 0.6214i
-0.0173 - 0.6214i
-0.5648

-0.3686 + 0.1192i
-0.3686 - 0.1192i
-0.0969 + 0.12261

-0.1423 - 0.1627i1 -0.1267 - 0.1501i -0.1116 - 0.13661 -0.0969 - 0.12261
-0.0124 -0.0120 -0.0115 -0.0110
-0.0233 -0.0212 -0.0190 -0.0168
-0.0338 -0.0313 -0.0286 -0.0258

60% load 50% load 40% load 35% load
-11.5110 -10.8591 -10.3046 -10.0419

-4.1909 + 3.69601
-4.1909 - 3.6960i
2.8108 + 1.63191
2.8108 - 1.6319i
-2.2422

-1.6570

0.0021 + 0.6073i
0.0021 - 0.6073i
-0.5077

-0.3580 + 0.1149i
-0.3580 - 0.1149i
-0.0827 + 0.10791
-0.0827 - 0.10791
-0.0103
-0.0146

-0.0230

-3.5498 + 4.1239i
-3.5498 - 4.1239i
3.1056 + 0.9814i
3.1056 - 0.9814i
-2.2747
-1.6541

0.0286 + 0.6027i
0.0286 - 0.6027i
-0.4485

-0.3444 + 0.1079i
-0.3444 - 0.1079i
-0.0690 + 0.0925i
-0.0690 - 0.0925i
-0.0094
-0.0123
-0.0200

-2.7851 + 4.4200i
-2.7851 - 4.42001
4.5205
2.2417
-2.3106
-1.6430
0.0718 + 0.6098i
0.0718 - 0.6098i
-0.3855
-0.3278 + 0.0964i
-0.3278 - 0.0964i
-0.0556 + 0.0765i1
-0.0556 - 0.0765i
-0.0084
-0.0100
-0.0169

-2.3141 + 4.5632i
-2.3141 - 4.5632i
5.0065

1.8937
-2.3334
-1.6347

0.1094 + 0.6231i
0.1094 - 0.62311
-0.3525
-0.3189 + 0.0866i
-0.3189 - 0.0866i
-0.0486 + 0.06811
-0.0486 - 0.06811
-0.0077
-0.0088
-0.0152

constrained betweer-0.35%/s (—1.8375 MWe/s) to 0%/s that some of the eigenvalues vary significantly with load

during ramp down and betweer0.35%/s (+1.8375 MWe/s) exhibiting nonlinear nature of the plant dynamics. Also, for

to 0%/s during ramp up so that the profile of actual powerach linearized model, some of the transmission zeros lie in

does not significantly deviate from the desired ramp rate tife right-halfs plane. This implies that the plant model is

—0.1%%/s (—10%/min) and 4+-0.17%/s, respectively. nonminimum phase and, therefore, the achievable performance

of the control system is restricted due to the fact that these

right-half s plane zeros cannot be canceled by pole placement.

Consequently, for this plant, the task of FBC synthesis is not
The FBC law is synthesized by thH..-based structured expected to be straightforward.

singular value(y) approach which is briefly described in

the Appendix. Since thg-analysis and synthesis is a lineal |gentification of Uncertainties

method, the nonlinear plant model is linearized at a series of

steady-state operating points ranging from 100% down to 35%In th_e p framework, robustne_ss qf the syntheS|zed_ con-
nér‘oller is governed by the specification of the uncertainties.

lll. SYNTHESIS OF ROBUST FEEDBACK CONTROL VIAf

load. This family of linearized plant models provide ampl ; ' . L .
n incorrectly defined uncertainty specification will result

information for selecting a nominal model for control syste . ol | E | timated
synthesis and determining the bounds of errors resulting frdfy @1 IMproper control faw. -or €xample, an overestimate

linearization. The system eigenvalues (poles) and transmiss\ﬁ}?er.ta'my specmcatl.on will degrade the performance. of the
zeros of each of the linearized systems are listed in Tab|e§‘?F“'“”9 controll .Iaw', on the contrary, an underestlmatgd
and lll, respectively. It is observed that all system eigenvaluggcertamty specification may lead to a contrgl system with
of each of the linearized models are located in the Ief’[—lsaalf'nad‘:“qu.atfa robustness. In the FB.C SymheS'S prqb_lem, the
plane. Therefore, each of these linearized models is internaillll_gcer.t"’um'es havg been characterized in the additive form
stable, which guarantees stabilizability and detectability W.h'Ch the relation between the actual plasis) and the
required for H., control synthesis. That is, any possibléwrnlnal plantG(s) can be expressed by

uncontrollable and unobservable modes will not cause any G(s) = G(s) + A(s) ()
instability. Although it is not required for FBC synthesis,

the above linearized models were tested and found to Wwhere A(s) is the additive uncertainty representing possible
completely controllable and observable. It is seen in Tablediscrepancy between the actual plai¢s) and the nominal
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TABLE IV
UNCERTAINTY SPECIFICATIONS FORUNMODELED PLANT DYNAMICS
The real power plant *
Frequency range | Percentage of uncertainty
(rad/sec) magnitude
Conservation Uncertalnty due to <107 +5%
equations Unmodeled Dynamics 103 ~ 102 +10%
102 ~10" +40%
* 1071 ~ 10! +80%
li |
Nonlinear mode 4 10 " 90% ~ 200%
I
Linearization |:> Uncertainty due to Consequently, model mismatch is a crucial issue for control
Linearization synthesis. The nonlinear model used to represent the thermo-
| fluid dynamics of the power plant [8], [13] is derived using the
] * lumped parameter approximation in which the high-frequency
Linear model dynamics of the process are largely neglected. These induced
discrepancies can be categorized as unmodeled dynamics. For

the nonlinear model, since the steady-state conditions have
been verified to match the heat balance data of the power plant
and the model parameters of mass, momentum, and energy
plant modelG(s). The specification of the uncertaintie(s) storage are identified based on the physical principles and
consists of two components, namely, the weighting functiqfttual dimensions of the plant components, the disagreement
Wael(s) and the normalized perturbation mateei(s) With  petween the low-frequency responses of the model and the
unity Heo norm (i.e., [[Age(s) |0 = sup,, a(A(jw)) < 1).  plant is expected to be small. However, in the high-frequency
Therefore,A(s) can be expressed as region, the discrepancy between the model and the plant is
A(s) = Waa(s)Aga(s) (5) likely to increase with frequ_er_my due to the Iumped—parametgr
nature. Thus, the uncertainties due to unmodeled dynamics
where the weighting functiomVy1(s) denotes the maximum are expected to be dominant in the high-frequency region in
magnitude of A(s) and the normalized perturbation matrixwhich the magnitude plot of each plant transfer function can
Agel(s) defines the structure of\(s). Unlike the H,, ap- be enclosed by its respective envelope [8], [13].
proach, in which only the bound of uncertainkys) is defined = Based on the above discussion, it is reasonable to assume
and is assumed to have a full block structure, the structuret the percentage of the uncertainty magnitude is monotoni-
of uncertainties in the: approach is formulated in the blockcally increasing with frequency. In this design, the associated
diagonal format af\4.i(s) = diag[A;(s)As(s)---A)n(s)]. uncertainty percentages in different frequency ranges are listed
The structure of uncertainties can be described in a madreTable IV. The size (i.e.H., norm) of the uncertainty due to
precise manner in this setting and, therefore, the synthesignodeled dynamics is increased from 5% to 200% of the size
is less conservative. However, if the uncertainty structure a the nominal plant model across the frequency range from
made more relaxed [e.g., a full block structure &fi(s)], 1072 to 1(% rad/s which covers the plant dynamics of interest.
then the control system would become more conservatiwhen the frequency is lower than 1®rad/s, the uncertainty
In the extreme case where the structure of uncertaintiessige is 5% reflecting an upper bound of the plant modeling
completely unknown (i.e., full block), of the control system error at steady state. In contrast, above 10 rad/s, the relative
is identically equal to its largest singular value which imncertainty is specified in the range from90% to 200%
turn induces a more conservative design. From the abawdlecting possible (lumped parameter) modeling inaccuracy in
discussion, it is clear that a goqd synthesis strongly relies the high-frequency range. The physical interpretation of this
on the specification of uncertainties. In this research, tleecification is that, during transient (frequensyl0 rad/s)
major uncertainties considered in the FBC synthesis are thgerations, a unit change of an output variable predicted by
difference between the nominal model and the actual platite nonlinear model implies that the real output change in the
The conceivable discrepancy between the nominal plant mogélysical plant can lie between 1/10 to 3 units. For example,
and the actual plant is illustrated in Fig. 2. These are tle high-frequency pressure disturbance of 10 psi amplitude
common uncertainties encountered in a linear feedback confpoédicted by the nonlinear model may actually be a disturbance
design. The method for quantifying these uncertainties awé amplitude anywhere between 1-30 psi in the plant.
discussed below. Another type of uncertainty considered in this research
Since no mathematical model exactly represents a reaises from linearization. Since the FBC design is based on the
physical system, there will inevitably be a mismatch betweemminal plant model linearized at a specific operating point,
the model prediction and the actual process behavior. In ttie mismatch between the nonlinear model and the nominal
presence of significant modeling inaccuracies, the performaditeearized model has to be taken into account in addition to
of a control system will be degraded and may even be unstalilee uncertainty due to unmodeled dynamics. Since nonlinear

Fig. 2. Uncertainties between the real plant and models.
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systems are difficult to analyze and design, most robust contibyl
algorithms are based on linear techniques. Bode plots of the
linearized plant models at different operating conditions [8],
[13] show that the plant dynamics may vary widely over
different conditions. Consequently, the uncertainties due to
linearization cannot be neglected for robust control analysis
and synthesis.

The above discussion evinces the need for including the
uncertainties due to both unmodeled dynamics and nonlin-
earities in the control synthesis problem as shown in Fig. 2.
The procedure, adopted in this paper, for establishing the
uncertainty weighting functions is summarized below.

81

and

(7)

whereA;;(s) is the uncertainty for the transfer function from

1) Acquisition of linear plant model#A set of linear plant input j to output¢ and can be represented hy;;(s) =
models at different operating conditions will be used ta;;(s)d;;(s). In order to represent the uncertainty less con-

establish uncertainty bounds in thesynthesis.
Characterization of the unmodeled dynamitke uncer-
tainties due to unmodeled dynamics can be established
by comparing the response of the nominal plant with the

2)

servatively, the following form is adopted:

A(s) = Wi(s)Aga(s)Wr(s)

real plant data. However, if the real plant data are NQfhere we have (8), shown at the bottom of the page, and

available as in this case, reasonable assumptions have to

be made to characterize this class of uncertainties.
Identification of the nominal linear moderhe nominal
plant model which has relatively less uncertainty over
the entire operating range is desired. In this design, the
model linearized at 60% load is selected as the hominal
plant.

Computation for the magnitude of uncertainty due to lin-
earization. The maximum difference between the plots
of the nominal model and all linearized models repre-
sents the worst case magnitude of uncertainty due to
linearization at each frequency point.

Construction of the uncertainty weighting functidrhe
total magnitude of uncertainty can be obtained by adding
the magnitudes of the unmodeled-dynamics uncertainty
with the uncertainty due to linearization together. Then,
the weighting functionWy.(s) can be constructed by
fitting the magnitude data with an appropriate transfer
function based on the designer’s judgment.

Since the power plant is a four-input/four-output system, the
transfer function matrix of the plar@(s) is a 4 x 4 matrix
expressed as

3)

4)

5)

Gls) = Gai(s) Gaz(s) Gas(s) Gaa(s) ©)
Gai(s) Gaa(s) Gas(s) Ga(s)

Wr =

=N eleoleBoloBaolaoBalaBelel S ol al
OO OO OO ODORFEREFEEFEOOOO

Agel(s)

ro11
021

|6:] < 1.

0 07
0 0
0 0
0 0
0 0
0 0
0 0
0 0
1 0
1 0
1 0
1 0
0 1
0 1
0 1
0 11i6xa
831
041
812

644 16x16

(9)

For additive uncertainty, the nominal plaGfs) and uncer- In this setting, the magnitude of each uncertaify;(s) can
tainty A(s) must have same dimensions and can be expressedindependently specified hy;;(s) in Wr(s).

w11 0 0 0 w12 0 0 0
W 0 wao1 0 0 0 w2 0 0
E=10 0 wy 0 0 0 wp O

0 0 0 w41 0 0 0 wWa92

0 0
wo3 0

0 wss

0 0

0 w14 0

0 0 Wo4

0 0 0
w43 0 0

0 0
0 0

was 0 (8)
0 wy
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B. Specification of Performance

Typical time-domain performance criteria that are used to I ™ Age }
characterize the transient response to a unit step input incluge

overshoot, delay time, rise time, and settling time, etc. hWR W,

robust feedback control theories, there are no unified methofs d

to synthesize control laws that fulfill the given time-domain I W

specifications. Instead, there are a wide variety of frequency- z G Y » Wp e.
domain methods available and are suitable for analysis anf

synthesis of finite-dimensional linear time-invariant control

systems. Fortunately, a few time-domain properties can b

interpreted in terms of frequency-domain properties based o

the relationships that exist between their characteristics. F

instance, since steady-state error is almost unavoidable, one

common objective for controller design is to keep the error ) )

to a minimum. or below a certain tolerance level. The mOF . 3. _Interconnectlon structure for robust feedback control analysis and
J nthesis.

well-known use ofu for robustness analysis and synthesis is

in the frequency domain. In general, there is no direct way )

to indicate the time-domain performance in thesynthesis dUency response d¥,(s) is set as follows:

problem because it cannot be directly related to the frequency- 1

domain properties. Perturbations and exogenous disturbances (Wp(s =0))iy = a (10)

may lead to tracking and regulation errors in a control system. ) ) o

In this FBC design, the steady-state tracking error is specifidj€re €i; is the steady-state error in channgl (i.e., from

as one of the performance criteria. Since the steady-state eff5/th input to theith output). The interconnection structure
H_éthe synthesis problem in the robust performance setting is

SR

K - |

of a control system is associated with its zero frequency gair, - Fig. 3. Most other time-d . ¢ i
this performance criterion can be specified in the frequeng own in F1g. 5. Vost other ime-domain performance canno
directly specified in the frequency domain. Therefore,

domain under thg, mechanism. . . : .
. . . simulation experiments are needed for tuning the performance
For feedback control synthesis, in addition to the requiré- .~ . : . : . .
wdelghtlng matriced¥,(s) in order to satisfy the time-domain

ment of robust stability, the designer is generally interestg erformance requirements other than the steady-state error.

in ensuring the time-domain performance requirements (e. He performance weighting matr¥,(s) and the associated
response time, overshoot, and steady-state errors). In mQst e A are specified as P
P

cases, long before the onset of instability, the closed-loop

performance would degrade to the point of unacceptability. r0.7(s +1) i
Consequently, it is critical to ensure that the requirements s+0.1 .

for stability and performance are satisfied under specified M

perturbations. The traditional approach to test the robustned§, = s+0.1 0.5(s + 1)

properties is to conduct simulation experiments to identify the m

level of performance degradation in the closed-loop control 0.5(s +1)
system in the presence of given perturbations. Tudshoc L T s+0.1
approach is not only time-consuming but also does not guar- (Op11 Op12 Op13 Opia

antee the system performance under untested perturbatiogs. _ Op21 Op22 Opoz Opoa (11)
Alternatively, ;. analysis provides a systematic approach to ? Op31 Opaz Op3z Op3a

examine the frequency-domain performance robustness of Lopa1  Opaz Opas  Opas

perturbed systems. ) The above specifications imply that the steady-state errors

The fundamental concept is to the recast robust performaqﬁeeach output channel are: electric power output (JGN)lé
problem into a robust stability problem [3], [6]. A fictitiouS, yhrottie steam temperature (THS) is 20%, hot reheat steam
block A, is introduced into the uncertainty structure of th?emperature (THR) is 20%, and throttle steam pressure (PHS)
control system for robust performance evaluation Wh&ie s 2006, respectively. The full-block structure is specified for
specifies the desired relationship between exogenous distgg)— to ensure that the steady-state errors of the regulated
bances and controlled plant variables. In this method, resufigriables will satisfy the required level under perturbations in
from 1 analysis can be used to determine the worst-cagf reference input vector. For example, the steady-state error
performance degradation associated with the specified perigfthe power output (JGN) due to perturbation in any one of
bation. Subsequently, thesynthesis technique can be used tehe four control inputs is guaranteed not to exceed 14% of
construct a robust control law under the specified uncertainfe difference in the respective power levels before and after
and performance requirements. the perturbation. That is, if the present load is 100% and the

In the i synthesis problem, the performance requiremengerturbation corresponds to a new load of 90%, then the steady
are specified by a weighting functioW,,(s). The zero fre- state power after perturbation should be within290.4%.The



WENG AND RAY: CONTROL OF STEAM-ELECTRIC POWER PLANTS 83

controller. The resulting sampled data controller is of order 117
and satisfies the requirements of robust performance, after two
D-K iterations. Figs. 4 and 5, respectively, show fimplots
of robust stability and robust performance of the closed-loop
control system in the frequency range of interest froom?
to 102 rad/s. The closed-loop performance plots are frequency
weighted as described previously. Since robust performance
implies that the system satisfies both stability and performance
requirement in the presence of specified perturbations, as
expected, the peak value @f for robust stability is smaller
than that for robust performance. In other words, in the
event of increasing perturbations, the performance will degrade
before the occurrence of instability. For robust stability, the
frequency (rad/sec) peak value ofy in Fig. 4 is around 0.7, implying that the
Fig. 4. The upper and lower bounds gffor robust stability. control system is guaranteed to be stable in the presence
of uncertainties within approximately 140% of the specified
bounds. Similarly, the largest value pfin Fig. 5 is around
0.9, implying that the control system guaranteed to meet
the performance requirements in the presence of uncertainties
within approximately 110% of the specified bounds. That is,
the closed-loop control system is guaranteed to remain stable
and satisfy the performance requirements under the specified
perturbations.

0.8

0.6/

0.4 -

mu

0.2| -

10-4 10-3 10-2 10-1 100 101 102

mu

IV. RESULTS OF SIMULATION EXPERIMENTS

The FFC policy and the FBC law were combined to
Sl inEnoiionmo | formulate the proposed integrated FF/FBC system. Under
10-1 100 101 102 hominal conditions, i.e., no perturbation and uncertainties, the
simulation results of the FF/FBC system for power decrease
with no penalty on the variations of control inputs are shown
Fig. 5. The upper and lower bounds effor robust performance. in Figs. 6 and 7 for the transient responses of the plant output

and input variables, respectively. Fig. 6 shows that, during
variations in valve dynamics represent the uncertainties dilie first 360 s for which the FFC was synthesized, there is
to neglected dynamics. Since the impact of errors in tim@ deviation between the actual trajectory and the optimal
constants die out as the system approaches the steady statelrgjgetory because no perturbation is injected into the nominal
uncertainty primarily affects the high-frequency componengant model. Therefore, during this period of 360 s, the FBC
of the transient responses. On the other hand, a change inw@&s inactive. However, after 360 s, the FFC inputs are held
turbine or pump efficiency influences the plant transients at the final values of the FFC sequence, which may not
all frequencies and has a strong bearing on the steady-skgeidentical to the steady-state control inputs corresponding
performance. to the terminal load. This is equivalent to injection of a

disturbance at the instant of 360 s, and it is the responsibility
C. The FBC Law Based on the Linearized Plant Model of the FBC to maneuver and maintain the plant at the desired
Since the physi . . e(y.lilibrium point. The control system regulated deviations
physical process (i.e., the power plant) is opera .
in the continuous time, the measurements are sampled via AR the desired outputs and reached the steady state-after

converters, and the discrete-time control signals are reali%ne?q1 utes. The steady-state errors at outputs were observed to

10-2

frequency (rad/sec)

as continuous signals by using a zeroth-order hold via DA ETHS <2 F (1.1°C)sepnr <3°F (1.67°C);epns <6 psi
; ) : .0414 MPa); and jox <1 MWe. Similar results for power

converters. Such a system having both discrete and continugus .

) . . mp up are shown in Figs. 8 and 9.
signals is called a sampled-data system. Since the controlf2?
is designed and implemented in the discrete-time setting, this
FBC synthesis problem belongs to the class of sampled—dﬁta
systems. Consequently, the D—K iteration fesynthesis [6] In order to examine the performance of the control systems
is carried out by using the sampled-ddfa, techniques based under perturbations, two types of parametric disturbances were
on the concept of lifting technique introduced by Bamieh aridjected. First, the time constant of each valve was made
Pearson [1]. The FBC was synthesized for the sampling peritmd be 1.5 times larger, that is, 50% error at each actuator
of 0.1 s. dynamics. Physically, this means that the dynamics of the

The computer software “MATLAB” and /i-Analysis and valve actuators are 50% slower than predicted by the model.
Synthesis Toolbox” were adopted to synthesize the feedba®&cond, efficiency of the high-pressure turbines, intermedi-

The Control Systems Under Perturbations
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Fig. 6. Outputs of the FF/FBC system for power ramp down at 10%/minFig. 7. Control inputs of the FF/FBC system for power ramp down at
10%/min.

ate pressure turbines, and feedpumps were all reduced by

5%, that is, 5% modeling error, in these components. Thgspectively, show the output and input responses of the
variations in valve dynamics represent the uncertainties f/FBC system for the first 360 s under these perturbations.
modeling of the dynamic behavior. Since the impact of errotgmjlar to Fig. 10, the perturbed responses and the nominal
in time constants die out as the system approaches the stegglctories are represented by dotted lines and solid lines,
state, this uncertainty primarily affects the high-frequenggspectively. It is seen in Fig. 12 that the control inputs
components of the transient responses. On the other hapgre automatically adjusted by FBC to compensate for the
a change in the turbine or pump efficiency influences thfsviations. As a result, in spite of the perturbations, the plant
plant transients at all frequencies and has a strong beariagponse closely followed the nominal optimized trajectory as
on the steady-state performance. The simulation results fen in Fig. 11.
the FFC system alone (i.e., with no feedback action) under
plant perturbations are shown in Fig. 10 in which solid lines )
represent the perturbed response and dotted lines repreSenfmplementation Issues of The Proposed FF/FBC System
the nominal FFC trajectories. The outputs are seen to deviatdo implement the proposed FF/FBC strategy on a plant,
from the original respective optimized trajectories due teets of FFC input and output sequences for different operating
the injected perturbations. The variations in temperatures amges should be precalculated and stored in the database of
pressure violate the specified constraints under the FFC alote control computer. The feedback control system alone can
This implies that the throttle steam and hot reheat stedrmandle the load changes within a small operating range (e.g.,
temperatures could not be maintained within the desired ran@®@s of full load). In that case, the FF/FBC system can be set
without a robust feedback controller. up as a regulatory device under feedback control by setting
A major feature of the FF/FBC structure is that, in additiothe feedforward control input and output sequenégs, and
to the coarse control provided by FFC, FBC compensat&s/ in Fig. 1, to respective fixed values as the reference
for the deviations from the desired plant output trajectorsignals. Therefore, only a finite number of FFC input and
by the fine-tuning control inputs. Perturbations identical toutput sequences need to be stored in the database for different
those injected into the FFC system were applied to tlmperating ranges; the desired operating range is not required to
FF/FBC system to examine its robustness. Figs. 11 and #Ractly conform to that for any one of the stored sequences.
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Fig. 8. Outputs of the FF/FBC system for power ramp up at 10%/min. Fig. 9. Control inputs of the FF/FBC system for power ramp up at 10%/min.

The following three-step procedure, which can be executedmmercial-scale steam-electric power plants. In this method-
on-line, is suggested as a general operation strategy. ology, the FFC policy is generated via nonlinear programming
Step 1) Let the feedback controller maneuver the plaft provide optimized performance, gnd the FBC law is synthe-
load to an operating condition which is close tized by thef..-based structured singular val(e) approach
the present operating point and correspond to tf@ achieve the desired stability and performance robustness.
starting point of a stored set of sequences. Application of the proposed methodology is illustrated
Step 2) Let the FF/FBC maneuver the plant load close Ry synthesizing a control system for wide-range operations
the desired final state. of a 525 MWe fossil-fueled electric power plant. For the
Step 3) Let the FBC maintain the plant load at the desirérPose of control synthesis, the power plant is modeled in
steady-state point. deterministic setting consisting of 27 state variables with four

For example, let the current plant load be 87% of full powe;,alve control commands selected as the plant inputs, namely,

and the load demand be required to be ramped down to 5 %ellair valve, feedpump speed control valve, turbine governor
Then, if a FFC policy starting from 85% is available in thé’alve’ and rehe'atblsprai/elatte.mperator valy'ﬁne measured
database, the above procedure should be executed as folld?/‘%m output variables arelectric power, main steam temper-

Step 1: Apply the EBC alone to bring the plant load fronqltufe, main steam pressurandhot reheat steam temperature.
87% gown t%pgS% g P The synthesis of the FFC policy is identified as an optimal

Step 2: Apply the FF/FBC to ramp down the plant |0a8erformance problem characterized by rapid maneuvering of
from 85% to 52% electric power while maintaining the remaining three output

Step 3: Apply the FBC alone to maintain the plant load é&arigbles as close as possible .tol their respective F:on;tant
5206, esired values. The FBC synthesis is posed as a multivariable
control problem where the objective is to achieve robust
stability and robust performance under specified performance
criteria and uncertainty bounds, which represent errors due
This paper proposes a methodology for synthesizing &m linearization of the nonlinear plant model, unmodeled
integrated FF/FBC strategy for robust wide-range control dfynamics, and inaccuracy of the plant model parameters.

V. SUMMARY AND CONCLUSIONS
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Fig. 10. Outputs of the FFC system under perturbations. Fig. 11. Outputs of the FF/FBC system under perturbations.

The efficacy of this control synthesis methodology wane operations on the TRIGA nuclear reactor at The Penn-
investigated by simulation studies in which the synthesizeglvania State University, University Park, PA [13]. The
FF/FBC law was applied to maneuver the nonlinear modekperimental results show that the FF/FBC controller is ca-
of the power plant by ramping up and down the load in theable of maneuvering the reactor power as desired while the
range of 100% to 40% of the full power at the rate of 10% pe&wvershoot of the fuel temperature is suppressed to avoid any
minute. The results of simulation experiments showed that, ymsetential core damage.
der no plant modeling uncertainties, the FF/FBC system is ableAlthough this paper focuses on wide-range control and
to satisfy the desired load maneuvering (i.e., 52.5 MWe/maperation of fossil power plants, the FF/FBC strategy is
up and down) while the main steam temperature, rehedso applicable to other complex processes such as planned
steam temperature, and main steam pressure are maintagtettdown of nuclear power plants, takeoff and landing of
within £10°F (5.56°C), £15°F (8.33°C), and+45 psi (0.310 aircraft, and start-up and transient operations of rocket engines.
MPa), respectively. Simulated disturbances, representing planfhe major advantages of the proposed FF/FBC strategy,
modeling error and parametric uncertainties, were injectsginthesized via the techniques of nonlinear programming and
into the control system to investigate its robustness propertisuctured singular value, are delineated below:

Typically, these injected disturbances included parametric er-
rors such as time constants of control valves and efficiency
characteristics of the main steam turbines and the feedwater
pump, which represent errors in the entire frequency range of
the plant model. The simulation results suggest that the FBC
is capable of rejecting the anticipated disturbances so that the
plant could closely follow the optimal trajectory determined
by the FFC policy. .
In addition to these simulation studies, the proposed FF/FBC
synthesis approach has been experimentally verified via on-

The methodology of FF/FBC synthesis is superior to the
traditional approach of integrated control systems (ICS)
synthesis in the sense that the optimal trajectory is known
a priori by off-line nonlinear programming and that the
robust feedback controller is only responsible for on-
line compensation of small deviations from the desired
trajectory.

Nonlinear constraints in the time-domain setting can be
conveniently specified in the nonlinear programming in
the FFC synthesis, whereas the uncertainties that can be
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bounded in the frequency domain are dealt with in thc'(:?or any M € ¢, its structured singular valuga (M) is

FBC synthesis. efined as [3]

e The p-synthesis guarantees robust stability and robust 1
perfqrmance of the cIosc_ad—I_oop control system underué(M) =4 inf{c(A): A € A,det(l — MA) =0} (13)
specified performance criteria and uncertainty bounds. 0 VA€ A, det(I — MA)#0.
No ad hoctesting of the closed-loop control system is
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