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Abstract 

In this paper the objective is to optimize the 
control of a coal fired 250 MW power plant 
boiler. The conventional control system is sup- 
plemented with a multivariable optimizing con- 
troller operating in parallel with the conven- 
tional control system. Due to the strong depen- 
dence of the gains and dynamics upon the load, 
it is beneficial to consider a gain-scheduling con- 
trol approach. Optimization using complex- 
p synthesis results in unstahle LTI controllers 
in some operating points of the boiler. A re- 
cent gain-scheduling approach allowing for un- 
stable fixed LTI controllers is applied. Gain- 
scheduling which interpolates between unsta- 
ble controllers is not allowed using traditional 
schemes. The results show that a considerable 
optimization of the conventional controlled sys- 
tem is obtainable. Also the gain-scheduled opti- 
mizing controller is seen to have a superior per- 
formance compared to the fixed LTI optimizing 
controllers operating alone. 

Keywords: Gain-Scheduling, Power Plant 
Control, Unstable Controllers, Transfer h n c -  
tion Interpolation. 

1 Introduction 

The electric power production units in Den- 
mark can he divided into the following two cat- 
egories. The units within the first category are 
not available for load control for the central load 
dispatch centers. These units are e.g. wind 
turbines and small combined heat and power 
plants. The units within the second category 
are large coal or gas fired power plants which 
are available for load control. Within the recent 
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years the production rate from the first cate- 
gory has increased. In 1980 the ratio between 
the categories was 1:4 and in 1990 this ratio had 
increased to 2:3 and is expected to increase fur- 
ther in the future. Therefore the demand on the 
load following capability of the units within the 
second category increases. This category com- 
prises newer gas-fired plants with high efficiency 
and lower efficiency older coal-fired plants. To 
achieve a high total efficiency the newer plants 
normally operate at maximum load implying 
that the older boilers, mainly 250MW coal-fired 
Benson boilers, are used for taking care of the 
load changes. This explains the need for deal- 
ing with the improvement of the load following 
capability of older power plant units. 

Experience shows that the conventional control 
system is a primary limiting factor for the maxi- 
mum allowable load gradient. One of the inputs 
to the conventional control system is the load 
reference which is always given as a piece-wise 
linear signal. The load gradient is the slope of 
this reference signal with a typical maximum of 
2% of nominal load per minute. A gradient that 
exceeds the maximum allowable value results in 
unacceptable steam temperature and pressure 
variations. These variations occur despite the 
fact that none of the boiler input signals are sat- 
urated indicating that a better control may be 
achievable. A characteristic of the boiler is that 
the gains and dynamics are strongly dependent 
upon the load complicating an optimization of 
the conventional control system. 

For safety reasons it is desirable to retain the 
conventional control system. An optimizing 
multivariable controller is coupled in parallel 
with the conventional control system. The con- 
ventional control system allows for a sate com- 
missioning and switching between automatic 
mode and manual mode. The primary purpose 
of the optimizing controller is to take care of 
cross couplings. This architecture has been sug- 



gested and applied in [Hang31 and in [NA81] and 
has furthermore been applied in [Mor971 and 
[Han98]. The gains and dynamics of the boiler 
depend upon the operating point suggesting the 
need for considering a gain-scheduled controller 
design. In this paper a gain-scheduling ap- 
proach that allows for internally unstable LTI 
controllers is applied for the optimization of 
the conventional control of an existing 250MW 
fossil-fired Benson boiler. 

2 Problem Formulation 

The power plant boiler under consideration is 
the boiler in unit 2 (SVS2) in the power plant 
I/S SKBFBBKVBRKET situated at Sker- 
bEk, Denmark. SVSB is a once-through 250MW 
coal-fired Benson boiler. The feedwater flow 
is used for controlling the superheater steam 
temperature Tsh and the fuel flow is used for 
controlling the superheater steam pressure Psh. 
Figure 1 shows the steam flow and combustion 
air/gas flow for the SVS2 boiler. The filled cir- 

cles "0" in the figure shows: At (a): Here the 
controllable feedwater input enters. At (i): Here 
Psh is measured. At (e): Here Tsh is measured. 
At the bottom it shows where the controllable 
fuel input enters. The input-output data, that 
has been available for building the LTI models 
used in this paper, are measurements from the 
SVSB boiler unit at  187MW and at 240MW. 

2.1 LTI Models 
LTI Models have been computed for the oper- 
ating points 187MW and 240MW. R.ecal1 that 
the optimizing MIMO controller is to be con- 
nected in parallel with the conventional SISO 
controllers. Consequently the models needed 
as basis for the MIMO controller design de- 
scribe the conventionally controlled plant - that 
is, both the plant and the conventional control 
system. As a consequence of this special archi- 
tecture the control object seen from the optimiz- 
ing MIMO controller is open-loop stable. The 
models are 10th order fully parameterized LTI 
state-space models with 2 controllable inputs (a 
signal that is added to the feedwater control sig- 
nal and a signal that is added to the fuel con- 
trol signal) and a measurable disturbance input 
(the load). The controlled outputs are the su- 
perheater steam pressure error epsh and the su- 
perheater steam temperature error eTsh. Note 
that the load acts both as a measurable dis- 
turbance and as the gain-scheduling parameter. 
The model parameters have been computed us- 
ing the recent subspace identification algorithm 
N4SID [vOdM94]. 

2.2 Controller Design Objectives 
The critical process variables are the super- 
heater steam pressure p,h and in particular the 
superheater steam temperature Tsh. The con- 
trollable inputs are the feedwater and fuel flow 



at the two fixed operating points. Standard in- 
put multiplicative and standard output multi- 
plicative uncertainty specifications were chosen. 
Experience shows that, as the controllers are 
tuned towards a good rejection of the load and 
fuel input disturbances, the controllers become 
internally unstable. This fact complicates the 
gain-scheduling problem. Therefore it is neces- 
sary to consider a gain-scheduling approach that 
allows the fixed LTI controllers to be internally 
unstable. 

3 Method 

&om a gain-scheduling point of view, the 
present application offers special challenges in 
the following two respects: 

The controllers at each operating point 
have open-loop unstable transfer func- 
tions. This means that a convex combi- 
nation of the controllers will never offer a 
stable closed loop system in the whole op- 
erating range and, hence, a more sophis- 
ticated controller architecture is required. 

The plant models at each operating point 
are obtained as pure black box models. 
This means that there is no natural pa- 
rameterization of the plant parameters 
which offers a natural link to any gain- 
scheduling variable. 

The main idea in [SAPH98] is a model refer- 
ence like structure which is depicted in Figure 2, 
which is also the method applied in this paper. 
The method is based on the following result. 

Theorem 1 Assume that Pi(s), i = 0 , l  are 
two (open loop) internally stable systems, and 
Kj(s), i = 0,1 are two (possiblg unstable) con- 
trollers, such that Ki(s) stabilize Pi(s), i = 0,1, 
and the closed loop systems are well-posed. Gon- 
sider the following class of systems 

P&) = (1 - CY)P&) + CYP~(S), CY E ( n , i )  

and define 

Then the following controller 

K&) = W4&),W)) 
is internally stabilizing for any P,(s), CY E 
(0>1). 

A possible implementation for K,(s) is shown 
in  Figure 2. 

The method in Theorem 1 is not guaranteed to 
work under arbitrarily fast transitions between 

One approach to tackle the:;e two problems is a 
new gain-scheduling procedure which has been 
presented in [SAPH98]. This method takes a 
behavioral approach to gain-scheduling and in- 
terpolates trajectories of the involved differen- 
tial equations rather than the parameters of 
these equations. Moreover, the method requires 
the plant models to be stable (as they are in 
this paper) but allows for unstable controllers 
(as is the case here). Tbe method interpo- 
lates models for two operating points by in- 
terpolating their transfer functions as P,(s) = 
(1 - a)Po(s) + aPl(s), tx E (0,l)  where Pi, 
i = 0,1 are the models in two operating points, 
and (Y is a gain-scheduling parameter, which in 
this paper is taken to be t:he actual load. This 
approach to interpolation is non-standard but 
well motivated from a behavioral point of view. 

operating points, but for the present application 
the transition rate is not critical. 

4 Results 

It was possible to obtain complex p LTI con- 
trollers with good disturbance rejection proper- 
ties at their respective operating points. The 
tuning towards good disturbance rejection how- 
ever led to unstable controllers. For such con- 
trollers, the associated plant models are only 
guaranteed to stabilize the controllers in the re- 
spective operating points for which they were 
designed. When using the gain-scheduling ap- 
proach described in section 3 the (possibly un- 
stable) controllers are stabilized in the whole 
operating region by the plant models for which 
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Figure 2: General gain scheduling structure for 
unstable controllers 

they were designed. In the following it is as- 
sumed that the plant model can be approxi- 
mated as an interpolation between the 187MW 
and 240MW models as shown above. 

In Figure 3 a load sequence in the middle of 
the scheduling interval is shown together with 
the resulting errors for Tsh in open-loop and in 
closed-loop using the suggested gain-scheduling 
controller. It is clearly seen that a signifi- 
cant improvement is obtained using the gain- 
scheduled controller. Note, that each of the 2 
fixed LTI controllers applied alone leads to  un- 
stable closed-loop systems in this part of the 
scheduling interval. As an example of the be- 
havior at the two endpoints Figure 4 shows 
the situation at the lower end of the schedul- 
ing interval. Note, that the closed-loop system 
resulting from applying the LTI controller de- 
signed a t  187MW becomes unstable when the 
load is increased to 195MW. In contrast, the 
closed-loop system resulting from applying the 
gain-scheduled controller remains stable and a 
significant improvement is obtained compared 
to the open-loop case. 908 

Figure 3: Load sequence and resulting open-loop 
and gain-scheduled closed-loop temper- 
ature errors. 

Figure 4: Load sequence and resulting open-loop, 
fixed (187MW) closed-loop and gain- 
scheduled closed-loop temperature er- 
rors. 



5 Conclusions 

A safe architecture combining a conventional 
control system based on SISO controllers with 
an optimizing multivariable controller was used 
as basis for the optimization of a 250MW coal- 
fired power plant boiler. The gains and dy- 
namics of the boiler depend upon the operating 
point (the load) indicating the need for consid- 
ering gain-scheduling, A recent approach for 
gain-scheduling that allows for unstable fixed 
LTI controllers was applied. Significant im- 
provement of the control of the critical super- 
heater steam temperature were obtained in the 
examined scheduling interval retaining an ac- 
ceptable control of the superheater steam pres- 
sure (not shown). This paper represents a co- 
herent design strategy that is well-suited for in- 
dustrial systems with gains and dynamics that 
depend strongly upon a time-varying parame- 
ter. 
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