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Abstract: This paper proposes a compact boiler-turbine control scheme for the fossil-fuel
power plants. Generally, control strategies used in boiler-turbine units are implemented as the
hierarchical structures consisting of an upper economic optimization layer and a separate lower
feedback control layer. The deficiency of such hierarchy is that the tracking of the steady-state
set-points, that are computed by the upper layer, is accomplished by the lower layer in an
economically non-optimal way. To improve the economic performance of boiler-turbine units,
the proposed control scheme integrates plant economic optimization into the dynamic feedback
controller output computation process. The stability (and also feasibility) of the proposed control
scheme is proven. The effectiveness of the latter is also demonstrated through the 160 MW oil-
fired boiler-turbine unit simulation.
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1. INTRODUCTION

The main task of a boiler-turbine unit is to generate
electricity through burning fossil fuels to meet the grid
load demand. Because of the competition among utility
companies and other market driven forces, fossil-fuel power
plants are subject to grid power regulation. In addition to
that, other requirements, such as minimization of both fuel
consumption and environmental impact as well as main-
tenance and life extension of major equipment, have to be
met (Garduno-Ramirez and Lee, 2001; Wu et al., 2014c,b;
Heo et al., 2006). As a result, the process performance
of the boiler-turbine unit operation must satisfy multiple
objectives including profitability, sustainability, operation
safety, etc.

On the other hand, due to the increasing size and tighter
integration with the grid power regulation of the fossil-
fuel power plants (Wu et al., 2014c,b, 2013), control of
the boiler-turbine unit is more challenging with tight
operating constraints, severe nonlinearity over a wide
operation range, strong coupling among multiple inputs
and outputs, unknown disturbances, etc.

To handle the aforementioned multi-objective optimiza-
tion and control problems of the boiler-turbine units,
existing literature (Garduno-Ramirez and Lee, 2001; Wu
et al., 2014c; Heo et al., 2006; Heo and Lee, 2008; Qin and
Badgwell, 2003; Ellis et al., 2014) has extensively stud-
ied the implementation of the hierarchical boiler-turbine
control scheme, which separately addresses the economic
optimization in the upper layer and the feedback process
control in the lower layer. In the upper layer, the economic

optimization is known as real-time optimization (RTO),
which is generally based on a complex steady-state process
model and responsible for computing optimal steady-state
set-points for the lower feedback control layer. Previous
work w.r.t. the formulation and solution of the upper layer
includes multi-objective optimization (MOO) approaches
based on a steady-state nonlinear mathematical boiler-
turbine model in (Garduno-Ramirez and Lee, 2001), and
based on a steady-state neural network model as well as
an intelligent algorithm in (Heo et al., 2006; Heo and Lee,
2008), etc.

Compared to the upper steady-state set-points compu-
tation layer of the hierarchy, a more frequent feedback
controller output computation rate is generally used in
the lower layer to steer the boiler-turbine unit to the set-
points. Previous implemented feedback control strategies
include a cluster of proportional-integral-derivative (PID)
controllers based on iterative feedback tuning (IFT) meth-
ods in (Zhang et al., 2012), H-inf controllers based on a
fuzzy model in (Wu et al., 2010) and a piecewise linear
model in (Zheng et al., 2008), a fuzzy auto-regressive mov-
ing average (FARMA) controller based on the field data of
the boiler-turbine unit in (Un-Chul and Lee, 2003), a linear
quadratic regulator (LQR) controller based on genetic
algorithms in (Dimeo and Lee, 1995), etc. Additionally,
although model predictive controllers (MPC) are not the
most widely implemented feedback control laws in the
lower level of the currently operating boiler-turbine power
plants, they have been gradually gaining acceptance by the
plant operators and engineers. Research papers focused on
this topic include (Ellis et al., 2014; Lawrynczuk, 2011;
Lawrynczuk et al., 2008; Rawlings, 2000), which specifi-
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load demand. Because of the competition among utility
companies and other market driven forces, fossil-fuel power
plants are subject to grid power regulation. In addition to
that, other requirements, such as minimization of both fuel
consumption and environmental impact as well as main-
tenance and life extension of major equipment, have to be
met (Garduno-Ramirez and Lee, 2001; Wu et al., 2014c,b;
Heo et al., 2006). As a result, the process performance
of the boiler-turbine unit operation must satisfy multiple
objectives including profitability, sustainability, operation
safety, etc.

On the other hand, due to the increasing size and tighter
integration with the grid power regulation of the fossil-
fuel power plants (Wu et al., 2014c,b, 2013), control of
the boiler-turbine unit is more challenging with tight
operating constraints, severe nonlinearity over a wide
operation range, strong coupling among multiple inputs
and outputs, unknown disturbances, etc.

To handle the aforementioned multi-objective optimiza-
tion and control problems of the boiler-turbine units,
existing literature (Garduno-Ramirez and Lee, 2001; Wu
et al., 2014c; Heo et al., 2006; Heo and Lee, 2008; Qin and
Badgwell, 2003; Ellis et al., 2014) has extensively stud-
ied the implementation of the hierarchical boiler-turbine
control scheme, which separately addresses the economic
optimization in the upper layer and the feedback process
control in the lower layer. In the upper layer, the economic

optimization is known as real-time optimization (RTO),
which is generally based on a complex steady-state process
model and responsible for computing optimal steady-state
set-points for the lower feedback control layer. Previous
work w.r.t. the formulation and solution of the upper layer
includes multi-objective optimization (MOO) approaches
based on a steady-state nonlinear mathematical boiler-
turbine model in (Garduno-Ramirez and Lee, 2001), and
based on a steady-state neural network model as well as
an intelligent algorithm in (Heo et al., 2006; Heo and Lee,
2008), etc.

Compared to the upper steady-state set-points compu-
tation layer of the hierarchy, a more frequent feedback
controller output computation rate is generally used in
the lower layer to steer the boiler-turbine unit to the set-
points. Previous implemented feedback control strategies
include a cluster of proportional-integral-derivative (PID)
controllers based on iterative feedback tuning (IFT) meth-
ods in (Zhang et al., 2012), H-inf controllers based on a
fuzzy model in (Wu et al., 2010) and a piecewise linear
model in (Zheng et al., 2008), a fuzzy auto-regressive mov-
ing average (FARMA) controller based on the field data of
the boiler-turbine unit in (Un-Chul and Lee, 2003), a linear
quadratic regulator (LQR) controller based on genetic
algorithms in (Dimeo and Lee, 1995), etc. Additionally,
although model predictive controllers (MPC) are not the
most widely implemented feedback control laws in the
lower level of the currently operating boiler-turbine power
plants, they have been gradually gaining acceptance by the
plant operators and engineers. Research papers focused on
this topic include (Ellis et al., 2014; Lawrynczuk, 2011;
Lawrynczuk et al., 2008; Rawlings, 2000), which specifi-
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To handle the aforementioned multi-objective optimiza-
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control scheme, which separately addresses the economic
optimization in the upper layer and the feedback process
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tation layer of the hierarchy, a more frequent feedback
controller output computation rate is generally used in
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points. Previous implemented feedback control strategies
include a cluster of proportional-integral-derivative (PID)
controllers based on iterative feedback tuning (IFT) meth-
ods in (Zhang et al., 2012), H-inf controllers based on a
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model in (Zheng et al., 2008), a fuzzy auto-regressive mov-
ing average (FARMA) controller based on the field data of
the boiler-turbine unit in (Un-Chul and Lee, 2003), a linear
quadratic regulator (LQR) controller based on genetic
algorithms in (Dimeo and Lee, 1995), etc. Additionally,
although model predictive controllers (MPC) are not the
most widely implemented feedback control laws in the
lower level of the currently operating boiler-turbine power
plants, they have been gradually gaining acceptance by the
plant operators and engineers. Research papers focused on
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Lawrynczuk et al., 2008; Rawlings, 2000), which specifi-

Proceedings of the 20th World Congress
The International Federation of Automatic Control
Toulouse, France, July 9-14, 2017

Copyright © 2017 IFAC 11562

cally use a step-response model in (Moon and Lee, 2009),
and multiple linear models over a wide-range operation in
(Wu et al., 2014c,b, 2013; Li et al., 2012; Keshavarz et al.,
2010; Wu et al., 2014a), etc.

The extensive studies of MPC in the hierarchical boiler-
turbine control scheme are attributed to several aspects
(Wu et al., 2014c; Ellis et al., 2014; Vallerio et al., 2014):
(1) its systematic way to handle the multiple inputs
and outputs of the boiler-turbine units; (2) its ability to
incorporate constraints on both state and control variables
in the controller design stage; (3) its optimal property
to guarantee good process behavior over a finite-time
horizon. Classic MPCs are formulated based on linear
process models, linear constraints and quadratic objectives
(Vallerio et al., 2014). In the past two decades, research
interests in MPC have been extended to Nonlinear MPC
(NMPC), Multi-objective MPC (MOMPC) and Economic
MPC (EMPC), where nonlinear process models, multiple
objectives, and economic performance indices are directly
used in the controller design stage (see (Qin and Badgwell,
2003; Ellis et al., 2014; Bemporad and Muoz de la Pea,
2009) and the references therein).

The Latest advance on MPC is a so-called utopia-tracking
MPC (UT-MPC) scheme proposed in (Zavala and Flores-
Tlacuahuac, 2012), which provided a new perspective to-
wards NMPC, MOMPC and EMPC as well as the afore-
mentioned hierarchical control. In the UT-MPC scheme,
multiple economic objectives can be optimized simultane-
ously based on a nonlinear dynamic process model, and
a Pareto optimal solution can be obtained automatically
through tracking an unreachable utopia point, whose co-
ordinates are constructed by minimums of individual ob-
jectives under constraints. The UT-MPC scheme exhibits
several advantages: (1) the Pareto front does not need
to be constructed, which is computationally efficient; (2)
the dynamic process model is used for both economic
optimization and feedback control within an integrated
computation step, which reduces the significant optimiza-
tion losses caused by inconsistent model and computation
frequency of two layers in the hierarchy as well as fast
disturbances of the controlled process. (3) the stability of
UT-MPC (similar to EMPC) can be easily guaranteed by
incorporating a flexible stability constraint (Zavala, 2015).

Motivated by the advantages of the UT-MPC strategy,
this paper proposes a novel boiler-turbine control scheme,
which is different from existing hierarchical boiler-turbine
control schemes and pays more attention to the economic
performance improvements of the boiler-turbine unit un-
der agile grid demands. The proposed boiler-turbine con-
trol scheme dynamically optimizes multiple economic ob-
jectives and automatically computes a Pareto optimal con-
trol action at each computation step. The stability of the
proposed control scheme with soft terminal and stability
constraints is more flexible than UT-MPC. It has also been
demonstrated through the 160MW oil-fired boiler-turbine
unit simulation that the latter generally consumes less fuel
while maintaining a good load tracking performance over
a wide-range load regulation.

2. BOILER-TURBINE UNIT DESCRIPTION AND
CONTROL OBJECTIVES

2.1 Boiler-turbine unit description

In this paper, the target boiler-turbine unit is a 160 MW
oil-fired power plant, which is formulated as a third-order
nonlinear model with three inputs and three outputs (Bell
and Åström, 1987). The three manipulated variables are
valve actuators positions that control the mass flow rates
of fuel u1, steam to the turbine u2, and feedwater to
the drum u3. The three measurable outputs are electric
power E in MW , drum steam pressure P in kg/cm2, and
drum water level deviation L in m. The state variables are
electric power E, drum steam pressure P , and steam-water
density ρf . The mathematical expression of the three-order

nonlinear model was given by (Bell and Åström, 1987) and
shown as follows:

Ṗ = 0.9u1 − 0.0018u2p
9/8 − 0.15u3 (1)

Ė = ((0.73u2 − 0.16)P 9/8 − E)/10 (2)

ρ̇f = (141u3 − (1.1u2 − 0.19)P )/85 (3)

Based on the following algebraic equations, the drum water
level is calculated:

qe = (0.854u2 − 0.147)P + 45.59u1 − 2.514u3 − 2.096 (4)

αs =
(1− 0.001538ρf )(0.8P − 25.6)

ρf (1.0394− 0.0012304P )
(5)

L = 0.05(0.13073ρf + 100αs + qe/9− 67.975) (6)

where αs is the steam quality and qe is the evaporation rate
in kg/s. The valve position inputs are normalized in the
region of [0, 1], and the their derivatives are constrained
to

−0.007 ≤ u̇1 ≤ 0.007 (7)

−2.0 ≤ u̇2 ≤ 0.02 (8)

−0.05 ≤ u̇3 ≤ 0.05 (9)

2.2 Multiple control objectives

The boiler-turbine unit is the most important system in
thermal power plants to generate electricity from fossil
fuels. For a typical boiler-turbine control system, the
main task is to regulate the power output to meet the
load demand of the grid, while keeping the key process
parameters such as the drum pressure, steam temperature,
water level, etc. stay in their safe operation regions.

In addition to the load demand tracking task, other eco-
nomic factors such as fuel consumption, heat rate, pollu-
tion, etc. have to be considered by boiler-turbine control
systems. Therefore, the boiler-turbine control system is
characterized by multiple regulation and economic control
objectives. In the next section, two boiler-turbine control
schemes are presented to meet the requirements of the
boiler-turbine unit.

3. BOILER-TURBINE CONTROL SYSTEM SCHEME

In this section, a typical two-layer hierarchical control
(RTO-MPC) scheme is presented first for the boiler-
turbine unit, and then followed by the proposed one-layer
stable multi-objective economic model predictive control
(S-MOEMPC) scheme.
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