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a b s t r a c t

The coordinated control system (CCS) serves as an important role in load regulation, efficiency optimi-
zation and pollutant reduction for coal-fired power plants. The CCS faces with tough challenges, such as
the wide-range load variation, various uncertainties and constraints. This paper aims to improve the load
tacking ability and robustness for boiler-turbine units under wide-range operation. To capture the key
dynamics of the ultra-supercritical boiler-turbine system, a nonlinear control-oriented model is devel-
oped based on mechanism analysis and model reduction techniques, which is validated with the history
operation data of a real 1000MW unit. To simultaneously address the issues of uncertainties and input
constraints, a discrete-time sliding mode predictive controller (SMPC) is designed with the dual-mode
control law. Moreover, the input-to-state stability and robustness of the closed-loop system are
proved. Simulation results are presented to illustrate the effectiveness of the proposed control scheme,
which achieves good tracking performance, disturbance rejection ability and compatibility to input
constraints.

© 2018 Published by Elsevier Ltd on behalf of ISA.

1. Introduction

With the increasing energy crisis and environmental concerns,
ultra-supercritical coal-fired power plants have become prior
electricity suppliers for their high thermal efficiency and relatively
low pollutants emission [1]. To make full use of renewable energy,
ultra-supercritical units are playing an increasingly important role
in the peak load regulation [2]. Correspondingly, the load sched-
uling of power grid demands even faster load response of the units.
Besides, the coordinated control system (CCS) faces with tougher
challenges for the units under wide-range load operation. Themain
task of the CCS is to regulate the power output to meet the load
demand of the power grid while maintaining other state variables,
such as the main steam pressure and steam temperature, within
their safe and economical ranges. However, conventional PID-based
control approaches could hardly achieve satisfactory performance

because of the nonlinearity, input constraints and uncertainties
existing in practical operation [3].

One way to improve the performance of the model-based co-
ordinated controllers is to establish an appropriate model of the
boiler-turbine units. There has been extensive research on the
modeling of the subcritical boiler-turbine system [3e7]. Never-
theless, many models of subcritical units cannot directly be applied
to the ultra-supercritical units since their different dynamics under
the supercritical working condition [8]. For the ultra-supercritical
unit, some complicated models based on the general physical
principles have been established for the purpose of process simu-
lation [9,10]. A simplified model is developed for controller design,
but which may overlook the turbine-side dynamics [11,12]. Intel-
ligent methods are also found applications in the modeling of
boiler-turbine units, such as the neural network [13,14], fuzzy
neural network [15] and genetic algorithm [16], but which may
bring to heavy computational burden and the model parameters
have no explicit physical significance.

In addition, advanced control approaches have been studied to
enhance the CCS of boiler-turbine units. Since their merit of
explicitly handling the constraints, model predictive control (MPC)
methods have been widely investigated, such as the multi-model
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predictive control [17], fuzzy predictive control [18] and nonlinear
model predictive control (NMPC) [19,20]. For a practical ultra-
supercritical unit, modeling errors and various disturbances need
to be considered for controller design, such as the fuel composition
fluctuations, the contamination of the boiler heat exchange sur-
faces, the soot blowing operation and model simplification errors
[3]. To reject the external disturbances, a linear active disturbance
rejection control method is proposed based on an extended state
observer [21]. An adaptive sliding mode controller is designed to
improve the robustness against with the bounded uncertainties
[22]. However, these control methods could not simultaneously
deal with the uncertainties and input constraints, which may
deteriorate the control performance of CCS in practice. Among
various robust control methods, sliding mode control (SMC) is
advantageous for its fast response and inherent robustness [23]. To
deal with the input constraints, the sliding mode predictive control
approaches have been studied with the combination of SMC and
MPC [24e27]. For instance, a predictive sliding mode controller is
used for the control of the outlet oil temperature of a field of
distributed solar collectors [24].

This paper is aimed at improving the CCS performance in the
presence of both input constraints and uncertainties. To achieve
excellent load tracking ability under wide-range operation, a novel
sliding mode predictive controller (SMPC) is designed with the
integration of model predictive control and sliding mode control
approaches. The proposed control approach could simultaneously
address the issues of uncertainties and input constraints, which is
applicable for various industrial process.

The rest of this paper is organized as follows: Section 2 develops
a control-oriented model of the ultra-supercritical boiler-turbine
system. Section 3 presents the design of a sliding model predictive
controller to improve the robustness against with the uncertainties
and input constraints. Moreover, the input-to-state stability and
robustness of the closed-loop system are proved in Section 4.
Simulation results with three different control methods are dis-
cussed in Section 5 to illustrate the model accuracy and effective-
ness of the proposed control scheme. Concluding remarks are given
in Section 6.

2. Modeling of the ultra-supercritical boiler-turbine system

A simplified schematic diagram of an ultra-supercritical unit is
depicted Fig. 1, where some auxiliary facilities are ignored. This
paper is mainly focused on the integrated boiler-turbine system,
which is simplified as a three-input three-output nonlinear system
[11]. The input variables are the governor opening value of the
steam turbine u1, themass flow rate of the feed coal u2 and themass
flow rate of the feed water u3; the output variables include the
power output y1, the main steam pressure y2 and the specific
enthalpy of the steam at the separator outlet (generally called in-
termediate point) y3. To facilitate the modeling, several reasonable
assumptions are introduced as follows:

(1) Without considering the mismatch between the feed coal
and the combustion air;

(2) The time delay (roughly 200ms) of the combustion process
in the furnace is ignored;

(3) The slight sensible heat of the slag and flue ash is neglected;
(4) The main steam temperature is regarded as constant;
(5) The generator efficiency and the shaft efficiency of the tur-

bine retain constant under various load conditions.

In this section, some common physical principles and public
equations related with the modeling process are presented for the
sake of completeness and ready reference and more details can be

found in the cited references. According to the sequence of energy
conversion, the system dynamics is typically divided into five parts,
i.e., coal pulverizing system, economizer, evaporation system, su-
perheaters and steam turbine system.

2.1. Coal pulverizing system model

For simplicity, the mass dynamic balance for the coal entering
the furnace may be regarded as a first-order inertia process with
time delay [28]:

Tf
dDf

dt
¼ �Df þ mBðt � tÞ (1)

where mB and Df are the mass flow rate of the feed coal and the coal
entering into the furnace, respectively; Tf the time constant of the
pulverizer; t the pure time delay of the coal feeder.

2.2. Economizer model

Since this paper is mainly focused on the integrated boiler-
turbine system, only a simplified economizer model is considered
here. Considering the fact that the temperature of the subcooled
feed water at the economizer outlet is almost constant, the specific
enthalpy of the feed water hfw may be regarded as the function of
the intermediate-point steam pressure pm, which is approximated
with a polynomial function:

hfw ¼ l20 þ l21pm þ l22p
2
m (2)

which illustrates the parameters variation principle of the feed
water at the economizer outlet.

2.3. Evaporation system model

Themass and energy balances for working fluid in thewaterwall
are represented as [11]:

c11
dpm
dt

¼ Dfw

�
hfw � c12

�
þ Qs � Dmðhm � c12Þ (3)

c21
dhm
dt

¼ Dfw

�
hfw � c22

�
þ Qs � Dmðhm � c22Þ (4)

where hm and Dm denote the specific enthalpy andmass flow rate of
the intermediate-point steam, respectively; Dfw is the mass flow
rate of the feed water; c11, c12, c21, and c22 are four time-variant
parameters correlated with the thermal parameters of the work-
ing fluid, which could be obtained by identification [11]. Qs is the
heat absorption rate of the working fluid in the waterwall and
calculated as [29]:

Qs ¼ Df Qar;netð1� q4Þ � Qfg ¼ k1Df � Qfg

where Df denotes the mass flow rate of the coal entering into the
furnace; Qnet, ar the lower heating value (LHV) of the feed coal,
which can be acquired by offline assay or online identification [29];
q4 the heat loss rate due to the mechanical incomplete combustion;
Qfg the energy of the flue gas obtained from combustion in the
furnace; k1 the effective heating value of the coal.

According to the operation data, Qfg is found highly associated
with the power output Ne, and a linear polynomial function is used
for approximation:
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