energies MDPI|

Article

Supplementary Control of Conventional Coordinated Control
for 1000 MW Ultra-Supercritical Thermal Power Plant Using
One-Step Ahead Control

Hyuk Choi !, Yeongseok Choi !, Un-Chul Moon 1* and Kwang Y. Lee 23

School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, Republic of Korea;
chlgurl458@naver.com (H.C.); ys__95@naver.com (Y.C.)

Department of Electrical and Computer Engineering, Baylor University, Waco, TX 76798-7356, USA;
kwang_y_lee@baylor.edu

Yonsei Frontier Lab, Yonsei University, Seoul 03722, Republic of Korea

Correspondence: ucmoon@cau.ac.kr

Abstract: The intermittence of renewable energy sources increases the importance of the effective
load-tracking ability of power plants. Coordinated control between boiler and turbine systems is
the uppermost layer of a thermal power plant control to follow the load demand. In this paper, a
supplementary controller is proposed based on the One-Step Ahead strategy for coordinated control
of thermal power plants. After a plant model is developed offline from a step response test, the
optimized control of the One-Step Ahead strategy is applied to the boiler feed-forward (BFF) signal
to control the electric power output and the main steam pressure simultaneously. Simulation with a
1000 MW ultra-supercritical (USC) once-through type power plant is performed. The results show
that the error of Mega-Watt Output (MWO) was reduced to 78~95%, and settling time was reduced to

64~79% from conventional coordinated control by adding the proposed supplementary controller.
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steam pressure, then the boiler is controlled to match the steam pressure demand. This
type shows fast power-tracking performance but lacks stability. (2) Turbine Following Type:
Electrical power is first controlled by the boiler’s fuel flow, then, the turbine is controlled to
match the fuel demand. This type shows high stability, but power tracking performance
is slow.

Since the boiler and turbine-generator are tightly coupled, an advanced control that
controls the boiler and turbine simultaneously may give a better performance than a
separated type. This advanced control structure is called the boiler turbine coordinated
control (CC). The CC lies in the uppermost control layer of the power plant that controls
two control variables, MIWO and MSP, by providing additional control signals. This can
match the response of the boiler and turbine during the load-changing environment.

Conventionally, the CC strategy was based on proportional-integral-derivative (PID)
multi-loop control [6]. Due to its simple logic and structure, the PID controller is widely
used in the industry. However, as the systems become complex, designing the controller
with PID is becoming more difficult. Also, using PID control logic for complex nonlinear
systems may not provide satisfactory performance. To overcome the limits of the PID
controller, several efforts and research to apply an advanced modern control strategy at
CC have been made. In [7], intelligent CC based on neural networks for the supercritical
boiler has been investigated. More recently, Model Predictive Control (MPC) has been
widely used in the modern industry. The MPC is a control theory that predicts the future
output for a finite prediction horizon and calculates the optimized control input. In [8],
a Generalized Predictive Control (GPC)-based CC is proposed. Dynamic Matrix Control
(DMC) is also successfully adopted as a CC [9].

In this paper, we proposed a supplementary controller based on a kind of predictive
control called One-Step Ahead control. One-Step Ahead control is a simple discrete control
that calculates optimal input for every sampling step. Due to the simple logic, it has been
successfully applied in many areas [10-13]. Also, in terms of practicality, the supplementary
structure has advantages in application and maintenance. It can be easily implemented in
an existing multi-loop control, and in case of an emergency, it can be removed and returned
to the conventional control logic. The performance of the supplementary controller is
validated by applying it to the ultra-supercritical 1000 MW once-through type power plant
system, which is the worldwide mainstream of the electric power industry. The remainder
of this paper is as follows: In Section 2, the full scope of the power plant model is introduced.
Section 3 describes conventional and proposed boiler combustion control systems. Section 4
presents the development of the discrete prediction model and One-Step Ahead controller.
Simulation results are provided in Section 5, and Section 6 presents a discussion. Finally,
conclusions are drawn in Section 7.

2. 1000 MW Ultra-Supercritical Once-Through Power Plant

An Ultra-Supercritical (USC) once-through type boiler has been widely used in the
global thermal power plant industry for decades [9,14,15]. The USC boiler maintains the
steam pressure and temperature above the critical point at a maximum of 30 MPa and
600 °C, respectively. In this extreme condition, water can be directly converted to steam,
resulting in the high efficiency of the heat exchange cycle [16]. The advantage of USC
boilers is not only high efficiency but also low pollutant emissions.

Figure 1 shows the simplified structure of the conventional 1000 MW USC once-
through power plant, the target system of this study [17]. The pulverizers make coal to
fine coal dust. Burners attached to the furnace convert the chemical energy in the coal
dust into thermal energy. The hot gas produced by combustion travels all over the boiler
system. This large thermal energy is absorbed by feedwater in the boiler. This means
that heat exchangers such as economizers, water walls, superheaters, and reheaters heat
the feed water and convert it into superheated steam. In a turbine system, the thermal
energy in the superheated steam turns to mechanical energy. Finally, the mechanical energy
is changed to electricity by generators. The USC power plants are a large and complex
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system consisting of numerous systems such as a boiler system, turbine—generator system,
etc. Controlling the USC power plant is a challenge due to nonlinearity, wide operating
range, strong coupling between various control loops, and so on. Among many internal
control loops, the uppermost control system is the CC, which controls the boiler system
and turbine-generator system simultaneously. In other words, the control variables of CC
are MWO and MSP. The main purpose of CC is to quickly follow the power load demand
while maintaining the internal main steam pressure stable, achieving an energy balance
between the boiler and turbine [18].

Boiler system Turbine-Generator system
1 o 1
Primary Division Platen Finishing |, HP HP
Superheater Superheater| ~|Superheater| | Superheater| 1 Turbine Generator
1

Electric
Power

Primary
Reheater

’s—PtL e,

1
1
1
1
i
1 1
1 1
1 1
1 i 1
1 1 | 1
1 1 1 I
1 1 1
! - | Finishing |- IP/LP IP/LP
H ' ! Reheater | | Turbine Generator
1 1 ' Vo o T 1
1 1 | 1
H ' i Economizer |,
1 . 2 1
1 1 1
! " i Economizer | !
1 1 1 1
1 1 1 I
1 1 e e !
i Burners H Secondary
1 I Air Fans
! ! Air
. Furnace H Preheater
Lo ! Primary
Air Fans
—> Air Pulveri
Coal ulverizers [ Coal
—> Electricity ]

—p Steam
——»  Water

Figure 1. A schematic of a 1000 MW ultra-supercritical once-through type power plant.

3. Conventional and Proposed Boiler Combustion Control System
3.1. Conventional Boiler Combustion System in Coordinated Control

Figure 2 shows the multi-loop control structure of the conventional boiler system in
the USC power plant. The red dotted block is the supplementary control proposed in this
study, which is added to the existing multi-loop control structure. In the figure, the power
load demand is determined by droop control and automatic generation control (AGC) in
real time. The Boiler Master Demand (BMD) signal is the master signal for combustion
control in the boiler system and is the same unit as the power load demand. In the F; block,
a suitable BMD signal is generated through the internal PID controller by considering the
error between the set points of MWO and MSP that change according to the power load
demand and the current MWO and MSP. Since the BMD signal is generated not only by
MSP but also by MWO, this structure represents a typical coordinated control.

The F,—Fs blocks represent look-up tables or static nonlinear functions for unit con-
version. When the BMD signal passes through the F, block, it is converted into a boiler
feed-forward (BFF) signal with a unit of coal flow, T/H. That is, the output of the F, block
before the supplementary control is added to the existing multi-loop control is the BFF
signal. The BFF signal is compared with the total airflow converted to the same unit of T/H
via the F5 block, and then the lower value becomes coal flow demand. Meanwhile, the F;
block converts the unit of the BFF signal into an airflow demand. It is also compared with
the real coal flow converted into the same unit, and then the airflow demand is determined
by a higher value.

The High/Low selector blocks in the figure show the general structure of the “cross-
limit algorithm” that prevents fuel-rich conditions in a transient state [19]. When the BFF
signal increases due to increased power load demand, the Low-Selector restricts the pass
of the BFF signal until Total Air Flow is larger than the BFF signal. On the other hand,
since the increased BFF signal is larger than the current Real Coal Flow, the BFF signal
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is transferred to the air controller by the High-Selector. This means that Real Coal Flow
can increase after the Total Air Flow begins to increase. Conversely, when the power
load demand decreases, the decreased BFF signal is passed to the coal controller by the
Low-Selector, and the High-Selector limits the pass of the BFF signal until Real Coal Flow
starts to decrease. That is, the decrease in Total Air Flow is conducted after the Real Coal
Flow starts to decrease. Therefore, this algorithm protects the boiler system by preventing
the combustion air shortage and extinguishing boiler firing, whatever the direction changes
of power load demand. In conclusion, due to this protection algorithm, there is no problem
with the stability of the boiler system, even if the supplementary signal is added to the
BFF signal.
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Figure 2. Conventional boiler combustion control system configuration.

3.2. Proposed Supplementary Control Structure

Figure 3 shows the detailed supplementary control structure using the One-Step
Ahead controller that is proposed in this study. In Figure 3, the red-dotted block is the same
as the red-dotted block in Figure 2. That is, this supplementary controller is added to the
existing multi-loop control in the boiler system.

Power Load
Demand

F - MWO

Proposed Supplementary Control

’ N
MWO MSP
1
|
|

1 —{ One-Step Ahead

Controller |
\ BFFsum

ABFF +
—'—»

Figure 3. Proposed One-Step Ahead control structure.
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In the supplementary controller, the plant output or control variables (CV) are MWO
and MSP because these variables are typical CVs for safe and fast control in thermal power
plants. The plant input or manipulated variables (MV) is the ABFF signal, which is the
supplementary signal for correcting the BFF signal of conventional CC. These variables
can be expressed as follows:

] T

MWO Msp] T )

Y=[y1 ] =y y

u = ABFF @)

In the figure, the BFF;,,;, signal is newly defined as the sum of two BFF signals, which
are the output of the F, block in the existing boiler system and the ABFF signal:

BFFy = BEFF + ABFF €)

Therefore, the supplementary control problem of CC is formulated as a Single-Input
Multi-Output (SIMO) with two outputs, yMVO and y™5F, and one input in this paper.
Two set points of proposed supplementary control are identical to those of conventional
CC, which are yMWOref and yMSPref according to power load demand. This type of
supplementary control strategy is simple but efficient and practical. The conventional
multi-loop control structure in thermal power plants has been used for a long time in the
power plant industry; therefore, plant operators are familiar with this control structure.
The proposed supplementary control does not replace existing controllers but adds the
supplementary control signal while maintaining the existing multi-loop control system.
Therefore, it can be easily implemented and removed without affecting the existing system.
In addition, plant operators can quickly return to the existing multi-loop control systems in
an emergency.

4. Application to 1000 MW Ultra-Supercritical Once-Through Power Plant
4.1. Obtaining Step Response Data

In this paper, a dynamic boiler simulation model (DBSM) called the Advanced Power
and Energy System Simulator (APESS) is used for the simulation. It is an industry-proven
simulator [20], and it simulates the realistic behavior of the 1000 MW USC coal-fired
once-through type power plant.

The plant model for the proposed One-Step Ahead control is identified using the plant
output data of the virtual plant test with DBSM. The step response test is performed at the
middle load condition (850 MW), and the size of the step signal is selected as 1.03 (T/H),
which is 1% of the operation range of the BFF signal.

Figure 4 shows the step responses of two CVs, MWO and MSP, respectively. In the
figure, each response is represented as a normalized variation. When the plant was at a
steady state of 850 MW, BFF was increased with a step at 0 s. Initially, the step increase of
the BFF signal increases both coal and airflow. Then, increased mass flow raises the thermal
energy of the power plant, resulting in an increase in MWO and MSP. About 50 s (0.83 min)
after the step increase, both outputs started to decrease and settled down to the original
value of zero. This is because the existing conventional CC in Figure 2 forces the plant
to return to the original steady state corresponding to the load demand. These two-step
response data are used for parameter identification to develop discrete prediction models.
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Figure 4. (a) Step response data of Mega-Watt Output (MWO). (b) Step response data of Main Steam
Pressure (MSP).

4.2. Development of the Discrete Prediction Model

Since the target system is SIMO with two outputs, two output models to describe
the dynamics of MIWO and MSP are developed independently. The discrete prediction
equation is used as a prediction model of each output as follows [21],

Jks1 = a1k + aayx—1 + - -+ bug + boug g + -+ @)

where the number of output and input history represents the order of the model.

In a discrete prediction equation, a small sampling time gives a more accurate model,
but the order of the model also increases, resulting in high complexity and computational
cost. Furthermore, a highly accurate model can cause overfitting. On the other hand, a
large sampling time gives a simpler model, but its accuracy may become low. Considering
the trade-off between model accuracy and complexity, the order of both input and output
is chosen as 4, and the sampling time is chosen as 20 s. Thus, the prediction equation for

output yMWO or yMSP can be represented as follows [10]:

Ukt1 = MYk + a2Yk—1 + a3Yk—2 + Agyx—3 + brug + baug_q + baug_p + byuyp_3 )

In this paper, the Least-Squares Method (LSM) is used to identify model parame-
ters [22]. The LSM is a mathematical regression analysis used to determine the best-fit
curve for a set of data by minimizing the error between the model output and plant output.
For N pairs of step response data, the plant output data can be represented as a form of
prediction equations as follows,

Us = ays+ - +asy1 +bug + - - + by
Ukta = MYg43 + -+ agyx + bruggs + - -+ + baug (6)

IN=ayn—1+ -+ agyn—a+biun + - +baun_4
Then, the matrix form of the above equations is represented as

Y =oX (7)
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where Yisa (N — 4) x 1 vector representing the predicted output, ® isa (N —4) x 8 matrix
containing input-output data, and X is a 8 x 1 vector of model parameters to be identified.

Introducing ¢ = Y — Y, which is the error between plant output data Y and predicted
data Y, the cost function for modeling | M (an be set as follows,

1 1 21
M _ -+ 2 _ = _ _ 2 _ 2

JMX) = Sllel? = 5[y - ¥ = S 1Y - @x] (1)

= %(Y— oX)T(Y — ®X) (12)

= %[YTY ~Yiox - XToTy + xToToX] (13)

Then, the solution that minimizes the cost function can be found to make the gradient
of TM to zero.
ot _ 19 YTY - YToX — XToTY + XToTdX)| (14)
0X 20X

—(YTo)" - TY + oToX + (XTdTd) ] (15)

N —

=oToX -dTY =0 (16)

Therefore, the parameter vector X is identified as
X = (@To) 'oTy (17)

This identification process is independently performed for two outputs, yM"© and
yMSP | respectively. Table 1 shows the model parameters for two outputs. To evaluate the
quality of the model, Figure 5 shows the comparison between the step response data and
model output. In the figure, step response data is plotted in a solid black line, and the red
dotted line represents the output of the prediction model. It shows that the identified model
describes the plant output data successfully. It was reported that this kind of inductive
identification model could show better results than a linearized model of the nonlinear
physical model [23].

Table 1. Model parameter of SRMs.

Model Parameter MWO MSP
M 1.1631 1.1908
a, 0.2096 —0.0991
as —0.4868 —0.0428
N 0.0603 —0.1113
by 0.5394 0.4234
by —0.7389 —0.2490
bs —0.1363 —0.1308

by 0.3356 —0.0434
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Figure 5. (a) Comparison between step response data and model output of MWO. (b) Comparison
between step response data and model output of MSP.

4.3. One-Step Ahead Controller Design

One-Step Ahead control is a discrete control that calculates optimal input for every
sampling step. In this paper, the control performance of the proposed One-Step Ahead
control considers both two output variables y™"© and yMSP simultaneously. Let Y | be
the integrated prediction equation vector for two outputs which is

Yk+1 _ yﬁlfl\/O _ ai\/IWOyII(VIWO S ai/IWOyZI(M_Ig\JO + b{\/IWOuk R bi\AWOuk—S (18)
kM+SiP a{\/ISPykMSP R aé]l\/ISPyka;P 4 b{VISPuk 4+t bé]}\/ISPuki3

=AY+ AYi_1 + A3Yy_o + AgYyi_3 + Bruy + Bouyg_q1 + Baug_p + Bauyp_3 (19)

gl

(AjYe—(j-1) + Bjtte—(j-1)) (20)
j=1

where Yj 1 is a 2 x 1 vector representing the predicted future output at the (k + 1)-th step,
Y (j—1) is the 2 x 1 j-th output history vector, and u;_(;_1) is the j-th input history at the
k-th step, and

: 0 aMsP
]

A':

j (21)

MO g ]

is the 2 x 2 constant matrix with output parameters,
pMWO
Bj = [éMSP] (22)
]

is the 2 x 1 constant vector with input history.

In One-Step Ahead control, optimal control input that minimizes ]kc+1' the control
performance at the (k + 1)-th step is calculated every sampling step. The control performance
is set as

]kC+1 = (Yk+1 - Yref)TQ(Yk+l - Yref) + RA“% (23)
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where Y,,¢ is a 2 x 1 vector of the reference value, Q is a 2 x 2 matrix representing the
weight of output error, and R is the weight of input adjustment Auy is as follows,

Aug = g — g1 (24)

With the control performance, optimized input can be calculated by setting the gradi-
entof | kC 11 with respect to 1y to zero as follows:

9J< 0
I = 3 [(Yert = Yoop) "QU¥esr = Yoeg) + R =

Substituting Y1 with (20) and Auy with (24) gives

a]kc+1 _ L[(
our ~ Juy

(A1) + Bytte—(jn)) = Yoor) QUL (AYe—on) + Bjti-1)) -
]:

j
~Yyep) + R(ug — ug_1)?]

= 2(BI OBy + R)uy + 2up (BT QA 1Yy + BT QA2Yy 1 + BTQA3Yy 5 + BTQALY, 5

NGB

27
+B] QByy_y + BT QBsus + B] QBytix_s — B[ QY,es — Ru_y) )
=0 (28)
Arranging (27) and (28) with uy gives
-1
up = —(B{QB1 +R)  (B{ QA1Yyx + B{ QAyYx_1 + B{ QA3Yi_» + B[ QA4Yi 3 (29)

+B{ QByu_1 + B QBsug_5 + B QByuig_3 — B{ QY — Rut_q)

This control law is applied at every sampling step with updated output and input
history. Thus, the proposed supplementary BFF signal is applied to the conventional CC at
every sampling step.

Figure 6 shows the overall algorithm of the proposed supplementary control in the
form of a flow chart. In the figure, the identification process is done offline, while the
One-Step Ahead control law is applied in real-time.

[ Step Test Data ] )

[ Least Square Identification ] Off-line Modeling

| [ 4th-order Plant Model ] )

M ! On-line Supplementary Control
One-Step Ahead

Controller

ABFF

\ 4 MWO
Conventional BFF + BFFsum Plant
L Coordinated Control A l an MSP

Figure 6. Flow chart of proposed supplementary One-Step Ahead Control.
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5. Simulation Results

The performance evaluation of the proposed One-Step Ahead supplementary con-
troller is developed in MATLAB for the DBSM in a personal computer environment. The
DBSM has an interface program called DBSM Editor, which can transmit and receive real-
time data with MATLAB. Therefore, the supplementary control of the proposed control in
MATLAB is sent to the DBSM in real time.

The simulation scenario considers two large-step changes in the power load demand.
Figure 7 shows this simulation scenario for a 1000 MW USC power plant. The power
load demand is first increased to 950 MW at 0 s from a steady state of 750 MW, and it is
decreased to 700 MW from 950 MW at 13,500 s (225 min). To avoid abrupt changes in power
load demand, the internal logic of DBSM limits the ramp rate of the power load demand to
60 MW /min, which is 6% of the total load per minute that is basically used in coal power
plants [24].

1000 T T T T

950 |

900 -
850
800 |

750 J

700 +

Mega-Watt Output (MW)

650 L 1 L 1 1 L 1
0 60 120 180 240 300 360 420

Time (min)

Figure 7. Power load demand scenario of 1000 MW USC power plant.

Table 2 shows set points or steady-state values of two CVs used in the simulation for
performance validation. The set points of MSP corresponding to each MWO are generated
automatically by the internal logic of DBSM.

Table 2. Steady-state values of CVs.

MWO (MW) MSP (MPa)
750 22.409
950 26.084
700 20.9135

The weight parameters for the One-Step Ahead controller in (23) are as follows:

Q= [g 109}, R = 7000. (30)

In the cost function (23), a large element in the weight Q makes the output error
corresponding to each output more important in performance, while it tends to increase
input variation. On the contrary, a large weight R reduces the input variation but increases
the output errors. Due to this trade-off, weight parameters are obtained to suitable values
by trial and error.

Figure 8 shows the simulation results of MWO for two cases, the conventional CC
without supplementary control and the conventional CC with the addition of proposed
supplementary control. In the figure, the black dotted line indicates set points, the blue
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solid line represents the response of the existing conventional CC, and the red solid line
represents the response of the CC with proposed supplementary control. Figure 8b,c show
the step-up and step-down responses, respectively. In the figure, the MIWO with proposed
supplementary control shows a shorter rising time and settling time in both load changes.
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Figure 8. (a) Comparison of the MWO with the conventional CC and the CC with proposed supple-
mentary control. (b) Zoom of the step-up response. (¢) Zoom of the step-down response.

Figure 9 shows the simulation results of MSP for two cases, the conventional CC and
the CC with proposed supplementary control. Figure 9b,c show in detail the comparison of
step-up and step-down responses, respectively. In the figure, the settling time of MSP is
greatly reduced by adding the proposed supplementary control.
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Figure 9. (a) Comparison of the MSP with the conventional CC and the CC with proposed supple-
mentary control. (b) Zoom of the step-up response. (¢) Zoom of the step-down response.

The quantitative comparison between the conventional CC with and without the

proposed supplementary control is calculated. The percentage of the sum of squared errors
is calculated as follows,

tt: (]/ - yref)2dt
ftig (Yec — ]/ref)zdt

Percentage of sum of squared error = x 100 (31)

where f; is the start time of load change, . is the end time of the transient state, ;. is the
set point of output, y.. is the response of conventional CC without supplementary control,
and y is the response of CC with the proposed supplementary control. In the first step, t; is
0's, and t, is 13,499 s (224.98 min), and in the second step, ¢; is 13,500 s (225 min), and ¢,
is 25,200 s (420 min). The settling time is also compared to which output reaches within
2% of the final value. The percent ratio, which is the settling time of conventional CC with
proposed supplementary control over the settling time of conventional CC, is calculated.
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The percentages of error and settling time for MWO and MSP are listed, respectively,
in Tables 3 and 4. In Table 3, the error of MWO was reduced to 78~95%, and the settling
time was reduced to 64~79% from those of conventional coordinated control by adding the
proposed supplementary controller. In Table 4, the settling time of MSP was significantly
reduced to 18~29% by the supplementary control.

Table 3. Percentages of proposed CC/conventional CC performance for MWO.

Performance First Step Change Second Step Change
Sum of squared error 78.23% 94.89%
Settling time 64.09% 79.15%

Table 4. Percentages of proposed CC/conventional CC performance for MSP.

Performance First Step Change Second Step Change
Sum of squared error 93.37% 94.66%
Settling time 17.59% 29.39%

Figure 10 shows the variation of the ABFF signal in the simulations. When the power
load demand increases from 750 MW to 950 MW in the first step, the ABFF supplementary
controller increases positively, while ABFF is negative in the second step. This additional
correction of conventional CC resulted in performance correction for both MWO and MSP.

8 T T T T T T

Supplementary control
ppSignal (T}IH)
N

—6 L L L 1 1 i L
0 60 120 180 240 300 360 420

Time (min)

Figure 10. Variation of the supplementary BFF signal of the proposed controller.

6. Discussion

The proposed supplementary control strategy is very simple but has shown effective
performance improvements over conventional control. It has the advantage of being able
to be simply implemented in the Distributed Control System (DCS) of the actual thermal
power plant because it has a relatively small amount of computations compared to other
advanced control strategies. In the process of calculating the optimal control input, proper
tuning may be required because the performance improvement may vary somewhat due to
the weight parameters of the cost function, Q and R.

Although the controller’s input and output structure is different, a similar approach
using Dynamic Matrix Control (DMC) has been preceded [9]. However, this control strategy
requires a large amount of computation, which can be burdensome to apply in practice.
That is, it may be difficult to implement in the DCS of the existing thermal power plant,
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and an additional computer server may be required. Therefore, in terms of cost, the control
strategy proposed in this paper is considered a relatively more practical strategy.

7. Conclusions

In this paper, to update the performance of the coordinated control (CC) of the USC
thermal power plant, a supplementary control using One-Step Ahead control was proposed.
The controlled variables are selected with the Mega-Watt Output (MWO) and the main
steam pressure (MSP), and the manipulated variable of the supplementary controller is
selected with an additional signal of the boiler feed-forward signal. The model of the
supplementary controller is identified by the plant output data obtained through the offline
step response test. Based on the identified model, online optimization is performed in the
One-Step Ahead control algorithm. The simulation results with the 1000 MW USC power
plant show that the squared error and settling time of MWO and MSP are reduced in load
demand changes by adding the proposed supplementary controller. Therefore, more fast
load-tracking abilities can be expected.

The proposed supplementary control structure is very practical and can be applied
immediately to the currently operating thermal power plants because it adds supplemen-
tary controllers to the existing control structure. In emergency situations, because it can be
easily removed, power plant operators return to familiar conventional control. In addition,
the One-Step Ahead algorithm used in the supplementary controller does not require much
computation compared to several previously proposed advanced controls, which need
additional computer servers for complex computing. Therefore, it can be implemented
directly in existing DCS of thermal power plants, which has a large cost advantage in
implementation.

Nowadays, intermittent Renewable Energy Sources (RESs) penetration presents tech-
nical challenges in all areas of power systems. Proposed supplementary One-Step Ahead
control to conventional coordinated control can be one of the effective strategies to prepare
for the unexpected load-changing environment of power systems.
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