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This paper presents hybrid model predictive control-based automatic generation regulator design for dominant wind energy
penetrated multisource power system. The other power generation sources hydro and thermal are also considered in each area.
The proposed AGC regulator is designed for each independent area considering only local power system states to ensure the
stability of closed-loop system under small perturbation. The performance of the proposed AGC regulator has been validated
for 2% step load perturbation. Furthermore, system parameter is varied to 20% of nominal value to assess the robust
performance of the regulator. Performance evaluation between the hybrid MPC, conventional MPC, and traditional AGC
regulators considering the dominant participation of the DFIG wind turbines is presented to demonstrate the superior
performance of the hybrid MPC AGC regulator.

1. Introduction

The automatic generation control is an important aspect
of regulating the frequency by controlling the real power
generation in a large interconnected power system. It is
fundamentally responsible for maintaining frequency and
scheduled power flow over the tie-lines. Traditionally, fre-
quency regulation is done in a hierarchical structure of con-
trols installed at different levels. The primary and secondary
control is often PI-based, which is tuned with operator expe-
rience. And it works in automatic mode; however, tertiary
control is manually controlled by the operator at the dispatch
center. The secondary control is often referred to as auto-
matic generator control (AGC). The role of AGC in unit
commitment is also very important for the steady-state oper-
ation of the power system, and problem formulation is con-
sidered in mixed integer nonlinear programming method
subject to frequency limits and generation rate constraints.

The AGC is coupled with the unit commitment schedule
rather than sequential scheduling of reserves according to

contingent generation levels [1, 2]. Several AGC schemes
have been reported to study the dynamic stability of power
system subject to different disturbance conditions. These
schemes range from conventional droop control to various
modern optimal control strategies. The conventional con-
troller gives a better dynamic response, but the performance
degrades as the system grows and utilizes multiple genera-
tion sources. Thus, for a large network, the modern control-
lers are more reliable and afford the flexibility in accordance
to the power system structure. Model predictive control
(MPC) is one of the other viable solutions for the AGC prob-
lem and has received considerable attention since its inven-
tion. Due to the communication limitations of MPC for
geographically distributed control areas, distributed model
predictive control (MPC) strategies for controlling large-
scale power systems are a viable solution of communication
issues [3–5]. The overall system is divided into subsystems,
and each subsystem is equipped with MPC controller. The
predictive scheme for nonlinear multivariable power plant
control is presented in [6]. A load frequency control (LFC)
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design using the model predictive control (MPC) technique
[7] in a multiarea power system in the presence of wind tur-
bines is presented, and each local area controller is designed
independently such that stability of the overall closed-loop
system is guaranteed.

Shiroei et al. presented the functional model predictive
control and robust multivariable-based AGC scheme with
generation rate constraint [8, 9]. The modified model pre-
dictive control objective function that includes generation
rate constraints and economic dispatch is discussed in
[9]. In paper [10], the authors proposed to utilize the mix-
ing of adaptive model predictive controller (AMPC) and
recursive polynomial model estimator (RPME) integrated
with double-fed induction generator wind turbines for fre-
quency control system. The researchers [11] presented the
work that uses the reduced order model having dominant
modes of frequency oscillation is identified which is updated
by predictive control for optimal control in each window.
The authors [12] focused on the application of the heat pump
water heater (HPWH) for secondary frequency control and
applied model predictive control (MPC) method for a two-
area power system.

The supervisory predictive control for frequency regula-
tion, which computes the optimal set-points for decentra-
lized local controllers for smart grid comprising of wind
and solar power plant, is presented in [13]. The MPC-
based AGC scheme is presented in [14] for Nordic power
system considering generation rate constraint, limitations
on tie-line power flow, and generation capacity with the par-
ticipation factors as optimization variables. An effective
hybrid of distributed model predictive control and fuzzy
logic, which is used to limit the governor valve, is incorpo-
rated in AGC scheme for multiarea hydrothermal system
considering the nonlinearity [15]. A fuzzy adaptive model
predictive scheme performance is quite appreciable for fre-
quency control of a microgrid having generating sources of
controllable and uncontrollable nature [16]. The authors
[17] proposed the work on an adaptive artificial fuzzy
Mamdani-based model predictive approach for load fre-
quency regulation of an isolated microgrid. The authors con-
sidered conventional model predictive approach equipped
by a fuzzy logic tuning mechanism. In paper [18], the
authors proposed the modified Jaya optimization algorithm
(MJOA) by considering a weight parameter in the search
process for online tuning the controller parameters of auto-
matic generation control (AGC) of wind integrated power
system. The MPC has efficient capability of handling the
constraints, and MPC scheme which includes economic
logic for cost reduction is presented in [19–21].

A good number of studies reported the supervisory role
of model predictive controller, which gives optimum
response considering the communication delays, nonlinear-
ity, and coordination from distributed controllers. The work
presented [22, 23] on the frequency support from penetra-
tion of the wind energy and improvement interarea oscilla-
tion damping. The authors [24] proposed the intelligent
predictive controller combined with predictive control and
neural network for the design of AGC controller for thermal
power units. The authors proposed a Bayesian neural net-

work identification model for typical ultra super critical
thermal power unit. In paper [25], LFC synchronized with
AVR in three-area interconnected power system is pro-
posed. Model predictive controller (MPC) is configured in
a dense distributed pattern due to its online set-point track-
ing, and it is used as the supplementary controller. The
paper [26] presents the work on hybrid Taguchi-genetic
algorithm (HTGA) tuned with automatic generation con-
troller for two areas interconnected multisource power sys-
tem model. Taguchi method which is based on modified
statistical approach and has systematic reasoning ability
is used to enhance the performance of genetic algorithm.
The authors [27] presented the work on a novel ETC
architecture design for load frequency control (LFC) with
supplementary adaptive dynamic programming (ADP).
The authors [28] proposed the frequency control mecha-
nism for renewable energy-based smart grid using adaptive
control techniques and model predictive control (MPC)
based on the multi objective practical swarm optimization
(MOPSO) algorithm.

The authors [29] presented the work on designing of a
model predictive controller for the application of auto-
matic generation control of a two-area interconnected power
system consisting of thermal, hydro, and wind power gen-
eration units. The comparative analysis is done with con-
ventional classical PI and PID automatic generation
controllers. The authors [30] introduced a model predictive
controller for load frequency control of an isolated ac micro-
grid system, clustered with the wind system and solar system
and plugged in an electric vehicle. The work is also presented
on model predictive controller for microgrid load frequency
control. In paper [31], the authors presented the work on
enhancement of the output response of automatic voltage
regulator using model predictive controller and the pro-
posed technique is compared with the proportional-
integral-derivative (PID) controller tuned with the genetic
algorithm (GA).

This paper presents a distributed hybrid MPC-based
AGC regulator for dominant wind energy penetrated two-
area multisource power system. Each area has 60% partici-
pation of DFIG wind power in frequency regulation whereas
the remaining 40% is contributed by the thermal and hydro-
power plant. The control output of each distributed MPC
and fixed structure PID is based on the area control error,
which is merely calculated from the disturbed system states
of each control area. The performance of the proposed
hybrid MPC technique is tested for 2% load perturbation
in area-1 after which the effect of parameter variation of
about 20% of nominal for the same load disturbance is also
verified. Furthermore, the performance of proposed AGC
scheme is also compared with MPC and fixed structure
PID controller to evaluate the proposed AGC scheme. The
simulation study also established the superiority in perfor-
mance of the proposed AGC scheme over the other conven-
tional AGC schemes for DFIG dominant multisource power
system. Since fixed structured PID controller is widely used
in power industry for the load frequency control application
but due to the integration of renewable plant in the grid, the
performance of the PID degrades which in turn fails to
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control the frequency of the control area in an efficient way.
Therefore, in this paper, the performance of PID controller
is evaluated by hybridizing the model predictive control.
The novelty of the work is that MPC is evaluated as per-
formance enhancer for the PID controller, and the hybrid
controller is able to handle the uncertainties more efficiently
of the multisource power system. The paper is organized as
follows: two-area multisource power system model is pre-
sented in Section 2. The description of hybrid MPC with
objective function for multisource power system is given in
Section 3. The simulation results and discussions on pro-
posed hybrid AGC, conventional PID, and traditional MPC
scheme are described in Sections 4 and 5. Finally, the conclu-
sion of the present work is presented in Section 6.

2. Power System Model for Hybrid MPC-
AGC Study

The composite transfer function model of two-area inter-
connected multisource power system to study the proposed
AGC scheme is shown in Figure 1. The model consists of
thermal, hydro, and DFIG power plants. The control area
is interconnected and exchanging the scheduled power
between the areas via ac tie-line. The interconnected areas
increase the system reliability through generation demand
balance, in case of any load perturbation or the trip of gen-
erating units. The linear continuous-time dynamic system

can be represented by the standard state space model as fol-
lows:

d
dt

Xð Þ = AX + BU + ΓPd , ð1Þ

Y = CX, ð2Þ

where the matrices and vectors are represented for system,
input, disturbance, and output, respectively, in standard
nomenclatures.

In this paper, a decentralized MPC approach is pre-
sented; therefore, the two-power system model is segregated
into independent areas, and the corresponding differential
equation for area-1 is derived to design the decentralized
MPC for each area.
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Figure 1: Transfer function model of multisource power system for MPC+PID AGC study.
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d
dt

x13ð Þ = β1x1: ð13Þ

The state space model is obtained using Equations
(3)–(13). Therefore, for area-1, the order of state matrix ½A
� is 13 × 13, the order of control matrix ½B� is 13 × 1, distur-
bance matrix ½Г� is 13×1, and the output matrix ½C� is an
identity matrix of appropriate dimensions. The disturbance
in one area affects the frequency and tie-line power, which
is defined as area control error. Below is the mathematical
formulation of area control error.

ACE1 = ΔPtie + B1Δ f1, ð14Þ

ACE2 = α12ΔPtie + B2Δ f2, ð15Þ
where B is tie-line bias constant and α12 is the area size ratio.
The AGC schemes are developed and implemented to regu-
late area control error (ACE) for the stable operation under
the steady-state condition. The symbols and abbreviation are
having their usual presentation [26].

3. Hybrid MPC-Based Automatic
Generation Controller

The hybrid MPC is a combination of MPC and PID control-
ler. Each controller is designed independently for the multi-
source interconnected system. The area control error (ACE)
signal is used as the input to controller in both the cases. The
control signal is calculated on the basis of area control error
(ACEi), and the reference value of ACEref for steady state is
zero. Finally, the output of model predictive control and PID
is algebraically added for regulating the frequency of the dis-

turbed area. The hybrid MPC framework is shown in
Figure 2.

3.1. Model Predictive Control. MPC has seen widely used in
chemical and petrol industries for a variety of control appli-
cations. It utilizes a system’s prediction model to obtain the
control behavior after the minimization of a defined objec-
tive function. Moreover, constraint on input and output is
also considered while optimizing the response of predicted
model. For the prediction model to output accurately, the
model should represent its dependency on future input
and current output. Therefore, optimization problem is duly
set up by capturing plant behavior. The input is fed to the
plant in an optimal sequence at each control interval, and
the subsequent output is measured which is then fed to opti-
mization solver to obtain the desired control input to the
plant. The procedure is repeated at the subsequent time
intervals with fresh measurements from plant. Therefore, it
is very important to solve optimization problem within the
designed time frame. However, failure in the optimization
on time can lead to instability in controlled plant. Therefore,
MPC is conventionally used for slow dynamic processes
having an adequate time for solving the optimization prob-
lem. Mathematically, MPC is based on the state space linear
state space model.

x k + 1ð Þ = Ax kð Þ + Buu kð Þ + Bvv kð Þ + Bdd kð Þ, ð16Þ

y kð Þ = Cx kð Þ +Dvv kð Þ +Ddd kð Þ, ð17Þ

where xðkÞ is system state, uðkÞ is control state, vðkÞ is mea-
sured disturbances, dðkÞ is unmeasured disturbances, and y
ðkÞ is the output vector. The A, B, C, and D matrices are
the corresponding matrices of the system. At each time
instant, the MPC algorithm takes the measurement of the
output, reference, and disturbance. Based on the last control
and state, the current state is estimated.

y
∧ = Cm x0

∧ +Dvm, ð18Þ

x
∧ = x0

∧ + L y − y
∧� �

, ð19Þ

where L is the estimator gain, y is the output, and y∧ is the
estimated output. The state estimate is here denoted as x∧.
Cm is the estimated state matrix, and Dvm is measured dis-
turbances. All the values are initialized before the output is
computed.

Hybrid MPC framework

ACEi
MPC+ Multisource

power systemPID
ACEref

Disturbance

Figure 2: Block diagram of hybrid MPC for AGC.
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The output sequence was calculated up to N steps, min-
imizing the objective function which is given as follows:

ΔU = u tð Þ, u t + 1ð Þ, ::⋯ , u t +Nð Þ½ �, ð20Þ

min
x tð Þ,u tð Þ

J x tð Þ, u tð Þ½ �, ð21Þ

subject to constraints

g x tð Þð Þ, u tð Þ ≤ 0, ð22Þ

where J is the objective function solved over a fixed time
horizon and xðtÞ and uðtÞ are system states and controlled
states, respectively. The MPC solves an optimization prob-
lem within a fixed time frame pertaining to the objective
functions. The control loop is closed by a system measure-
ment. It is considered that the initial state vector as well as
predicted system disturbance is known, and the system mea-
surement ensures the closed-loop control.

The decentralized model predictive control is designed
here for automatic generation control, which has a benefit of
shorter optimization time and is based on states of each con-
trol area of an interconnected multisource model. The control
objectives for desired controller are frequency regulation
within safe limits and the minimum deviation of tie-line
power from its scheduled values. The generalized form of the
objective function solved by the MPC is given as follows:

J x, u, εð Þ =
ðT
t=0

xTQx + u − u0ð ÞTR u − u0ð Þ + γεdt: ð23Þ

Q and R are the tuning matrices and have their usual
abbreviation. The objective function is derived from area con-
trol error and output of controller. The state space formulation
of the objective function for the MPC is given in Equation
(24).

min J k½ �
Δu

= 〠
m

i=1
FT + PT +UTð½ � + γε, ð24Þ

PT = P k + i½ � − P k½ �ð ÞQp P k + i½ � − P k½ �ð Þ′, ð25Þ

FT = f k + i½ � − f k½ �ð ÞQf f k + i½ � − f k½ �ð Þ′, ð26Þ
UT = u k + i½ � − u k½ �ð ÞQu u k + i½ � − u k½ �ð Þ, ð27Þ

where f is the system frequency, P is the tie-line power,Qf ,Qp,
and Qu are the penalty on frequency, tie-line power, and out-
put, respectively, ϒ is used for tuning, and ɛ is the slack posi-
tive variable added to the output constraint and used to avert
nonfeasible solutions by softening few states of the system.
The control consists of the predicted control signals for Nc
steps ahead and calculated in every step.

ΔU = r − K x
Λ , ð28Þ

where r is the reference and xΛ is the estimated state. Here, the
control horizon Nc is selected less than the prediction horizon

Np due to control trajectory without having the predicted
states at that instant.

Nc <Np: ð29Þ

For the optimal tuning of conventional PID AGC regula-
tor, the optimization goal is for minimizing objective function
which is formulated as square of deviation in frequency over
time and is given as below:

Jmin =
ðt
0
Δf i

2� �
dt, ð30Þ

where f i is the frequency of the i
th area.

4. Simulation Study

The simulation work is carried out for the proposed AGC
controller having the combined structure of model predic-
tive and proportional integral derivative controller. The total
power generated in each area is contributed by DFIG wind
turbine, thermal, and hydro with a participation factor of
60%, 30%, and 20%, respectively. Thus, the impact of
DFIG-based wind generating units in AGC regulation
scheme is dominant. The efficacy of the proposed scheme
is validated by the dynamic performance of the system con-
sidering area-1 load perturbation of 2%.

The gain of the PID is tuned using the hybrid Taguchi-
genetic algorithm [26]. It is used for solving global optimiza-
tion problems with continuous variables. The optimal gain
obtained by HTGA is used in the proposed hybrid MPC
controller for AGC is given in Table 1.

The parameter of the MPC controller such as prediction
and control horizon is considered as 10 and 5, respectively,
for simulation (Table 2). The sampling time is taken as 0.2 s.

The constraints used in the simulation study are genera-
tion rate constraints, thermal plant ∣ΔP ̇ti ∣ ≤0:0017puMW/s,
and hydroplant ∣ΔP ̇hi ∣ ≤0:045puMW/s.

4.1. Performance of Hybrid MPC-Based AGC Scheme. The
system performance is investigated with the proposed AGC
scheme for change of 0.02 pu at 10 s in area-1 step load.
The effectiveness of the proposed scheme is evaluated by
comparing the results with fixed structure proportional-

Table 1: Optimal gain of PID and performance indices.

Gain
Tuning method Kp Ki Kd ISE

Conventional 0.14681 0.59983 0.34684 8:4477 × 10−4

HTGA 1.41610 1.01623 1.08543 4:355 × 10−4

Table 2: Optimal parameters of MPC and performance indices.

Parameters
Tuning method Prediction horizon Control horizon ISE

Manual iteration 14 8 0.34684

HTGA 10 5 1.08543
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Figure 3: Dynamic performance of multisource power system model for 2% load disturbance in area-1. (a) ΔF1 vs. time, (b) ΔF2 vs. time,
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integral-derivative (PID) and model predictive-based AGC
scheme. Figure 3(a) depicts the frequency response of area-
1 for the conventional PID, MPC, and MPC+PID-based
automatic generation controller for two-area interconnected
system comprising of multisource. From first sight of inspec-
tion, it is quite clear that the MPC+PID-based AGC scheme
improves the peak deviation by 50% and 23%, respectively,
over the fixed structure conventional PID and MPC-based
AGC scheme. Similarly, the settling time is also improved
by 50% and 10%, respectively, over the conventional
schemes. Moreover, due to the presence of weak tie-line
between the control areas, a similar dynamic is also observed
in area-2 as shown in Figure 3(b), inferring the good perfor-
mance of proposed AGC scheme in other area too.

The tie-line power dynamics is displayed in Figure 3(c),
which also clearly indicates the performance improvement
by approximate 52% and 35% in peak deviation as well as
50% and 20% improvement in settling time. Furthermore,
the oscillations are also drastically damped out by the MPC
+PID-based AGC scheme. Depending on the AGC scheme,
the dynamics of power generation in different sources is also
regulated with respect to their contribution in total power gen-
eration in their respective area. Due to load perturbation in
area-1, the total power generated is also changed to regulate
the frequency to its nominal value. The corresponding dynam-
ics of total power generated in area-1 and area-2 by thermal,
hydro, and wind unit is shown in Figures 3(d) and 3(e),
respectively.

From the inspection of responses of different generating
units in area-1, it is clearly visible that the power regulation
of thermal, hydro, and wind has reduced peak deviation and
improved settling time with very low oscillations in fre-
quency and power. Moreover, the dynamic performance of
different power generating unit in area-2 is also improved
by the proposed AGC scheme, as visible by the total power
generation response. As the additional load demand in
area-1 is generated within the same area power generating
unit, therefore the net power change in area-2 is zero. The
overall the system performance is evaluated based on cost
function formulated as integral of square of errors. From
Table 3, it is quite evident that the proposed AGC scheme
improves the system performance over the conventional
PID and model predictive controller.

4.2. Robust Performance of Hybrid MPC-Based AGC Scheme.
The robustness of the proposed AGC scheme against param-
eters uncertainty is validated. In this case, all the time con-
stant of power system generating sources, thermal, hydro,
and DFIG are increased by 20% of nominal value, keeping
the controller design at the nominal values. The same load
disturbance of 2% in area-1 is considered for this study also.
Figures 4(a) and 4(b) represent the dynamic response of fre-
quency in area-1 and area-2, respectively. The tie-line power
deviation is shown in Figure 4(c). From dynamic responses,
it is quite clear that the fixed structure PID-based AGC
scheme has larger deviation in peak overshoot and settling
time for the variation in system parameters.

Nevertheless, the hybrid MPC-based AGC schemes han-
dle the parameter uncertainties effectively and control the

system efficiently without losing the system stability. More-
over, the proposed AGC scheme enhances the system per-
formance by achieving faster settling time with less peak
overshoot and reduced oscillations as compared to model
predictive frequency controller. The additional load demand
in area-1 is matched by the thermal, hydro, and wind gener-
ating units according to their share in the total power gener-
ation in that area.

The variation in system parameters oscillate thermal,
hydro, and wind power generation around its operating
point in case of conventional PID-based frequency regulator.
However, MPC-based AGC scheme enhances the system
performance as indicated in Table 4, and the power output
from all generating units is less oscillatory and quickly settles
to a new steady-state condition. Since the disturbance has a
more local impact, therefore the states of area-1 are dis-
turbed more than the area-2 and a similar trend in the peak
overshoot, settling time, and oscillations is observed in the
output power of thermal, hydro, and wind generating units
as evident in Figures 4(d) and 4(e). The symbols and numer-
ical data are given in Table 5.

5. Discussion of Results

The simulations presented in Section 4 show that the perfor-
mance of PID is enhanced after MPC is hybridized with PID
controller. The hybrid controller efficiently dampens the
oscillation in system states after power system experience
variation in states due to system operation or disturbance.
Moreover, it is quite evident from the simulation study that
PID can be replaced by the MPC for the AGC application,
since it is controlling bandwidth and performance is better
than the PID controller. Furthermore, the hybrid MPC
+PID controller tightly damps the oscillation, which can be
clearly observed in all the responses of the simulation. Lastly,
the performance of the MPC depends on the prediction win-
dow, control window, and weights on states that should be
selected optimally for the better results.

6. Conclusion

This paper presents hybrid MPC+PID-based AGC regulator
for multisource power system model considering dominant
participation of DFIG generating unit in frequency regula-
tion. The decentralized MPC is designed for each area of
the power system is based on local area system states. The
integral of square of error is used for the performance eval-
uation of the proposed AGC scheme. The performance of
the MPC depends on the prediction as well as the control
interval selected. The simulations have also been carried
out to validate the effectiveness of the proposed scheme for
several varied parameters and load disturbances. A perfor-
mance evaluation has been presented and discussed between

Table 3: Performance index based on ISE.

PID MPC MPC+PID

4:355 × 10−4 2:381 × 10−4 1:497 × 10−4
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Figure 4: Dynamic performance of multisource power system model for 2% load disturbance in area-1 and 20% parameter variation. (a)
ΔF1 vs. time, (b) ΔF2 vs. time, (c) ΔPtie vs. time, (d) ΔParea−1 vs. time, and (e) ΔParea−2 vs. time.
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the proposed AGC scheme and fixed structure conventional
PID as well as MPC controllers. The simulation results and
integral square performance criteria clearly revealed that the
closed-loop system with hybrid MPC-based AGC scheme is
quite robust against the parameter uncertainties and load per-
turbation as well as has appreciable performance compared to
classical fixed structure PID and MPC-based AGC scheme.
The limitation of the proposed work is the optimized sampling
rate of the MPC so that each state is online solved with accept-
able convergence criteria which shall be properly tuned with
respect to type of disturbance incurred on the system. More-
over, the performance of the hybrid system will also degrade
if the power system model becomes more complex such mul-
tiple distributed generation system is included in the calcula-
tion of area control error for the AGC controller.

Nomenclature

ACE: Area control error
ADP: Adaptive dynamic programming
AMPC: Adaptive model predictive controller
AGC: Automatic generation control
DFIG: Doubly fed induction generator
ETC: Event triggered control
GA: Genetic algorithm
GRC: Generation rate constraints
HPWH: Heat pump water heater
HTGA: Hybrid Taguchi-genetic algorithm
ISE: Integrated square error
LFC: Load frequency control
LQR: Linear quadratic regulator
MW: Mega watt
MVAR: Mega volt ampere reactive
MJOA: Modified Jaya optimization algorithm
MPC: Model predictive control
MOPSO: Multiobjective practical swarm optimization

algorithm
P: Proportional
PI: Proportional integral
PID: Proportional integral derivative
RPME: Recursive polynomial model estimator
STC: Self-tuning control
UC: Unit commitment.

Data Availability

The data used to support the findings of this study are
included within the article.
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