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Abstract: Predictive control offers many advantages such as simple design and a systematic way to
handle constraints. Model predictive control (MPC) belongs to predictive control, which uses a model
of the system for predictions used in predictive control. A major drawback of MPC is the dependence
of its performance on the model of the system. Any discrepancy between the system model and
actual plant behavior will greatly affect the performance of the MPC. Recently, model-free approaches
have been gaining attention because they are not dependent on the system model parameters. To
obtain the advantages of both a model-free approach and predictive control, model-free predictive
control (MFPC) is being explored and reported in the literature for different applications such as
power electronics and electric drives. This paper presents an overview of model-free predictive
control. A comprehensive review of the application of MFPC in power converters, electric drives,
power systems, and microgrids is presented in this paper. Moreover, challenges, opportunities, and
emerging trends in MFPC are also discussed in this paper.

Keywords: model-free control; model predictive control; model-free predictive control

1. Introduction

Predictive control is a type of optimal control [1], which has been extensively used
in the process industry [2]. In the presence of the constraints on the input and output,
predictive control is the most feasible option because of its ability to handle constraints in
a systematic way [3-5]. A model-based predictive controller is known as model predictive
control (MPC) [6], and predictive control with a model-free approach is known as model-
free predictive control (MFPC) [7].

Model predictive control (MPC) uses a model of the system to predict the future
behavior of the system variable. A cost function is used as a criterion for selecting an optimal
control action. Implicit MPC and explicit MPC are two main types of MPC that have been
widely proposed in the literature for different applications. Two main challenges of MPC
are a large number of online computations for solving the optimization problem and
the dependency of MPC on the model of the system. Conventional or implicit MPC
requires a large number of computations because it solves all of the optimization problem
online. To reduce online computations, explicit MPC has been proposed in the literature.
Explicit MPC solves a part of the optimization problem offline by using multi-parametric
programming. Multi-parametric programming generates a lookup table that gives optimal
control action as an explicit function of the controller state.

Different schemes have been proposed in the literature based on implicit MPC and
explicit MPC to reduce the number of computations. An implicit CCS-MPC [4] has been
formulated for a three-phase inverter with an output LC filter. The proposed scheme
requires fewer computations compared to explicit MPC. A computationally efficient implicit
CCS MPC [8] was proposed for a grid-tied inverter. The proposed MPC scheme is based
on CCS-MPC. To eliminate the common-mode voltage of three-phase five-level active
neutral-point-clamped (3P-5L-ANPC) converters, a computationally efficient FCS-MPC [9]
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is proposed. To reduce the computational load of conventional FCS-MPC, an improved
FCS-MPC [10] is proposed for a neutral-point-clamped inverter. The proposed scheme
requires fewer computations compared to conventional FCS-MPC.

To reduce the computations of conventional MPC, explicit MPC is proposed for
a three-phase inverter with an LCL filter [11]. A computationally efficient sensorless
explicit MPC [12] is proposed for the DC-DC converter. Field-oriented control (FOC) of
alternating current drives has two major problems. These problems are low switching
frequency and the dependence of control on system model parameters. To overcome these
problems, a cascade explicit model predictive control is proposed for the FOC of alternating
current drives [13]. To control the fast charging and discharging of an ultra-capacitor,
a computationally efficient explicit MPC [14] is proposed for a bidirectional converter.
The computational requirement of the MPC has been solved to a great extent due to two
factors. These factors are the availability of computationally efficient MPC schemes and
advancement in the computational power of digital hardware.

The second main challenge in the implementation of MPC is its dependence on the
model of the system. A slight change in the actual plant dynamics and its model will greatly
affect the performance of the MPC. To reduce the dependence of MPC on the model of the
system, a model-free approach known as model-free predictive control (MFPC) has gained
attention. MFPC has the advantages of predictive control such as flexibility to handle
constraints and non-linearities in a systematic way. Moreover, to reduce dependency on
system model parameters, MFPC uses a model-free or system identification approach.

This paper gives an overview of model-free predictive control (MFPC) and its applica-
tion. The paper presents the theory of model predictive control (MPC) and the model-free
approach. Moreover, it discusses the different types of MPC and model-free approaches.
After presenting MPC and the model-free approach, the paper discusses the MFPC and its
application. A comprehensive review is given for the application of MFPC in power con-
verters, electric drives, power systems, and microgrids. Future directions and challenges in
the area of MFPC are also presented in this paper.

The organization of this paper is as follows. An introduction to MPC, the problem
formulation of MPC, along with its types is presented in Section 2. Section 3 presents
the model-free approach and its different types. Model-free predictive control and its
applications are presented in Section 4. Emerging trends in MFPC are part of Section 5.
The paper concludes in Section 6.

2. Model Predictive Control

Model predictive control (MPC) uses a model of the system to predict the future
behavior of the system variables. A cost function is used as a criterion for selecting the
optimal control action. Figure 1 shows the model predictive control scheme. x(k) is the
system state measured at time k. In the system model block, the discrete time state space
is used to obtain x(k 4+ 1). The next block contains a cost function and an optimization
algorithm to minimize this cost function. u is the optimal control action obtained by
optimizing the cost function.

Cost function
System Model %X(kﬂ)% + Pu% Plant
Optimization algorithm

X(k}

Figure 1. Model predictive control (MPC).

2.1. Model Predictive Control Problem Formulation

The main components of MPC are the model of the system, constraints on the input or
output, and a cost function for selecting an optimal control action. The model of a system
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is represented in state space form. The state space representation of a continuous time
system is

x = Ax + Bu

y=Cx+ Du @)
The discrete time state space model of the above system is given as
Xpr1 = Axx + Buy @)
Yk = Cxy + Duy
Constraints on the system states are given as
Ciin < CeonXp41 < Cinax 3
The constraint on the input is written as
Upin < uk < Upnax (4)

MPC problem is defined as

J = x},1Qxx41 + U RUL
st. Cpin < Cconxk+1 < Chax 5)
umin < uk < umax

2.2. Types of Model Predictive Control

Model predictive control has gained much attention in different applications because
of its flexibility to handle constraints systematically. However, two major drawbacks
of MPC are the computational requirements and the dependency of MPC on the model
of the system. Regarding computations, generally implicit MPC requires more online
computations. Figure 2 shows different types of MPC.

Model Predictive Control

(MPC)
\
Implicit MPC Explicit MPC
l
Finite Control Set MPC Continuous Control Set MPC
(FCS-MPC) (CCS-MPC)

Figure 2. Types of model predictive control.

Implicit and explicit MPC are the two variants that have been extensively used for
different applications such as power converters and electric drives. Furthermore, implicit
MPC has two variants, which are continuous control set MPC (CCS-MPC), shown in
Figure 3, and finite control set MPC (FCS-MPC), shown in Figure 4. CCS-MPC requires
more computations compared to FCS-MPC. Moreover, there are other differences between
FCS-MPC and CCS-MPC depending on the application such as a need for a modulator in
the control of power converters. CCS-MPC for power converters has a switched frequency.
On the other hand, FCS-MPC requires fewer computations, but switching frequency is
variable, which makes the design of the output filter a difficult process. To reduce the
computations of implicit MPC, explicit MPC has been proposed in the literature. Explicit
MPC solves a part of the optimization problem offline. Explicit MPC uses multi-parametric
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programming to generate a lookup table, which gives optimal control action as an explicit
function of the controller state. However, explicit MPC fails to accommodate any real-time
changes in the system variables.

Cost functlon
System Model x(k+1% %d Modulator s Plant
Opt|m|zat|on algorithm

(k)

Figure 3. Continuous control set model predictive control (CCS-MPC).

To describe the application of MFPC in power electronics, the plant in Figures 3 and 4
is a power electronic converter. The constraints in a power electronic system are switch-
ing losses, switching frequency, input duty cycle, output voltage, and frequency regula-
tion. The MPC accommodates these multiple constraints during the problem formulation.
The problem is formulated in the form of a cost function. An optimization algorithm is
used to obtain an optimal control action by minimizing this cost function.

Cost functlon
System Model X(k+1) S Plant
Optlmlzatlon algorithm
X(k)

Figure 4. Finite control set model predictive control (FCS-MPC).

3. Model-Free Approach

The model-free approach is shown in Figure 5. The model-free approach uses input
and output data to synthesize the system model. The system parameters change with
time because of different reasons such as component aging and lifetime issues. As a
result, a system model derived using differential equations is unable to accommodate
these changes. These factors have given rise to a model-free approach for developing the

system models.
x[n] h[n] y[n]

Figure 5. Model-free approach.

The process of the model-free approach is shown in Figure 6. The first step is the
collection of the input and output data. Filtering is performed on these data to remove
the noise. The second step is the use of a model-free approach for the estimation of the
system model. Two major approaches for the model-free approach are parametric [15] and
non-parametric [16] system identification. The third step is the validation of the estimated
model. Model validation is performed by comparing the outputs of the estimated model
with the actual plant outputs. If the difference in the outputs is within acceptable limits,
then the estimated model is the required model. If the difference is not within acceptable
limits, then the whole process of the model-free approach has to be repeated.
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Start

)

— Collection of input and output data

L

Use of parametric or non-parametric
approach

NO 5

Validation of model
Error= estimated output-plant output

L

— Error is within acceptable limit

\
Yes
N

End

Figure 6. Model-free approach process.

3.1. Non-Parametric Approach

Non-parametric system identification uses frequency and time domain methods for
measured input and output data for estimating the system response. Figure 7 shows the
process of non-parametric system identification.

Start

2

Collection of input and output data

\’

Filtering of data to remove noise

\

Use of frequency and time domain
methods to estimate system response

2

End
Figure 7. Non-parametric approach.

The first step is the collection of the output data for all possible inputs. The second
step is the filtering of the data to remove the unwanted noise. The third step is the
use of frequency domain methods such as Bode plots or time domain methods such as
impulse response to estimate the system response. There is no need for model selection and
estimation of model parameters such as parametric system identification. This aspect makes
the implementation of non-parametric system identification easy to implement compared
to parametric system identification. However, the performance of the non-parametric
approach is prone to noise. As a result, a large number of data samples is required, which
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makes its response time slow. As a result, it is not feasible for applications such as power
electronic converters, where the response time should be fast for any change in the voltage
or current.

3.2. Parametric Approach

In a parametric approach [17], there are two main steps to obtain the model of the
system. These steps are the selection of the model and the estimation of the parameters of
the model. The selection of the model of the system is not a straightforward task. A good
choice is the model that captures the necessary dynamics of the system and, at the same
time, does not require too many computations. The model can be linear or non-linear and
of any order. The greater the order of the model, the greater the accuracy of the estimated
model will be with the real plant dynamics. However, a large-order model will have more
computational burden compared to a lower-order model.

as+b
2 +ds+e

H(s) (6)

The process of the parametric approach is shown in Figure 8. The first step is to collect
the input and corresponding output data. The second step is the selection of the model
structure. The model can be linear or non-linear and of any order. The computational
burden and accuracy of the estimated model depend on the order of the model. The greater
the order of the model, the higher will be the accuracy of the estimated model and compu-
tational requirements. An ideal model is such that it captures the necessary dynamics of the
system and does not require too many computations. After the selection of the model and
its order, the third step is the estimation of the model parameters. As an example, take (6)
as a system model. The parameters of this model are g, b, ¢, d, and e. Different algorithms
have been proposed in the literature for the estimation of these parameters, such as the
least-squares method. The next step is the validation of the estimated model by measuring
an error. This error is the difference between the plant output and the estimated model
output. If the error is within an acceptable range, then the estimated model is the correct
choice. If the error is not within an acceptable range, then the whole process has to repeat
for the estimation of the system model.

Start

!

Model structure selection
— (Linear or Non-linear model)
(Order of model)

Estimation of model parameters

NO 1

Validation of model
Error= estimated output-plant output

N

D Error is within acceptable limit

I
Yes
N

End

Figure 8. Parametric approach.
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4. Model-Free Predictive Control and Applications

Model-free predictive control (MFPC) uses predictive control as a controller, and for
the system model, it uses a model-free approach. The MFPC scheme is shown in Figure 9.
Here, the x(k) system state measured at instant k is given as the input to the model-free
block, which uses a system identification approach. xj; is the output of the model-free
block that will be used in the cost function to obtain u as an optimal control action. MFPC
removes the model dependence problem of the model predictive control. MFPC utilizes
the advantages of predictive control, as well as model-free approach.

Model free predictive control

N
4 A
System Model x(k+1) Cost function u blant
an
(Model free approach) Optimization algorithm

x(k)
Figure 9. Model-free predictive control (MFPC).

To further explain Figure 9, we describe the mechanism of controlling the microgrid
using model-free predictive control. The plant is a power electronic converter that provides
an interface between a distributed energy resource (DER) and the electric grid. To regulate
the voltage and frequency of the microgrid, x(k) will be the output voltage of the power
converter that goes to the MFPC. x(k 4 1) is v(k 4 1), which goes to the predictive control
to obtain an optimal control action for the power converter. The optimal control action
u will be a duty cycle for the power converter to generate an output voltage of desired
frequency and amplitude.

A comprehensive review of the application of MFPC in power converters, electric
drives, power systems, and microgrids is presented in this section. In power converters,
the application of MFPC to control a three-phase inverter, DC-DC converter, and pulse
width modulated rectifiers is presented. Regarding electric drives, MFPC to control a
permanent magnet synchronous motor and synchronous reluctance motors is presented.
In the area of power systems, MFPC application to control a doubly fed induction generator
and solar power system oscillation damping is presented. In microgrids, MPFC application
to regulate frequency, voltage, and control of grid-forming inverter is presented.

4.1. Application of MFPC in Power Converters

The model-free predictive control approach has been proposed for the regulation of
current [18]. To reduce the dependency of the model predictive control on the output
filter and load model, this paper uses a regressive structure for the output filter and load.
Parameters of the auto-regressive structure are estimated using the recursive least-squares
method. The significance of using an auto-regressive structure is its simplicity because it is
a linear structure. Secondly, its parameter estimation is easy because of the well-established
algorithms such as RLS. The proposed approach uses the advantages of MPC for the
regulation of the output current and eliminates the dependence of the MPC on the output
filter and load model by using the model-free approach.

A performance comparison of the proposed and conventional FCS-MPC in a scenario
of model mismatch is shown in Figure 10. An RLC load is applied rather than an RL load to
show the performance of the controllers in the case of model mismatch. Figure 10 shows that
conventional FCS-MPC failed due to model mismatch. However, the proposed controller
regulates the current as its performance does not depend on the system model parameters.
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Figure 10. Performance comparison of FCS—MPC and MFPC. (a) FCS—MPC and MFPC with model
mismatch. (b) MPC performance. (c¢) MFPC performance.

Model-free neural-network-based predictive control [19] has been proposed for a
three-phase inverter. The proposed approach uses a state space neural network (SSNN) to
obtain the model. This SSNN model is used for prediction for the model predictive control.
Experimental results were performed for parameter mismatch and compared with the
conventional control scheme. Results validated the performance of the proposed approach
in the case of parameter mismatches.

A comparison between the performance of the conventional MPC and the proposed
approach is shown in Figure 11. Load resistance is 2 x R, and inductance is % The current
regulation of the conventional MPC is poor due to changes in the parameter. As a result,
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the current error is also more for the conventional MPC. The proposed approach is activated
at t = 60 ms and regulates the current. Moreover, the current error is also small because
the proposed approach does not depend on the system model parameters.

<— Conventional MPC —3» <— |dentification based PC —>

Mm

MJ} A:wmm-m\

Current (A)
b o o B

=
o

[¢)]

Error Al (A)
: o

()]

20 30 40 50 60 70 80 90 100
Time (ms)

Figure 11. Performance comparison of conventional MPC and proposed MFPC.

Cascaded model-free predictive control [20] has been proposed for the single-phase
boost power factor correction converter. A unified ultra-local model has been used for
the continuous conduction mode (CCM) and discontinuous conduction mode (DCM) of
the power converter. An estimator updates the ultra-local model. Experimental results
validated the performance of the proposed control scheme. THD is computed for a variation
of —20% to 20% in the parameters. THD remains in the range of 10.93 to 10.90, and the
power factor remains constant at 0.99.

An enhanced model-free predictive control (MFPC) [21] has been proposed to elim-
inate the stagnant current variation update for PWM rectifiers. The proposed approach
estimates four variables to eliminate this problem. This approach removes the draw-
backs [22] that require the identification of the voltage vector combination and need a
lookup table for storing the grid current variations. The performance of the proposed
approach and model-based predictive control is shown in Figure 12. Figure 12a shows
the performance of MPC with rated values of L and R. Figure 12b,c show the increase in
THD and power error due to a change in model parameters. Figure 12d shows that MFPC
performance is almost similar to MPC with accurate parameters for unknown values of L
and R.

To reduce the parameter dependence and current ripple problem of MPC for a voltage
source inverter, double-vector MPC [23] has been proposed. The proposed approach uses an
ultra-local model along with a sliding mode observer for the estimation of disturbances in
the ultra-local model. Moreover, a visualization method is proposed to see the effectiveness
of the control scheme. Experiment results showed that double-vector free model predictive
control reduces the current ripples. Figures 13 and 14 were taken from [23], which show
the comparison of the proposed model-free predictive control with conventional model
predictive control. Figure 13 shows the performance of MPC and MFPC with an ideal model
of the system. In the case of a mismatch in the parameters, a comparison of Figures 13
and 14a shows that the current error for model-based predictive control increases because
of the dependence of MPC on the model parameters. However, due to the change in
inductance to 0.04 H, a comparison of Figures 13 and 14b shows that the current error
remains the same. This comparison validates the better performance of MFPC as its
performance is not dependent on system model parameters. The Table 1 summarizes all
the discussed papers on the application of MFPC in power converters.
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Table 1. Research papers on the application of model-free predictive control in power converters.

MFPC for Power Converters Reference

Model-free predictive control for current regulation of a three-phase inverter [18]

Model-free neural-network-based predictive controller for a three-phase [19]
inverter

Cascaded model-free predictive control for a boost converter [20]
Model-free predictive control for pulse width modulation rectifiers [21]
Double-vector model-free predictive control for a voltage source inverter [23]

4.2. MFPC in Electric Drives

Model-free predictive current control has been proposed for a surface-mounted per-
manent magnet synchronous motor (SMPMSM) [24]. An ultra-local model has been used
for future predictions. The proposed approach uses six voltage vectors for the prediction,
and then, a simple optimization method is used for the selection of the optimal voltage
vector. Experimental results showed that model-free predictive current control has better
results compared to CCS-MPC and FCS-MPC. Figure 15 shows the comparison between
the proposed approach, conventional FCS-MPC, and duty cycle MPC. The steady-state
performance of the proposed approach is much better than other methods because the
proposed approach does not depend on the model parameters.

25
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Figure 15. (a) Conventional FCS—MPC. (b) Duty cycle MPC. (c) Model —free predictive control.
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To reduce the computational burden of discrete space vector modulation-based finite
control set model predictive control, an improved model-free predictive control has been
proposed for the permanent motor synchronous drives [25]. The proposed approach
uses model-free dead bat current control. Moreover, to increase the efficiency of the
converter, a second term is included in the cost function to reduce the switching frequency.
Experimental results showed that the proposed approach has much better performance
compared to FCS-MPC. Figures 16 and 17 were taken from [25]. Figure 16 shows the
dynamic performance of the model-based method for the dg-axis currents at 100 rpm and
400 rpm. Figure 17 shows the dynamic performance of the model-free method for the
dg-axis currents at 100 rpm and 400 rpm. The comparison of both methods shows that the
dynamic performance of the proposed method is better than the model-based method.
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Figure 16. Dynamic performance of model-based method for dq axis currents: (a) 100 rpm;
(b) 400 rpm.
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Figure 17. Dynamic performance of model-free method for dq axis currents: (a) 100 rpm; (b) 400 rpm.

To improve the steady-state performance of synchronous motors (PMSMs), a model-
free predictive control (MFPC) [26] has been proposed. As a model-free approach, an ultra-
local model is derived using parametric system identification. Moreover, to reduce the
switching frequency, a second term is added in the cost function. The proposed approach
shows better results compared to the FCS-MPC and FS-MMFPC methods, and the proposed
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approach reduces stator current ripples and switching losses. Figure 18 was taken from [26],
which shows the comparison of the responses of finite control set model predictive control
(FCS-MPC), five-segment modulated model-free predictive control (FS-MMFPC), and mini-
mum switching losses modulated model-free predictive control (MSL-MMEFPC). The pro-
posed approach MSL-MMFPC is better than the other methods because the proposed
approach does not depend on the system parameters.
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Figure 18. dq—axis stator currents response at 100 rpm. (a) FCS—MPC. (b) FS—MMFPC.
(c) MSL-MMEPC.

A model-free predictive control [27] has been proposed for synchronous reluctance
motor (SRM) drives. The proposed scheme uses a lookup table as a prediction model.
The prediction model uses eight base voltage vectors for the current predictions. The pro-
posed control scheme has been validated by simulation and experimental results. Figure 19
was taken from [27]. The comparison between the model-free predictive and model predic-
tive control shows that MFPC performs better because its performance does not depend on
the system parameters.
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Figure 19. Comparison between model-based predictive control and model-free predictive control.
(a) T, = 25% rated load. (b) T,;, = 25% rated load.

An improved model-free predictive current control [22] has been proposed for per-
manent magnet synchronous motors. The proposed approach removes the problem of
stagnation in the update of the current gradient. Experiment results validated the perfor-
mance of the proposed approach. Moreover, the reduced computations of the proposed
approach make it an ideal control scheme for industrial applications. Table 2 shows the
comparison of the proposed approach with different methods. The data of the table is taken
from [24]. The Table 3 summarizes all the discussed papers on the application of MFPC in
electric drives.

Table 2. Comparison of proposed approach with different methods.

Method ;" Nm  I,7 (A) I’ (A) THD%  fa KHz
MBPCC 0.277 0.282 0.162 7.53 2.81
MBPCC with 0.5L 0.409 0.332 0.246 7.76 2.87
MBPCC with 0.5Ly 0.267 0.415 0.137 7.46 2.78
Conventional MFPCC  0.690 0.438 0.390 9.83 2.93
Proposed MFPCC 0.223 0.293 0.132 7.27 2.89

Table 3. Research papers on the application of model-free predictive control in electric drives.

MFPC for Electric Drives Reference

Ultra-local-model-based model-free predictive current control for a surface
mounted permanent magnet synchronous motor

Dead-beat-based model-free predictive current control for a permanent [24]
motor synchronous drive

Ultra-local-model-based model-free predictive control for a synchronous [25]
motor

Lookup-table-based model-free predictive control for a synchronous reluc- [26]
tance motor drive

Model-free predictive current control for a permanent magnet synchronous [27]
motor

[22]
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4.3. Application of MFPC in Power Systems

Model-free predictive current control has been proposed for the doubly fed induction
generator (DFIG) [28]. The proposed scheme uses an ultra-local model to remove the
dependency of the system model on motor parameters. To further improve the controller
performance, an estimator is used to measure the disturbances in the system. Experimental
results showed that the proposed scheme shows promising results for DFIG under different
conditions. Moreover, the proposed scheme shows excellent results for an unbalanced
and distorted grid. Figure 20 was taken from [28], which shows the comparison of two
predictive control methods. Figure 20a shows that model-based predictive control is unable
to regulate currents in the case of changes in the system model parameters. Figure 20b
shows that model-free predictive control performs the regulation of current because its
performance does not depend on the system model parameters.
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Figure 20. Comparison of two different predictive control methods. (a) Model-based predictive

control (b) Model-free predictive control.

A model-free predictive control [29] has been proposed for the grid-connected solar
power generation systems. The proposed approach is the Heo-based controller. The pro-
posed approach improves the tracking control performance. Simulation results showed
that the proposed approach outperforms the conventional proportional-integral (PI) and
model-free PI controllers. Figure 21 was taken from [29]. A comparison of different control
methods is shown for a change in line inductance from 0.15 to 0.45 mH. Figure 21a shows
that the PI controller is unable to stop oscillations in the line current and fluctuation in
the voltage. Similarly, Figure 21b shows that the model-free linear-quadratic-Gaussian
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(LQG) controller is unable to stop oscillations in the line current and fluctuation in the
voltage. However, Figure 21c shows that the proposed approach removes oscillations from
the current and fluctuations in the voltage.
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Figure 21. Performance comparison of different controllers for a change in grid inductance from
0.15 to 0.40 mH. (a1) PI controller current waveform. (a2) PI controller voltage waveform. (b1)
Model—free LQG controller current waveform. (b2) Model—free LQG controller voltage waveform.
(c1) Model—free Hy, current waveform. (c2) Model—free Hy, voltage waveform.

A data-based predictive control scheme [30] has been proposed for power system
oscillation damping. The proposed scheme removes oscillations in the presence of mea-
surement noise, communication delays, load fluctuations, and non-linear loads. Moreover,
to further reduce the computations of the proposed algorithm, a min-max data-based
predictive controller has been proposed. The modified scheme removes power system
oscillations and requires fewer computations. Figure 22 was taken from [30], which shows
the performance comparison between the proposed or data-driven predictive control and
model-based predictive control. Results show that data-driven predictive control eliminates
the low-frequency oscillations and model-based predictive control is unable to eliminate
the oscillations.
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Figure 22. Comparison of data-driven predictive control and model-based predictive control. Grey
color: without control. Blue color: model-based predictive control. Orange color: data-driven
predictive control.

Model-free predictive control [31] has been proposed to remove oscillation in the
grid-connected voltage source inverter. Results show that the proposed scheme removes
oscillation from the grid-connected inverter and stabilizes the unstable system. The Table 4
summarizes all the discussed papers on the application of MFPC in power systems.

Table 4. Research papers on application of model-free predictive control in power systems.

MFPC for Power Systems Reference

Model-free predictive control for a doubly fed induction generator [28]
Hy.-based model-free predictive control for a grid-connected solar power [29]
generation system
Data-based predictive control for power system oscillation damping [30]
Data-based model-free predictive control for removing oscillation in a grid- [31]
connected inverter

4.4. Application of MFPC in Microgrids

A model-free predictive control approach has been proposed for the frequency syn-
chronization of microgrids [32]. The proposed approach uses the model reference concept
for generating the signals for the model of a complex power system. The model-free
approach is used to model the complex power grid rather than the physical modeling.
A model predictive control is used to regulate the frequency control at the primary layer
level. The proposed approach shows promising results for regulating the frequency of the
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microgrid at the primary level. Moreover, by using a model-free approach, it captures the
dynamics of the complex power system compared to the linearized and reduced-order
models of the power system, which are compromised in capturing the dynamics of the
complex power system. Figure 23 was taken from [32], which shows the performance of
the model-free predictive control for different values of the model parameter a. Results
show that the model-free predictive control tracks the reference frequency for different
values of . However, for a 100% change in the value of «, there is some error in tracking,
but the error is very small.
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Figure 23. Frequency response for different values of a.

A model-free predictive control approach for fast frequency support using a battery
energy storage system has been proposed [33]. The proposed approach uses an estimator
to estimate the frequency response model of the microgrid. A model predictive controller
is used to control the frequency deviation in the microgrid. The advantage of a battery
energy storage system is its flexible rampant quick response, which helps in the frequency
synchronization problem. Moreover, the proposed approach eliminates the modeling issues
and the model dependence problem of the model predictive control. Figure 24 was taken
from [33], which shows the frequency deviation curves and without an energy storage
system (ESS) for different controllers. Results show that without an ESS, the frequency
nadir goes below under frequency load shedding (UFLS). However, with an ESS, frequency
response becomes better and remains above UFLS.
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Figure 24. Frequency deviation with and without ESS.
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A three-phase inverter with an output LCL filter is the most commonly used topology
for interfacing distributed renewable energy resources with the islanded microgrid. The
LCL filter reduces the harmonics in the output voltage of the inverter. Model predictive
control has been extensively used to control this converter. To reduce the dependency of
the model predictive control on the model parameters, a model-free predictive control [34]
has been proposed for voltage regulation of a three-phase inverter with an LCL filter.
The proposed approach uses a two-stage model structure using auto-regression with
exogenous input. Moreover, the proposed approach uses least squares for the parameter
estimation of the model. The results have shown that the proposed approach significantly
improved the performance of the inverter in response to variation in the input values.
Figures 25-28 were taken from [34], which show the performance of model-based and
model-free predictive control for the change in values of inductance and capacitance.
Figure 25 shows that model-based predictive control fails to regulate the current for a change
in the capacitance. Figure 26 shows that model-free predictive control regulates the current
because its performance is not dependent on the system model parameters. Figure 27
shows the comparison of model-based predictive control and model-free predictive control
for an ideal model of the system. Figure 28 shows that model-based predictive control
fails to regulate the voltages, but model-free predictive control regulates the voltages for a
change of 30% in capacitance.
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Figure 25. Performance of model-based predictive control.
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A model-free neural-network-based predictive controller [35] has been proposed for
the frequency and voltage regulation of synchronverters or virtual synchronous gener-
ators (VSGs). The proposed control scheme is for the operation of VSGs in microgrids.
Experimental results show that the proposed control scheme regulates the voltage and
frequency of the VSG. Figure 29 was taken from [35], which shows the comparison between
the proposed approach and proportional-integral control. The proposed model-free neural
network predictive control (NNPC) performs better than the proportional-integral con-
troller. The Table 5 summarizes all the discussed papers on the application of MFPC in
microgrids.

Table 5. Research papers on the application of model-free predictive control in microgrids.

MFPC for Microgrids Reference

Model-free predictive control for frequency synchronization of a microgrid [32]
Model-free predictive control for fast frequency synchronization of a micro- [33]
grid using a battery energy storage system

Model-free predictive control of grid-forming inverters with an LCL filter =~ [34]
Model-free neural-network-based predictive controller for frequency and [35]
voltage regulation of synchronverters
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5. Emerging Trends in Model-Free Predictive Control

This section presents a microgrid as a potential application of MFC and gives a future
direction in the area of microgrids. Moreover, it gives an overview of the challenges in the
implementation of MFPC such as model reduction and convexification.

5.1. Microgrids

Microgrids provide support to the main electric grid in case of any disturbance, and
they are an option for providing electricity in areas where there is no access to electricity.
Solar panels, wind turbines, and energy storage systems are some of the sources connected
to the microgrid by using power electronic converters. Different control schemes have been
proposed in the literature for microgrids [36]. The most widely used control scheme is
the hierarchical control of the microgrid. This hierarchical control consists of three layers,
known as primary, secondary, and tertiary. These layers are divided based on response
time and bandwidth requirements for the communication. Table 6 shows the functions of

different layers and their response time.

Table 6. Hierarchical control layer functions and their response time.

Time Response

Layer Function
. . Voltage control
Primary ¢  FPrequency control Fast

e  Elimination of frequency deviation
. Reference signal generation for primary layer

Secondary Grid-connected to island mode Slow
¢ Island to grid-connected mode
Tertiary Coordination of different microgrids Slow

Two main challenges in the control of microgrids are frequency [37,38] and voltage
regulation. For frequency and voltage regulation, model-based controllers have been
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proposed. Among these model-based controllers, model predictive control (MPC) offers
many advantages in microgrids because of its flexibility to include constraints and non-
linearities in a systematic way [39]. However, the major drawback of the MPC is the model
of the microgrid. Modern microgrids have complex dynamics, and they have a non-linear
nature. Due to their complex nature, an explicit representation of the state variable is
not possible. Moreover, solving these non-linear equations requires much computational
effort. To solve this problem, reduced model or linearization methods are commonly used.
However, the reduction in model or linearization compromises capturing the dynamics
of the system. As a result, it affects the performance of the MPC. Due to these factors,
model-free predictive control (MFPC) has gained attention in microgrids. There is much
potential for MFPC in microgrids.

5.2. Model Reduction

For the non-parametric approach, two main components are the selection of a model
structure and the identification of the model parameters. Applications such as power elec-
tronic converters have a non-linear nature. Approximating this non-linear behavior with a
simple non-linear model is an active area of research [40]. Moreover, the approximation of
non-linear models with a linear model is also an active area of research [40]. Model order
reduction is an active research domain in the model-free approach. The reduction in the
order of the model reduces the computational load of the controller.

5.3. Convexification

The estimation of model parameters is a major process in the model-free approach.
Different estimation techniques have been proposed in the literature for the estimation of
the model parameters. Convexification is the process of converting an estimation problem
into a convex function. Computationally efficient schemes are available for finding the
global minima of a convex function. Convexification [40] is also an active research area in
the model-free approach.

6. Conclusions

This paper presented an overview of model-free predictive control and its applications.
In the first phase, it presented the theoretical background of the model predictive control
and model-free approach. In the second phase, model-free predictive control (MFPC)
was presented and explained that MFPC utilizes the advantages of both model predictive
control and the model-free approach. In the third phase, model-free predictive control was
presented for different applications. Results validated the performance of the model-free
predictive control. In the area of power converters, results were shown for the MFPC
of a three-phase inverter to control current. Results showed that the current error was
just 14 percent of the model-based predictive control. In the area of electric drives, results
showed that the MFPC of a permanent magnet synchronous motor has a torque ripple that is
80 percent of model-based predictive control. In the microgrid area, results were presented
for the MFPC of a three-phase inverter with an LCL filter to regulate the output voltage.
Results showed that the voltage error was just 17 percent of the model-based predictive
control. In the last part, a microgrid was presented as a potential application in which
MFPC is gaining attention. Moreover, two major problems in the model-free approach
known as convexification and model order reduction were presented as a challenge in the
implementation of the model-free predictive control.
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Abbreviations

The following abbreviations are used in this manuscript:

MEC Model-free control

MPC Model predictive control
MBPC Model-based predictive control
MFPC Model-free predictive control
PC Predictive control

CCS-MPC  Continuous control set model predictive control
FCS-MPC  Finite control set model predictive control

DFIG Doubly fed induction generator
SSNN State space neural network
CCM Continuous conduction mode
DCM Discontinuous conduction mode
PWM Pulse width modulation
SMPMSM  Surface-mounted permanent magnet synchronous motor
SRM Synchronous reluctance motor
PI Proportional integral
VSG Virtual synchronous generators
AR Auto-regressive
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