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Abstract: Currently, a two-level voltage source inverter (2L-VSI) is regarded as the cornerstone of
modern industrial applications. However, the control of VSIs is a challenging task due to their
nonlinear and time-varying nature. This paper proposes employing the fractional-order controller
(FOC) to improve the performance of model-free predictive control (MFPC) of the 2L-VSI voltage
control in uninterruptible power supply (UPS) applications. In the conventional MFPC based on
the ultra-local model (ULM), the unknown variable that includes all the system disturbances is
estimated using algebraic identification, which is insufficient to improve the prediction accuracy in
the predictive control. The proposed FO-MFPC uses fractional-order proportional-integral control
(FOPI) to estimate the unknown function associated with the MFPC. To get the best performance from
the FOPI, its parameters are optimally designed using the grey wolf optimization (GWO) approach.
The number of iterations of the GWO is 100, while the grey wolf’s number is 20. The proposed
GWO algorithm achieves a small fitness function value of approximately 0.156. In addition, the
GWO algorithm nearly finds the optimal parameters after 80 iterations for the defined objective
function. The performance of the proposed FO-MFPC controller is compared to that of conventional
MEPC for the three loading cases and conditions. Using MATLAB simulations, the simulation results
indicated the superiority of the proposed FO-MFPC controller over the conventional MFPC in steady
state and transient responses. Moreover, the total harmonic distortion (THD) of the output voltage
at different sampling times proves the excellent quality of the output voltage with the proposed
FO-MFPC controller over the conventional MFPC controller. The results confirm the robustness of the
two control systems against parameter mismatches. Additionally, using the TMS320F28379D kit, the
experimental verification of the proposed FO-MFPC control strategy is implemented for 2L-VSI on
the basis of the Hardware-in-the-Loop (HIL) simulator, demonstrating the applicability and effective
performance of our proposed control strategy under realistic circumstances.

Keywords: uninterruptible power supply (UPS); model predictive control (MPC); ultra-local model
(ULM); model-free predictive control (MFPC); fractional-order control (FOC)

1. Introduction

Voltage source inverters (VSIs) are widely used in power electronic systems for ap-
plications, such as renewable energy systems, electric vehicles, and industrial drives [1-3].
However, controlling VSIs is challenging due to their nonlinear and time-varying na-
ture [4-7]. Additionally, the reliability of the VSI is at risk as a result of the likelihood
of a short-circuit occurring between the two switches located on the same leg. This po-
tential problem could compromise the overall functioning and performance of the VS.
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Conventional VSIs, also called two-level inverters, are limited to only two output levels
and require particular features to achieve high-quality output [8]. Although it has the
merit of simplicity, two-level VSI has the drawbacks of high switching frequency, high
switching stresses, power losses, and electromagnetic interference. There is now multilevel
architecture, which overcomes the disadvantages of conventional inverters. The famous
multilevel VSI topologies are the cascaded [9], flying capacitor [10], and neutral point
clamped multilevel inverters [11]. The number of output voltage levels is the primary
distinction between multilevel inverters and conventional VSI topologies. Many control
techniques have been implemented in the literature, such as internal model controllers,
hysteresis controllers, proportional-resonant controllers, proportional-integral controllers,
and deadbeat controllers [12]. The finite control set-model predictive control (FCS-MPC)
has several advantages over other control methods: its simplicity, ability to handle nonlin-
earity, and fast response during transients [13-15]. However, the FCS-MPC’s performance
depends on the system model’s accuracy [16]. In recent years, model-free predictive control
(MFPC) has emerged as a promising approach to VSI control. It has been widely used in
many applications, such as energy management and intelligent transportation [17].

MEFPC is a control strategy that uses historical data to predict the future behavior of
a system, then uses this information to determine the control action. Unlike traditional
model-based control methods, MFPC does not require a detailed system dynamics model.
This makes it suitable for complex or uncertain dynamic systems, such as VSIs [18-21].
One of the main advantages of MFPC for VSI control is its ability to handle nonlinear and
time-varying system dynamics. MFPC can handle these dynamics using a prediction model
updated with real-time data. This allows the control algorithm to adapt to changes in the
system dynamics, resulting in improved control performance. Another advantage of MFPC
for VSI control is its ability to handle constraints. MFPC can consider constraints, such
as voltage, current, and power limits, and use this information to determine the optimal
control action. This improves the robustness of the control algorithm and reduces the risk
of system failures.

Several studies have been conducted on the application of MFPC to VSI control. For
example, a study has proposed an MPC-based control strategy for a VSI in a wind energy
system [22]. The authors used a prediction model based on historical data to predict the
wind speed and power output of the wind turbine. The control algorithm then used this
information to determine the optimal VSI control action. The authors found that the MPC-
based control strategy improved the performance of the VSI compared to a traditional
model-based control strategy. Another study [23] proposed a neural network-based MFPC
controller for the rigorous performance of the power converters. The authors utilized a
new framework named the state-space neural network to implement the MFPC controller
for the 3-® VSI converters. Though the proposed system was robust, the architecture of
the neural network structure is unavoidably affected by the nonlinearities in the system.
An innovative MFPC controller has been introduced [24] for three-level grid-connected
inverters. The proposal was amazing; however, the system was complex. In [25], a modified
MEFPC technique has been introduced for pulse width modulation (PWM) converters. To
achieve excellent performance, the technique has utilized two successive current samples.
A new MFPC strategy has been implemented for the DC choppers; however, it does not
apply to 3-® converters [26]. The observer has been built to enhance the performance of
the MPC against parameter uncertainty.

Fractional-order control (FOC) is a relatively new control technique that has been
applied to various systems, including voltage source inverters (VSIs) [27-29]. FOC is an ex-
tension of traditional integer order control and offers several advantages over conventional
control techniques, such as improved performance, better robustness, and increased flexi-
bility. Additionally, FOC can improve the VSI output’s power quality, reducing harmonic
and total harmonic distortion (THD). It can control current and voltage in a VSI, whereas
traditional integer order control is typically used to control only one of these variables. De-
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spite these advantages, there are also some disadvantages to FOC. The main disadvantages
are the complexity, difficulty of implementation, and computationally intensive nature.

Several studies have been conducted on applying FOC to VSIs, and the results have
been promising. A controller that utilizes FOC and repetition control principles has been
proposed to eliminate harmonics and steady-state errors in power converters [30]. In [31],
a robust FOC for VSIs was utilized in microgrid applications. Although the performance of
the control system has improved, the presence of load variations has affected its robustness.

Despite the significant reduction in VSI-dependent parameters, finding the appropriate
function in the MFPC’s input-output relationship still poses a challenge. This paper
introduces using FOC and MFPC controllers with 2L-VSI for UPS applications. Combining
these controllers allows for more accurate and efficient operation of the UPS system. The
basic goal of the control system is to keep the output voltage on the load terminals sinusoidal
with low harmonic distortions. The fractional-order proportional integral (FOPI) is a
numerical method used to calculate the unknown function in the MFPC, representing the
total disturbances of the system. Consequently, the MFPC can predict the output voltage at
different voltage vectors and choose the one that results in the best performance. Moreover,
the FOPI gains are optimally selected using the GWO approach. The main contributions of
this study can be summarized as follows:

o  The FOPI controller and the MFPC controllers have been integrated to improve the
performance of the 2L-VSI. This has been carried out by accurately estimating the
unknown function of the MFPC for the voltage control of the 2L-VSI.

e  The metaheuristic optimization approach (GWO) has been implemented to find the
optimal gains of the proposed FO-MFPC controller.

e  The performance of the proposed system utilizing the FO-MFPC controller and the
conventional MFPC has been compared. The controller’s performance has been tested
under linear and nonlinear load disturbances.

e  The robustness of the proposed control system under parameter uncertainty has
been discussed.

o  The effect of changing the sampling period on the system performance has been stud-
ied and compared for the proposed FO-MFPC controller and the conventional MFPC.

The manuscript is arranged as follows. First, the conventional model-free predictive
control based on the ultra-local model is explained in Section 2. Then, in Section 3, the
proposed fractional-order model-free predictive control is described. Next, Section 4
discusses the simulation results. Finally, Section 5 presents the research conclusions.

2. Conventional Model-Free Predictive Control of UPS Based on an Ultra-Local Model

Figure 1 shows a 3-® VSI power circuit with the conventional MFPC controller. The
converter is connected to a load via an LC filter to eliminate the current’s low-order
harmonics and provide a sinusoidal 3-® voltage at the load terminals. All of the circuit 3-®
variables, such as (vs, vy, and v.), are represented by the space vector (V, 45) notation:

Vx,aﬁ = 2/3("0,1 + ej(27'(/3)vb + €j(4n/3)vc) 1)

The three-phase 2L-VSI has six switched devices (S; : Sg) with eight possible switch-
ing states (i.e., 2"3), as listed in Table 1, in which Vdc is the value of the input dc source.
The space vectors of the inverter output voltage (Vy ) during the eight switching states
(x € [0, 7]) are shown in Figure 2. The space vector diagram is evidently comprised of
six distinct sectors. In this space vector modeling, there are a total of eight vectors, out of
which two are zero vectors, and the remaining six are referred to as active vectors. During
the active vectors, the DC source and load are exclusively connected through a direct path.
More details about the conventional MPC for the three-phase 2L-VSI in UPS applications
can be found in [32].
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Figure 1. The UPS-based 2L-VSI power circuit with the conventional MFPC controller.

Table 1. Switching states of the 2L-VSI for UPS applications.

x Vi Output Voltage V, ,, B S1 S, S3 Sy Ss Se
0 Vo 0 0 0 0 1 1 1
1 Vi 2V 1 0 0 0 1 1
2 V, Wae + 73 Ve 1 1 0 0 0 1
3 Vs IV + 73V 0 1 0 1 0 1
4 Vy —2Vy 0 1 1 1 0 0
5 Vs —%Vdc—jéVdc 0 0 1 1 1 0
6 Vg Wae =% Vae 1 0 1 0 1 0
7 V7 0 1 1 1 0 0 0
Vs (0,1,0) V2 (1,1,0)

v7 (111!1) V1 (110!0)

Ve (0,1,1)

Vo (0,0,0) </

Vs (0,0,1) Vs (1,0,1)

Figure 2. Space vectors of the output voltage at the 2L-VSI terminals.

Figure 3 depicts the fundamental building blocks of the ULM. The symbol F is the
unknown function or variable in the ULM that includes the system’s overall uncertainty
and disruption [33]. The system output and preceding control input are measured in
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order to define this unknown function F. In addition, the ULM principle can be expressed
as follows:
y" = F+au 2)

where y(") denotes the nth derivative of y (i.e., in most cases, the practitioner chooses either
1 or 2, with 1 being the most frequently chosen option in all actual circumstances) [20], u
indicates the input of the controlled plant, y denotes the plant output, and « € R stands for
a non-physical parameter.

_r»[ Controller ]7u—>

F

Disturbances

|

Y
Plant ]7—>

Algebraic Estimation]<—

Ym

Figure 3. The basic implementation of the ULM.

When using algebraic identification approaches, the value of F can be substituted with
a more exact number in place of the estimate by using the letter F. Finally, the value of F
may be determined using the Heun technique as follows [34]:

3
N/,

N N
F= Y (F+E) 3)
where

Fy = (Ny = 2(i = 1))y(k = 1) + (N — 2i)y (k)

B = (oc(i ~ )T, (Nf (i 1)))u(k —1) + aiTs(Ny — i)u(k)

where Ny is the length of the window and k is the current instant of the variable.
More specifically, in the case of the UPS, the control target is the output voltage, so the
ULM for the VSI with the UPS is given by:

AV ap (k)

dt = Atxﬂ + XUyp 4)

where V, ,5(k) is the output voltage in the («f) coordination frame at kth instant; u,4 is the
optimal voltage vector from Table 1, which is applied at the instant k in the («8) coordination
frame; and lfaﬁ is the (¢8) component of the approximated unknown function F.

The MFPC model can predict the output voltage at different voltage vectors V, when
applied in the next sampling interval. Euler theory can be used to solve the differential
term in Equation (4) and obtain the discrete equation that can be used to predict the output
voltage at any given voltage vector as below:

Voup(k+1) = Vo up(k) + Ts (ﬁaﬁ + aVyap(k+1)) 5)

where V,, 45 (k + 1) is the predicted voltage across the capacitor Cyin the (#f) coordination
frame, V, 45(k) is the measured output voltage, V, ,p(k + 1) is the voltage vector from
Table 1 and Equation (1), and T is the sampling period.

The multi-objective optimization of the MFPC aims to minimize the total cost func-
tional at any voltage vector x from Table 1, which includes two terms with equal priority as
in Equation (6). Consequently, the employed cost function does not need to use weighting
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factors as we only have one objective: the inverter output voltage. This introduces a flexible
algorithm with enhanced power quality.

§(x) = (Viepu(k+1) = Vou(k+ 1)) + (Vi g(k+1) — V, g(k + 1)) 6)

where Vir, (k+1) and Vi,rg(k + 1) are the reference voltages in the () coordination frame
and Vo (k + 1) and V, 4 (k + 1) are the predicted output voltages in the (af) coordina-
tion frame.

3. Proposed Fractional-Order Model-Free Predictive Control
3.1. Fractional-Order Calculus

When using fractional operators in the controller, every real number may be repre-
sented as a generic differential or integral notation [34]. The fundamental mathematical
relationship of the FO differential or integral operators can be written as follows:

i f() 9>0
D?b,ubf(t) =4 f(H) q=20 7)
W f(hdTT g <0

where g is the order of the FO calculus, Ib and ub denote the lower and upper bands,
respectively. It is clear that when the order is positive (i.e., ¢ > 0), it is considered FO
differential. On the other hand, when the order is negative (i.e., g < 0), it is considered FO
integral. There are two different ways to figure out the principle of the FO. One is to use the
Riemann-Liouville (R-L), which helps to derive the order derivative of a function f(t) [35]:

1 d\" fub f(7)
q — - - J N7
le,ubf(t) - F(n — q) (dt) /lb (t B T)q—n-i-l dt (8)
where I'(w f tv=le=tdt is the Gamma function,n € N,and n — 1 < qg<n.

The Laplace technique may be used to translate the fractional derivative of R-L found
in Equation (8) to obtain the solution in Equation (9) [34]. We may also express the time
domain representation of the g order of the function f(t) by using the definition of Caputo,
which is a second definition connected to the idea of FO, as indicated in Equation (10).

£{Dif(t)} = s7F(s) = Y10y (D D) ©)

t=0

1 ub __ f"(1) —
Dy upf (1) = { (n=4) ( lb (t‘T)l_"+da> nol<g<n (10)
()" f(1) q=n
Applying the Laplace transformation to Equation (10), the integral order has an initial
condition, which indicates its physical meaning, as described in Equation (11):

£{Dif(t)} = "F(s) = Y12y 19 (0) )

where s is the Laplace operator.

A FOPI controller has three parameters: the proportional gain K}, integral gain K;,
and integral fractional order A, as presented in Figure 4. In addition, the complete transfer
function of the FOPI in Laplace form, Gc(s), is given in Equation (12). It has been found
that controllers built using these specific parameters can have improved transient time,
stability, and overall accuracy compared to traditional PI controllers. Additionally, the



Fractal Fract. 2023, 7, 433 7 of 18

controller provides more flexibility and resilience when dealing with system disturbances.
This allows it to handle a wide range of disturbances.

Ge(s) = Ky +1<l-(i>A (12)

where A is frequently in the range of [0, 1].

Figure 4. The FOPI controller’s fundamental structure.

3.2. Proposed FO-MFPC for 2L-VSI in UPS Applications

The main idea behind the proposed FO-MFPC is to enhance the calculations of the
unknown function £ compared to the algebraic identification with the conventional MFPC.
The algebraic estimation for the function F in the conventional MFPC will be added to
the output of the FOPI controller, resulting in a modified f (e, F map) as in Equation (13).
This could help improve the rejection of disturbances caused by load changes and parame-
ter mismatches.

A R 1\*
Pm,acﬁ = TsPacﬁ + (Vref,ucﬁ(k) - Vo,acﬁ(k)> X (KP + K; <S> ) (13)

Then, the value of future output voltage across the capacitor of the filter by which the
trajectory of the load voltage could be predicted is given as:

Vo,aﬁ(k + 1) = Vo,tx/S (k) +Ts (ﬁm,aﬁ + “Vx,zxﬁ (k + 1)) (14)

The complete structure of the proposed FO-MFPC is shown in Figure 5. First, the
algebraic estimation of F is obtained using Equation (3) and updated every sampling
interval Ts. Using this value, the predicted value of 2L-VSI at different possible voltage
vectors can be calculated with Equation (5). Then, the cost function is evaluated to select
the switching vector that provides the minimum value. Implementing the proposed FO-
MFPC can be time-consuming, but more feasible as digital signal processors (DSPs) become
more powerful. Additionally, a multiple-step prediction can decrease the influence of
computational delay on control performance [36].

The complete flowchart of the proposed FO-MFPC for 2L-VSI is depicted in Figure 6.
The entire procedure of the proposed FO-MFPC for 2L-VSI can be described step-by-step
as follows:

(1) Atsampling instant k, the controlled variables (V, ,5(k)) should be measured.

(2) Those controlled variables are then predicted at instant k + 1 based on the discrete
model of the converter given in Equation (14).

(8) After defining a proper cost function g(x), as in Equation (6), it should be calculated for
the current switching states (x) based on the desired value of the controlled variable.
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(4) As the main objective of the optimization problem is to find the optimum switching
state that minimizes the cost function, the cost function of the current switching state
g(x) is compared with the smallest previous value.
(5) Steps (2) to (4) are repeated for all possible switching states given in Table 1.
(6) Finally, the optimum switching state is applied at the next sampling instant.

—
—
>
5] Ly I
L Cy
ZL-VSI Vref
6t
Unit delay a Prediction and Cost R
by T Function Minimization

Paﬁ

u

>{ Algebraic Estimation }L

Figure 5. Structure of the proposed FO-MFPC of the 2L-VSI for UPS applications.

Measure V, o3(k)

v

[ Get the value F, o5(k) using (13) }

Predict the output voltage V, o5(k + 1) using (14)
at the switching state z in Table 1

v

[Calculate the cost function g(x) using (6)]

Find the optimal switching state
coresponding to min.(g(z))

v

[ Apply the optimal switching state }

from Table 1

Figure 6. Flowchart of the proposed FO-MFPC for one sampling interval.
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The FOPI parameters can be established by trial and error, which can be challenging
and dependent on the practitioner’s experience. Finding the right values for the proposed
FO-MFPC parameters can be challenging. Still, it is crucial to carry it out in a manner that
improves system performance and guarantees system stability against interruptions. A
metaheuristic optimization technique based on GWO is utilized to determine the optimal
value for the parameters of the FOPI controller.

Figure 7 depicts the FOPI parameters” tuning procedure. The GWO algorithm runs
on a personal computer employing an Intel© Core™ i5-8265U processor operating at
1.60 GHz and 16 GB of RAM. The GWO will keep going around 100 times, and the grey
wolf’s number will be 20. The minimum range of the parameters is [—1,—1,0.1], while
the maximum range is [1,1,1]. The employed fitness function for the GWO is the integral
square error (ISE) as in Equation (15). The convergence curve of the employed GWO is
shown in Figure 8, and the optimal parameters of the FOPI are summarized in Table 2. The
proposed GWO algorithm achieves a small fitness function value of approximately 0.156.
In addition, the GWO algorithm nearly finds the optimal parameters after 80 iterations for
the ISE objective function. The parameter « is selected before running the GWO algorithm
in order to ensure optimal FOPI gains at the current system parameter setting of the ULM.

ISE = /O s ((vref,a(k) - vo,a(k))2 + (vmf,,;(k> - Vg,ﬁ(k))2> dt (15)

where t;,,, is the simulation time.

Simulation on MATLAB

| Proposed ‘ UPS based on
FO MFPC 2L-VSI

FOPI Objective Function
Gains Evaluation

| i

Grey Wolf Optimization
Figure 7. The tuning procedure of the proposed FO-MFPC for UPS.

(GWO)

=4 =4

— —

o] ©
L

Best cost function
=
R
3
T
I

1 10 20 30 40 50 60 70 80 90 100

Iteration number

Figure 8. Convergence curve of the employed GWO to tune the FOPI gains of the proposed FO-MFPC.

Table 2. The optimal parameters of the FO-MFPC using GWO.

Parameter Value
Ky 0.360
K; 0.034

A 0.605
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4. Simulation Results

The proposed VSI with the investigated FO-MFPC controller, as shown in Figure 5,
is simulated using MATLAB. The proposed system’s technical parameters are presented
in Table 3, while Figure 9 shows the Simulink modeling for the simulation results. The
proposed system has been tested under three circumstances to investigate the benefits of the
control system. The first case tests the steady-state response of the proposed system under
a linear resistive load. The system’s transient response under a step resistive load change
is verified in the second case. In the third case, the steady-state response of the proposed
system under nonlinear load has been tested. The performance of the proposed FO-
MFPC controller is compared to that of the conventional MFPC for the three loading cases.
Discussions and comparisons of the results are presented in the following paragraphs.

Table 3. Parameters of the studied 2L-VSI for UPS applications.

Parameter Symbol Value
Input voltage Ve 500V
Filter inductance Ly 1.5 mH
Filter capacitance Cr 150 pF
Nominal RMS output voltage (L-L) Vo, ref 200V
Sampling time Ts 20 us

N

M}

7

-+

A a
) MN b
i€

Linear Load

G

)
S5
w
)
S6
w

o) e
AAA

Y

T+
bp——4B

Nonlinear Load

¥
UM um

apha

MFPC

F_alpha_Estimation

F_beta_Estimation

Figure 9. Simulink model of the proposed FO-MFPC for 2L-VSIL.

4.1. Case 1: Steady-State Response @ Linear Resistive Load

In this case, the system’s steady-state performance is demonstrated by the inverter load,
which is a linear resistive load. Figure 10 displays the system’s steady-state performance
utilizing the proposed FO-MFPC controller and a traditional MFPC controller. For both
controllers, the 3-® load currents are shown in Figure 10a,b. It is seen that the currents for
the two controllers are sinusoidal and balanced. Additionally, as illustrated in Figure 10c,d,
the output 3-® voltage for both controllers is sinusoidal and balanced. However, the
typical MFPC controller’s output voltage has a little bit more ripple. The a8 components
of the output voltage compared to their reference values are presented in Figure 10ef.
Additionally, the performance of the proposed FO-MFPC controller is better than that of
the conventional one in tracking the reference signals. The controller’s measured unknown
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function, which contains all the system disturbances [37,38], is presented in Figure 10g,h. It
is noted that the function has serious disturbances and noise in the case of the conventional
MFPC controller. Figure 10i,j present the voltage harmonic spectrum for the two controllers.
The harmonic spectrum and the THD of the proposed controller are the best. Therefore, the
overall response of the VSI with the proposed FO-MFPC controller is better than that with

the conventional MFPC controller.

Proposed FO-MFPC Conventional MFPC
40
= 20
3 0
<
g ~ —20
S
S
= —40
0.04 0.05 0.06 007 0.08 0.09 0.1 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s] Time [s]
(@) (b)
200 200
— 100 B — 100 .
Z =
g 0 g 0 y
S S
© S S
;3 = _100 |- = _100 |-
9200 —200
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2
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¥
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Figure 10. Steady-state response @ fixed resistive load for the UPS with the proposed FO-MFPC and
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4.2. Case 2: Transient Response @ Step Resistive Load Change

In this case, the inverter load is a linear resistive load with a step change to present
the transient state performance of the system. The transient performance of the system
using the proposed FO-MFPC controller and the conventional MFPC controller is shown
in Figure 11. The load step is applied at 0.07 s. Figure 11a,b show the 3-® load currents
for both controllers. It is noticed that the currents are sinusoidal and balanced for the
two controllers. The currents encounter some transients with each controller. However,
the transients have a lower amplitude, ~50%, and shorter time, ~30%, in the case of the
proposed controller. Additionally, the output 3-® voltages for both controllers have a
sinusoidal and balanced nature, as shown in Figure 11c,d. As a result of the presence of the
filter inductance, the current transients produce a transient distortion in the output voltage
waves. Nevertheless, the output voltage in the case of the conventional MFPC controller
has slightly higher transient distortions. The transient responses of the a3 components
of the output voltage compared to their reference values are presented in Figure 11e,f.
Additionally, the performance of the proposed FO-MFPC controller is better than that of
the conventional one in tracking the reference signals and the transient response. The
error between the output voltage and its reference value in the aff frame is shown in
Figure 11gh. It is clear that the proposed FO-MFPC achieves the minimum error compared
to the conventional MFPC. The controller’s unknown functions are presented in Figure 11i,j.
It is noted that the function has high noise and spikes in the case of the conventional MFPC
controller. The overall transient response of the VSI with the proposed FO-MFPC controller
is better than that with the conventional MFPC controller.
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Figure 11. Transient response @ step changes from no-load to 20 A loading with the proposed
FO-MFPC and conventional MFPC.

4.3. Case 3: Steady-State Response @ Nonlinear Load

In this case, the inverter load is nonlinear and consists of a three-phase rectifier and
a filtered capacitor at the output terminal with a 200 uF capacitance. The load resistance,
in this case, is 100 (). The system steady state performance using the proposed FO-MFPC
controller and conventional MFPC controller is shown in Figure 12. Figure 12a,b show the
3-® load currents for both controllers. It is noticed that the currents are highly distorted,
far from sinusoidal waves, and unbalanced for the two controllers. However, the output
3-® voltages for both controllers have a sinusoidal and balanced nature, as shown in
Figure 12¢,d. Nevertheless, the output voltage in the case of the conventional MFPC
controller has slightly higher ripples. The unknown function in the controller that contains
all the disturbances in the system is presented in Figure 12e f. It is noted that the function
has higher noise in the case of the conventional MFPC controller. Therefore, the overall
response of the VSI, which supplies the nonlinear load, with the proposed FO-MFPC
controller is better than that with the conventional MFPC controller.
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Figure 12. Steady-state response @ nonlinear load with the proposed FO-MFPC and conven-
tional MFPC.
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4.4. Case 4: Parameter Mismatch

To check the robustness of the control system under parameter uncertainty, the effect of
a 50% change in the filter capacitor value (Cy) on VSI performance with the two controllers
is presented in Figure 13. It is noted that the two controllers track the reference signals well.
This shows the robustness of the two control systems against parameter mismatches. On
the other hand, the THD of the output voltage shows a small relative increase between the
two controllers.

olt

0.06
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Figure 13. Mismatch of C; with the proposed FO-MFPC and conventional MFPC.

4.5. THD Evaluation at Different Sampling Intervals

The effect of varying the sampling period on the performance of the VSI controlled
using the proposed FO-MFPC and the conventional MFPC has been studied. Figure 14
compares the output voltage THD for the two controllers at different sampling periods. The
THDs using the two controllers are lower than the standard recommended values [39]. As
expected, the THD using the two controllers increased with the sampling period. However,
it is clear that the proposed FO-MFPC controller usually has the lowest THD for any
sampling time. The minimum decrease in the THD when using the proposed controller is
10% and the maximum is 48%.
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Figure 14. Comparisons of the THD at different sampling times of the proposed FO-MFPC and the
conventional MFPC.

4.6. HIL Validation Results

The C2000TM-microcontroller-LaunchPad XL TMS320F28379D kit has been constructed
as a Hardware-in-the-Loop (HIL) emulator to test the proposed system and confirm the
researched simulation findings. The HIL emulator works by hosting a particular system
component—typically the power component—in the computer as a MATLAB model. The
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MATLAB application simulates and hosts the planned system power units, such as the
power converters and filters. On the other side, the micro-controller kit implements the
control algorithms, namely, the proposed FO-MFPC. The virtual serial COM ports [6]
facilitate the communication between the PC and the kit. It enables MATLAB to provide
measured signals from the power circuit to the kit, including the DC bus voltage, load
voltages, and load currents. To produce the 2L-VSI switching signals, the kit performs the
control algorithms. Figure 15a shows a schematic diagram of the HIL implementation of
the proposed 2L-VSIL

HIL schematic Proposed FO-MFPC results
20
=
s 0
S
~
-20 I I L h d
0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time [s]
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-10 ' - ' : -
0.04 0.05 0.06 0.07 0.08 0.09 0.10
Time [s]
(e)

Figure 15. The HIL validation of the proposed 2L-VSI: (a) the schematic diagram (b—e) the transient
response @ step changes from no-load to 20 A loading using the proposed FO-MFPC.

Figure 15b—e presents the results of the HIL validation of the proposed 2L-VSI with FO-
MEFPC for case (2): the inverter load is a linear resistive load with a step change to present
the transient state performance of the system. The load currents and voltages are very close
to the simulations results except for some contaminated noise on the waveforms. It is noted
that the signals have higher noise and spikes in the case of the HIL implementation than
the simulation results of Figure 11.
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5. Conclusions

This paper proposes employing the fractional-order controller to improve the per-
formance of the MFPC of the 2L-VSI voltage control in UPS applications. The proposed
FO-MFPC uses fractional-order proportional-integral control (FOPI) to estimate the un-
known function associated with the MFPC. To get the best performance from FOP], its
parameters are optimally designed using the GWO approach. For three loading cases and
conditions, the performance of the proposed FO-MFPC controller is compared to that of
the conventional MFPC. Using MATLAB simulations, the simulation results indicated the
superiority of the proposed FO-MFPC controller over the conventional MFPC in steady
state and transient responses. The results indicated that the THD of the output voltage
for the two controllers is much lower than the recommended standard. However, the
THD with the proposed FO-MFPC controller is lower than that with the conventional
MFPC controller. Additionally, it has been noticed that the proposed FO-MFPC controller
usually has the lowest THD. The suggested controller can reduce the THD by as little as
10% and as much as 48%. To check the robustness of the control system under parameter
uncertainty, the effect of a 50% change in the filter capacitor value on the performance of
the VSI has been determined. The results prove the robustness of the two control systems
against parameter mismatches. Moreover, the effect of varying the sampling period on
the performance of the VSI controlled using the proposed FO-MFPC and the conventional
MFPC has been studied. As expected, the THD using the two controllers increased with the
sampling period increase and the proposed FO-MFPC controller has the lowest THD for
any sampling time. The future work of the paper could focus on employing the fuzzy logic
controller to enhance the calculations of the disturbance function associated with the ULM.
Additionally, using the TMS320F28379D kit, the experimental verification of the proposed
FO-MFPC control strategy is implemented for 2L-VSI on the basis of the HIL simulator,
demonstrating the applicability and effective performance of our proposed control strategy
under realistic circumstances.
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Nomenclature

2L-VSI Two-level voltage source inverter
FOC Fractional-order controller

MEFPC Model-free predictive control

UPS Uninterruptable power supply

ULM Ultra-local model

FOPI Fractional-order proportional-integral
GWO Grey wolf optimization

THD Total harmonics distortion

FCS-MPC  Finite control set-model predictive control
PWM Pulse width modulation

LC Inductor-capacitor
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Vi Space voltage vector

F Unknown function associated with MFPC
u Plant input

y Plant output

o Non-physical parameter

T Sampling time

Ny Length of the window

F Approximated value of the unknown function F
Cr Filter capacitor

x Voltage vector number in Table 1

FO Fractional-order

q Order of the FO calculus

Ib Lower band of the FO integrator

ub Upper band of the FO integrator

R-L Riemann-Liouville

Kp Proportional gain of the FOPI

K; Integral gain of the FOPI

A Integral fractional order

PI Proportional integral

Ge(s) FOPI transfer function

s Laplace operator

Finup Modified value of the unknown function F B
ISE Integral square error
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