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Abstract: Voltage source converters are widely used in distributed generation (DG) and uninter-
ruptible power supply (UPS) applications. This paper aims to find the controller that performs
best when model changes occur in the system, showing insensitivity to parameter variations. A
comparison of the finite control set model predictive controller (FCS-MPC), interconnection and
damping assignment passivity-based controller (IDA-PBC), and passivity-based model predictive
control (PB-MPC) reveals that the PB-MPC provides high resistance to these unexpected LC filter
changes in the converter. The second aim of the paper is to reduce the total harmonic distortion
(THD) of the output voltage of the three-phase voltage source inverter (VSI). A high total harmonic
distortion (THD) value exists in the voltage waveform of the three-phase voltage source inverter (VSI),
feeding a non-linear load. A MATLAB simulation was performed using three control techniques for
a three-phase VSI feeding: linear load, unbalanced load, and non-linear load. The PB-MPC performs
better than the FCS-MPC and IDA-PBC in terms of having a low THD value in the output voltage of
the converter under all types of applied loads, improving the THD by up to 30%, and having low
variation in THD with mismatched filter parameters, as shown in the bar charts in the results section.
Overall, the PB-MPC controller improves the robustness under parameter mismatch and reduces the
computational burden. PB-MPC reduces the THD value because it integrates power shaping and the
injection of damping resistances into the VSI.

Keywords: interconnection and damping assignment passivity-based controlled (IDA-PBC); finite
control set model predictive controller (FCS-MPC); passivity-based model predictive control (PB-MPC)

1. Introduction

The voltage source inverter (VSI) plays a vital role in uninterruptible power supply
(UPS) and distributed generation (DG) units. UPS is used to power loads, like personal com-
puters, industrial automated equipment, and communication equipment. Controlled VSI is
expected to have low harmonics [1], excellent ability to reject disturbances, and robustness
to parameter mismatch [2].

In order to achieve the above-mentioned features in VSI, a simpler, linear, and more
popular control approach was adopted, which utilizes a double-loop control in the inner
current control loop and an outer voltage control loop PI controller [3,4]. While this PI
controller is simple to implement and design, it has unsatisfactory performance during
non-linear loading, and there exists a trade-off between the system’s stability and transient
response. To address these issues, several alternative controllers have been explored,
including the proportional-resonant (PR) controller [5,6], feedback linearization [7], sliding
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mode controller [8], repetitive controller [9], and Lyapunov-based controller [10]. These
controllers have advantages and disadvantages in terms of dynamic performance, stability
analysis, and system robustness.

Compared with linear control types, model predictive control employs different design
methods. In the PI control technique, independent control loops are designed for every
controlled variable, like voltage and current, before cascading them together. In the MPC
control technique, the discrete model of the output filter is considered and the minimized
cost function is evaluated at the predicted sampling time [11]. This cost function is based
on the Euclidean distance between the controlled variable and its reference signal [12].
Other control objectives can be added easily because of their advantages, such as high
robustness, good transient characteristics, non-linearities, and constraints. The FCS-MPC is
an attractive method for controlling power electronic converters [13,14].

To stabilize the power system network and control the power electronic converters,
there is a popular energy-based controller design approach, named interconnection and
damping assignment passivity-based controlled (IDA-PBC). The circuit diagram of the
IDA-PBC controller is shown in Figure 1. The controller takes feedback signals from the
VSI and then converts them into a rotating frame (dq). This model is represented by a
port-controlled Hamiltonian (PCH) model, and the controller can measure the natural
energy of the system and find a state feedback control law. The IDA-PBC controller
stabilizes the converter by making it dissipative or passive. The key advantage of using it
is the guaranteed system stability, regardless of the complexity. It also offers satisfactory
current tracking performance under non-linear loads [15]. The IDA-PBC controller has been
deployed and analyzed in DC-DC converters, rectifiers, single-phase VSIs, three-phase
PSIs, MMC converters, and DAB converters.

Sera [16] compared the performance of the IDA-PBC controller and the PI controller
for the three-phase VSI. The parameter mismatch effect on the performance of the PBC
control of the single-phase VSI has been studied and investigated by Komurcugil [17].
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Figure 1. IDA-PBC controller for the three-phase voltage source inverter.

The passivity-based model predictive controller (PB-MPC) is formed by cascading
passivity-based and MPC controllers. The reference signals are generated using a passivity-
based controller, while the controlled objective is predicted and compared with the reference
signals [18]. It provides a low THD value, which is robust to parameter mismatch. More-
over, it possesses high dynamic stability, there is no need for weighting factors, and it has
low computational burden.

As shown in Table 1, various controllers for three-phase voltage source inverters have
been discussed in the literature. The table highlights both the benefits and drawbacks
of different control techniques for three-phase VSI. Table 1 shows that the PI controller
performs poorly during non-linear and unbalanced loads, and the sliding mode controller
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suffers from the chattering effect; using the gain scheduling method, the parameters
are difficult to calculate, while the MPC controller bears a large computation burden.
The IDA-PBC offers a promising tracking response to time-varying signals for switch
mode power supplies (SMPS), rectifiers, single-phase inverters, and three-phase inverters.
While PB-MPC provides low THD, and is robust to parameter mismatch compared to the
other controllers, it also has other advantages compared to the FCS-MPC controllers, e.g.,
there is no need for weighting factors, high dynamic stability, and a comparatively lower
computational burden.

Table 1. Literature on different control techniques of three-phase voltage source inverters.

Control Technique Advantages Disadvantages
Model’s predictive 1. Free of mathematical 1. Large
control [19,20] modeling. computational burden
2. Maximum robustness 2. Much comPlex1ty m
the algorithm
3. Rapid dynamic response
and a settling time of 2.71 ms
Gain Scheduling Method [21] 1. Contains a general model 1. Parameters are difficult
approach to select
2. Reduced cost
3. High robustness
Sliding Model Control [2] 1. Simple implementation 1. Chattering effect problem
2. Fast dynamic response
3. Robust to parameter
variation and disturbance;
settling time of 2.85 ms
PI Control [22] 1. Easy to implement 1. High starting overshoot
2. Sensitive to controller gains
3. Sluggish response
IDA-PBC Control [23] 1. Stability ensures
PB-MPC Controller [18] 1. Stability ensures Complex to design

2. No weighting factors
3. Low computational
complexity

Model predictive control, compared to a linear type of control, has different principles.
In the PI control technique, independent control loops are designed for every controlled
variable, like the voltage and current, before cascading them together. In the MPC control
technique, the discrete model of the output filter is considered and the minimized cost
function at the predicted sampling time is evaluated. That cost function (CF) is based
on the Euclidean distance between the controlled variables, tracking the reference signal.
Other control objectives can be easily added as a result of their advantages, like high
robustness, good transient characteristics, non-linearities, and constraints. The FCS-MPC
is an attractive way to perform the power electronic converter’s control. This paper uses
FCS-MPC to control the output voltage of a three-phase voltage source inverter (VSI),
as shown in Figure 2.

This paper is organized as follows. In Section 2, IDA-PBC, FCS-MPC, and PB-MPC
controllers are designed for the three-phase VSI. Section 3 presents the simulation results
of the three-phase VSI using the IDA-PBC controller, FCS-MPC controller, and PB-MPC
controller under different loading conditions, via a MATLAB simulation. In Section 4, our
conclusions are shown.
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Figure 2. IDA-PBC controller for the three-phase voltage source inverter.

2. Design of Controllers

As discussed in the introduction, three-phase VSIs are widely used in uninterruptible
power supply (UPS) applications and distributed generation systems (DGSs). The perfor-
mance of the VSI depends on the controller’s rise time, steady-state error, and dynamic
performance. To design a fast dynamic response that provides better stability performance
and reduces high THD values under linear, unbalanced, and non-linear loads, the IDA-PBC,
FCS-MPC, and PB-MPC controllers were designed and validated for three-phase VSIs using
a MATLAB simulation. The MATLAB simulation offers several advantages, including
design simplicity, swift circuit design, high accuracy, functional integrity, and the reliability
of results. Additionally, it enables easy and rapid control prototyping (RCP) for various
DSPs and FPGAs.

2.1. IDA-PBC Controller Design

In the first part of the section, the IDA-PBC controller is designed and derived math-
ematically for the three-phase voltage source inverter (VSI) feeding a linear load with
a dq reference frame. The port-controlled Hamiltonian (pH), the non-linear approach,
is the IDA-PBC controller’s base. The port-controlled Hamiltonian model contains an
energy function called the Hamiltonian function, denoted by “H”, which is used to define
each energy-storing element, such as inductors and capacitors [23]. The port-controlled
Hamiltonian model contains the physical structure of the three-phase inverter in terms of
interconnections (J), damping (R), and energy storage functions (H) [24]. If the supplied
energy to the system to be controlled is high and storing capability is low, then that system
is said to be a passivity system. The port-controlled Hamiltonian system is represented by
the following equation [16].

dx o0H(x)

= U-R= g u+g )

where x denotes the state vector, | denotes the interconnection matrix, R denotes the
damping matrix, H(x) denotes the total energy stored in the system, ¢(x) denotes the
input matrix, { denotes the disturbances, u denotes the input control vector. The system,
a standalone three-phase voltage source inverter (VSI), consists of a DC voltage source as
a supply, and an H bridge inverter topology, with an LC filter at the output, as shown in
Figure 1. The average model of the balanced three-phase system in the dq reference frame
is expressed in the following equations [16]:

diLd (ded ) . .
W - Tc‘f‘leLq—rlLd—Vod (2)
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av, . .
C dgd = ipg — fog +wWCVoq @)
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C d:q =ipg —log — wCVyy 5)

where L and C denote the inductance and capacitance values of the LC filter, and r denotes
the effective series resistance of L. Equations (2) to (5) can be written in a port-controlled
Hamiltonian form, as [16]:

p
Lﬁ r wL -1 0 i
L% | —wL —r 0 -1 irg
cT |~ 1 0 0 wC Vo
CdVDq 0 1 —(UC 0 Voq
at (6)
Y o 0
L0 % [ md ] + 0
0 0 My —lod
0 0 iog
x = [LiggLirgCVoyCVoq] " @)
—-r wL -1 0
—wL —r 0 -1
=1 1 0 0 wcC ®)
0 1 —-wC 0
r 0 0 O
0r 00
R=11000 ©)
0100
1 2 2 2 2
H(x) = 5 (L + L, +CV +CVE) (10)
Ve o 0 0]
x) = 2 11
g(x) l 0 % 0 0 (11)
T
u = [mgmg| 12)
. . T
T=1[0 0 —ipg —iog | (13)

Vodq and ipg, are the control variables that need to track their references with zero
SSE. To achieve closed-loop stability and convergence, the term H,(x, x) should reach the
minimum at the point of x. To achieve these requirements, as described in [16]:

_ 9Ha(x,x%)

0=—=" (14)
2 *

FHa(x,x") (15)

ox2
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dHy(x, x*)
dt
R, is the required damping resistance for the system to become stabilized; this method
is known as the “Lyapunov direct method”. To achieve stability, R; should achieve the
structure preservation condition, as described in [25]:

=—elpIR;P 1 e<0 (16)

Ry=R+R,=[R R, " 17)

where R; is the dissipation matrix and contains the gains for the controller part. R; is the
positive semidefinite and Ra is the positive diagonal matrix, as described in [25].

R, 0 0 O
0 Rpb 0 0
0 0 Ry O
0 0 0 Ry

Ry, = (18)

The desired interconnection matrix J; should be anti-symmetric and satisfy the follow-
ing conditions [25].

Ji=T+Ta=—[T T 1" (19)

To decouple the dg-axis terms, the interconnection matrix J, is chosen, according
to [25]:

0 —wL 0 0
wL 0 0 0
Ja = 0 0 0 —-wC (20)
0 0 wC 0
The final equation, as outlined in [24], will be:
oH,(x, x*) oH,;(x, x*) dx*
- RZREE) g, R PHEE) g el

By simultaneously solving the above equations, the reference current signals and
modulating signals can be calculated as in [25]:

2 diy . . . " «
My = Vd{L dffd +rify — wLirg — Ry(irg — i74) + Uod} (22)
c
o dv:d * /
g =C ar R3(0od = 04) + fod — wC00g (23)
2 [ dip, . .
my = Ve {Ldtq + rzzq +wLirg — Ry (qu — lzq) + v??q} (24)
dv}
ify = C—% = Ra((00g — 03y ) +iog + €Co0y (25)

Equations (23) and (25) indicate the modulation indexes in the d and q axes, respec-
tively, while Equations (24) and (25) generate the reference current. The implementation of
the IDA-PBC controller relies on these four equations. By tuning the values R; through Ry,
the VSI can perform satisfactorily.

2.2. FCS-MPC Design for Three-Phase VSI

In the second part of this section, the MPC controller is designed in MATLAB Simulink.
The FCS-MPC relies on the model of the plant/system. To achieve good dynamic perfor-
mance while implementing the FCS-MPC for VSC, both models for VSI and output filters



Energies 2023, 16, 5594

7 of 17

are required. The most commonly used topology of the VSl is the three-phase two-level
VS, as shown in Figure 3.

3 Phase Inverter

Battery
wtery LC Filter Three Phase Load
TR <Y
o I v

Ry i
£
AM—— TR0 —\\N\—

Ry iy
Vi AN
o
) L
Ry i L
Vi ¢———ANA——TN

— V’f
+ - « *
| s.zJLg} s.sJLg} TT T

Figure 3. Three-phase Voltage source inverter with the LC filter.

As seen in Figure 3, the three-phase LC filter is connected to the output of a VSI. Each
leg of a filter consists of an inductor (Ly), a series resistor (Ry), and a parallel connected
capacitor with a capacitance of (Cy). The state variables are the current through the inductor
and the voltage across the capacitor. The LC filter can be mathematically described as
follows [26-28]:

di
f .
C dﬁ =ir—i (27)
f At f—to
if}_A*{if}JrB*[Vi] (28)
|: Vf Vf 1o
From Equation (28),
Ry
A= I Lk (29)
= 0
Cr
A 0
B = [ P ] (30)
0 o

The above equations denote the continuous state space model of an LC filter. The dis-
crete model can be created using MATLAB with some particular discretization method,
like the Tustin method, which has been used. The cost function is used to minimize the
error of the control variable. Here, the control variable is the output voltage of the VSI,
which decomposed into alpha and beta stationary frames using Clarke’s transformation,
i.e., von and v,p. The reference signals are also converted into alpha and beta frames, i.e., v,
and U;‘ﬁ. The completed equation for the cost function (gpc) of FCS-MPC can be written
as follows:

gimpe = [0 — aa(k +1)| + |vF5 — 0o (k +1) (31)

2.3. Passivity-Based-Model Predictive Control

This section uses a PB-MPC control technique based on the previously designed
control techniques. The FCS-MPC control technique and IDA-PBC controllers are merged
to form a passivity-based model predictive control technique. Compared with the FCS-
MPC control technique, the PB-MPC has the following advantages: (1) Low computational
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burden. (2) Free from weighting factors. (3) More robust to parameter mismatch [18]. In
the design of the PB-MPC control, the voltage reference signals v}, and vjﬁ, defined in
the stationary reference frame, are generated by the IDA-PBC controller, and supplied to
the cost function of FCS-MPC; they are compared with the predicted voltage vectors in
the alpha and beta stationary reference frames of vo, (k + 1) and v,g(k 4 1), respectively,
as shown in Figure 4.

Source Inverter LC Filter Load
Ry '
Wv L f
v, J::} —_——CVv, @R
-
PulscsT
PWM
Controller
Sabc
V., Vodq Vo
i
N Lodq I,
FCS —- MPC V. IDA - PBC abc — dq
< - IL IL

Figure 4. PB-MPC control of the three-phase voltage source inverter with LC filter.

The mathematical model of the PB-MPC control can be derived using IDA-PBC
and FCS-MPC predicted equations. So, the complete control technique can be designed
using voltage reference equations of IDA-PBC and predicted equations in the cost function
of the FCS-MPC. The cost function (g,pmpc) of the PB-MPC control technique can be written
as follows:

8pbmpe = [Vox — Vo (k+1)[ + |U;/S - Uoﬁ(k+ 1) (32)

3. Simulation Results

This section compares and verifies the performances of the IDA-PBC, FCS-MPC,
and PB-MPC controllers using the MATLAB simulation. The three-phase voltage and
current waveforms are discussed below for each control technique using three-phase H-
bridge inverter topology. The control techniques are compared, based on the type of
load supplied individually. The THD performance bar chart is shown at the end of each
subsection. The parameters for the VSI are shown in Table 2.

Table 2. Parameters for the three-phase VSI and LC filter.

Parameter Value Unit
DC link capacitor voltage V. 800 v
Fundamental frequency f; 50 Hz
Switching frequency fsw 10,000 Hz
Filter inductance L 6.5 mH
Resistance of filter inductor R 0.2 Q
Capacitance of filter C 20 uF

3.1. Performance of Controllers under a Balanced Load

The performances of the IDA-PBC, FCS-MPC, and PB-MPC controllers are investigated
using the three-phase VSI under a balanced load in the following subsections.
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3.1.1. Performance of the IDA-PBC Controller under a Balanced Load

In linear load conditions, the three-phase voltage and current waveforms for IDA-
PBC-controlled VSI are shown in Figure 5.

400
—,
_ 200, —W
= [ v,
& 0 \
E
—400 g
! ! ! ! ! ! ! ! !
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
T T T T T T T T
J— 5]
=
= 0
g
ST \[/
—10 & ! ! ! ! ! ! ! ! ! B
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time [s]

Figure 5. Three-phase voltage and current waveforms of the VSI under a linear load using an
IDA-PBC controller.

When a three-phase pure resistive load equal to 23 ohms per phase is connected to the
three-phase VSI using an IDA-PBC control technique, its load voltage waveform tracks the
reference voltage and can be seen in Figure 5. The IDA-PBC controller controls the output
voltage, which tracks the reference voltage with an amplitude equal to 327 V.

Figure 5 also shows the three-phase load current waveforms under a linear resistive
load using an IDA-PBC controller for the three-phase VSI. The magnitude and quality of the
current depend on the load magnitude, respectively. The THD current value is calculated
as 0.39.

3.1.2. Performance of the FCS-MPC Controller under a Balanced Load

The second type of controller is the FCS-MPC controller. The three-phase load voltage
waveforms related to the three-phase VSI under a linear balanced load are shown in
Figure 6. The inverter’s output voltage is the controlled variable, is controlled by FCS-MPC,
and is compared with the reference voltage.

The load currents related to the three-phase VSI under a linearly balanced load using
an FCS-MPC are shown in Figure 6. The THD value in the current waveform using an FCS-
MPC-controlled three-phase VSI under a linear load is 0.75. The three-phase waveforms
are sinusoidal and are not distorted as much because of the nature of the load.
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Figure 6. Three-phase voltage and current waveforms of the VSI under a linear load using FCS-MPC

controller.

3.1.3. Performance of PB-MPC Controller under a Balanced Load

Under a linear load, the three-phase voltage and current waveforms are shown in
Figure 7. The PB-MPC control techniques consist of both IDA-PBC and FCS-MPC control
techniques. The IDA-PBC part generates the voltage references, while MPC takes the
reference value, measures the controlled variable, and decreases the squared error if there
is one. The output current depends on the load; its THD value is 0.39.

=
[}
)
&
2
| | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

T T T T T T T T T
=
=
[}
g
=
o

l l l l l l l l l

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s]

Figure 7. Three-phase voltage and current waveforms of the VSI under a linear load using PB-MPC

controller.

At the end of this subsection, the bar chart shows the current THD comparisons for
FCS-MPC, IDA-PBC, and PB-MPC controllers during the parameter mismatch in the filter
inductor value. As can be seen from Figure 8, under a linear load on the three-phase VSI,
the change in the parameters of the filter inductor is also performed; it can be observed that
the PB-MPC controller is more robust to the variations of the parameter compared to other
controllers and that, comparatively, it has a low current THD. The THD value in the load
current can be calculated as follows:



Energies 2023, 16, 5594 11 of 17

) 2
rup = Yz (33)
L
Using regression and correlation methods, we calculate the THD value for current
waveforms under three different control techniques through the following steps:
Counting sets, calcifying counts, calculating SSx,, and calculating plates a and b.
The numerical values of current THD are plotted in Figure 8.

081 0.75 0.73 I0FCS-MPCIIIDA-PBCUIPB-MPC | |
0.7 O
— 0.8 0.66
0.62
— 0.6 ] 20057
X
)
= 3
04l 0.39 |
0.33 -
m‘ - 0.26
02 = I I I I -
6.5mH 7.5mH 8.5mH 9.5mH

Parameters Mismatch

Figure 8. Current THD values using different controllers under a linear load.

3.2. Performances of Controllers under an Unbalanced Load

The performances of the IDA-PBC, FCS-MPC, and PB-MPC controllers are investigated
in this subsection using the three-phase VSI under an unbalanced load.

3.2.1. Performance of the IDA-PBC Controller under an Unbalanced Load

Under an unbalanced load, the three-phase voltage and current waveforms are shown
in Figure 9. Unbalanced loads of 32 ohms in phase A, 50 ohms in phase B, and 75 ohms in
phase C are connected. Despite these unbalanced loads in all phases, the output voltage of
the VSI remains constant.

400

—Va
200 —W
= [ Ve
5 0 \
s
S 200 J/'/ \><
—400 B
| | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
10 —_ T,
— —1
= ] I.
R
£
&)
—10 | | | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time s

Figure 9. Three-phase voltage and current waveforms of the VSI under an unbalanced load using
IDA-PBC controller.
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When a three-phase unbalanced load is connected to the three-phase VSI using an
IDA-PBC control technique, its load voltage waveform tracks the reference voltage, as can
be seen in Figure 9. The three-phase voltage waveform has a peak value of 327 V.

Figure 9 shows the three-phase load current waveforms under an unbalanced load
using an IDA-PBC controller for the three-phase VSI. The current amplitude is 10 A in
phase A, 6.5 A in phase B, and 4.3 A in phase C.

3.2.2. Performance of the FCS-MPC Controller under an Unbalanced Load

The second type of controller is the FCS-MPC controller. The three-phase load voltage
waveforms of the three-phase VSI under an unbalanced load are shown in Figure 10.
The unbalanced loads of 32 ohms in phase A, 50 ohms in phase B, and 75 ohms in phase C
are connected. Despite these unbalanced loads in all phases, the output voltage of the VSI
remains constant.

The load currents of the three-phase VSI under an unbalanced load using an FCS-MPC
are shown in Figure 10. The magnitude of the current is 10 A in phase A, 6.5 A in phase B,
and 4.3 A in phase C. Compared to the IDA-PBC controller, the FCS-MPC causes a high
current THD value and exhibits high distortion at the start of the waveform.
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Figure 10. Three-phase voltage and current waveforms of the VSI under an unbalanced load using
FCS-MPC controller.

3.2.3. Performance of the PB-MPC Controller under an Unbalanced Load

Under an unbalanced load, the three-phase voltage and current waveforms are shown
in Figure 11. The same unbalanced load is connected to the VSI using the PB-MPC controller.
The output voltage remains constant, irrespective of the load.

The output currents, using the three-phase VSI, under an unbalanced load and using
a PB-MPC controller, have different magnitudes in each phase.

At the end of this subsection, the bar chart shows the current THD comparison for
FCS-MPC, IDA-PBC, and PB-MPC controllers under parameter mismatch in the filter
inductor value. As can be seen from Figure 12, under an unbalanced load, and with some
model changes that occur on the LC filter of the three-phase VSI, the PB-MPC controller is
more robust in these parameter mismatches in the inductor compared to other controllers
and it has a low current THD, comparatively.
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Figure 11. Three-phase voltage and current waveforms of the VSI under an unbalanced load using
PB-MPC controller.

Using the regression and correlation method, the THD value is calculated for current
waveforms for three different control techniques under an unbalanced load, through these
steps:

Counting sets, counting calcified, calculating SSy,, calculating plates a and b.

The numerical values of the current THD are plotted in Figure 12.
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Figure 12. Current THD values of different controllers under an unbalanced load.

3.3. Performances of Controllers under a Non-Linear Load

The performances of the IDA-PBC, FCS-MPC, and PB-MPC controllers are investigated
using a three-phase VSI under a non-linear load.

In the non-linear current, short patterns (with periods of 0.033 s) are the harmonics
components, which is common in the three-phase rectifier. The main factor affecting these
patterns is the AC system’s fundamental frequency (i.e., 50 Hz in the current study).

3.3.1. Performance of the IDA-PBC Controller under a Non-Linear Load

Under a non-linear load, the three-phase voltage and current waveforms are shown
in Figure 13. Under a non-linear load, the current THD value is 30.33. The output voltage
tracks the reference voltage. The three-phase voltage waveforms have a peak value of
327 V.
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Figure 13. Three-phase voltage and current waveforms of the VSI under a non-linear load using an
IDA-PBC controller.

Under a non-linear load, the output currents become distorted and have a high current
THD value.

3.3.2. Performance of the FCS-MPC Controller under a Non-Linear Load

The second type of controller is the FCS-MPC controller. The three-phase load voltage
waveforms of the three-phase VSI under a non-linear load are shown in Figure 14. As seen
from Figure 14, the voltage waveforms have some distortions and high-voltage ripples
exist at the start. Moreover, the output voltage tracks the reference voltage after some time.
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Figure 14. Three-phase voltage and current waveforms of the VSI under a non-linear load using
FCS-MPC controller.

The load current of the three-phase VSI under a non-linear load using an FCS-MPC
is shown in Figure 14. The output current has high current ripples at the start and a high
THD value.
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3.3.3. Performance of the PB-MPC Controller under a Non-Linear Load

Under a non-linear load, the three-phase voltage and current waveforms for the PB-
MPC-controlled VSI are displayed in Figure 15. During a non-linear load, the output
voltage tracks its reference voltage and possesses low voltage ripples at the start, as well as
lower THD values compared to the other two control techniques mentioned above.
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Figure 15. Three-phase voltage and current waveforms of the VSI under a non-linear load using
PB-MPC controller.

The non-linear load has R = 10 Q) and C = 4 uF. The output currents are shown in
Figure 15; it can be seen that there are no high ripples in the output current at the start
compared to the other two control techniques.

The bar chart below shows the current THD comparison for FCS-MPC, IDA-PBC,
and PB-MPC controllers under a mismatch value in the filter inductance of the LC filter.
As seen in Figure 16, the PB-MPC controller is more robust to these parameter variations
compared to other controllers and has a comparatively low current THD. The THD value
for current waveforms of the three different control techniques is calculated using the
regression and correlation method, involving the following steps:

Counting sets, counting calcified, calculating SSy,, calculating platesa and b .

The numerical values of current THD are plotted in Figure 16.
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Figure 16. Current THD values of controllers under a non-linear load.
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4. Conclusions

This paper has demonstrated through a simulation and numerical results that inter-
connection damping assignment passivity-based control (IDA-PBC) and passivity-based
model predictive control (PB-MPC) are efficient techniques for controlling three-phase
voltage source inverters in cases of parameter mismatch and varying load conditions. All
the tested controllers operated at a switching frequency of 10 kHz and their performances
were evaluated based on this reference switching frequency. The three-phase VSI, utilizing
all of the above types of controllers, uses the same control input variables. For instance, the
FCS-MPC uses a prediction of control variables, the IDA-PBC measures the system energy
and shapes it according to reference signals, and the PB-MPC controller exhibits both
characteristics of the FCS-MPC and IDA-PBC controllers. It generates voltage references
from the IDA-PBC control part, compares them with the output voltage, and minimizes the
error between them (FCS-MPC). It was observed from the simulation results that FCS-MPC
has higher current THD values of 0.75%, 0.75%, and 30.4%, the IDA-PBC controller has
0.7%, 0.73%, and 30.3% THD values, while the PB-MPC possesses 0.39%, 0.39%, and 30.23%
THD values, under linear, unbalanced, and non-linear loads. It is also clear that, in the
case of the PB-MPC controller, THD values did not vary much under mismatch in the filter
inductor value and are more robust to the parameter mismatch of the filter inductor than
other controllers. In the future, the robustness of the controllers can be extended to the
control of parallel connected inverters.
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Abbreviations

The following abbreviations are used in this manuscript:

VSI voltage source inverter

IDA-PBC  interconnection and damping assignment passivity-based control
FCS-MPC finite control set model predictive controller

PB-MPC  passivity-based model predictive controller

THD total harmonic distortion
PWM pulse width modulation
LC inductor—capacitor
Fsw switching frequency
UPS uninterrupted power supply
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