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This paper uses a finite control set (FCS) model predictive control (MPC) technique to
control the output voltage of a 3-phase 4-leg multilevel inverter with a minimum number
of switching states to supply a balanced, unbalanced, or nonlinear load. Good results are
obtained when using this technique for a flying-capacitor (FC) multilevel inverter with an
output that includes a filter made of capacitors and inductors. In this method, 19 switching
states are used instead of 81 switching states in classical inverters, reducing the time
required to reach the optimal solution in the cost function (g). The cost function calculates
the minimum error between the output and reference voltage by selecting the optimal
switching state for driving all inverter transistors. This technique can be applied to other
types of multilevel inverters without considering the type of load used or needing to adjust
the controller parameters. The inverter is designed for powering the 3-phase loads by

separately generating three output voltages from the fourth leg using MPC.
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1. Introduction

Three-phase inverters are the most important devices used in
various applications, such as renewable energy systems, air
conditioning systems, elevators, uninterruptible power supplies
(UPS), planes, and electric vehicles, due to their ability to
generate high power with high-quality output voltage with
reduced harmonic distortion. To improve the quality of the
output voltage waveform and increase power conversion
efficiency for high-power applications, a multilevel inverter is
preferred compared to a conventional inverter [1]-[4].
Compared with two-level inverters, three-phase three-leg
multilevel inverters are usually preferred in medium and high-
power applications because of their high-performance
specifications such as low voltage stress, low switching losses,
and low total harmonic distortion (THD) [3], [5]. The three-
phase three-leg multilevel inverters are convenient for balanced
loads as no current passes through their neutral point. As for
unbalanced or nonlinear loads that cause unbalanced currents to
flow in the loads [6], a path is needed for the zero-sequence
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current to flow through the neutral point to reduce its bad effect.
Therefore, a fourth leg is added to the conventional three-phase
inverter [7].

Generally, three types of three-phase three-leg multilevel
inverters are used for high-power applications. Cascaded H-
bridge inverter, Neutral-point clamped (NPC) inverter, and
Flying-capacitor (FC) inverter. These topologies have
advantages and disadvantages, which are discussed in [3].
These topologies have a common drawback: it is difficult to
control the load voltage in case of an unbalanced or nonlinear
load. There are multiple techniques used to control the
conventional inverters, such as: pulse width modulation (PWM)
[8]-[12] and three-dimensional space vector modulation (3-D
SVM) [8], [13]-[15].

The 4-leg inverter is an enhancement of the conventional 3-leg
inverter. The 3-phase, 4-leg inverter aims to keep the required
sinusoidal waveform of the output voltage at all loading
conditions and transients. This is perfect for applications like
military equipment, communication devices, industrial
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automation, and all critical loads, which need outstanding
performance UPS [16]. Also, the 4-leg multilevel inverter
enhances the conventional 4-leg inverter. Presently, researchers
worldwide are making great efforts to enhance the performance
of these inverters, considering the control facilitation and the
performance of the numerous optimization algorithms. Their
goal is to increase power capability and improve the THD
content of the sinusoidal waveform of the output voltage, the
capacitor's voltage balancing of the DC link, and the load
currents ripple. The disadvantage of the 4-leg multilevel
inverters is an increase in the complexity of the control part
under all load conditions [17]-[20], which has been overcome
in this research.

Several techniques are used to control the output voltage of the
multilevel inverter. PWM and SVPWM techniques are the two
most famous techniques for controlling the voltage and current
of the inverter. The SVPWM technique was initially invented
as a vector approach of PWM for the 3-phase inverter to achieve
maximum DC utilization. It is considered a complex technique
that creates a sine wave to produce a higher voltage to the load
with maximum DC utilization and lower THD. It marks a
boundary space vector to be used according to the location of
the output voltage vector.

Numerous modulation methods were used to control the output
voltage of the multilevel inverter. Most of these methods try to
control the output voltage from a specific point of view, such as
minimizing THD, switching loss, response speed, and difficulty
of algorithms [21]. Four fundamental modulation methods are
used to produce the required sinusoidal pulse width modulation
(SPWM) signal for driving multilevel inverters. These are [21],
[22]: 1) phase disposition (PD) or in-phase disposition (IPD) at
which every carrier signals are in phase; 2) phase opposition
disposition (POD) in which every carrier signals below the zero
reference are in opposition but above the zero reference are in
phase, 3) alternative phase opposition disposition (APOD)
where every carrier signals are alternatively in opposite
disposition, and 4) phase shifted (PS) control technique. These
methods are implemented as illustrated in Fig. 1. The first
method (IPD) gives the best THD among all modulation
methods [22]. The same methods can be used for producing the
essential space vector pulse width modulation (SVPWM)
signals for driving multilevel inverters as illustrated in Fig. 2
[21]-[23]. The MPC method is the third accurate and
straightforward technique [24]-[30] used to achieve a sinusoidal
output voltage with minimum THD. Also, the MPC was used
to control the output current [31] voltage [24] for 3-phase, 4-leg
NPC multilevel inverters using 16 transistors with 81 switching
states. The number of switching states is huge, requiring much
time to calculate and reach the optimal one. This paper uses
only 19 switching states for a 3-phase, 4-leg FC inverter, which
reduces the time required to calculate and reach the optimal
switching state.

2. Classical 3-Phase 4-Leg 3-Level FC Inverter

A classical 3-phase, 4-leg, 3-level FC inverter with LC filter
and NPC is illustrated in Fig. 3. The number of possible
switching states (ns.q:05) iN @ 3 3-phase, 4-leg, 3-level inverter
is [32]- [35]:

Ngrares = 3% = 81 States

To derive the multilevel inverter's mathematical model, the load
voltages that depend on the switching states must be described in
the building. The inverter switches are used to connect the
inverter 3-phase terminal loads between the positive (P) point and
the negative (N) point of the DC source (V). The states S;, S5,
S3, Sar Ss, S, S;, and Sg represent eight switching control
commands, which create 81 switching states. Where 53, S,, S,
S4, S5, Se , S; and Sy are the inverted of Sy, S,, S5, S, Ss, S, S,
and Sg, respectively. These switching states are illustrated in
Table 1, where (JVi |) and (£|Vi |°) are the magnitude and
direction of the resultant vectors, respectively. Fig.3 has the LC
filter with a balanced resistive load for simplicity, but this
strategy can be implemented for unbalanced or nonlinear loads.
The output voltages of the inverter ( ,,, Vy,, and V,,) for each
phase can be written by using switching states as:

Van (S; +S,) —(S7+Sg)
Vin| = [(S5+S4) — (S7+Sg) [ X 0.5 Vg 1)
Ven (Ss +S¢) — (S7+ Sg)

The following equations can be obtained for the circuit in Fig.
3 by applying Kirchhoff's voltage law:

Van =Ry igs+L, =

Vpn=RsipstLy, % 2
Ven=Rsigs+Lc %

Where,

R;, R,, and R; are output resistive loads for phases a, b, and c.

L,, L,, and L. are inductances of the filter for phases a, b, and
C.

irsy ir2, @nd ip; are load currents for phases a, b, and c.

i,, iy, and i, are inverter output currents.

Let,
Voa=Rirs
Vop=Rir: ©))
Voc:R3iR3
Voa, Vob, and V,, are the load voltages for phases a, b,
and c.
Substitute (3) into (2) leads to:
dig
La a = Van - Voa
di
Ly 7? = Von = Vob 4
di,
LC; = V(:n - Voc
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Using Kirchhoff's current law for the circuit of Fig.3 leads to: Equations (4) and (5) can be expressed as a state space in
Ve . . continuous time:
¢ o e T IRI .
W x(t) = Ax(t) + Bu(t) (14)
Cy =i~ e ®) Where,
Doe _ i _;
Gy =i~ ip3 () == (15)
C,, C,, and C5 are capacitances of the filter for phases a, b, and ;
c x©) = 7] (16)
For simplicity, the inductance currents and load voltages can be g -1
expressed as v.ect.ors'. ) A=, L(,)- an
= [la Iy lc] (6) _Ef ]
Vo= [Voa Vob Voc]T (7) r1 0'
and B=|" B (18)
Rf: [R] RZ R3]T (8) _0 E.
= T )
Lf [La Lb Lc] (9) u(t) — I;n (19)
C=[C, C G]" (10) R
V= Wan Von Vcn]T (11)
ig = ligs ig> irs]” 12)
The neutral current is expressed as follows:
i,=i,+ iyt i, (13)
mi mi
A A
t t
> >
v Y
a) In-Phase Disposition (PD)  b) Phase Opposition Disposition
(POD)
mi mi
A A
f\’\/ /\
'! ) >

W

Y Y
¢) Alternative Phase Opposition c) phase shifted (PS)
Disposition (APOD)

Figure 1. Modulation control methods for SPWM.
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Figure 2. In-phase disposition (IPD) control method for SVPWM.

Figure 3. 3-phase, 4-leg FC inverters with LC filter.
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Table 1. Switching states of 3-phase, 4-leg FC inverters.

S, S3 Si S5 S¢ S7 Sg Van Ven Veu Vil 2|Vy[°

S,

Voltage vectors

05 05

0.5

Vs

05 05

0.5

0.5

Vs

60
60
120
120
180
180
-120
-120

0.5

0.5

0.5

0.5

0.5

vy

0.5

0.5

0.5

0.5

0.5

Vs
Vio

0.5

05 05

0.5

Vl 1

0.5

0.5

0.5

V12

0.5

0.5

Vi3

-60

0.5

0.5

Vl 4

-60

0.5

0.5

0.5

Vis

Vie

30

60

90
120
150
180
-150
-120

0.86

0.5

V17

Vig

0.86

V19

V2o

0.86

0.5

VZ 1

VZ 2

0.86

0.5

VZ 3

1
0.86

V24-

-90
-60

VZ 5

VZ 6

086 -30

0.5

VZ 7

-05 -05

-0.5

V28

V2 9

05 05

0.5

V3 0

0.5

V31

-05 0.5

-0.5

V32

60
60
120
120
180
180
-120
-120

0.5

-0.5

V3 3

0.5

0.5

0.5

Va4

0.5

0.5

Vs

0.5

-0.5

-0.5

V3 6

05 05

0.5

V3 7

0.5

V38

0.5

0.5

V3 9

0.5

-0.5

-0.5

V4- 0

-60

0.5

0.5

0.5

Vay

-60

0.5

-0.5

V4- 2

-05 -05

0.5

Va3
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Table 1. (continued)

Voltage vectors S S, S S, Ss Se S, S Van Ven Ve Vil 2lVyI°

Via 1 1 0 1 0 0 0 1 0.5 0 -05 0866 30
Vys 1 1 1 1 0 0 0 1 05 05 -05 1 60
Ve 0 1 1 1 0 0 0 1 0 05 -05 0866 90
Vaiy 0 0 1 1 0 0 0 1 -05 05 -05 1 120
Vig 0 0 1 1 0 1 0 1 -05 05 0 0866 150
Vo 0 0 1 1 1 1 0 1 -05 05 05 1 180
Vso 0 0 0 1 1 1 0 1 -05 O 05 0.866 -150
Vs, 0 0 0 0 1 1 0 1 -05 -05 05 1 -120
Vs, 0 1 0 0 1 1 0 1 0 -05 05 0866 -9
Vss 1 1 0 0 1 1 0 1 05 -05 05 1 -60
Vsa 1 1 0 0 0 1 0 1 05 -05 0 0866 -30
Vss 0 0 0 0 0 0 1 1 -1 -1 -1 0 0
Vse 0 1 0 1 0 1 1 1 -05 -05 -05 0 0
Vs, 1 1 1 1 1 1 1 1 0 0 0 0 0
Vsg 1 1 0 1 0 1 1 1 0 -05 -05 05 0
Vso 0 1 0 0 0 0 1 1 -05 -1 -1 0.5 0
Vso 0 1 0 1 0 0 1 1 -05 -05 -1 0.5 60
Vo1 1 1 1 1 0 1 1 1 0 0 -05 05 60
V2 0 1 1 1 0 1 1 1 -05 0 -05 05 120
Vo3 0 0 0 1 0 0 1 1 -1 -05 -1 0.5 120
Vea 0 1 1 1 1 1 1 1 -05 O 0 0.5 180
Vs 0 0 0 1 0 1 1 1 -1 -05 -05 05 -180
Ve 0 1 0 1 1 1 1 1 -05 -05 0 0.5 -120
Ve 0 0 0 0 0 1 1 1 -1 -1 -05 05 -120
Vs 1 1 0 1 1 1 1 1 0 -05 0 0.5 -60
Voo 0 1 0 0 0 1 1 1 -05 -1 -05 05 -60
Vo 1 1 0 0 0 0 1 1 0 -1 -1 1 0
Vi1 1 1 0 1 0 0 1 1 0 -05 -1 0866 30
Vss 1 1 1 1 0 0 1 1 0 0 -1 1 60
Vs 0 1 1 1 0 0 1 1 -05 O -1 0866 90
Vg 0 0 1 1 0 0 1 1 -1 0 -1 1 120
Vs 0 0 1 1 0 1 1 1 -1 0 -05 0866 150
Ve 0 0 1 1 1 1 1 1 -1 0 0 1 180
Vs, 0 0 0 1 1 1 1 1 -1 -05 0 0866 -150
Vog 0 0 0 0 1 1 1 1 -1 -1 0 1 -120
Vg 0 1 0 0 1 1 1 1 -05 -1 0 0866 -90
Vo 1 1 0 0 1 1 1 1 0 -1 0 1 -60
Va1 1 1 0 0 0 1 1 1 0 -1 -05 0866 -30

The model discretization is accomplished using the Euler Vv, (k+1) = Qia(k) - ﬁim(k) +V,,(k)

forward approximation for all equations having derivatives, CTI CTI

which gives satisfactory accuracy [36] - [39]. Vop (k+1) = C—;'ib(k) — C—Zim(k) + V,, (k) (21)

o = Lol el (20) Vacllt 1) = Zc) = s () + Voe®)

Where T; is the sampling period. The predicted load voltages  In order to predict the load voltages (21), the load currents must
can be obtained by substituting (20) in (5): be calculated. So, the load currents can be estimated by
rewriting (21) as:
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i) -1) = i k-5 (Voa -V oak-1))
ina (k-1 = iy (=)= 32 (Vo (R)-V 0 (h-D)
insk-1) = ic(h-D)- 3 (Voa (O, (1)

Equation (21) illustrates that predicting the load's predictive
voltage at the instant (k+17) requires measuring the load
voltages (V,,, Vi, @nd V,. ), load currents (ig;, iz, and ig;),
and inductance currents (i,, i,, andi.). The load voltage
depends on the inverter output voltage (V,,, Vun, and V.,,),
which depends on the DC source and switching signals
according to (1). Fig. 4 illustrates the block diagram of the FCS-
MPC system.

(22)

3. Minimizing the Number of Switching States

As explained earlier in Table 1, the 3-level, 4-leg FC inverter
usually uses 81 switching states, which is a large number. This
will increase the time required to reach the optimal solution for

choosing the optimal switching state. In this paper, the
proposed strategy is to use only 19 switching states to drive the
FC multilevel inverter.

Table 1 can be rearranged according to the magnitude of the
vectors ( |V;]) and direction (£]V;|°) as shown in Table 2. The
voltage vectors are plotted according to the complex numbers
shown in Fig.5. (Projection in two dimensions) representing the
vertices of the 24 triangles, which represent big tetrahedrons,
and these tetrahedrons consist of small tetrahedra [40]-[42].
Table 2 consists of 19 groups of vectors of equal value in
magnitude (|V;]) and direction (£|V;]°). If grouped into 19
states, each state from each group will achieve the same desired
purpose. Therefore, Table 2 can be minimized into 19
switching states as shown in Table 3. Therefore, this strategy
decreases the cost function (g) calculation process for
minimizing the error between the reference of the load voltages
and the calculated prediction of the load voltages at the instant
(k+1). Fig. 6 shows a flow chart of the voltage control FCS-
MPC algorithm.

V(;B (k), Vob (k) s Voc (k)

Vo (k1) <
oy (k4 1) Predictive | %), e (), ins )
v k) Model |
iath) iy (k) i (k)
D |
| Sensor | Sensor | | Sensor |
T T TTT
I LC J1L i
3 ! 1 Filter :_ I —: | | I
Minimization [#=—  d-Leg |7, |'' j, La 0 0 !
B> 2 _e_LLB_fYYY\ ] G‘r}_ I : |
.;S Inverter 1 I ! | I
" £ of L8 Vor 1 1y b ! | iRz Voo ! |
v () s Glom ML Do L
oa 17 g 04 | | Y - M Load
8 ] "SE 4 |7 Le | Ir3 Vo !
S Y > on 990 MM e St
5.1 Cost Sg *{ ; ,
€Y7 o ( _ ) > ¥ ey iy
™ . Function S n <
N e’ -'>S8 in Cs| Co| C
X () B n

Figure 4. FCS-MPC control block diagram.

453



Journal of Engineering and Sustainable_Development. VVol. 29. No. 04, July 2025 ISSN 2520-0917

Table 2. Switching state of 3-phase, 4-leg FC inverter.

Voltagevectors S; S, S; S, Sz S¢ S; Sg Vi Vi Ven A 2|V;|° Groups
Vi 0 0 0 0o 0 0 0 O 0 0 0 0 0
Vo 0 1 0 1 0 1 0 0 05 0.5 0.5 0 0
Vs 1 1 1 1 1 1 0 O 1 1 1 0 0
Vs 0 O 0 o 0 0o O 1 -05 -05 -0.5 0 0
V29 0 1 0 1 0 1 0 1 0 0 0 0 0 1
Vo 1 1 1 1 1 1 0 1 05 0.5 0.5 0 0
Vs 0 O 0 o 0 0 1 1 -1 -1 -1 0 0
\ 0 1 0 1 0 1 1 1 -05 -05 -0.5 0 0
\ 1 1 1 1 1 1 1 1 0 0 0 0 0
V4 1 1 0 1 0 1 0 O 1 0.5 0.5 0.5 0
Vs 0 1 0 0 0 0 O 0 05 0 0 0.5 0
Va 1 1 0 1 0 1 0 1 05 0 0 0.5 0 5
Va2 0 1 0 0 0 0 o0 1 0 -0.5 -0.5 0.5 0
Vsg 1 1 0 1 0 1 1 1 0 -0.5 -0.5 0.5 0
V59 0 1 0 0 0 0 1 1 -05 -1 -1 0.5 0
Ve 0 1 0 1 0 0 0 0 05 0.5 0 0.5 60
Vs 1 1 1 1 0 1 0 O 1 1 0.5 0.5 60
Va3 0 1 0 1 0 0 0 1 0 0 -0.5 0.5 60 3
Vi 1 1 1 1 0 1 0 1 05 0.5 0 0.5 60
V60 0 1 0 1 0 0 1 1 -05 -05 -1 0.5 60
V1 1 1 1 1 0 1 1 1 0 0 -0.5 0.5 60
Vs 0 1 1 1 0 1 0 0 05 1 0.5 0.5 120 4
Vo 0 O 0 1 0 0 0 O 0 0.5 0 0.5 120
V35 0 1 1 1 0 1 0 1 0 0.5 0 0.5 120
Vs 0 O 0 1 0 0 0 1 -05 0 -0.5 0.5 120
Ve2 0 1 1 1 0 1 1 1 -05 0 -0.5 0.5 120
Vs 0 O 0 1 0 0 1 1 -1 -0.5 -1 0.5 120
Vo 0 1 1 1 1 1 0 0 05 1 1 0.5 180
Vi 0 O 0 1 0 1 0 O 0 0.5 0.5 0.5 180
Var 0 1 1 1 1 1 0 1 0 0.5 0.5 0.5 180 5
Vg 0 O 0 1 0 1 0 1 -05 0 0 0.5 180
Vs 0 1 1 1 1 1 1 1 -05 0 0 0.5 180
V65 0 0 0 1 0 1 1 1 -1 -0.5 -0.5 0.5 -180
Vi 0 1 0 1 1 1 0 0 05 0.5 1 0.5 -120
Vi3 0 O 0 0 0o 1 o0 O 0 0 0.5 0.5 -120
V 39 0 1 0 1 1 1 0 1 0 0 0.5 0.5 -120 6
Vo 0 O 0 o 0o 1 0 1 -05 -05 0 0.5 -120
Vs 0 1 0 1 1 1 1 1 -05 -05 0 0.5 -120
Ver 0 O 0 o o0 1 1 1 -1 -1 -0.5 0.5 -120
Vi 1 1 0 1 1 1 0 O 1 0.5 1 0.5 -60
Vis 0 1 0 0 0 1 0 0 05 0 0.5 0.5 -60
Va 1 1 0 1 1 1 0 1 05 0 0.5 0.5 -60 7
Vi 0 1 0 0 0o 1 o0 1 0 -0.5 0 0.5 -60
V 68 1 1 0 1 1 1 1 1 0 -0.5 0 0.5 -60
V69 0 1 0 0 o 1 1 1 -05 -1 -0.5 0.5 -60
V7 1 1 0 1 0 0 0 O 1 0.5 0 0.866 30
V4 1 1 0 1 0 0 0 1 05 0 -0.5 0.866 30 8
Vn 1 1 0 1 0 0 1 1 0 -0.5 -1 0.866 30
Vg 0 1 1 1 0 0 0 0 05 1 0 0.866 90
A 0 1 1 1 0 0 0 1 0 0.5 -0.5 0.866 90 9
Vi 0 1 1 1 0 0 1 1 -05 0 -1 0.866 90
Vo 0 O 1 1 0 1 0 o0 0 1 0.5 0.866 150 10
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Table 2. (continued).

Voltagevectors S; S, S3 S, Ss S¢ S Sg Ve Vi Ven 2|Vy° Groups
Vs 0 O 1 1 0 1 0 1 -05 05 0 0.866 150
Vs 0 O 1 1 0 1 1 1 -1 0 -05 0.866 150
Va3 0 O 0 1 1 1 0 0 0 0.5 1 0.866  -150
Vi 0 O 0 1 1 1 1 1 -1 -05 0 0.866  -150 11
V5o 0 O 0 1 1 1 0 1 -05 0O 0.5 0.866  -150
Vs 0 1 0 0 1 1 0 o0 05 0 1 0.866  -90
Vs 0 1 0 0 1 1 o0 1 0 -05 0.5 0.866  -90 12
V9 0 1 0 o0 1 1 1 1 -05 -1 0 0.866  -90
Vo7 1 1 0 0 0 1 0 O 1 0 0.5 0.866  -30
Vg 1 1 0 0 0o 1 0 1 05 -05 0 0.866  -30 13
Va1 1 1 0 o0 0 1 1 1 0 -1 -0.5 0866 -30
Vo 1 1 0 0 0 0 1 1 0 -1 -1 1 0
A\ 1 1 0 0 0 0 O 1 05 -05 -0.5 1 0 14
Vs 1 1 0 0O 0 0 0 o 1 0 0 1 0
V7 1 1 1 1 0 0 1 1 0 0 -1 1 60
Vi 1 1 1 1 0 0 0 O 1 1 0 1 60 15
Vs 1 1 1 1 0 0 0O 1 05 05 -0.5 1 60
V7 0 0 1 1 0 O 1 1 -1 0 -1 1 120
V20 0 O 1 1 0 0 0 O 0 1 0 1 120 16
Va7 0 0 1 1 0 0 0O 1 -05 05 -0.5 1 120
V76 0 0 1 1 1 1 1 1 -1 0 0 1 180
V 49 0 0 1 1 1 1 0 1 -05 05 0.5 1 180 17
Va2 0 0 1 1 1 1 0 0 0 1 1 1 180
Vs 0 O 0 o 1 1 1 1 -1 -1 0 1 -120
Vs 0 O 0 o0 1 1 0 1 -05 -05 0.5 1 -120 18
Vo 0 O 0 0o 1 1 0 o 0 0 1 1 -120
Vo 1 1 0 o 1 1 1 1 0 -1 0 1 -60
V6 1 1 0 0o 1 1 0 o 1 0 1 1 -60 19
Vs3 1 1 0 0 1 1 0 1 05 -05 0.5 1 -60

06

0.4

Im (Vi)

-0.2

-0.4

-06

-0.8

18 12

19

0
Re (Vi)

0.5

Figure 5. Projection of voltage vectors according to the complex numbers.
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Table 3. Proposed switching state of 3-phase, 4-leg FC inverter.

Voltage
S2 S3 S4 S5 S¢ S7 Ss Van Vin Ve Vil £|Vi|° Groups
vectors
|4 o 0 o0 o0 o o o0 o 0 0 0 0 0 1
V, 1 1 0 1 0 1 0 O 1 05 05 0.5 0 2
Ve o 1 0 1 0 0O 0 o0 05 05 0 05 60 3
Vg o 1 1 1 0 1 0 0 05 1 0.5 0.5 120 4
Vio 0 1 1 1 1 1 0 0 05 1 0.5 180 5
Vis 0 1 0 1 1 1 0 0 05 05 1 0.5 -120 6
Via 1 1 0 1 1 1 0 O 1 0.5 1 0.5 -120 7
Vis 1 1 0 1 0 0 0 O 1 05 0 0.866 30 8
Vie o 1 1 1 0 O O o0 ©o05 1 0 0.866 90 9
Vo o o0 1 1 0 1 o0 o0 0 1 05 0.866 150 10
Vs 0O 0 O 1 1 1 0 O 0 0.5 1 0866 -150 11
Vys 0 1 0 0 1 1 0 0 05 0 1 0.866 -90 12
V7 1 1 0 0O 0 1 0 O 1 0 0.5 0.866 -30 13
V1o 1 1 0 0 0 0 1 1 0 -1 -1 1 0 14
v, 1 1 1 1 0 0 1 1 0 0 -1 1 60 15
V74 0 0 1 1 0 0 1 1 -1 0 -1 1 120 16
Vie 0 O 1 1 1 1 1 1 -1 0 0 1 180 17
Vg 0O 0 O 0 1 1 1 1 -1 -1 0 1 -120 18
Vgo 1 1 0 0 1 1 1 1 0 -1 0 1 -60 19
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Initialize variables and get the parameters
of the Discrete model based on Ts

¥

Generate the switching states matrix
Table 3
v

Read filter currents
ja (k) » ib (k) » ic (k)
v

Read load currents
iri (k) , ire (k) . Irs (k)

v
Read load voltages

Voa (K) . Von (), Voo (K)

Calculate load currents
Equation (22)
v

Cost function
g opt=inf, x opt=1

S =states(j, )
van=S8(1)+58(2)-8(7)-S(8)
vbn=>S5(3)+5(4)-S5(7)-5(8) {1 Equation (1)
ven=S8(5)+S8(6)-S(7)-S(8)

v

Find output voltage prediction at instant (k+1)
Equation ( 21 )

| Find cost function g |

if (g<g opt)
X opt=j
g opt =g(j)

Generate switching states

S(1),8(2), 5(3), 8(4), S5, 8(6), 5(7), S(8)

Figure 6. Flowchart of the proposed predictive control algorithm.
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4. Simulation of FCS-MPC Voltage Control with Cost
Function Optimization

A Simulink MATLAB maodel is carried out using an FCS-
MPC voltage controller for a 3-phase, 4-leg FC inverter as
illustrated in Fig.7. The inputs of the Simulink MATLAB
model controller (MPC) are the load voltages (V,,, V,;, and
V,. ), inductance currents (i,, i,, and i,.), the DC input voltage
of the inverter (V,,.), three reference voltages, and inductances
and capacitors of the inverter filter. In contrast, load currents
(iz;, ips, @and ip;) are calculated in this model according to
(22). According to (21), the MPC model produces eight drive
signals (S;, S,, S3, S4, S5, Se, S7, and Sg) for driving the power
stage of the inverter (Subsystem 1 of Fig. 8).

a

f‘b fb

NOREEE

PYYYYYYY

I
ref. voltage
Sopt 0 Va‘r‘ef' (| varef
MPC

Vbr‘ef' vbref

s Vcre f e veref
Vdc vaic
2

G e (]

Lq Ly

Figure 7. Simulink MATLAB model controller (FCS-MPC
voltage control) for 3-phase, 4-leg FC multilevel inverter.
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Fig. 8 represents the Simulink MATLAB model for the power
stage of the multilevel inverter with LC filter and load. The
types of load of the inverter are shown in Fig.9. The system
parameters used in the Simulink MATLAB model simulation,
such as the inverter's DC input voltage, reference voltages,
sampling time, switching frequency, flying capacitance, and
LC filter, are shown in Table 4. The load characteristics used
in the simulation are given in Table 5, which includes 5 cases
of the load conditions.

Fig. 10 to 14 show the load voltages, load currents, and neutral
currents under the five load conditions. The load voltage
figures show that the FCS-MPC controller can regulate the
load voltage with low harmonic distortion for all 5 cases of
load conditions.

The load voltages are sinusoidal and close to the reference
voltage with a minimum THD. Fig. 15 to Fig. 19 represent the
THD for the output voltage of phase (a) for all 5 cases of load
conditions, which shows that the THD is not more than 2.59%,
occurring with a nonlinear unbalanced load (Fig.19).

From all results, the 4-leg inverter creates independent
regulated voltages for each leg and thus helps to control the
neutral current (zero sequence current). The load voltages
track their reference voltages very well.

Table 4. System parameters.

Parameters Values

DC input voltage of the

inverter Vae = 500V

V, =V, =V,
Reference voltages aref — Tbref = Tcref

=200V
Sampling time Ts =1us
Switching frequency fs = 50kHz
. . C4 = C5 = C6 = C7
Flying capacitance — 220uf

C,=C, =C; =20uf
L,=L,=L.=20mH

LC filter
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a c

1

- e
FJ_H
&

=
o

i |—hb—ﬂ—\/\/\/\—4—l—@ o
=

[ 7.
tb1 (b) Resistive load

t a

R, R;

=
&

N STV T

Ly

~
by

Diode 9

Diode 10 ZEb Diode 12

(a) 3-Phase nonlinear unbalanced load

Diode 11

E=apy

x

o

=

y =

N L

t

0

o

A

1| -o-e—a S TI—A f\fkn—@ o

(¢) Inductive load

- S
| Fj_d . ||>j_ﬁ:gj
el T AV-

Figure 9. Types of load of the inverter.

459



Journal of Engineering and Sustainable_Development. VVol. 29. No. 04, July 2025

ISSN 2520-0917

Table 5. Load characteristics of the inverter operated at reference voltages.

No. Type of load Case of load Load values
1 Resistive Balance R, =R, =R; =500
2 Resistive unbalance R; =900,R, =500,R; = 200
. R1=R2=R3=20[2
3 Inductive Balance L =L, =1L;=15mH
. R; = 900,R, = 500,R; = 2002
4 Inductive unbalance L, = 50mH, L, = 100mH, L; = 150mH
R, = 200,L,, = 40mH
5 Nonlinear unbalance Ry, = 50,Ry, = 600,C,; = 2000uf
R., = 800,L,, = 30mH, C; = 4000uf
200 [ ! ‘Va(v) ~
100 Vh(v) b
0 v,V

L L

L L L

-5
0.06 0.07 0.08

0.09 0.1 0.11
Time (s)

0.12 0.13 0.14

Figure 10: Output voltages and currents of the FC inverter
under balanced resistive load.
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Figure 11. Output voltages and currents of the FC inverter
under unbalanced resistive load.

0.06 0.07 0.08 0.09 0.1 0.1 0.12 0.13 0.14
15 T T T
10k —_— M
Sl —
. —
5F
10 F 1
15 | . I . I . I
0.06 0.07 0.08 0.09 0.1 0.1 0.12 0.13 0.14
Time (s)

Figure 12. Output voltages and currents of the FC inverter
under a balanced inductive load.
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Figure 14. Output voltages and currents of the FC inverter
under nonlinear unbalanced load.
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Figure 15. THD of the FC inverter output voltage under
balanced resistive load.
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Figure 16. THD of the FC inverter output voltage under
unbalanced resistive load.
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Figure 17. THD of the FC inverter output voltage under a
balanced inductive load.
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Figure 18. THD of the FC inverter output voltage under an
unbalanced inductive load.
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Figure 19. THD of the FC inverter output voltage under
nonlinear unbalanced load.
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5. Conclusion

The FCS-MPC voltage controller for 3-phase, 4-leg FC
multilevel inverters is modeled and simulated using
MATLAB/Simulink with minimum switching state. During the
design and modeling of the multilevel inverters, the main
problem is the complexity of achieving a regulated voltage
under unbalanced or nonlinear loads with many levels and
switching states (81), which requires a long time to reach the
optimal switching state. This problem is solved using the FCS-
MPC voltage controller with only 19 switching states. The gate
drives of transistors are directly produced from the FCS-MPC
controller without any modulator. This method is easy, very
efficient, and suitable for inverters without considering the type
of load used and without needing to adjust the parameters. Also,
this type of controller can be used with high-level inverters
without significant modifications to the controller. According
to the results obtained from the MATLAB/Simulink, regulated
output voltages were obtained with a sine wave having a few
harmonics under all 5 cases of load conditions in the steady
state mode. These features make the FCS-MPC algorithm a
perfect choice for design and implementation.
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