IEEE Open Journal of the
Industrial Electronics Society

feo

Received 9 June 2020; revised 3 July 2020; accepted 5 July 2020. Date of publication 8 July 2020;
date of current version 24 July 2020. The review of this paper was arranged by Associate Editor Haitham Abu-Rub.

Digital Object Identifier 10.1109/0JIES.2020.3007989

23-level Single DC Source Hybrid PUC (H-PUC)
Converter Topology With Reduced Number of
Components: Real-Time Implementation With

Model Predictive Control

KEVIN-RAFAEL SORTO-VENTURA
MOSTAFA ABARZADEH ©2 (Senior Member, IEEE), KAMAL AL-HADDAD
AND LOUIS A. DESSAINT ©1 (Fellow, IEEE)

! Department of Electrical Engineering, Ecole de Technologie Superieure, Universite du Quebec, Montreal, QC H3C 1K3, Canada
2Department of Electrical and Computer Engineering, Marquette University, Milwaukee, WI 53233 USA

! (Student Member, IEEE),
1 (Fellow, IEEE),

CORRESPONDING AUTHOR: KEVIN-RAFAEL SORTO-VENTURA (e-mail: kevin-rafael.sorto-ventura.1@ens.etsmtl.ca)

This work was supported in part by the Canada Research Chair in Electrical Energy Conversion and in Power Electronics, in part by the Natural Sciences and
Engineering Research Council of Canada (NSERC) and in part by OPAL-RT Technologies.

ABSTRACT In this paper, a new configuration of single DC source hybrid packed U-cell (H-PUC) converter
with reduced number of components is proposed. The proposed H-PUC only requires one dc source, twelve
power switches, and three capacitors to provide 23-level output voltage. It is comprised of two high voltage
low frequency (LF) and low voltage high frequency (HF) sub-modules which leads to less power losses
and higher efficiency of the proposed H-PUC converter. Moreover, a finite control set model predictive
control (FCS-MPC) method is proposed to generate 23-level staircase output voltage with low THD and to
regulate voltages of three capacitors to their desired values simultaneously. A real-time model of the proposed
23-level H-PUC converter and its suggested FCS-MPC are developed and implemented in OPAL-RT OP4510
platform to evaluate and validate the feasibility of the proposed H-PUC in grid-connected operation mode.
The provided real-time implementation results verify and demonstrate the performance and viability of the
proposed 23-level H-PUC and its associated FCS-MPC to provide low THD 23-level output voltage and all
three capacitors voltages balancing.

INDEX TERMS Grid-connected converter, hybrid puc (h-puc), model predictive control (mpc), multilevel

inverter (mli), packed u-cell (puc), real-time simulation, single dc source.

I. INTRODUCTION

The global adoption rate of renewable energy sources has been
increasing significantly in the past years and shows no sign
of slowing down. More specifically, solar energy is becoming
increasingly popular in many parts of the world. As such,
proper power electronic devices need to be developed in order
to meet the appropriate grid power quality requirements [1].
Indeed, the main requirement for a photovoltaic system is a
suitable voltage source inverter (VSI), which converts the DC
voltage generated by the photovoltaic arrays to AC voltage
that can be injected to the grid [2].

Furthermore, the injected current to the grid must meet
requirements compelled by stringent standards in terms of
harmonic content reduction, identified as total harmonic dis-
tortion (THD). One method of reducing this harmonic pol-
lution on the grid is to use passive, active or hybrid filters as
interfacing components connected between the inverter circuit
and the grid at the point of common coupling (PCC) [3].

Nonetheless, it is possible to considerably reduce the har-
monic content of the injected power without the use of addi-
tional filters by using multilevel types of inverters. The latter
offer a better solution than conventional inverters as they are
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capable of providing low THD staircase multilevel output
voltage, low electromagnetic interference (EMI), low dv/dt,
and lower switching frequency. This results in overall cleaner
waveforms with less harmonic distortion, which in turn re-
duces or even eliminates the requirement for bulky passive or
hybrid filters [4]-[8]. Some popular multilevel inverter topolo-
gies include the cascaded H-bridge (CHB), the neutral-point-
clamped (NPC) and the active neutral-point-clamped (ANPC)
inverters. However, these topologies are only feasible to pro-
vide lower number of output voltage levels and the number of
required DC sources, power switches, diodes, and capacitors
are significantly increased at higher number of output voltage
levels [9]-[14].

A new breed of multilevel inverters, known as the packed
U-Cell, is able to overcome the limitations previously men-
tioned. These inverters can generate a high number of voltage
levels while using a smaller number of active switches and
passive components [15]-[18]. In fact, some specific applica-
tions of the PUC converters have shown the ability to generate
7, 9 and even 15 voltage levels with a single DC source,
isolated or generated by photovoltaic arrays [19]-[21]. These
higher number of output voltage levels are attained by using
more complex control methods that usually employ some
form of sine pulse width modulation (SPWM) or space vector
modulation (SVM) [22], [23].

Recently, hybrid multilevel inverters formed by cascade
connection of two or more sub-modules are introduced in
the literature. Applying asymmetrical ratio of isolated DC
links to the sub-modules results in higher number of output
voltage levels by employing reduced number of components
in hybrid multilevel inverters [24], [25]. However, hybrid
multilevel inverters require two or more isolated DC sources
or high frequency links to provide multiple isolated DC links.
Hence, the complexity and cost of hybrid multilevel inverters
are increased [26].

To overcome the above mentioned frailties, this paper pro-
poses the single DC source hybrid PUC (H-PUC) inverter and
its suggested FCS-MPC to provide 23-level output voltage
with less number of components. The 23-level output voltage
with low THD and voltage balancing of all capacitors are ob-
tained by employing the proposed FCS-MPC in the proposed
H-PUC. Hence, the proposed H-PUC only needs one isolated
DC source and the high frequency link is eliminated from this
configuration. This paper is organized as follows. The general
topology and its mathematical model are developed and pre-
sented in Section II. Then, in Section III, the model predictive
controller is designed for 23 output voltage levels and tested
in grid-connected mode. Subsequently, in Section I'V, the real-
time equivalent model of the proposed converter is discussed.
Finally, the designed converter-controller is simulated in
real-time and validated in Section V.

1. HYBRID PUC (H-PUC) INVERTER TOPOLOGY

A. PRESENTATION OF THE CIRCUIT TOPOLOGY

The proposed H-PUC configuration is comprised of two
sub-modules that are based on the PUC topology, which was
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FIGURE 1. The Proposed Hybrid PUC (H-PUC) Inverter Topology with Single
DC Source.

first introduced in [18]. It is composed of 6 active switches,
one DC voltage source and one DC capacitor. This topology
can be used in single-phase system configuration, operating
in either inverter or rectifier modes. In single-phase inverter
mode, the basic form of the converter, called PUCS5, can
generate five voltage output levels and has the ability to
self-balance the DC capacitor voltage to one half of the
main DC source without the use of voltage sensors thanks
to appropriate modulation techniques [27]. In addition, the
same converter topology is capable of generating 7 voltage
output levels (PUC7) when paired to an appropriate control
technique that regulates the DC capacitor voltage to one third
of the main DC source [28]. The proposed single dc source
H-PUC inverter is formed by cascade connection of two
PUCS sub-modules with quinary ratio.

In [29] and [30], multilevel converter composed of two cas-
caded PUCT7 converters have been introduced, but they require
two or more DC sources to achieve a high number of voltage
output levels. Similarly in [31], the Q-HNPC is proposed as a
modular approach to cascaded multilevel inverters based on
HNPC and PUCS5 converters has been presented, but again
multiple DC sources are necessary for proper operation. In
this paper, the proposed topology, shown in Fig. 1, is based
on a cascade connection of two PUCS inverters where the DC
source of the second converter is replaced by a voltage regu-
lated DC capacitor, which reduces the burden of using multi-
ple isolated bidirectional DC sources. Additionally, as shown
in Fig. 1, only 4 of the 12 switches operate at high switching
frequency, whereas 6 switches operate at lower frequencies,
and the first 2 complementary switches operate at fundamen-
tal frequency. This results in overall higher efficiency since
higher voltages like V. are switched at lower frequencies.

The use of a model predictive controller requires
prior knowledge of all possible switching states of the
converter [32]-[34]. Since the proposed converter is
composed of 6 pairs of complementary switches (S; to Sg
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TABLE 1. Possible Switching States and Capacitor Charging States of 1st
and 2nd PUC

1st PUC States
State | S1 | S2 | S3 | C1 VistPuc
1 0 0 0 — 0
2 0 0 1 1 —Ve1
3 0 1 0 B Ver — Ve
4 0 1 1 — —Vie
5 1 0 0 — Vie
€ [T o [T[7 Ve — Ver
7 1 1 0 1 Ve1
8 1 1 1 — 0
2nd PUC States
State | S4 | S5 | S6 | C2 | C3 | Vo,apuc
1 0 0 0 — — 0
2 0 0 1 — 1 —Ves
3 0O | T [0 | & | 1 [ Vesz—Ve
4 0 1 1 — —Veo
5 1 0 0 — Veo
6 1 0 1 T Veo — Ves
7 1 1 0 — 1 Ves
8 1 1 1 — — 0

and S}, to Se.), there are in total 20 = 64 possible switching
states for this topology. However, individually each of the two
PUCS5 converters has 23 = 8 possible switching states. Thus,
for the sake of conciseness, only the states of each individual
PUCSs (1st PUC and 2nd PUC) are shown in Table 1.

The overall 64 switching states can then be obtained by
listing every combination of the two individual converters’
states. The following definitions should be observed:

_ 1 if S;is ON

S; =S = i=1,2,3,456 (I
U)o if Siis OFF L

where S; ans S;. are pairs of complementary switches that are
never ON simultaneously in order to avoid short-circuiting the
DC source.

B. DETERMINATION OF CAPACITOR VALUES
The selection of capacitor values is influenced by their peak
current, their charging and discharging period, and their volt-
age ripple as expressed in the following equation:
_ Jpeak X Alei s g @)
Vripp]e
where Ijeq is load current peak value, V,jp,,1. is desired ca-
pacitor voltage ripple and At is the duration of charge and
discharge of i-th capacitor. The values of Ipeq and Viippre
are imposed by the user, but they still depend on At.;. Thus,
in Fig. 2 the charging and discharging currents of all three
capacitors Cy, C, and C3 are depicted over two fundamental
cycles. It is observed that the charging and discharging periods
of C and C;5 are balanced with about sampling frequency (f;),
whereas the charging and discharging period of C2 is balanced
with about 5 times of fundamental frequency (5 x fj). As such,
the values of At. of C; and C3 are much smaller than that of
C> and consequently, considering (2), the selected values of
C; and C3 can be considerably smaller than the value of C;.
More specifically, the capacitor values utilized in this work
are C; = 500 uF, C, = 1500 uF and C3 = 500 uF.
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FIGURE 2. Charging and discharging currents of all three capacitors of the
H-PUC converter during two fundamental cycles.

TABLE 2. Comparison of the Proposed 23 L H-PUC Converter with other
Presented Converters in the Literature in Terms of the Number of
Components

MLI HF LF Diodes | Caps. DC
Type Switches | Switches Sources
23L-CHB 44 - - - 11
21L 4 10 4 3 2
Q-HNPC [31]
23L-PUC 22 2 - 10 1
23L-ANPC 22 4 - 12 1
25L 8 6 - 3 3
H-ANPC [14]
Proposed 8 4 - 3 1
e | | R

C. COMPARISON OF THE H-PUC WITH OTHER MLI
TOPOLOGIES

The proposed 23-level H-PUC converter is compared to other
MLI converters in Table 2. The table lists the number of DC
sources, capacitors, diodes, high frequency (HF) switches and
low frequency (LF) switches for the CHB, Q-HNPC, PUC,
ANPC and H-ANPC converters with similar numbers of volt-
age output levels.

As such, Table 2 demonstrates that the proposed H-PUC
is able to considerably reduce the number of HF and LF
switches when compared to other topologies, even decreas-
ing the number of LF switches by two with respect to
the 25-level H-ANPC [14] and by four with respect to the
21-level Q-HNPC [31]. In addition, the H-PUC requires only
one DC source, three capacitors and no clamped diodes.
Hence, the H-PUC inverter is capable of attaining a high
number of output voltage levels with a reduced number of
components.

IIl. THE PROPOSED FINITE CONTROL SET MODEL
PREDICTIVE CONTROLLER (FCS-MPC)

A. MATHEMATICAL MODELLING OF THE INVERTER

It is necessary to define a mathematical model of the converter
in order to use a model predictive controller effectively. This
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TABLE 3. Simplified Switching States and Capacitor Charging States of 1st
and 2nd PUC for MPC

1st PUC States

State | Sa | Sb | C1 VistPuc
1 0 0 — 0
2 0 -1 \L — Vel
3 -1 1 T Ver — Vige
4 10 | — —Viae
5 10 - Ve
6 1 -1 T Vdc — Vel
7 0 I 1 Vel
8 0 0 — 0

2nd PUC States

State | Sc | Sd | C2 | C3 | Vopapuc
1 0 0 — — 0
2 0 -1 — 1 —Ve3
3 -1 1 1 T | Ves —Veo
4 -1 0 T — —Ve2
5 1 0 1T — Vea
6 1 -1 \L T V62 — VCS
7 0 1 — 1 Ves
8 0 0 — 0

is because the basis of MPC is the prediction of the future state
of the converter model [33]. Hence, a simple and discretized
converter model based on the Forward Euler approximation is
developed and presented in this section.

The first equation that can be defined is the overall inverter
AC output voltage in the time domain as:

Vino () = Vigpuc (t) + Vagapuc (t). 3)

Because the objective of the model predictive controller is
to select an appropriate switching state, it is more useful to
express Viny as a function of the individual switches’ states (S
to Se). This approach was used in [33] and is reproduced here.
Indeed, by examining the relationships between the states of
the switches S; and the converter output voltage, which is
defined by the sum of Viypyc and Vo,gpyc, two switching
functions can then be defined:

Visspuc(@) = (S1 — S2)Vae(t) + (S2 — S3)Vea(t)  (4)
Vonapuc(t) = (S4 — S5)Vea (t) + (S5 — Se)Ves (). (5)

These equations can be further simplified by introducing four
new switching variables constructed by combining each two
consecutive switching functions, namely:

Sa=81-% (6)
Sp=25,—53 (7)
S. =S4 — Ss ®)
Ss =S5 — Se. )]

Therefore, new simplified switching states are obtained based
on the newly introduced intermediate switching states, as can
be shown in Table 3. These new switching variables are used
in the MPC to generate the appropriate output voltage level of
the converter.

With the new variables defined in (6) to (9), it is then
possible to combine equations (3) to (9) to write the following
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discrete expression
Vino (k) = SaVac (k) + SpVer (k) + ScVea (k) + SqVes (k) (10)

for the inverter output voltage, where k = 0, 1, 2, 3... is the
discrete index chosen to denote the value of a variable at a
given computation time step. One can observe that the out-
put voltage is a combination of the switching variables that
multiply each of the V. and the three capacitor voltages Vi,
Ve and V3. Subsequently, the equations of the Cy, C>, and C3
capacitors currents as functions of the new switching variables
along with the grid current i;(f) can be written as

av, .
() =Cy d‘t(’) = —Syis(0) (11)
b =620 _ i (12)
dt
av, .
() = C3 di(’) = —S4iy(0). (13)

Next, the derivative terms in equations (11) to (13) can be
discretized by using the Forward Euler approximation

dVer (1) _ Vak+1) —Va (k)

(14)
dt T,
dVea(t) _ Vak+1) — Vo (k) (15)
dt Ts
dVes(t) _ Veak + 1) = Ves (k) (16)
dt Ts

where T is the sampling time. Finally, by replacing (14), (15)
and (16) into (11), (12) and (13), respectively, the equations
for the predicted future values of the capacitor voltages as
functions of the switching variables are obtained as:

IiS

Vertk+ 1) = Vo (k) — Cbis<k) (17)
1

Vealk + 1) = Vealk) — 26 (18)
G

Vea(k + 1) = Via (k) — TSCSd i (k). (19)
3

In the time domain, the inverter voltage as a function of grid
current and grid voltage Vi(¢) is expressed as:
dis(t)

dt
The derivative term can be discretized by employing the For-
ward Euler approximation

dig(t)  ig(k+ 1) — ig(k)
dr T,

and the equation for the predicted future value of the grid
current is derived by combining (20) and (21)
T,
is(k + 1) = ig(k) + L_S(Vinv(k) — Vs(k) — Ryis(k)).

A

Vi (t) = Ryis(t) + Ls + V(). (20)

ey

(22)

The next step in the MPC design is to define the control
objectives.
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FIGURE 3. The Schematic Diagram of the Proposed FCS-MPC for the
H-PUC Inverter.

B. CONTROL OBJECTIVES AND IMPLEMENTATION

OF THE MPC

The proper operation of the proposed H-PUC converter de-
pends on the regulation of the DC capacitor voltages and
on the synchronization of the injected current with the grid
voltage. Thus, there are four control objectives for the MPC:
regulation of voltages V.1, V.2, V.3 and the synchronization
of grid current is. Thus, the MPC cost function G takes the
following form:

G(k) = k(is(k + 1) — i¥)* + g(Vd(k +D-V)?

k % \2 k *\2
+ §(ch(k +D—=Vo) + E(Vd(k +1)—-V3)
(23)

where k is used as a weighted factor to decouple one objective
from the other, and the variables denoted by a star (*) are
the reference values. In this work, the weights attributed to
the control of the three capacitor voltages are normalized
with respect to the current gain k, and the specific gain ra-
tios in (23) are determined by iteration to obtain satisfactory
performance.

The schematic diagram of the proposed FCS-MPC method
is shown in Fig. 3 along with a flowchart of the process in
Fig. 4. At every time step, the MPC measures the present
values of V., Vi1, Ve, Ves, iy and Vy and uses them to compute
the predicted future values based on equations (10), (17),
(18), (19) and (22). These future values are represented by
the vector X(k + 1) in Fig. 3. The controller computes the
aforementioned predicted values for all 64 possible states of
the switching variables S,, Sp, S¢, S; and determines which
one of these states results in the minimum value of the cost
function G. The selected state is then used to apply the corre-
sponding pulses to the inverter switches’ gates and the process
is repeated for the next time step.
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FIGURE 4. Flowchart of the Proposed FCS-MPC Process.

C. REFERENCE VALUES FOR 23 OUTPUT VOLTAGE LEVELS
In order to achieve the desired number of output voltage level,
which is 23 in this case, it is important to apply the proper
voltage ratio between the source V;. and the DC capacitor
voltage V. In the H-PUC converter, the following formula
can be used to calculate the number of output voltage levels

N=M xM;—2 (24)

where N is the number of output voltage levels, M; and
M> are the number of output voltage levels of the first PUC
and second PUC respectively, and the subtraction by 2 is
for providing enough redundant switching states for voltage
balancing of all capacitors. Then, the voltage ratio % should
be equal to the number of voltage output levels of the second
PUC. In this case, because both converters are 5-level PUCS5s,
the ration is M, = 5 or:

* —_—
VCZ —_ .

(25)

In (25), V4 is the input DC source voltage. Furthermore, be-
cause each of the two converters are operated as 5-level PUCS
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FIGURE 5. Schematic of the Simulation Process with OP4510.

inverters, the auxiliary DC capacitors should be regulated at
half the value of the main DC voltage:

v,
v =24 (26)
2
VE Ve
Vi= -2 =" 27
c3 2 10 ( )

Moreover, as seen in Fig. 3, the sinusoidal current reference
is obtained by measuring the grid voltage angle and generating
a synchronized sine wave

iy = A x sin(wt) (28)
where A is the amplitude of the reference injected current to
the grid and wt is the measured grid voltage angle.

IV. CONVERTER MODELING FOR REAL-TIME SIMULATION
ON THE OPAL-RT PLATFORM

A. SOFTWARE-IN-THE-LOOP SIMULATION

In a typical production process, the steps generally consist of
some initial research, mathematical modeling, offline simu-
lations and then hardware prototyping. Real-time simulation
(RTS) is to be used as an intermediate step before any real
hardware is developed. Indeed, real-time simulations offer the
possibility of connecting the simulated system to a larger dig-
ital plant (e.g. distribution grid). This better flexibility is due
to the fact that in RTS, one second of simulation represents
one second of the real life system running. In other words,
the simulation runs at the same rate as the real system would.
This feature also allows for hardware-in-the-loop (HIL) simu-
lations in which hardware components such as controllers can
be introduced in the simulation loop. This helps in further re-
ducing the complexity and cost of the production process [3],
[35], [36].

Specifically, the type of real-time simulation employed in
this work is called software-in-the-loop (SIL) simulation. It
gets this name because there is no hardware controller or
plant involved in the process, like there would be for HIL.
Nonetheless, SIL still results in more true to life behaviour
of the simulated system. A schematic of the SIL process
is illustrated in Fig. 5. In the case of this paper, both the
model predictive controller and the inverter are modeled in
Matlab/Simulink, compiled on the RT-LAB software and then
simulated in real-time on an OP4510 CPU.
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B. REAL-TIME MODEL OF THE H-PUC INVERTER

The large number of active switches in the proposed inverter
makes it difficult to perform CPU-based real-time simulation
with a low enough computation time step. A low time step
is necessary because the performance of the MPC increases
when the time step decreases. For this reason, an equivalent
inverter model where the first and second PUC converters are
replaced by a controlled voltage source is developed [37].
The diagram in Fig. 6 shows the aforementioned equivalent
converter model. By using the switching vector (S; to Se),
the current measurement i; and the value of the DC source
Vac as inputs, the inverter output voltage Vj,, can be accu-
rately reproduced thanks to equations (10), (11), (12) and
(13). The rest of the circuit, namely the AC voltage source
V; and the line impedance R + jwL, depicted in Fig. 1, are
modeled using SimPowerSystems (SPS) components. Finally,
the model predictive controller is constructed with a Matlab
Function block that stores the vectors of S, to S; and S to S,
and computes equations (10), (17), (18) (19), (22) and (23)
and applies the selected switching vector to the equivalent
converter model as shown in Fig. 6.

C. VALIDATION OF THE EQUIVALENT REAL-TIME MODEL
OF THE H-PUC INVERTER

The equivalent voltage source model of the H-PUC inverter
presented in the previous subsection is validated through
offline simulations in Simulink. The circuit presented in
Fig. 1 is constructed in two versions: one using IGBT power
switches and capacitors from the SPS library and another one
using the voltage source equivalent model. The simulation
parameters for both versions are the same and are outlined
in Table 4. In order to validate the accuracy of the proposed
equivalent model, the waveforms of the measurements of both
circuit versions are superimposed in the subsequent Fig. 7,
Fig. 8 and Fig. 9.

Firstly, the system transient response is simulated. The re-
sults for the output voltage Vj,, and the grid current is are
shown in Fig. 7 while the three capacitor voltages V.1, V.2, V.3
are illustrated in Fig. 8. It can be observed from Fig. 7 and
Fig. 8 that the equivalent model of the converter is able to
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FIGURE 7. Output voltage and grid current transient response: comparison
of SPS and equivalent model.
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FIGURE 9. Capacitor voltages ripple: comparison of SPS and equivalent
model.

closely match the behaviour of the circuit made from SPS
power switches.

Secondly, a closer inspection of the capacitor voltages in
steady-sate is performed as displayed in Fig. 9. These mea-
surements demonstrate that even the small voltage ripples
of the DC capacitors are well reproduced by the equivalent
model. Hence, the equivalent H-PUC model is used to obtain
real-time simulation results in the next section.
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TABLE 4. Simulation Parameters
Parameter Value
Grid Frequency f=60Hz
DC Source Voltage Vie = 160V
First DC Capacitor C1 = 500uF
Second DC Capacitor Cy = 1500uF
Third DC Capacitor C'3 = 500uF
Grid Link Inductance Ls = 500pH
Grid Link Resistance Rs = 0.1Q
Grid Voltage Vs = 120V rms
Cost Function Gain k=10
Real-Time Simulation Time Step Ts = 10us

V. REAL-TIME SIMULATION RESULTS

The proposed 23-level grid-connected H-PUC inverter and
associated model predictive controller have been implemented
in OPAL-RT OP4510 real-time simulator and the RT-LAB
real-time simulation software, which is based on the Mat-
lab/Simulink platform. In addition to steady-state and tran-
sient results, a step change in the current amplitude reference
is applied to demonstrate the dynamic performance of the
system in tracking the reference injected current to the grid.
Reactive power and voltage sag tests are also performed to
further demonstrate the converter and controller performance.
The parameters used for the simulation are listed in Table 4.

With the chosen 160 V DC source voltage, the DC capacitor
voltages should be regulated at V; =80V, V? =32V and

% = 16V according to (25) to (27).

The steady-state waveforms for the inverter output volt-
age Vi, the first and second PUC output voltages
Visspucs Vanapuc and the grid current i are depicted in Fig. 10
for a current reference of 10 A. The 23 output voltage levels
are easily identified in the Vj,, waveform. Furthermore, the
behaviours of the two PUCs can be observed individually. In
fact, the first PUC operates as a high voltage, low frequency
five-level converter with high efficiency, whereas the second
PUC operates at higher switching frequency and lower DC
voltages to generate extra minor voltage levels between pro-
vided major voltage levels of the first PUC sub-module that
are needed to achieve the required overall 23 voltage levels.
In addition, the injected current to the grid is almost sinu-
soidal, which implies that its harmonic content is minimal.
Another interesting feature of this topology is that the high
frequency switches withstand much lower DC bus voltage
while conducting the same load current, which leads to less
power loss in the power switches and higher overall efficiency
of the proposed H-PUC inverter.

The transient response of the three DC capacitors is also
measured. In Fig. 11, the capacitor voltage waveforms form
startup until they reach steady-state are displayed. The mea-
surements confirm the accuracy of the controller and they
also show the quick transient period of the capacitor voltages.
Indeed, all three voltages reach steady-state in under 0.06 s.

The six gating signals S; to S¢ are also measured over
one fundamental 60 Hz cycle once the system has reached
steady-state. The results confirm the behaviour seen in Fig. 10.
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FIGURE 10. Real-time simulation results of the proposed H-PUC converter.
(a) Grid voltage and current. (b) The output voltage of the proposed
23-level H-PUC inverter (c) The first PUC sub-module output voltage.

(d) The second PUC sub-module output voltage.
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FIGURE 13. Response for the (a) inverter voltage and grid current, (b) C1
voltage, (c) C2 voltage, and (d) C3 voltage during a step current change.

Indeed, Fig. 12 indicates that the first PUC’s switches oper-
ate at a much lower frequency than the second one, with S
switching at fundamental frequency. This behaviour results in
overall lower switching losses since the higher DC voltages
of the first PUC are switched at low frequencies and only
the smaller DC voltages of the second PUC converter are
switched at high frequencies.

The dynamic performance of the inverter is evaluated by
applying a current amplitude reference change from 5 A to
10 A and thereafter back to 5 A. Fig. 13 shows the response of
the three capacitor voltages, the inverter voltage and the grid
current during the transients. The results demonstrate that the
inverter voltage and DC voltages show little to no disturbance
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FIGURE 14. Response for the (a) inverter voltage and grid current, (b) C1
voltage, (c) C2 voltage, and (d) C3 voltage during a current phase change.

in response to the step change in current amplitude. The sys-
tem is able to maintain constant voltage operation.

The converter’s capacity to inject reactive power into the
grid is also tested. This is done by adding an offset angle to
the one measured by the PLL in Fig. 3. Indeed, the results in
Fig. 14 are obtained when the angle of the reference current is
shifted by 30° at 1.34 s, and subsequently brought back to
zero at 1.51 s. The measurements show that the controlled
variables respond well to the change in current angle. In fact,
the only noticeable disturbance is in V., which seems to
decrease slightly below its target value. Nonetheless, the other
DC capacitor voltages show almost no disturbance.

A voltage sag test is also done to illustrate the parameter
sensitivity of the converter and controller. A simulation is run
in which the grid voltage Vi amplitude is decreased by 10%
at 1.42 s and then increased back to nominal value at 1.64 s.
The results of this test are seen in Fig. 15. During the voltage
sag, the DC capacitor voltages remain around their reference
values, but they also start oscillating considerably and this is
visible in the Vj,, waveform. Despite this, the grid current is
able to maintain a smooth sinusoidal shape.

Finally, the harmonic spectra and THD values for the in-
verter voltage and grid current are shown in Fig. 16 and
Fig. 17 for a current reference of 10 A. The analyses show a
THD of 4.38% for the inverter output voltage and a harmonic
spectrum that seems relatively spread out. As for the current,
the THD is only 1.35% with the highest individual harmonic
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being the third order at 0.29% of the fundamental. This low
current THD value is achieved despite the low value of the
grid inductance (500 pH) thanks to the high number of output
voltage levels.

Furthermore, to evaluate the conduction and switching
losses of the proposed H-PUC converter, the conduction and
switching loss models of C3M0120090D MOSFET has been
developed in MATLAB/Simulink platform. Then, based on
the switch loss model, the power loss model of the proposed
H-PUC converter has been developed and the efficiency of
the proposed H-PUC converter has been evaluated. The to-
tal efficiency of the proposed H-PUC converter operating at
120 VAC, 850 W, and sampling time of 10 us is calculated as
93.56%.

Thus, the real-time simulation results demonstrated in this
section confirm the effectiveness of the proposed model pre-
dictive controller in generating the desired number of output
voltage levels in a cascaded PUC converter with a single DC
source. The MPC also simplifies the controller design process
since it does not require the use of a modulation technique.
Moreover, the controller is capable of accurately tracking the
reference DC capacitor voltages and grid current references
even during step changes in current. Meanwhile, these results
are obtained with minimized switching losses due to the hy-
brid inverter configuration in which higher DC voltages are
switched at lower, close to fundamental frequencies.

VI. CONCLUSION

The single DC source 23-level H-PUC inverter with reduced
number of components and its associated FCS-MPC were
proposed in this paper. It is comprised of only one DC source,
twelve power switches, and three capacitors to provide
23-level output voltage. The proposed H-PUC inverter
is formed by cascade connection of two high voltage low
frequency and low voltage high frequency PUCS sub-modules
which leads to less power losses and higher efficiency of the
proposed H-PUC converter. The DC source of the second
PUCS sub-module was replaced by capacitor, then the single
dc source hybrid multilevel inverter was achieved. Moreover,
the proposed FCS-MPC method was applied to the H-PUC
inverter to generate 23-level staircase output voltage with
low THD and to regulate voltages of three capacitors to their
desired values simultaneously. The real-time model of the
proposed grid-connected H-PUC inverter and its associated
FCS-MPC were implemented in OPAL-RT OP4510 real-time
simulator. The provided real-time implementation results
verified the feasibility and viability as well as steady-state and
dynamic performance of the proposed grid-connected H-PUC
inverter and its suggested FCS-MPC.
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