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ABSTRACT Quasi-Z source (qZS) multilevel inverters have become popular in sustainable energy systems,
particularly in photovoltaic (PV) systems. This study proposes a qZS five-level nested neutral point clamped
(5L-NNPC) inverter, benefiting from continuous input current, high voltage gain, and insignificant voltage
stress across semiconductors. The proposed topology provides a common ground between the input sources
and the inverter’s DC link, thus entirely eliminating leakage current, making it a suitable candidate for
PV applications. Moreover, model predictive control (MPC) is employed to regulate the voltages of flying
capacitors and the output current of the SL-NNPC inverter. The study also includes analyses of steady-state
performance, circuit design, efficiency, and control considerations. Finally, experimental results are presented

to validate the converter’s performance.

INDEX TERMS Five-level nested neutral point clamped, model predictive control, quasi Z-source (qZS).

I. INTRODUCTION

The effects of global warming have been exacerbated in re-
cent years by the growing use of fossil fuels. To mitigate the
consequences of this crisis, renewable energy sources such as
PV systems have been offered. Meanwhile, in PV systems,
the generated DC voltage is low. Therefore, to provide the de-
sired voltage magnitude, high step-up multilevel inverters are
required [1], [2], [3], [4]. In medium-voltage and high-power
applications, multilevel inverters are often utilized because of
the numerous advantages they have over two-level inverters
such as lower total harmonic distortion (THD), higher power
quality, and lower voltage stress on semiconductors [5], [6].
Therefore, multilevel inverters have gained attention among
both researchers and industries. Multilevel inverters can be
categorized into three main groups: neutral point clamped
(NPC), cascaded H-bridge (CHB), and flying capacitor (FC)
topologies [7], [8], [9].

These kinds of multilevel topologies have been uti-
lized in numerous applications, including PV systems and
uninterruptible power supplies [10], [11]. However, the maxi-
mum AC side voltage in the conventional multilevel inverters
is limited. For instance, the peak AC output voltage of an NPC
inverter cannot exceed half of the DC input voltage. In the
CHB inverter, the peak AC output voltage is approximately
equal to the sum of the DC source voltages. To generate the
AC output voltage and provide the required voltage boosting
factor, an extra DC-DC boost stage should be used [12], [13].
Using an extra boost stage leads to not only an increase in
cost and size but also a decrease in the total efficiency of
the system. The Z-source inverter (ZSI) and qZSI have been
presented to address the mentioned drawbacks of conventional
multilevel inverters [14], [15]. These topologies accomplish
buck-boost voltage operation with a single-stage power con-
version. Using the shoot-through state, the ZSI/qZSI can

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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increase the DC-link voltage. As a result, these topologies
do not need an additional energy conversion stage, improving
the system reliability. To apply the benefits of the qZSI to
multilevel inverters, some topologies have been proposed in
[16], [17].

The Authors in [18] and [19] utilize the coupled inductor
approach, providing a high voltage gain. Meanwhile, applying
this method may lead to a voltage spike across the semicon-
ductors, reducing their lifetime. In [18], the discontinuous
input current leads to an increase in the input source stress.
The topology presented in [19] employs three active power
switches, requiring a complex control system. The converter
in [20] utilizes a switched inductor. Nevertheless, the common
ground between the input source and output DC links has
been eliminated. Additionally, the presence of numerous pas-
sive components in this converter increases weight, size, and
conduction losses. A novel quasi-switched-capacitor-inductor
Z-source structure is suggested in [21]. However, the current
stress of the switches in this converter is significantly high.
The Z-source-based topologies have a discontinuous input
current and no common ground. This converter also has a
high startup current, which affects the lifetime of the circuit
elements [22]. Quasi-z-source topologies have been suggested
as a solution to address the challenges of z-source structures.
These kinds of topologies have some features such as high
voltage gain and continuous input current [23], [24], [25]. The
high voltage stress on power semiconductors in [23] necessi-
tates using switches and diodes with a high voltage rate. The
authors in [24] propose a new topology with numerous diodes,
which increases power losses and the size of the converter
while decreasing its efficiency and power density. In [25],
the proposed structure benefits from using active switches.
However, employing four inductors reduces the converter’s
efficiency and power density and imposes high voltage stress
on the diodes. Although [26] has a continuous input current,
its input current has a significant ripple and cannot be a proper
choice for PV applications. [27] has a low voltage gain and
must be added to the transformer’s number of turns to provide
a suitable voltage gain during low-duty cycles. A new three-
phase NPC-based converter has been suggested in [28]. This
topology has significant features, including reduced power de-
vices compared to the alternative structures with comparable
operations.

On the other hand, from the control and modulation view-
point, conventional PWM-based modulation techniques are
widely used in multilevel topologies to control and balance the
flying capacitors and neutral point voltages. Meanwhile, the
5SL-NNPC inverter lacks sufficient redundant modes, reducing
the use of those techniques. MPC methods have been studied
for high-power medium-voltage applications. The MPC-based
solutions offer some advantages, such as achieving a wide
variety of control objectives and mitigating the requirement of
modulators and PI controllers while improving the capability
of dynamic responsiveness [29], [30], [31]. In [32], a new
boosting structure with continuous input current and insignif-
icant voltage stress on power switches and diodes, tied to a
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FIGURE 1. Equivalent circuit of a single phase high gain active-switched
qzs NNPC inverter.
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FIGURE 2. (a) Boosting topology, (b) mode I, and (c) mode II.

single-phase SL-NNPC inverter, is proposed. Fig. 1 depicts
the general circuit of the suggested structure. The input DC
source is amplified and fed into the NNPC structure using
a qZS network. This converter offers low voltage stress and
allows the utilization of semiconductors with small parasitic
components, thus reducing the converter’s cost and enhancing
efficiency. Also, the MPC method is expanded in this paper to
control the single-phase SL-NNPC inverter.

Il. PROPOSED DC-DC HIGH STEP-UP CONVERTER

Fig. 2(a) shows the proposed boosting structure. Increasing
the input voltage to the desired level is the main goal of
this converter. In this structure, two switches (Q1, Q»), five
diodes (Dy, Dy, D3, D4, Ds), three inductors (L, Lo, L3),
and five capacitors (Cy, C, C3, C4, Cs) are employed. The
input current is continuous because of a series inductor with
the input source. To simplify the analysis, it is assumed that
all capacitors are sufficiently large to maintain a constant
steady-state voltage. Additionally, the converter is considered
to operate in continuous current mode (CCM).
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A. OPERATION MODES
The switches are turned OFF/ON at the same time to simplify
the drive circuit. Hence, two operating modes are predicted.
MODE I: Fig. 2(b) illustrates mode 1. Both switches are
turned ON during this mode. Inductors become magnetized
due to the presence of a positive voltage across them. As a
result, the current flowing through the inductors rises linearly.
(> and the input source charge L; through the first switch, and
the voltages of C; and C3 magnetize L, and L3, respectively.
All diodes, except Dy, are in a reverse bias state. As a result
of deactivating Ds, the inverter is supplied by the DC bus
capacitors. The voltage of inductors is represented in (1).

VLl = Vm + VCZ
Vi, = V¢ (D
Vi, = Ve

MODE II: Fig. 2(c) illustrates the second mode. This mode
is denoted when the switches are OFF. The sum of the input
source and Cj voltages discharge L;. Furthermore, while the
negative voltage of C3 demagnetizes L, the voltage summa-
tion of C3 and C4 demagnetizes L3. As a result, the inductors’
current decreases proportionally regarding the negative volt-
age across them. Except for D,, all diodes are active in this
mode. Therefore, the voltage of the DC bus is equal to the
combined voltage of capacitors C4 and Cs. The voltages across
inductors are indicated by (2).

VLI = ‘/ll’l - VC]
VL2 = VC] - VC3 (2)
Vi, =Ve, — Ve

B. BOOSTING FACTOR

The capacitors’ voltages are calculated by using the volt-
second balance and KVL. To prevent saturation, the average
voltage across the inductors should be zero over the entire
switching period, according to the volt-second strategy. The
V. equals the sum of C4 and Cs voltages. The capacitors and
Vac voltages are obtained by (3).

yo_ =D _ DV

C1—1_2D ins C2—1_2D
A [ — 3)
ST1 20 “ T 0-2D)1 —-D)

Ve, = Vi Ve = Ve, + Vi
CS_(]—ZD)(I—D)’ de =— C4 C5

By applying the voltages of the capacitors and V,;. equation,
the boosting factor (B) can be expressed by (4).

Vie 2

~V, (-2D)1-D)

v “4)

C. VOLTAGE AND CURRENT STRESSES

The voltage stress across the power switches and diodes plays
a crucial role in choosing the appropriate components. When
the semiconductors are OFF, the voltage stress across them
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FIGURE 3. Normalized voltage stress across semiconductors.

can be expressed by (5).
1-D

) Vie
Vie D ®)
- Vo =5 Vae

Fig. 3 illustrates the normalized voltage stress across power
switches and diodes. Regardless of duty cycle value, the volt-
age stress of Vp3, Vpa, and Vps are equal to half of the V.. In
addition, although the voltage stress across the second switch
will be increased as the duty cycle percentage exceeds, this
value is less than one-fourth of the V;. for all duty cycle
ranges. Also, when the duty cycle increases from O to 0.5, the
normalized voltage stress across the first switch reduces from
0.5 t0 0.25.

The voltage stress across switches and diodes is always
limited to a maximum of half the output voltage. Hence, it is
feasible to employ semiconductors with low voltage ratings in
high voltage applications, permitting the use of switches and
diodes with low ON-resistance and forward voltage, respec-
tively. Notably, the suggested converter reduces total power
losses and overall cost by using the power switches and diodes
mentioned above.

Regarding the ampere-second balance, the average current
flowing through capacitors throughout a switching period is
zero. The average current of the inductor can be determined
by applying the ampere-second balance and KCL as:

Vp, =Vp, =Vp, =

Vi, = Vp, = Vp, =

214
I, =—"4
(1= D)(1-2D)
dc
I, =——d 6
L= 0 "D)y1-2D) ©
_ 2dc
L=7"D

The average current that flows through power switches and

diodes can be calculated during the activation state. The cur-
rent stresses of switches and diodes are indicated as:

21y,
ID[ dc

ID3 = ID4 = IDS = Idc
(1+3D)l;,

2= 1-D)1-2D)

T d-D-2p)y P~

21y,
1-D

(N
_ (1—=D—=2D)y,

2T Ty —2D)

VOLUME 5, 2024



IEEE Open Journal of

pels .
Power Electronics

A

It should be noted that the average passing current through
D3, Dy, and Ds is 1., regardless of the duty cycle percentage.
Because of the low current passing through the mentioned
diodes, the proposed converter can utilize diodes with a low
current rate, which increases efficiency and decreases costs.

The root mean square (RMS) current of capacitors is indi-
cated below.

; _, 3 2. D
C{,RMS = 1Cy,RMS — (1 —D)(l — ZD) 1—-D
2ge D
I = —_— 3)
N O )
1-D
Ic, rms = Ics.rms = lic D

D. POWER LOSS ANALYSIS

Parasitic components in the converter result in losses and ef-
ficiency reduction. Converter losses can be classified into two
main types: conduction loss and switching loss. Conduction
loss in the converter is computed as follows.

4Idc2 L, I'L,
b="0"byp <(1 oD T (1—2D) +rL3> ©)
Py = V,la. 6D* — 13D+ 7 (10)
(1 —D)(1 —2D)
P, on = Lac” (ras, (1 + 3D)?
Q,conduction (1 — D)2(1 _ 2D)2 dsy
+ ra5,(1 — D — 2D?)) (11)

Pe = ESRllcl_RMSZ + ESRZICZYRMSZ + ESR3,IC3,M2

+ 1;“3R41C4JM2 + Eszeslcsm2 (12)

where 1, V¢, rgqs, and ESR are the inductors resistance, the
forward voltage of diodes, the ON-resistance of switches,
and the equivalent series resistance of capacitors, respectively.
Notably, the voltage drop of diodes is considered equal to sim-
plify calculations. The switching loss of switches is calculated
in (13).

Vdcldcf(ton + toff)(l +3D — 4D* — 2D3)
4(1 — D)(1 — 2D)

PQ,Switching =

(13)
where 7o, represents turn-ON time and 7.¢ indicates turn-OFF
time. Fig. 4(a) shows the loss breakdown of the proposed
converter. It is observable that the most significant part of the
loss is related to the diodes, whereas the capacitors contribute
the most negligible part.

By employing power loss equations caused by differ-
ent components, the converter efficiency can be calculated
by (14).

Pin _(PL +PD +PC +PQ,C0nduction + PQ,Swilching)

Efficiency = 5
i

(14

Fig. 4(b) shows the experimental efficiency curves of the

proposed converter versus output power. Regarding this fig-

ure, the maximum value of the experimental efficiency of the
proposed converter at 100 W output power is 94.01 %.

VOLUME 5, 2024

Diodes Loss

a 68%

Capacitors Loss
4%

Inductors Loss
15%

Switches Loss
13%
(2)

Efficiency (%)
ES

20 40 60 80 100 120 140 160 180
Output Power (W)

(b

FIGURE 4. (a) The loss breakdown of the proposed converter and (b) the
experimental efficiency curve of the proposed converter versus output
power.

E. COMPONENTS CONSIDERATION

The voltage of inductors and current of capacitors are obtained
by (15).

dly Al
Vi=L— =L—

dv, AV,
I.=C =C

dt DT

where V7 and I. denote voltage across inductors and flowing
current through capacitors, respectively. Also, Al;, and AV,
represent inductor current ripple, and voltage ripple across
capacitors, respectively. The value of inductors and capacitors
can be calculated as (16).

L (1 —2D)Vy.D _ D(1 —D)*Vy,
DY TN T YN
DA -DWVs . 4pv
ST T2fAL, T (1 - DY(1—2D)fR.AVe
DV,
Cl=C = - -
(1 — D)*(1 — 2D)’R,f AV
2D in
Ci=Cs =
(1 —D)(1 — 2D)fR,AV¢

(16)

The discontinuous current mode (DCM) provides a higher
voltage gain and removes the diode’s reverse recovery chal-
lenge. However, the components’ peak current rises because
of the mitigation in conducting time. The critical values of
inductors in the boundary mode between DCM and CCM can
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T

FIGURE 5. The non-ideal components of the converter.

be expressed by (17).
(1 —2D)*(1 — D)DR,

Ll,critical = 3
(1 —2D)}(1 — D)DR

L2,critical = 8f 2 (17)
(1 — D)*DR,

L3,critical = T

F. NON-IDEAL BOOST FACTOR

Since the duty cycle is nearly equal to 0.5, the ideal boost
factor is approaching infinity. However, in non-ideal circum-
stances, these parasitic components avert the attainment of an
infinite voltage gain. Fig. 5 shows the non-ideal components
in the circuit. Using volt-second balance and KVL results in
the non-ideal voltage gain as (18).

2 Vi
_(d-pya-2p "

B = (18)
1+ Vip +Vop + Vep

where Vip, Vop, Vcp, and Vep denote the voltage drop re-
sulting from the parasitic elements of inductors, switches,
capacitors, and diodes, respectively. The influence of parasitic
elements is calculated as follows:

Vi 4D*> —8D +4

Vip= L — 19

Py, (1=2D)(1—D) (19
r. 16D* — 16D + 12

Vip = - 5 . (20)
R, (1 — D)% (1 — 2D)
rgs 8D* —4D3 —2D3 —2D%* + 4

Vo = = 3 . 21
R, (1 —D)*(1 —2D)
ESR8D* —2D% — 10D + 4

Vep = (22)

R, (1—D)(1—2D)

Fig. 6 shows the non-ideal and ideal boosting factors. The
curves behave identically for duty cycles less than 0.3, and the
difference is negligible. Meanwhile, the difference between
curves becomes more obvious when the duty cycle exceeds
0.3. When the duty cycle passes 0.45, the impact of the
non-ideal behavior of components intensifies. As a result, the
non-ideal boosting factor is reduced dramatically and achieves
zero at a duty cycle of 0.5. Also, as the duty cycle is near 0.5,
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FIGURE 7. Five-level NNPC topology.

the ideal boosting factor approaches infinity. Regarding the
non-ideal curve, the proposed topology provides a maximum
boost factor value of 20.51 as the duty cycle reaches 0.45.

1il. OPERATION PRINCIPLES OF THE SUGGESTED
INVERTER

The configuration of the proposed multilevel inverter is shown
in Fig. 7. The input DC link of the SL-NNPC is supplied by
the proposed quasi-z-source converter. As shown in Fig. 7,
SL-NNPC employs six unidirectional switches, two clamp
diodes, and two flying capacitors. Each flying capacitor’s volt-
age should be set at one-fourth of the DC-bus voltage. The
switching states of the SL-NNPC inverter are summarized in
Table 1.

A. MATHEMATICAL MODEL OF 5L-NNPC

The section presents the mathematical model of the SL-NNPC
inverter, utilizing its discrete-time model to achieve control
objectives. The reference output current with an amplitude of
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TABLE 1. The Switching States of 5L-NNPC

Switching Device Status

Flying Capacitors Voltages

State Output voltage
S: 82 S35 S¢ Ss Se ves vcr
5 1 1 1 0 0 0 No impact No impact + Vac /2
Charging (iow > 0)
4 10 1 1 0 0 No impact Vic /2 -vec = Vac/ 4

Discharging (iow < 0)

Discharging (iou > 0)

3A o 1 1 0 0 1

Charging (iow < 0)

Discharging (iou > 0)
veo + ver - Vac/2 =0
Charging (iou < 0)

Charging (iou > 0)

3B 70 0 1 1 0

Discharging (iow < 0)

Charging (iouw> 0)
Vac /2 -ve6-ver =0
Discharging (iow < 0)

No impact

Discharging (iou > 0)
Ve7 - Vdc/z = -Vd0/4
Charging (iow < 0)

No impact

No impact Vi /2

I and frequency of f, is calculated by (23).

(k) =1 x sin(27 fot) (23)
B. MODEL OF LOAD CURRENT

Using Table 1, the output voltage of the inverter is calculated
by (24). In terms of switching states and flying capacitor
voltages, the output voltage is written.

Vo = S1Vae + (S2 — Dues + (83 — Duer
(24)

Vdc
+( = S)(vee +ver) — —=

where v, and vc, are the flying capacitors voltages.
The inverter’s output voltage can be expressed as follows,
in terms of load currents, based on Fig. 7 and using KVL.
. di,
Vy = Rlo + LE
In (25), R and L denote the resistance and inductance of the
load, and v, represents the output voltage of the inverter. Also
i, indicates the load current. The load current model in the
continuous-time domain can be written as:

di, 1 R
—_— = —V y— —
dt L’ L
A forward Euler approximation is employed to substitute the

derivative of the load current di,/dt. The derivative is esti-
mated using the approximation in (27).

dig _ ik + 1) = ig(k)
dr T,
where T is the sampling time. The discrete-time model of the
output current is produced by replacing equation (27) with

(25)

o (26)

27)

VOLUME 5, 2024

equation (26).

T, TsR
Pk +1) = =vPk) + |1 — = [i' (k) (28)
L L
where i5(k + 1) represents future inverter’s load current,
v (k) denotes indicates inverter’s output voltage, and (k)
represents measured inverter load current.

C. MODEL OF FLYING CAPACITOR VOLTAGES

The mathematical model of flying capacitor voltages in the
continuous-time domain is calculated in terms of capacitor
current.

1
vy (1) = ve, (0) + — [y ics()dt
, (29)
ver (1) = v, (0) + o ic, (vyde

The currents of the flying capacitors can be explained as a
function of the switching states and output current based on
Table 1. These currents are indicated in (30).

icg(k + 1) = (S1 — $2)io(k)

: . (30)
ic;(k +1) = (S5 — Se)ip(k)
The equation (29) can be defined as (31).
T .
vy (k + 1) = veg (k) + Zicg(k+ 1)
6 (31)

T,
ve, (k+ 1) = ve, (k) + C—;i@(k +1)

The discrete-time model of flying capacitor voltages is derived
by replacing (30) with (31). This product results in (32), as
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TABLE 2. Comparison of the Proposed Topology With Some Other Topologies

Boost factor Diode voltage | Auxiliary switch Input current Common Efficiency (%)
stress voltage stress ground
P d S E— Vs ﬂV Conti v 94.01 at 100W
TOpose: (1-2D)Y1-D) 2 7 i ontinuous .01 af
[13] 2 iV 2 Conti v Not Reported
2D —2p " ) ontinuous ot Reporte:
14 2 L Di ti x 91 at 1.2 kW
[14] 2D 2D - iscontinuous at 1.
14D 1+D 1+D Continuous
[15] Vi Vin with significant x 94
1-3D 2(1-3D) 2(1-3D) ripple
2 14 . .
[16] — — - Discontinuous x 85.3 at 880W
1-2D 1-2D
17 ! - Conti v 90.53
[17] 2D 21-2D) - ontinuous .
2 V. 1-D .
[21] 3 " 3 Vi Continuous x Not Reported
2D° —4D +1 2D" -4D +1 2D° —4D +1
2 - Lo Discont x Not Reported
[22] =30 3D - iscontinuous ot Reporte:
1 v Continuous
[25] 5 e - with significant 4 91 at 500W
1-4D +2D 1-4D +2D ripple
1-2D 1% v Continuous
_— in__ —in : E v
[26] D(-D) 1_D D(-D) with s.1gn1ﬁcant 93 at 280W
ripple
271 ! 2D, =D Conti v 91.3 at 360W
(271 D-3D+1 | D*-3D+1 " | D*=3D+1 " ontiuous =
*n=1
SL-NNPC Inverter The criterion is developed as a cost function as given in (33).
)
S (k) . .
i 1+ g=Rilisk+ 1) = ik + 1) .
- = t heap VG4 1) = 02k + D)
Cost Function where 2; and A4, denote the weighting factors for the output
Minimization . .
current control and the flying capacitor voltages control, re-
. ) spectively and j represents the sequence of flying capacitors
i’ (k+ 1 . .
P, N—— (Ce, C7). Fig. 8 demonstrates the block diagram of the MPC
v ) | Moda | Ya®) method for a SL-NNPC.
< [—
~——
FIGURE 8. Block diagram of MPC method. IV. PERFORMANCE COMPARISON
As a summary of Table 2, the proposed converter provides
a low-ripple continuous input current and common ground
between the input source and the output capacitor. Moreover,
follows. the maximum voltage stress of the diodes is half of the input
T source, regardless of the duty cycle.
veg(k+ 1) = veg (k) + —2(S1 — 82)i, (k) The maximum voltage stress of diodes in the proposed
Co (32) converter and the other surveyed structures is depicted in

T .
vy (k + 1) = ve, (k) + E(SS — S6)io(k)

D. COST FUNCTION

The purpose of the MPC-based control strategy is to regulate
the output current and voltage of the flying capacitors by min-
imizing the deviation between the actual and desired values.
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Fig. 9(a). According to this figure, the diodes in the suggested
converter withstand smaller voltage stress than the others in
the entire duty cycle range. This value equals half of the input
voltage, creating a circumstance in which the converter can be
used in high-voltage applications.

Fig. 9(b) shows the boosting factor of the suggested con-
verter compared to the studied topologies. What stands out
from the illustration is that the provided converter is higher
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FIGURE 9. Topologies comparison of (a) diode stress voltage and (b) gain
voltage.

FIGURE 10. Photograph of the whole experimental prototype.

than others, except for [13, 26], in a wide duty cycle range of
less than 22%. However, it should be noted that the suggested
structure in [13] suffers from discontinuous input current and
a lack of common ground, while the converter in [26] has the
disadvantage of significant input current ripple.

V. EXPERIMENTAL RESULTS

To verify the theoretical performance, experimental proto-
types of the whole setup, boosting structure, and SL-NNPC
inverter are implemented, as depicted in Figs. 10 and 11.
Table 3 contains the prototype’s detailed parameters. The duty
cycleis %27, and the input voltage is 35 V, a value that is close

VOLUME 5, 2024

Flying

Gate driver circuit Capacitors

Measurement

FIGURE 11. The prototype of (a) boosting converter and (b) 5L-NNPC
inverter.

TABLE 3. Experimental Parameters

Variable Experimental
Li (pH) 120
L, (pH) 200
Ly (pH) 500
Di-Ds MBR20200
Qi IRFP260
Q2 IRF540
Ciand Cz (puF) 22
Cs (uF) 4.7
Cyand Cs (uF) 4.7
Frequency (kHz) 60
Duty cycle 27%
Flying Capacitors Voltage (V) 50
DC-link Capacitors (V) 1000
Flying Capacitors (uF) 1000
Load Apparaent Power (kVA) 1.6
Load Resistance (£2) 12
Load Inductance (mH) 10

to the voltage of a stand-alone solar panel. The control scheme
is implemented on a TMS-320F28335 digital signal processor
(DSP).

The currents of Ly, Ly, and L3 are shown in Fig. 12(a)—(c),
respectively. The inductors’ currents increase linearly when
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FIGURE 12. Experimental result of proposed boosting converter (a)-(p).

switches are ON, decreasing linearly during the OFF state.
The continuous input current is denoted by L;, which makes
the proposed converter suitable for photovoltaic applications.
The average current passing through L3 is about 1.36 A.

Fig. 12(d)—(h) indicate the voltage waveforms of Cy, C,,
(3, C4, and Cs besides their currents, respectively. The current
passing through C, equals the input current when switches
are ON. Additionally, the currents of C; and L, are identical
during this state. It is observable that the capacitors’ current
decreases/increases linearly due to linear changes in the in-
ductors’ current. The positive and negative currents indicate
the charging and discharging of the capacitors, respectively.

The voltage across the Dy, Dy, D3, D4, and Ds, alongside
their currents, is shown in Fig. 12(j)—(n), respectively. D1 and
D» have equal voltage stress with an amplitude of approxi-
mately 73 V. Correspondingly, D3, D4, and Ds have the same
voltage stress, clamped to about 100 V. Notably, the voltage
stress of all diodes is less than half of the output voltage.
Consequently, high-quality diodes with insignificant parasitic
components can be employed, reducing cost and loss.
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Fig. 12(p)—(q) displays the voltage stress of Q1 and Q. Due
to the low voltage stress across switches, utilizing MOSFETs
with low voltage withstanding is accessible. These switches
have smaller ON resistance, which causes a reduction in the
conduction loss and cost. Additionally, switches turn OFF/
ON simultaneously, resulting in simplification in the drive and
control circuits.

As depicted in Fig. 13(a), the 5L-NNPC is regulated to
produce a current with a magnitude of 5 A (peak) and a
frequency of 60 Hz. The voltages of the flying capacitor are
kept controlled at 50 V, as indicated in Fig. 13(b).

In order to achieve dynamic loading conditions for the con-
trol method, two experiments were performed.

First, A sudden change in the estimated value of the load
resistance while the actual value of the load is constant. The
estimated value of the load suddenly changed by 25%. This
value is usually the maximum reasonable amount for resistive
loads. As can be seen in Fig. 14, against this amount of
change, the quality of the load current has dropped a small
amount.
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Second, a sudden change in the load current reference. As
shown in Fig. 15(a) and (b), a step change is applied in the
reference current, and the experimental results are depicted.
Fig. 15(a) and (b) show the accurate current tracking and
well-regulated capacitor voltages during the transient state.
These experimental results figures were added in the revised
manuscript.

VI. CONCLUSION

A quasi-z-source inverter is introduced in this paper which
is based on a combination of a novel qZS structure and a
5SL-NNPC inverter. In the steady-state operating mode of qZS
topology, the capacitor voltages, boosting factor, current and
voltage stress of the component, and non-ideal boost factor
have been analyzed. To provide a sinusoidal output current, a
single-phase SL-NNPC inverter is connected to the proposed
qZS converter. The 5L-NNPC generates a 5-level voltage
waveform at its AC side utilizing two flying capacitors per
phase. The SL-NNPC in combination with the introduced qZS
topology is a good candidate for PV applications. However,
5L-NNPC lacks sufficient redundant switching states to regu-
late the voltages of flying capacitors. To tackle this problem,
a multi-objective MPC-based control scheme is developed to
control the AC side current of the inverter and adjust the
voltages of flying capacitors simultaneously. The experimen-
tal results support the effectiveness and performance of the
introduced structure.
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