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Abstract—The nested neutral-point clamped (NNPC) converter
is a four-level converter topology for medium-voltage applications
with interesting properties such as operating over a wide range of
voltages (2.4-7.2 KV) without the need for connecting the power
semiconductor in series, high quality output voltage, and less num-
ber of components in compare to other classical four-level topolo-
gies. The control and balance of the flying capacitors (FCs) of the
NNPC converter can be done by different control techniques taking
advantage of the large number of redundant switching states. This
paper presents a simple single-phase modulator for the NNPC con-
verter, which can be applied to each phase of a three-phase NNPC
converter. The proposed simple technique can control and balance
the FCs to their desired values. Performance of the proposed tech-
nique under different operating conditions is investigated in the
MATLAB/Simulink environment. The feasibility of the proposed
converter is evaluated experimentally.

Index Terms—DC-AC power conversion, multilevel converter,
sinusoidal pulse width modulation (SPWM).

1. INTRODUCTION

ultilevel converters are a very attractive solution for
medium-voltage high-power conversion applications;
such as motor drives, microgrids, and distributed generation
systems. The main features of these topologies, as compared
with the two-level voltage-source converters (VSC), are their
capabilities to reduce: 1) harmonic distortion of the ac-side
waveforms; 2) dv/dt switching stresses; 3) switching losses; and
4) minimize or even eliminate the interface transformer [1].
Many multilevel topologies have been developed, among
them, the neutral-point clamped (NPC), flying capacitor (FC),
and the cascaded H-bridge (CHB), are the most studied and
well-established multilevel topologies, which are so-called clas-
sic multilevel topologies [1]-[5]. Although the classic multilevel
converters have been commercialized by major manufacturers,
they have some drawbacks, which limit their applications. For
instance, an NPC structure with higher number of levels is less
attractive and this is because the number of clamping diodes
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increases substantially with the voltage level. For FC structure,
the number of FCs increases with the voltage level. The CHB
topology needs a large number of isolated dc sources and an
expensive and bulky phase-shifting transformer.

Numbers of variants and new multilevel converters have been
proposed in literatures [6]-[15]; however, most of them are vari-
ations to the three classic multilevel topologies or hybrids be-
tween them, which are so-called advanced multilevel topologies.
Among the recent topologies, the following topologies have
found practical application, which are commercialized by man-
ufacturers; the five-level H-bridge NPC (SL-HNPC) [6]-[9],
the three-level active NPC (3L-ANPC) [10]-[11], the five-level
active NPC (SL-ANPC) [12]-[15], and the four-level nested
neutral-point clamped (NNPC) converter [16].

A SL-HNPC is the H-bridge connection of two classic
3L-NPC phase legs, which makes a five-level converter. This
topology like an H-bridge topology requires isolated dc sources
with the phase-shifting transformer, which increases the cost
and complexity of the converter.

A 3L-ANPC is an improved three-level NPC, which can con-
trol the loss distribution among the switches of the converter.
This topology has higher number of the devices as compared to
three-level NPC with the same number of output voltage levels.
This increases the cost and complexity of the overall converter.

A 5L-ANPC is a combination of a 3L-ANPC and 3L-FC. The
main drawback of the SL-ANPC converter is that the voltage
rating of the switches in one phase of the converter are different.
The voltage rate of the outer switches are half of the dc-bus
voltage and the voltage rate of the inner switches are 1/4 of the
dc-bus voltage.

The NNPC converter, as shown in Fig. 1, is arecent multilevel
converter topology with interesting properties such as [16]:

1) it can operate for a wide range of 2.4-7.2 Kv without

device in series;

2) it has fewer parts, in compare to same rate previous mul-
tilevel converters;

3) all the switches have the same voltage stress and equal to
one third of the input voltage;

4) it does not need any complex transformer;

5) the NNPC converter mitigates some drawbacks of the ex-
isting topologies, however still the voltage rate that this
converter can operate without connecting power semicon-
ductor devices in series is limited to 7.2 kV.

One of the main common issues for the multilevel converter

is to control the capacitor voltages at their nominal values to
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Fig. 1. Proposed NNPC converter.

operate the converter properly. For example, for a diode-
clamped converter the dc-link capacitor voltages should be bal-
anced at nominal values and for a FC converter the voltages of
the FCs should be regulated. Different strategies can be applied
to control the voltage of capacitors in multilevel converters. One
approach is to use auxiliary converter to perform the voltage bal-
ancing, which increases the cost and complexity of the overall
converter particularly at high-voltage/power levels [17]-[21].

Various modulation strategies have been developed and
studied for multilevel converter topologies [22]-[33]. Since the
multilevel converters are intended to be used in high-power
applications; there are two major challenges in the selection of
modulation strategies; high power quality and minimum switch-
ing frequency. One modulation strategy for high-power multi-
level converters is space vector modulation (SVM), which of-
fers flexibility in the selection of best switching state among
the redundant switching states to enhance the dc-bus voltage
utilization and better harmonic performance.

The SVM scheme generates all the available switching states,
switching sequences, and calculates the duty cycles. Some pa-
pers just propose new approaches to generate switching states
for multilevel converters and they do not address the control
issue of the capacitor voltages such as [22], [23] and [34]. Some
papers such as [31], [32], and [35], address the issue of voltage
balancing of the capacitors using minimum energy property. In
this approach, based on the defined cost function, which tries to
minimize the difference between the nominal voltage value and
the actual value, the best switching states among the all pos-
sible switching states can be selected, and finally, apply to the
converter. The SVM strategy can generate redundant switch-
ing states, particularly at lower modulation index. Moreover,
depends on the converter topology, there may exist some redun-
dant switching states for each voltage level. Theses redundancies
increase the number of calculations in the cost function in order
to select the best switching state [5], [16], [32]. By the increase
in the number of levels, the computational burden for the real-
time implementation will increase and sometimes the real-time
system cannot handle this task properly, which deteriorate the
performance of the converter.

Another modulation scheme that is the most popular mod-
ulation scheme in industrial applications is sinusoidal PWM
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Fig. 2. Block diagram of the proposed SPWM approach for phase x.

(SPWM). This modulation scheme is based on the multicar-
rier PWM strategy. The performance of the different SPWM
strategies are studied analytically in [23] to show which SPWM
strategy has the better harmonic performance. Moreover, the
comprehensive comparison of the SPWM and SVM modula-
tion schemes has been studied in [34].

The main focus of this paper is to propose a new approach
using multicarrier SPWM strategy to generate multilevel out-
put voltage, while regulating the voltage of capacitors. This
approach employs the deviation of the capacitor voltages from
their nominal values and based on the converter output cur-
rent select the best switching state from the available redundant
switching states to charge or discharge the capacitors, and fi-
nally, regulate the voltages of capacitors. This approach, unlike
the SVM strategy, does not need any cost function and is very
intuitive and simple to implement, however, it is very effective.

Fig. 2 shows the procedure of the proposed approach. In this
procedure, first, the modulating signal for phase x (x = a,b,c) is
compared to carriers (n-1 carriers for an n-level converter), and
then, the desired output levels are determined.

Based on the desired output level, the corresponding switch-
ing state that generates this voltage level can be applied to the
power switches. Moreover, there are some redundant switching
states for some levels that come from the topology of the con-
verter. For example, for a four-level FC converter, [32], there are
three redundant switching states to generate the two middle lev-
els and for a seven-level topology given in [5], there are more
than three redundant switching states for each voltage level.
Each redundant switching state is able to charge or discharge
the capacitor based on the phase current. If the capacitor volt-
age is greater than the nominal value (AV,; = V,,;_V,, > 0), the
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TABLE I
SWITCHING STATES OF THE FOUR-LEVEL NNPC AND CONTRIBUTION OF THE AC-SIDE CURRENTS TO THE FC VOLTAGES

State Sx1 Sx2 Sx3 Sx4 Sx5 Sx6 VCx1 VCx2 Output Level
D 1 1 1 0 0 0 No Impact No Impact 3
Cc2 1 0 1 1 0 0 Charging (ix > 0)Discharging (ix < 0) No Impact 2
C1 0 1 1 0 0 1 Discharging (ix > 0)Charging (ix < 0) Discharging (ix > 0)Charging (ix< 0)
B2 1 0 0 1 1 0 Charging (ix > 0)Discharging (ix < 0) Charging (ix > 0)Discharging (ix < 0) 1
B1 0 0 1 1 0 1 No Impact Discharging (ix > 0)Charging (ix< 0)
A 0 0 0 1 1 1 No Impact No Impact 0
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Fig. 3.

Space vector diagram of a four-level converter.
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Fig. 4. Level-shifted multicarrier modulation for the NNPC inverter.

capacitor should be discharged and when the AV,; < 0 should
be charged. Therefore, the appropriate switching state that can
charge or discharge the capacitor can be selected and applied to
the converter.

One of the main advantage of the proposed strategy is that,
unlike the SVM strategy, this strategy can be applied for each
phase of the converter separately, as a result when the con-
verter is employed to be in different configurations such as
the back-to-back structure, cascades H-bridge structure, and
modular multilevel structure, the proposed modulation scheme
can be implemented easily to generate the output multilevel
voltage and also regulate the capacitor voltages. In this paper,
this strategy is developed for an NNPC converter.

Fig. 5. Desired output levels based on modulating signal.

The proposed technique for the NNPC converter has the fol-
lowing features:

1) it can regulate the FC voltages at the desired values;

2) the implementation is very simple and can be generalized
for different combination of the NNPC converter such as
CHB-NNPC and MMC-NNPC.

This paper has the following structure; in Section II, the op-
eration of the NNPC converter with an SVM technique will
be explained briefly. Section III proposes a new and simple
single-phase SPWM technique to control and balance the FC
voltages for the NNPC converter. In Section IV, performance
of the proposed technique under different operating conditions
is investigated in the MATLAB/Simulink environment. The ex-
perimental results are presented in Section V.

II. NNPC CONVERTER WITH SVM TECHNIQUE
A. Operation of the NNPC Converter

The NNPC converter is a combination of a FC topology with
NPC topology, which provides four level at the output voltage.
The capacitor C'x; and C'zo, x = a, b, ¢ are charged to one third
of the total dc-link voltage to ensure equally spaced steps in
the output voltages. The NNPC converter in compare to the
classic four-level topologies has less number of components
and complexity. In compare to a four-level NPC converter, the
number of diodes has been reduced from 18 to 6. In compare to
a four-level FC converter, the number of FCs has been reduced
from 9 to 6. Also, unlike the CHB converter, the NNPC converter
does not need to have any isolated dc sources or phase-shifting
transformers.

The list of switching combinations is shown in Table I. Four
different output levels are achieved from six distinct switching
combinations. The NNPC converter can take the advantage of
redundancy in switching states to regulate the voltages of the
FCs. As can be seen in Table I, for generating medium-voltage
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Fig. 6.

level 1/6Vg. and —1/6V, there are two redundant switching
states. Each redundant state provides a specific charging and
discharging current path for each floating capacitor. This is a
specific feature of redundant switching states that can be applied
to achieve voltage balancing of the FCs. The main technical
challenge is to identify the best switching state.

B. SVM Technique for the NNPC Converter

The SVM technique can be applied to the converter to control
the output voltage and keep the capacitor voltages balanced and
constant [16]. The space vector diagram of a four-level con-
verter on the o — ( plane is a hexagon centered at the origin
of the plane, as shown in Fig. 3. The reference vector is syn-
thesized by the three adjacent switching vectors and the can be
describes as

Vity + Vaty + Vaty = Vit T
b+t +t3 =T, (1)
V;ef = “/ref ew: 0 =< ‘/;ef

. Muﬂ

L=

Desired Output Level ( L) l

State: D

(Veur< Vee) & (Ve Vier)
or

' ' ; = - ; State: C2
(Veur= Vier) & (V™ Vi) &(AV>AV 1)
State: C1
(Veur™ Vie) & (Ver™ Vieer) )
o State: C2

(Veur™ Vier) & (Vear< Vi) &(AV>AV 1)

i State: C1

where T is the switching period, 171 , 172, and 17}; are the three
switching vectors adjacent to Vi.; and t;,%y,and ¢3 are the
calculated on-duration time intervals of the switching vectors,
respectively. A cost function, J, can be defined based on the
energy stored in the capacitors as follows:

J=Ji+ I+ Je
2
— Z Z %C(\TZ <VCm~,f - VDC/3>2
r =1
r = a,b,c. )

The SVM approach has the following steps to generate three-
phase output voltages and regulate FCs [16]:
1) identify the sector and triangle where reference vector is
located in the a—(3 coordinate system;
2) determine the adjacent switching vectors;
3) duty-cycle calculation;
4) determine of redundant switching state combinations;
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presented in Section III.
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Fig. 10.  Experimental setup for the NNPC converter.

selected from Table I, and then, applied to the power switches.
Table I also shows that there are redundancy states for two
middle levels (level 1 and 2). The redundancy states based on
the direction of the output current can charge or discharge the
FCs.

Therefore, after determining the desired output level (by com-
paring carriers and modulation signal), the direction of the phase
current should be measured, and then, the controller will decide
which states should be chosen to apply to the converter to control
and balance the voltages of capacitors.

The selected switching state can charge or discharge the FCs
to minimize the difference between the nominal voltage values
and the measured voltage values. The diagram shown in Fig. 6
shows the procedure of the proposed SPWM approach. As can
be seen from Fig. 5, this procedure is very simple and easy to
implement in hardware in compare to the huge amount of cal-
culations for the SVM technique. In the proposed approach, the
amount of calculation is independent from the modulation index.
The main feature of the proposed SPWM technique is that it can
be applied to each leg separately to control the FCs of that leg and
atthe same time, generate output waveforms. In different phases,
just the modulating signals have £120° phase shift respect to
each other.

IV. SIMULATION RESULTS

In order to showthe performance of the proposed SPWM ap-
proach for the NNPC converter, simulation studies have been
done in MATLAB/Simulink environment. The simulation stud-
ies demonstrate the effectiveness of the developed SPWM to
generate output voltages and regulate the voltage of FCs. The
parameters used in simulation studies can be found in Table II.
The performance of the proposed SPWM controller has been
studied during steady state and transient state.

TABLE II
PARAMETERS OF THE STUDY SYSTEM (SIMULATION)

Converter Parameters Values

Converter Rating 0.5 MVA
FCs 2200 uF
Input DC Voltage 33kV
Output Frequency 60 Hz
Output Inductance 5 mH
Output Load 75Q

A. Steady-State Analysis

Figs. 7 and 8 show the performance of the NNPC converter
using an SPWM technique with different modulation indexes.
Fig. 7 shows the inverter output voltage, output currents, and FC
voltages where modulation index m = 0.95. Fig. 8 also shows
the inverter output voltage, output currents, and FC voltages
where modulation index m = 0.7.

As can be seen from the Figs. 7 and 8, the proposed SPWM
technique can regulate and balance the capacitor voltages under
various different conditions.

B. Transient-State Analysis

To evaluate the dynamic performance of the proposed SPWM
controller, a load step-change has been studied. In this case, a
step change from half load to full load (m = 0.95) is applied to
the system. Fig. 9 shows the performance of the controller that
can maintain the voltages of FCs at the nominal values.

V. EXPERIMENTAL RESULTS
The feasibility of the proposed SPWM technique is evaluated
experimentally. The parameters shown in Table III were used to
obtain experimental results from a scaled-down prototype. The
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Fig. 11.  Experimental waveforms for NNPC converter, m = 0.95. (a) Inverter Fig. 12.  Experimental waveforms for the NNPC converter, m = 0.7.

voltage, (b) inverter output currents, (c) voltage of FCs.

TABLE III
PARAMETERS OF THE STUDY SYSTEM (EXPERIMENTAL)

Converter Parameters Values
Converter Rating SkVA
FCs 1000 pF
Input DC Voltage 300 V
Output Frequency 60 Hz
Output Inductance 5 mH
Output Load 109

(a) Inverter voltage, (b) inverter output currents (c) voltage of FCs.

experimental setup for the four-level NNPC converter is shown
in Fig. 10.

The proposed modulation scheme was implemented using a
PC with MATLAB-Simulink. The real-time controller was the
dSPACE DS1103 controller. The load currents and FC voltages
were measured by LEM LA 100-P and LV 25-P transducers,
respectively. The feedbacks from the sensors were sent to the
DS 1103 through I/O connector. Table IV shows the devices were
used to implement the scaled-down prototype.
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Fig. 13.  Experimental waveforms for the NNPC converter, (m = 0.95). Step
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currents (c) voltage of FCs.

TABLE IV
COMPONENTS OF THE PROTOTYPE CONVERTER

Converter Parameters Values

Power Switches IGBT SKM75GB123D
Gate Drivers SKHI22B
Power Diodes SKKD75F12

DC Power Supply

Xantrex XDC-600-20

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 8, AUGUST 2015

The gating signals were sent to the SKH122B gate drivers
through an interface board consisting of MC14504BCP and
TLP521-4 for TTL to CMOS logic conversion and isolation.

Figs. 11 and 12 show the performance of the proposed con-
verter under different operating conditions. Fig. 11 shows the
inverter output voltage, output currents, and FC voltages where
modulation index m = 0.95. Fig. 12 also shows the inverter out-
put voltage, output currents, and FC voltages where modulation
index m = 0.7.

Fig. 13 shows the performance of the proposed converter
under transient condition when load changes from half load
to full load. As can be seen from Figs. 11 to 13, in all cases,
capacitor voltages are well balanced.

VI. CONCLUSION

This paper introduces a new SPWM technique for an NNPC
converter. The NNPC converter that is a four-level converter
topology for medium-voltage applications has interesting prop-
erties; operating over a wide range of voltages, high quality
output voltage, and less number of components in compare to
other classical four-level topologies. This paper presents a sim-
ple single-phase modulator that can be applied to each phase
of a three-phase NNPC converter and for different phases, the
modulating signals have £120° phase shift respect to each other.
The proposed technique employs the redundant switching states
and selects the best switching state based on the direction of the
output current to regulate voltage of FCs to their desired values.
Performance of the proposed technique under different operat-
ing conditions was investigated in the MATLAB/Simulink envi-
ronment. The feasibility of the proposed converter was evaluated
experimentally.
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