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ABSTRACT T-NNPC inverter is an attractive topology with fewer switches and good withstand voltage
for medium voltage applications. In order to effectively achieve five-level output, the conventional method
is an MPC strategy that can quickly track current, ensuring good output performance under fundamental
frequency conditions. However, the flying capacitor voltage fluctuates, especially under low-frequency
conditions. In addition, the CO-PWM is a potential method for this topology due to the broader voltage
level distribution in the vertical direction. Nevertheless, the flying capacitor voltage balancing cannot be
guaranteed under the high modulation indexes. To improve voltage balance under various modulation indexes
and current frequencies, this paper proposes an improved CO-PWM (ICO-PWM) method whose voltage
level distribution is modified to better apply in the T-NNPC topology. Compared to the conventional MPC
method, the flying capacitor voltage is more stable, and the fluctuation is reduced by more than five times,
especially under low-frequency conditions. The effectiveness of the proposed ICO-PWM method is verified
by the simulations and experiments.

INDEX TERMS Multilevel inverter, flying capacitor voltage balancing, carrier overlapping PWM, low
current frequency.

I. INTRODUCTION
Multilevel converters have received wide applications in
medium-voltage high-power conversions, such as renewable

As a common topology with multiple levels, the five-level
inverter has the above problems.
In order to deal with these limitations, a five-level T-type

energy conversion and motor drives [1], [2], [3]. As inverter
systems develop towards high voltage and high power, the
requirements for withstand voltage of the topology structure
are gradually increased, and the cost remains a critical factor
that cannot be ignored in industrial applications. Multilevel
inverters can be mainly divided into the following three cate-
gories: neutral-point-clamped (NPC), flying-capacitor (FC),
and cascaded H-bridge (CHB) multilevel converters [4], [S],
[6]. The development of multilevel inverter topologies based
on conventional topologies is rapidly advancing; the increase
in the number of levels will increase the number of switches
and the size of passive components, resulting in higher costs.

The associate editor coordinating the review of this manuscript and

approving it for publication was Inam Nutkani

nested neutral point clamped (T-NNPC) inverter was pro-
posed in [7], which has the main advantages of fewer
switches, better voltage withstand performance, and no need
for neutral point voltage control. Only the flying capacitor
voltage needs to be controlled to output five levels. In [7],
A comparison of various related five-level topologies in
recent years in terms of the number of switches and flying
capacitors, the voltage stress, etc., is provided [8], [9], [10],
[11], [12], [13], [14]. Details are shown in Table 1. In addi-
tion, some novel topologies are also added to Table 1 [15],
[16], [17], [18]. The switched-capacitor topology is an attrac-
tive topology in recent years for substituting the two-stage
structure due to its voltage boost ability [16], [17], [18].
The flying capacitors of this topology are naturally balanced.
However, the maximum current stress in this topology is
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more significant than that in other topologies. The concrete
comparison of this topology and the T-NNPC is given in
Table 1.

In addition, It can be seen from Table 1 that the T-NNPC
topology has the fewest number of switches, the lower total
withstand voltage, no need for neutral point voltage balancing
control, a more straightforward algorithm design, and fewer
passive components. Although the T-NNPC topology has
several advantages mentioned above, the design of the flying
capacitor voltage control method is a challenge. The conven-
tional sinusoidal PWM (SPWM) method in [19] and [20],
such as phase disposition PWM (PDPWM) and phase shifted
PWM (PSPWM), cannot be applied to the T-NNPC topology,
so a more flexible MPC method is used to achieve five-level
output in [7]. However, the flying capacitor voltage control is
controlled by a weight factor, which requires extensive testing
and is an empirical value, making it more complex [21].
Moreover, insufficient redundancy of the flying capacitor
voltage further increases the complexity of the flying capac-
itor voltage control.

The carrier overlapping PWM (CO-PWM) method is a
potential modulation method to realize the flying capacitor
voltage control of the T-NNPC topology of its unique voltage
level distribution from conventional SPWM [22]. The voltage
level distribution in the CO-PWM is more suitable for the
flying capacitor voltage control of the T-NNPC topology.
Compared with conventional SPWM methods, the voltage
level of CO-PWM is higher in the vertical direction than
that of conventional SPWM methods. Therefore, based on
the conventional CO-PWM method, an improved CO-PWM
(ICO-PWM) strategy is proposed in this paper to further
expand the distribution of voltage levels in the vertical direc-
tion, which can effectively suppress the fluctuation of the
flying capacitor voltage, both in low frequency and high
modulation index conditions, with rapid dynamic response
and no significant fluctuation.

In this paper, in order to ensure the flying capacitor bal-
ancing under different conditions, an improved CO-WPM
method is proposed for the T-NNPC topology. The main
innovation of this article lies in

1) The ICO-PWM method solves the problem that the
conventional SPWM methods cannot effectively control the
voltage of flying capacitors under high modulation indexes.
Based on expanding the voltage level distribution in the ver-
tical direction, the voltage level contents for controlling the
flying capacitors are increased, thus achieving good five-level
output through modulation strategies in the T-NNPC topol-
ogy.

2) Compared to the conventional MPC method, the
ICO-PWM improves the stability of flying capacitor voltage
control under low-frequency conditions, reduces the flying
capacitor voltage deviation by more than five times, and
improves the performance of output current.

The rest of this article is organized as follows. In Section II,
the operation principle of T-NNPC topology is explained
briefly. The mathematical model is obtained in the Section III.

VOLUME 12, 2024

Vil2 =

- Filter Load
Vil2 =

FIGURE 1. Topology of the 5L-NNPC inverter.

The principle of conventional MPC method and the pro-
posed ICO-PWM method are explained in Section IV. The
steady-state and dynamic results of experiments are given in
Section V.

Il. TOPOLOGY AND ITS OPERATION PRINCIPLE

As shown in Fig. 1, the SL-NNPC topology consists of
three flying capacitors Cyj(x = a, b, c and j = 1, 2, 3)
and eight power switches (Sx1, Sx2, Sx3, Sx4, Sxs, Sx6, Sx7
and Syg) for each phase and a common DC-link voltage
source without the DC-link neutral point. As shown in Fig. 2,
the T-NNPC topology is simplified based on the SL-NNPC
topology, which requires less number of flying capacitors and
power switches. The DC-link voltage is defined as V. and the
DC-link capacitor is defined as C. To ensure equally spaced
steps in the output voltages, both the flying capacitors Cy
and C,; are charged to V,;./4. The output phase voltages are
Va, Vi and V,, respectively. The output phase currents are
ia, Ip, and ic, respectively. icy; represents the flying capacitor
current. The output side for each phase is connected with an
inductance L and a resistance R. n denotes the output neutral
point.

Five output levels are achieved from twelve distinct switch-
ing states in the 5L-NNPC inverter, while the T-NNPC
inverter only has six distinct switching states. So there are
less choices for the T-NNPC inverter to control the flying
capacitor voltages. Table 2 gives the switching state and
its corresponding flying capacitor voltage control of the T-
NNPC inverter. Fig. 3 shows the switching state and its
corresponding switching conduction state.

It can be observed from the Table 2 and Fig. 3 that only
the voltage level “0.5 V4.’ among the five level voltages
has two redundant switching states. It is seen that the switch
state 0.5Vge(1) will charge the flying capacitor and increase
the flying capacitor voltage, on the contrary, the switch state
0.5Vye2) will discharge the flying capacitor and decrease
the flying capacitor. Thus, the two switching combinations
mentioned above are utilized to control the flying capacitor
voltage. Moreover, the flying capacitor voltages of V.1 and
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TABLE 1. Comparison of derived topologies.

) Number Number Number of Number Switching Total Maximum  DC-link Voltage boost
Topologies f)f of diodes  neutral points of FCs voltage stress voltage current voltage abilit
Switches p Vae) stress (V) stress Vae) y
SL-ANPC [8] 24 24 1 3 1/2 or 1/4 9 I, 1 no
New 5L-ANPC [9] 36 36 1 9 1/4 9 1, 1 no
7S-5L-ANPC [10] 27 33 1 3 3/4,1/2 orl/4 9.5 I, 1 no
SL-NNPC [11], [12] 18 24 0 6 1/2 or 1/4 7.5 1, 1 no
SL-FC-NNPC [13] 24 30 6 15 1/4 6 1, 1 no
SL-HC [14] 30 30 2 6 1/2 or 1/4 7.5 1, 1 no
6S-5L-ANPC [15] 18 18 1 3 3/4,1/2 orl/4 9 1, 1 no
ABNPC [16] 18 18 1 3 1/2 or 1/4 7.5 >, 12 yes
SCANPC [17] 24 24 1 3 1/2 or 1/4 7.5 >, 12 yes
T-NNPC 18 18 0 6 1/2 or 1/4 7.5 I, 1 no
1,: peak value of output current.
TABLE 2. Switching states and its corresponding flying capacitor voltage ngs! s
control of T-NNPC topology. s, ?“:
Va2 = tch Vil2 =2 fea Sal
S So Sa Su Sis S Vier AV AVeo Can 9
1 1 0 0 0 0 Ve 0 0
1 0 0 0 1 1 0.75V 4. + 0
1 0 1 0 0 0 0.5Vaey + +
0 1 0 1 0 0 0.5Vat) - -
0 0 0 1 1 1 0.25V,. 0 -
0 0 1 1 0 0 0 0 0
Vil2 = V2 = fcun , S | V=
i L R
= B i L R |n = =
Cci i J’I’,“_ R
V= Filter  Load Va2 T s Val2 T .
T o ol
Lot Lod
(c) (d)

FIGURE 2. Topology of the 5L-T-NNPC inverter.

Veyz are coupled since the voltage are only controlled by
changing the switching states in the voltage level “0.5 V..

lIl. MATHEMATICAL MODEL OF THE INVERTER SYSTEMS

In this section, according to the circuit of the T-NNPC topol-

ogy shown in Fig. 2, the output currents and FC voltages are

obtained based on the Kirchhoff’s voltage and current law.
The output load currents can be expressed as

diy .
VXN:LE—FRlX—i—Vn , x=a,b,c €))]

where V,y is the output phase voltage with respect to the
negative side of dc-link voltage (N).

As shown in Fig. 2, according to the Kirchhoff’s law of
voltage (KVL), the output phase voltage equations of the
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FIGURE 3. Switching states of the T-NNPC inverter. (a) Vg, (b) 0.75V4,
(C) o.SVdc(l ) (d) 0.5Vdc(2), (e) 0.25Vdc and (f) 0.

T-NNPC topology can be written as
dix .
Vxn = xN_VnN :LE +Rlx, X =da, b,C (2)

According to the Kirchhoff’s law of current (KCL), the
output currents are expressed as

g +ip+ic=0 3)
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FIGURE 4. Control block diagram of MPC method for the T-NNPC inverter.

Based on the relationship between capacitor voltage and
current, the FC current can be expressed as
dVy
dr -’
where V1 and V., are the voltage of Cy; and Cx;.

icyy =Coj——, x=a,bc&j=1,2 @

IV. THE CONVENTIONAL METHODS AND IMPROVED
CO-PWM METHOD

A. CONVENTIONAL METHODS

The FCS-MPC has been widely applied in power electron-
ics due to its capability to control diverse objects and the
existence of an accurate mathematical model of the power
converters. Based on the advantages of FCS-MPC method,
an MPC method for T-NNPC is used in [7], and the control
block diagram is shown in Fig. 4, where the I (k) and V¢, (k)
are the output currents and flying capacitor voltages in the kth
instant, the I,(k+1), Vcy(k+1) are the output currents and
flying capacitor voltages in the k + 1th instant.

In FCS-MPC method for the T-NNPC topology, the flying
capacitor voltage is controlled by weighting factors, but due
to the complexity of selecting weighting factors, the control
stability of the flying capacitor voltage is poor when using a
single vector. For this type of topology, the essential target
is the stability of the flying capacitor voltage. Otherwise, the
five-level output phase voltage cannot be effectively guaran-
teed.

For multi-level inverter systems, one of the typical methods
is the SPWM strategy, but this method cannot be directly
applied to this topology. The T-NNPC topology only has
two switching states to control the flying capacitor volt-
age, so the conventional SPWM method can only control
the flying capacitor voltage under a low modulation index.
As shown in Fig. 5, the conventional five-level CO-PWM
uses four carriers with the same frequency and amplitude,
evenly distributed within the modulation range. Based on
the conventional phase disposition PWM (PDPWM) method,
the conventional CO-PWM method shifts the carrier in the
vertical direction and changes the amplitude of the carrier.
The conventional CO-PWM method has good harmonic per-
formance under a low modulation index, and it is basically the
same as the specific harmonic elimination PWM (SHEPWM)
method under a high modulation index. In addition, the volt-
age level distribution of the CO-PWM method is wider in
the vertical direction compared to the PDPWM method, and

VOLUME 12, 2024

VAR
\W/A\X/A\V/A\V/A\V/A\V/A\V/
WAV ANV
VVVYVVVY

-1

FIGURE 5. Carrier waveform of Conventional CO-PWM.

the range of flying capacitor voltage control is also larger.
However, it is unable to control the flying capacitor voltage
within the whole modulation index.

B. IMPROVED CO-PWM METHOD

In order to effectively control the flying capacitor voltage
under a high modulation index, it is necessary to modify
the conventional CO-PWM method. Therefore, this paper
proposes an improved CO-PWM method.

Based on the analysis of the conventional method,
as shown in Fig. 7, the amplitude of the carrier waveform
in the ICO-PWM method is modified, the average amplitude
of the four carriers is 1, and the carriers are not evenly dis-
tributed. It can be seen that the amplitude of the carrier can be
changed according to the performance of the flying capacitor
voltage control and the DC voltage utilization. In addition,
g is defined as the carrier amplitude adjustment factor. After
introducing g, the amplitudes of carrier C;; and C4 become
1-g, while the amplitudes of carrier Cy» and C3 become 1+4g.
Therefore, the carrier ranges of the voltage levels “Vg.”,
“0.75Vg.’, “0.5V4.”, “0.25V4.” and “0” in the vertical
direction of the proposed method is 1-g, 1+g, 2, 14+g and 1-
g, respectively. Different carrier amplitude adjustment factors
produce different output performance with a particular range.
If g is too high, it can lead to distortion in the output current
and even cause unstable voltage control of flying capacitors
and a decrease in DC voltage utilization. If g is too low,
the output voltage is almost the same as that of the three-
level inverter, and the advantage of the T-NNPC topology is
no longer existent. In order to effectively control the flying
capacitor voltage and ensure the performance of the output
current, it is necessary to adjust the position of the carriers
to generate the voltage level that controls the flying capacitor
voltage in each carrier range.

Fig. 8 shows the voltage level distribution of the ICO-
PWM method. Compared to Fig.8 and Fig. 6, it can be
observed that the carrier ranges of the voltage levels “V,.”,
“0.75 V4.7, ©0.25 V4.7 and “0” in the vertical direction in
the ICO-PWM method are similar to that in the conventional
CO-PWM method. However, the carrier range of the voltage
level “0.5 V4.7 in the vertical direction in the ICO-PWM
method is obviously greater than that in the conventional
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FIGURE 6. Voltage level distribution of conventional CO-PWM.
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FIGURE 7. Carrier waveform of 1ICO-PWM.
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FIGURE 8. Voltage level distribution of 1CO-PWM.

CO-PWM method. The voltage level “0.5 V4. can cover the
whole vertical direction, which benefits the flying capacitor
voltage control. Table 3 gives the percentage compositions of
the different voltage levels in the vertical direction, which is
the proportion of the voltage level in the vertical direction
over the entire carrier range. Obviously, the voltage level
“0.5 Vg7 in the ICO-PWM method is greater than that in
the CO-PWM method. The average percentage composition
of other voltage levels in the ICO-PWM method are the same
to that in the CO-PWM method, which is 50%.

Based on the previous analysis of the carrier amplitude
adjustment factors g, Fig. 9 shows the voltage level distribu-
tions of ICO-PWM under g = 0.05, 0.25, and 0.15.

i) When g = 0.05, the contents of “0.75 V4., “0.25 V4.~
are low, the voltage levels almost change among “V,.”, “0.5
V4:”, and “0” in the low modulation indexes, leading to large

56656

TABLE 3. Percentage compositions of the different voltage levels in
vertical direction.

method CO-PWM 1ICO-PWM
g - 005 015 02 025 0.30
Ve 40 475 425 40 375 35
Percentage _0.75Vq4. 60 525 575 60  62.5 65
composition 0.5V, 60 100 100 100 100 100
(%) 025V, 60 525 575 60  62.5 65
0 40 475 425 40 375 35

FIGURE 9. Voltage level distributions of 1CO-PWM under different carrier
amplitude adjustment factors.

THD of output current in the low modulation indexes. When
g is lower than 0.05, the output phase voltage in this condition
is similar to that in a three-level inverter, so the advantages of
the topology no longer exist. Combined with the simulation
diagram, it can also be seen from Fig. 10(a) that the output
phase voltage is similar to a three-level inverter, and the
output line voltage is similar to a five-level inverter.

ii) When g = 0.25, the contents of “0.75 V4., “0.25 V4.”
are high, and the content of “0” gradually decreases. When
g is higher than 0.25, the ability of flying capacitor voltage
control decreases, and the output current begins to distort,
which is not conducive to the stable operation of the system.
Combined with the simulation diagram, it can be seen that
when g = 0.25, the deviation of flying capacitor voltage is
larger than other conditions. As shown in Fig. 10(d), the devi-
ation of flying capacitor voltage under g = 0.4 is obvious, the
current distortion is serious, and the THD is the highest.

iii) When g = 0.15, as shown in Fig. 10(c), the distribution
of various voltage levels is uniform, the flying capacitor
voltage control is stable, and the output performance is good.

Therefore, according to the simulation result under differ-
ent values of g, the range of g is taken to be 0.05~0.25 in this
paper, and 0.15 is used as the parameter for simulation and
experiments.

C. CONTROL BLOCK DIAGRAM
Fig.11 shows the control block diagram of the ICO-PWM
method for the T-NNPC topology. Among that, the flying
capacitor voltage control is given. The flying capacitor volt-
age control function can be written as

ConVij = (Vij -

Vac/4) xix, x=a,b,c& =1,2 (5)

VOLUME 12, 2024
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FIGURE 10. Simulation results under different carrier amplitude
adjustment factors when the current reference changes from 3 Ato 6 A,
including phase voltage (Vq), line voltage (V,p). output current (ig) and its
THD, and flying capacitor voltage of C,; (V¢y1)- (a) g = 0.05, (b) g = 0.15,
(c) g =0.25,and (d) g = 0.4.
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FIGURE 11. Control block diagram of the proposed 1CO-PWM method for
the T-NNPC topology.

Due to the particularity of the T-NNPC topology, two
flying capacitors are connected in series, and their control is
coupled. So, the flying capacitor voltages are controlled by
changing the redundant switching states at the voltage level
of “0.5 V4. The flying capacitor control can be mainly
summarized into the following two cases:

1) When the voltage levels are “Vy.”, “0.75 V4.,
“0.25 V4., and “0”, there is no redundancy state. In this
case, no flying capacitor voltage control.

2) When the voltage level is “0.5 V4.7, there are two
redundant states in this voltage level, and the redundant states
have opposite effects on charging and discharging the flying
capacitor voltage, thus meeting the requirements for control-
ling the flying capacitor voltage. In this way, by sampling the
voltage deviation of the flying capacitor and the direction of
output current, the corresponding switching combinations are
selected. For example, when (V41-V4./4)>0, which means
the phase-A voltage of flying capacitor voltage is higher than
the required values and need to be decreased if the output
current i is positive, so the 0.5V (o) state will be adopted to
reduce the flying capacitor voltage. Therefore, it is necessary
to add the content of the voltage level “0.5 V,.” for the
stability of the flying capacitor voltage.

It should be noted that in order to ensure the utilization
rate of SPWM, a zero-sequence voltage is injected into the
modulated wave. The remaining modules in the control block
diagram are the same as conventional SPWM methods.

V. SIMULATION RESULTS

Due to the inconsistency in the switching frequencies com-
monly used in conventional MPC method and the proposed
method, a comparative analysis of the output effects of the
two methods at their respective switching frequencies was
conducted. The parameters of the simulation and experiments
are given in Table 4.

For more fair comparison, a comparative analysis of the
proposed method and conventional MPC methods under two
switching frequencies are conducted, one is the low switching
frequency of 4 kHz for conventional MPC, the other is the
high switching frequency of 12 kHz for the proposed method.
Here, the average switching frequency is calculated by the
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TABLE 4. Experimental parameters.

50
-50

50
-50

Parameters Value
DC ]]nk V()]tage (V ) 100 V 0.1 011 0.2 0.13 0.14 015 016 0.17 018 0.19 0.2 0.1 011 0.2 013 0.14 015 0.16 0.17 018 019 0.2
- de ; o '
100 100
i S— o RYATATAVAV KaVAVAVAVAY,
Current frequency (f) 10/50/100 Hz 100 100
DC—Side Capa,CitOr (C) 2350 “F O‘.l 011 0.2 0.3 0.14 0.15 0.16 0.17 0.18 0.19 47‘.2 Oil 011 012 013 014 015 016 0.17 018 0.19 012
- 50~ A~ ~ ~ Hay ~ a\
Resistance (R) 8Q
— v s THD:1.15% v THD:111%
Filter inductor (L) 3 mH " \ /| & \/ \/ \/ \/
Flyll’lg CapacitOrS (Cxla CXZ) 2350 HF, 2350 }‘LF 0‘,] 0.11 012 013 0.4 015 016 017 018 0.19 0‘,2 Oil 011 012 013 014 015 016 0.17 018 0.19 012
. . 35 35
Line frequency (fiinc) oz 13.4% o 8.8%
,,,,,,,,,, 25 —sassEs
Carrier amplitude adjustment factors (g) 0.15 . .
1 1 01I 011 012 0.13 0.14 015 0.16 0.17 018 0.19 012 01I 011 012 013 0.14 015 0.16 0.17 0.8 0.19 012
Switching frequency 4kHz/12 kHz
. 35 35
Control period (T) 200 ps Z; ,,,,, 222% » 9.2%
15 15
01] 011 012 013 014 015 016 0.17 018 0.19 012 01 011 012 013 014 015 016 0.17 018 0.19 012
Time(s) Time(s)

50
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AYAYAYAYAY,
-100
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25 = = 25 sssssones
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0.1 011 0.2 013 014 015 016 0.17 018 0.19 0.2 0.1 011 012 013 014 015 016 0.17 018 0.19 0.2
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FIGURE 12. Output waveforms of the conventional MPC method and the
proposed method when the switching frequency is 4 KHz, including
phase voltage (Van). line voltage (V). output current (ig), voltage of C,,
and sz (VCXI and chz).

PWM waveforms of each switch in MATLAB/Simulink.
Fig. 12 shows the output waveforms of the two methods under
the low switching frequency of 4 kHz, including phase volt-
age (Vgp), line voltage (V,3), output current (i,), voltage of
Cy1 and Cya (Vy1 and Vyo). It can be seen that the proposed
method can also operate stably at 4 kHz. At this switching
frequency, the output current THD of the proposed method
is slightly lower than that of conventional MPC method.
However, in terms of flying capacitor voltage control, the
proposed method is significantly better than conventional
MPC method. The flying capacitor voltage of the proposed
method is controlled within 10%, maintaining good stability,
while the flying capacitor voltage fluctuation of conventional
MPC method is large and frequent, with fluctuation of V¢yo
exceeding 30%.

In addition, Fig. 13 shows the output waveforms of the two
methods under the high switching frequency of 12 kHz. It can
be seen that the output current THD of the proposed method
is basically the same as that of conventional MPC method,
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FIGURE 13. Output waveforms of the conventional MPC method and the
proposed method when the switching frequency is 12 KHz, including
phase voltage (Van), line voltage (V,p), output current (ig), voltage of C,
and Cx2 (Vexn and Vexa)-

while the flying capacitor voltage control is also better than
conventional MPC method, with the flying capacitor voltage
fluctuation controlled within 10%. It can be concluded that
the proposed method has advantages in flying capacitor volt-
age control and the voltage stress of each switch avoid rising
significantly from the frequent fluctuations in flying capac-
itor voltage, which can ensure system stability. It should be
pointed out that the voltage levels “0.25V,.”” and “0.75V,4.”
also have an impact on the flying capacitor voltage control.
Therefore, it can be seen from Fig. 12 and 13 that the instabil-
ity of the flying capacitor voltage control in the conventional
MPC method leads to the large fluctuation difference of the
flying capacitor voltages. While the fluctuation difference
of the flying capacitor voltages in the ICO-PWM method is
small due to the better flying capacitor voltage control.

In order to better demonstrate that the proposed method
can produce better output current than the conventional MPC
method under the same conditions, the THD of output current
under different modulation indexes is compared, as shown in
Fig. 14. It can be seen that both methods can meet the standard
for output current THD of inverters in the given range of mod-
ulation indexes. The proposed ICO-PWM method is superior
to the MPC method under all modulation indexes. In addition,
the MPC method is unstable when the modulation indexes
are higher than 0.9, resulting in output current distortion and
increased current THD. The proposed ICO-PWM method can
produce a stable output current under all modulation indexes,
which is in line with the general rule that the output current
THD decreases as the modulation index increases.

VI. EXPERIMENTAL RESULTS

The simulation results provide comparison of output wave-
forms under the same switching frequency. In order to better
compare the output performance of the proposed method and
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FIGURE 14. Comparison of THD of output current under the MPC and
1CO-PWM methods.

conventional MPC method under their respective frequen-
cies, the experiments utilize their commonly used switching
frequencies. Based on the comparative analysis of conven-
tional methods and the ICO-PWM method, in this section,
experimental verification and analysis are conducted on
the conventional MPC method in [7] and the ICO-PWM
method using experimental equipment. The experimental
results under different conditions are compared. The compar-
ison of steady-state results includes high and low modulation
indexes, high and low modulation under low-frequency con-
ditions. The comparison of the transient results includes
current reference change, current frequency changing from
low frequency to fundamental frequency, and from funda-
mental frequency to high frequency. The advantages of the
proposed method compared to the MPC methods, the stability
of flying capacitor voltage, the output current ripple, etc.,
were analyzed under different conditions. It should be pointed
out that in order to more clearly compare the difference
between the proposed ICO-PWM method and the conven-
tional MPC method under low-frequency conditions, a lower
sampling frequency is adopted in this paper.

The modulation index is adjusted by changing the current
reference (3 A/ 6 A). According to [23], the modulation index
is calculated as

MI = M 6)
Ve
where M1 is the modulation index, i, is the current reference.

According to (6), when the current reference is 3 A, the
modulation index is calculated as 0.416, which represents the
condition of low modulation index in this paper. Similarly,
when the current reference is 6 A, the modulation index is
calculated as 0.831, which represents the condition of high
modulation index.

A. STEADY-STATE RESULTS

Fig. 15 shows the output performance of MPC and
ICO-PWM methods under the fundamental frequency con-
dition with current references of 3 and 6 A, including the
performance of flying capacitor voltage, output current, phase
voltage, and line voltage. As given in Fig. 15(a) and (b), when
the current reference is 3 A, the voltage fluctuation of the
MPC is close to 4 V, with a fluctuation ratio of 16%. When
the current reference is 6 A, the fluctuation of the MPC is
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FIGURE 15. Comparison of the MPC and ICO-PWM method under fc =
50 Hz. (a) MPC under iy = 3 A, (b) MPC under iy = 6 A, (c) ICO-PWM
under iy = 3 A, and (d) ICO-PWM under iy = 6 A.
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around 1 V, with a fluctuation ratio of 4%. In both modulation
indexes, the fluctuation of the MPC method is relatively
frequent, which is not conducive to the stability of the system.
However, it can be seen from Fig. 15(c) and (d) that the
ICO-PWM method has a stable flying capacitor voltage of
25V, with no significant fluctuation in the experimental figure
(5V/div), which is superior to the MPC method. Other output
waveforms in the ICO-PWM method perform better than
those in the MPC method since the flying capacitor voltage
is well-controlled in the ICO-PWM method. Therefore, it is
proved that the stability of the flying capacitor voltage is the
key to the stability of the T-NNPC inverter.

The stability of the flying capacitor voltage control under
the fundamental frequency in the ICO-PWM method has a
good performance. However, for flying capacitor inverters,
the control of flying capacitors under low frequency is a chal-
lenge that determines the application of this topology. Fig. 16
shows the output performance of MPC and ICO-PWM meth-
ods under the low-frequency condition of 10 Hz. In this
condition, the deviation of the flying capacitor voltage under
ig = 3 A is around 10 V, with a fluctuation ratio of 40%,
which exceeds the standard for voltage deviation of flying
capacitor. Meanwhile, the output phase voltage and line volt-
age obviously distort. The flying capacitor voltage control
under the low frequency in the MPC method is unstable, while
the flying capacitor voltage in the ICO-PWM method is well
controlled, which is basically consistent with that under the
fundamental frequency.

In addition, to prove the ability of the proposed ICO-PWM
method and the conventional CO-PWM method to balance
the flying capacitor voltage, the flying capacitor voltage
ripple with various modulation indexes and power factors
is shown in Fig. 17. It is seen from Fig. 17(a) that in
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FIGURE 17. Measurement results of the flying capacitor voltage ripple in
the two methods under the different conditions. (a) Measurement result
of voltage ripple with different modulation indexes. (b) Measurement
result of voltage ripple with different power factors.

Flying capacitor voltage ripple (V)

low modulation indexes, both methods can achieve flying
capacitor voltage balance. However, the voltage ripple of
the proposed ICO-PWM method is smaller than that of con-
ventional CO-PWM method. When the modulation index is
greater than 0.5, the conventional CO-PWM method can-
not balance the flying capacitor voltage, while the proposed
method can still control the flying capacitor voltage effec-
tively.

Fig. 17(b) is conducted when the output current reference is
3A. As shown in Fig. 17(b), both the methods can control the
flying capacitor voltage in different power factors since the
modulation index is low. Nevertheless, the voltage ripple of
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FIGURE 18. Dynamic results of the MPC and ICO-PWM method under
changing current reference. (a)/(c) MPC /ICO-PWM under the current
reference changing from 3 to 6 A, (b)/(d) MPC /1ICO-PWM under the
current reference changing from 6 to 3 A.

the proposed ICO-PWM method is smaller than that of con-
ventional CO-PWM method in the full power factor range.

B. DYNAMIC RESULTS

Fig. 18 shows the output performance of MPC and
ICO-PWM methods under changing the current references
from 3 to 6 A. It can be seen that the fluctuation of flying
capacitor voltage in the MPC method is higher than that in
the ICO-PWM method, which conforms to the analysis in
the steady-state results. In the ICO-PWM method, the output
response is quick and the flying capacitor voltage does not
fluctuate under the transient condition of the current refer-
ence.

In order to further verify the stability of the flying capacitor
voltage control in the ICO-PWM method, the experiments
for frequencies ranging from 10 Hz, 50 Hz, and 100 Hz are
conducted, as shown in Fig. 19 and Fig. 20. The dynamic
responses of both methods under the current frequency
variation are fast. However, the output performance in the
ICO-PWM method is better than that in the MPC method.
Consistent with the previous analysis, the greater the fluc-
tuation of the flying capacitor voltage, the more obvious the
distortion of the output phase voltage and line voltage, and the
output current THD also increases accordingly. It can be seen
that in the proposed ICO-PWM method, the flying capacitor
voltage can maintain good stability regardless of frequency
changes, which is of great significance for the application of
this topology. Better control of the flying capacitor voltage
can also reduce the number and volume of passive compo-
nents. The conventional MPC method requires more flying
capacitors and inductors, while under the proposed method,
less number and volume of flying capacitors and inductors

VOLUME 12, 2024



H. Chen et al.: Capacitor Voltage Balancing Based on Improved CO-PWM Method

IEEE Access

* : *
: Vea(SV/div)
i,(10A/div)
Fgg(100V/div) ©V,,(100V/div)
a 3+ ] |
RN a2 -
Time(10ms/div) Time(¥0ms/div)
(a) (b)
¥ M
L Vea(5Vidiv) i Vea(5V/div)
: i,(10A/div) : i,(10A/div)
2+ i 2 v
V,,(100V/div) C oV, (100V/div)
=1
! 1, (100V/div)
Time(¥0ms/div)

(c) (d)

FIGURE 19. Dynamic results of the MPC and 1CO-PWM method under
changing current frequency. (a)/(c) MPC /ICO-PWM under the current
frequency changing from 10 to 50 Hz, (b)/(d) MPC /ICO-PWM under the
current frequency changing from 50 to 10 Hz.

+ +
(5V/div) Ve Y div)
44 Y g 4 i
: i,(10A/div) . i,(10A/div)
LV, (100V/div) : £ Van(100V/div)
(1 I I
L, (1o /dh 1wl Flle V100V il
Time(10ms/div) Time(10ms/div)
(a) (b)
+ h + H
: Vea(3V/div) Vea(5V/div)
; i(10A/div : i,(10A/div
2n 2» 3
V,,(100V/div) L V.,(100V/div)

Time(f0ms/ (iiv
(c) (d)

FIGURE 20. Dynamic results of the MPC and 1CO-PWM method under
changing current frequency. (a)/(c) MPC /ICO-PWM under the current
frequency changing from 50 to 100 Hz, (b)/(d) MPC /ICO-PWM under the
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can be selected. Therefore, it has great practical significance
for industrial applications of the T-NNPC topology.

VIl. CONCLUSION

This paper proposes an ICO-PWM method for an attractive
T-NNPC topology, applied to medium-voltage applications,
controlling the flying capacitor voltage better. Firstly, the
proposed ICO-PWM is achieved by expanding the voltage
level distribution in the vertical direction based on the con-
ventional CO-PWM, improving the voltage level contents for
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controlling the flying capacitors under the high modulation
indexes and achieving good five-level output. Secondly, the
proposed ICO-PWM improves the stability of flying capaci-
tor voltage control under low-frequency conditions, reduces
the flying capacitor voltage deviation by more than five times,
and improves the performance of output current. Finally, the
performance of the proposed method is verified in simula-
tions and experiments, respectively.
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