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ABSTRACT This paper proposes an improved neutral voltage modulation (NVM) method for symmetrical
and asymmetrical three-phase multilevel cascaded inverters (MLCIs). The maximum synthesizable space
vector region is analyzed using the number of healthy inverter modules and the amplitudes of the dc-link
voltages in each phase. After that, the NVM strategy is proposed tomaximize the balanced three-phase output
voltages in the given space vector region. The proposed method matches the polarities of the neutral and the
phase voltage references as well as minimizing the neutral voltage. By using the proposed method, the linear
modulation region of the three-phaseMLCI are fully utilized allowing no overmodulations even under severe
dc-link voltage imbalances. Moreover, the proposed NVM can synthesizes rotating voltage vectors even all
modules of one phase are not available. To verify the effectiveness of the proposed method, a two-by-three
MLCI prototype is built and tested. The experimental results show that the proposed method reduces the total
harmonic distortion (THD) and the ripple component of the phase current by 28% and 32.8%, respectively,
compared to traditional modulation strategies under severe dc-link imbalance conditions.

INDEX TERMS Fault tolerance, multilevel cascaded inverters, neutral voltage modulation, space vector
pulse width modulation.

I. INTRODUCTION
Multilevel inverters (MLIs) have many advantages over two-
level inverters.MLIs’ various structures andmodulation tech-
niques allow them to have more output voltage levels than
two-level inverters, so their output waveform has lower har-
monic distortion [1]. In addition, the voltage stress across the
switching devices in MLIs are lower than two-level inverters
at the same dc-link level [2], [3]. MLIs are also attractive for
high voltage applications, because they can be constructed
by stacking low voltage modules [2], [4]–[6]{Deepa, 2018
#8;J. Rodriguez, Nov. 2009 #6;M.Vijeh, Oct. 2019 #1}. From
the reasons above, MLIs are utilized in various industrial
applications such as static synchronous compensators, battery
energy storage systems, power plants, and so on [7]–[10].
The topologies of MLIs can be roughly categorized as neu-
tral point clamped and cascaded types [11], [12]. In MLIs’
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topologies, multilevel cascaded inverters (MLCIs) are suit-
able for modular structures. This modular approach allows
MLCIs can easily increase output power and voltage levels
by adding more inverter modules. In addition, the modu-
lar MLCI can easily implement a fault tolerant operation
when a single or multiple modules are under faulty condi-
tions [13], [14]. This is a significant advantage of the modular
MLCI structure, and a lot of research has been conducted on
this issue.

One simple approach to implement fault tolerant opera-
tion is bypassing the abnormal module as shown in Fig. 1.
However, the line-to-line voltage may be unbalanced if
there is no dedicated modulation strategy at that condition.
Moreover, the voltage utilization of healthy modules may
be significantly harmed. To resolve these issues, a lot of
research including circuits and algorithm approaches have
been conducted. Several methods using redundant modules
were proposed to improve the performance of MLCI under
faulty conditions [15], [16]. Some redundant modules can
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be alternatively replaced with faulty modules for the post-
fault operation. These methods maintain the output voltage
level as normal conditions, but the total system design may be
inefficient due to the existence of extra redundant modules.

To overcome this drawback, other fault-tolerant opera-
tion methods without extra modules have been proposed.
In [17]–[19], neutral-shift strategies were introduced. In the
neutral-shift methods, the magnitude and phase of three-
phase references are modified to move the neutral point of
three-phase MLCI when faulty modules are bypassed. As a
result, three-phase output power becomes balanced. How-
ever, the voltage utilization may not be maximized in specific
fault conditions in these methods. To compensate this disad-
vantage, the improved neutral-shift methods were proposed
in [20]–[22]. In addition, there are attempts to combine the
neutral point shift method with selective harmonic elimi-
nation based pulse width modulation [23]. However, these
methods require either lookup tables or complex calculations
for solving nonlinear equations.

Such burdens can be mitigated by fault-tolerant strate-
gies based on zero-sequence injection strategies [24]–[29].
In these methods, the neutral point of the power con-
verter is moved in faulty module conditions by injecting the
zero-sequence voltage which contains the fundamental fre-
quency. As a result, it enables the MLCI to maintain continu-
ous operation as well as synthesizing a balanced three-phase
line-to-line voltage [24]–[26]. However, the three-phase
MLCI may undergo the overmodulation when the operat-
ing condition is near the maximum duty references [27].
To reduce the effect of the overmodulation, the closed-
loop zero-sequence voltage injection method are proposed
in [28], [29]. These methods allow the three-phase MLCI to
achieve the balanced line-to-line voltage without overmodu-
lation in steady-state. However, it requires additional effort
such as a closed-loop error minimization algorithm allowing
no harmonic components in the zero-sequence voltage.

On the other hand, another neutral point shift method using
neutral voltage modulation (NVM) is proposed in [30]–[32].
In NVM methods, the neutral voltage reference for the volt-
age between the inverter and load side neutral points is cal-
culated based on the number of the healthy modules and
the phase voltage references [30]. Then, the neutral voltage
reference is added to each three-phase reference to move the
neutral point. In [31], the neutral voltage reference is calcu-
lated to reduce the total harmonic distortion (THD) of the
current and its harmful effect on motor components. Refer-
ence [32] proposes the NVM strategy for asymmetricalMLCI
under unbalanced dc-link voltage conditions. In the paper, the
neutral voltage reference is directly calculated from the phase
voltage references and available dc-link voltages. However,
the NVM method proposed in [32] may occur overmodula-
tion when the pole voltage reference calculated by subtracting
the neutral voltage reference from phase voltage reference
exceeds the magnitude of the dc-link voltage. In addition,
this NVMmethod cannot be directly applied if all modules of
one phase are not available, because the NVMmethod should

FIGURE 1. Three-phase MLCI topology with three-phase load when one
faulty module in a phase leg is bypassed.

utilize the number of remaining modules while calculating
the neutral voltage reference.

In this paper, an NVM method is proposed to obtain
a balanced three-phase output of MLCI in the maximum
modulation region with minimizing overmodulation. Ini-
tially, to recognize the maximum synthesizable voltage of the
three-phase MLCI under normal and abnormal conditions,
space voltage vectors are analyzed in the stationary αβ refer-
ence frame. Then, the neutral voltage reference is calculated
by using the proposed method to avoid the overmodulation
in the pole voltage references. Moreover, the proposed NVM
can be applied when all modules in one phase are unavailable.
Experimental results are presented to verify the performance
of the proposed method for two-by-three MLCI under unbal-
anced module conditions.

II. SPACE VOLTAGE VECTOR ANALYSIS
A. SYMMETRICAL CONDITIONS
Fig. 1 shows the N -by-three MLCI structure. In the figure,
the individual dc-links of each module are defined as Vdc_pk
where p and k designate the name of the individual phase
and the number of the modules in the dedicated phase. For
example, Vdc_a2 stands for the dc-link voltage of the second
module in phase a. By considering this notation, the total
dc-link voltage of a phase is:

Vdc_p =
N∑
k=1

Vdc_pk|p∈(a,b,c) (1)

where N is the number of modules in the phase.
Let us define the phase voltages vas, vbs, and vcs as the

voltages between the switching pole in each phase and the
load side neutral point s as shown in Fig. 1. Similarly, the pole
voltages van, vbn, and vcn are defined as the output voltages
between the switching poles and the inverter side neutral
point n. The relationships between the phase and the pole
voltages are written in (2).

van = vas + vsn
vbn = vbs + vsn
vcn = vcs + vsn (2)
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FIGURE 2. Comparison of space voltage vectors in one-by-three and
two-by-three MLCIs.

where vsn is defined as the neutral voltage between the neutral
points s and n. By introducing the existence function Spk for
the single H-bridge module, the elements of Spk are:

Spk ∈ {−1, 0, 1 } (3)

where p and k are the same notation which is defined above.
Using Spk and Vdc_pk , the pole voltage of a phase is written
as:

vpn =
N∑
k=1

SpkVdc_pk . (4)

Since (2) meets Kirchhoff’s voltage law, vsn is obtained as:

vsn =
1
3
(van + vbn + vcn). (5)

By manipulating the equations above, the individual phase
voltages are represented as follows. vasvbs

vcs

 = 1
3

 2 −1 −1
−1 2 −1
−1 −1 2

 vanvbn
vcn

 (6)

Using Clarke’s transform, (6) can be written as:[
vα
vβ

]
=

1
3

[
2 −1 −1
0
√
3 −

√
3

] vanvbn
vcn

 . (7)

Through (4) to (7), when the dc-link voltages of each mod-
ule are the same as Vdc, the maximum synthesizable phase
voltage of the symmetrical three-phase MLCI is obtained as:

Vmax =
4N
3
× Vdc (8)

Meanwhile, the maximum achievable phase voltage in the
linear modulation region is calculated as follows.

Vph_max =
2N
√
3
Vdc (9)

FIGURE 3. Space vector regions in asymmetrical conditions.
(a) Vdc_a = 0.5Vdc , Vdc_b = 2Vdc , and Vdc_c = 2Vdc . (b) Vdc_a = 0,
Vdc_b = 2Vdc , and Vdc_c = 2Vdc .

Fig. 2 compares the space voltage vectors for the symmetri-
cal one-by-three and two-by-three MLCIs. In the figure and
hereafter, underlined numbers indicate the negative switching
elements -1 or -2. For two-by-threeMLCIswhereN is 2,Vmax
is calculated as 8Vdc/3 using (8). On the other hand, Vmax is
reduced to 4Vdc/3 in one-by-three MLCI. Accordingly, the
linear modulation region also proportionally shrinks.

B. ASYMMETRICAL CONDITIONS
In asymmetrical three-phase MLCI, total dc-link voltages
of each phase are unequal, because the number of normal
modules and dc-link voltage of each module are different.
Let us define the faulty module index fpk for individual
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phase and modules as follows:

fpk =

{
1, normal condition
0, bypassed condition.

(10)

For example, if fa2 is 0, the module 2 in phase a is bypassed.
By utilizing the faultymodule index, the total dc-link voltages
of each phase Vdc_a, Vdc_b, and Vdc_c in the two-by-three
MLCI can be represented as:

Vdc_a = fa1Vdc_a1 + fa2Vdc_a2
Vdc_b = fb1Vdc_b1 + fb2Vdc_b2
Vdc_c = fc1Vdc_c1 + fc2Vdc_c2 (11)

By using the independent and the dependent vectors con-
cepts [32], Vmax and Vph_max in asymmetrical MLCIs are
derived as:

Vmax =
2
3

(
Vdc_mid + Vdc_min

)
(12)

Vph_max =
Vdc_mid + Vdc_min

√
3

(13)

where Vdc_mid and Vdc_min represent the medium and mini-
mum values among Vdc_a, Vdc_b, and Vdc_c which are deter-
mined by (11). Fig. 3 illustrates the space vector regions of
the asymmetrical two-by-three MLCI for different dc-link
voltage cases. In Fig. 3(a), Vdc_mid and Vdc_min are 2Vdc and
0.5Vdc, respectively. Hence, Vmax and Vph_max are calculated
as 5Vdc/3 and 2.5Vdc/

√
3 . Similarly, Vmax and Vph_max are

obtained as 4Vdc/3 and 2Vdc/
√
3 for Fig. 3(b). It should be

noticed that the MLCI can secure the space voltage vectors
as shown in Fig. 3(b) when even whole dc-link in a phase
is not available, so that rotating voltage vectors can be pro-
duced. Another aspect to be mentioned is that asymmetrical
six or four-step operation can be implemented in the MLCI
according to the dc-link conditions.

III. PROPOSED MODULATION STRATEGY
Fig. 4 represents the block diagram of the proposed method
which consists of two steps for implementation. First, the
phase voltage reference and the dc-link values are utilized
to generate the neutral voltage v′sn to balance out the three-
phase references. After that, v′sn is recalculated to maximize
the linear modulation region. As the result of the second
step, v′′sn is produced, and it is injected to the phase voltage
references. Finally, the pole voltage references are calculated
and commanded.

A. ANALYSIS OF THE TRADITIONAL TECHNIQUE
The neutral voltage reference followed by [32] can be calcu-
lated based on the phase voltage references and dc-link volt-
ages in each phase. Initially, the weight factorKw considering
the dc-link voltages can be defined as:

Kw =
Vdc_mid + Vdc_min

2
(14)

FIGURE 4. Proposed NVM technique with the neutral voltage
modification.

The weight factors of each phase, Kw_a, Kw_b, and Kw_c, are
written as follows:

Kw_a =
Kw
Vdc_a

Kw_b =
Kw
Vdc_b

Kw_c =
Kw
Vdc_c

. (15)

After that, they are multiplied to the original phase voltage
references v∗as, v

∗
bs, and v

∗
cs as (16).

v′as = Kw_av∗as v′bs = Kw_bv∗bs v′cs = Kw_cv∗cs. (16)

Here, the neutral voltage reference v′sn is calculated as:

v′sn =
v′max + v

′
min

2
(17)

where v′max and v′min are the maximum and the minimum
values among v′as, v

′
bs, and v

′
cs. It should be noticed that v′sn

includes the weighted neutral voltage considering the dc-link
imbalance in three-phase. Now, the pole voltage references
are calculated as: v∗anv∗bn

v∗cn

 =
 v∗as − v′snv∗bs − v

′
sn

v∗cs − v
′
sn

 . (18)

Let us examine the physical meaning of the modulation
method above with following analyses. For the first case,
assume that Vdc_a = Vdc, Vdc_b = 2Vdc, and Vdc_c = 3Vdc.
Then, the weight factors of each phase are:

Kw_a = 1.5 Kw_b = 0.75 Kw_c = 0.5. (19)

From (19), it is confirmed that the weight factor of the mini-
mum dc-link leg, phase a, is greater than 1 while the weight
factors of other phases are less than 1. Thus, the relationships
among the original and the modified phase voltage references
become:∣∣v′as∣∣ > ∣∣v∗as∣∣ ∣∣v′bs∣∣ < ∣∣v∗bs∣∣ ∣∣v′cs∣∣ < ∣∣v∗cs∣∣ . (20)

Hence, when v′as corresponds to v
′
max or v

′
min, the peak value

of v′sn is increased by (16) and (17), so that the peakmagnitude
of v∗an is less than its original phase voltage reference by (18).
On the other hand, when v′cs corresponds to v

′
max or v

′
min, the

13518 VOLUME 10, 2022



J. Kim, Y. Cho: NVM for Maximizing Linear Modulation Region and Limp-Home Mode Operation of MLCIs

peak value of v′sn is reduced, and the peak of v∗cn is higher
than v∗cs. In sum, the peak of the pole voltage reference with
the minimum dc-link phase decreases whereas the one with
the maximum dc-link phase increases. Hence, the balanced
voltage output of MLCI is achieved as well as supplying fair
output power.

For the next, assume that the dc-link voltages in each phase
are equal to Vdc. Then, the weight factors and phase voltage
references are:

Kw = Vdc
Kw_a = Kw_b = Kw_c = 1

v′as = v∗as, v′bs = v∗bs, v
′
cs = v∗cs. (21)

In this case, the shape of v′sn is identical to the one of the well-
known carrier-based space vector PWM (SVPWM) case.

One problem of this modulation method is the possibility
that the pole voltage reference can exceed its dc-link voltage,
and have an opposite polarity compared to its original voltage
reference. To analyze in detail, let us consider that Vdc_a <
Vdc_b < Vdc_c. From the above examination, v′sn increases
when v′as corresponds to v

′
max or v′min. In this condition, the

peak magnitude of v∗an decreases, while the peak magnitude
of v∗bn and v∗cn increase. Hence, if v∗bn and v∗cn exceed Vdc_b
and Vdc_c, the overmodulation is happened. Regarding the
magnitudes of dc-link voltages, Vdc_b is relatively lower than
Vdc_c, so that the possibility of overmodulation occurrence
is high in phase b. Therefore, the boundary condition of
overmodulation can be derived by calculating the peak mag-
nitude of v∗bn when the original phase voltage references are
as follows:

v∗as = Vph_max sinωt

v∗bs = Vph_max sin (ωt − 2π/3)

v∗cs = Vph_max sin (ωt + 2π/3) (22)

where ω is the angular frequency of the output voltage. When
v′max = v′as, and v

′
min = v′bs, v

∗
bn is calculated as:

v∗bn = v∗bs − v
′
sn = k1 sinωt + k2 sin (ωt − 2π/3) (23)

where k1 and k2 are:

k1 = −

(
Vdc_mid + Vdc_min

)2
4
√
3 Vdc_min

k2 =

(
Vdc_mid + Vdc_min

)
√
3

−

(
Vdc_mid + Vdc_min

)2
4
√
3 Vdc_mid

. (24)

Thus, the peak magnitude of v∗bn is derived as:

v∗bn_max =
√
k21 − k1k2 + k

2
2 . (25)

As a result, the overmodulation occurs when the value of (25)
exceeds Vdc_b. On the other hand, in the same dc-link voltage
condition, v∗an decreases as v

′
sn increases. Therefore, v

∗
an can

have different polarity with v∗as. This condition is derived
in [32] as Vdc_min > Vdc_mid /3.

FIGURE 5. Waveforms of the modified NVM with Vdc_a = 50V,
Vdc_b = 200V, and Vdc_c = 200V. (a) Injectable neutral voltage range
(b) Comparison of the neutral voltage references. (c) Pole voltage
references.

B. PROPOSED NVM TECHNIQUE
To avoid the operating in the overmodulation region, themod-
ified NVM algorithm is proposed. In the proposed method,
the neutral voltage reference v′sn is modified considering the
constraint regions. To prevent the overmodulation regions, the
neutral voltage should be limited in the ranges as follows [22].

v∗sn_min < v′sn < v∗sn_max (26)

Here, the minimum and maximum values of the neutral volt-
age references, v∗sn_min and v

∗
sn_max are obtained as:

v∗sn_min = max(v∗as − Vdc_a, v
∗
bs − Vdc_b, v

∗
cs − Vdc_c)

v∗sn_max = min(v∗as + Vdc_a, v
∗
bs + Vdc_b, v

∗
cs + Vdc_c). (27)

Fig. 5(a) shows the range of the available neutral voltage
reference when the magnitude of the phase voltage reference
is Vph_max , and the number of each phase are Vdc_a = 50V,
Vdc_b = 200V, and Vdc_c = 200V. When the neutral voltage
reference exceeds the ranges defined in (26), the proposed
method selects the neutral voltage reference according to the
conditions as follows:

v′′sn =


v∗sn_min, if v′sn > v∗sn_max
v∗sn_max , if v′sn < v∗sn_min
v′sn, if v∗sn_min < v′sn < v∗sn_max .

(28)
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FIGURE 6. Waveforms of the modified NVM with Vdc_a = 50V,
Vdc_b = 200V, and Vdc_c = 200V. (a) Neutral Reference voltage
without (29) (b) Reference voltages without (29) (c) Comparison of the
neutral voltage references. (d) Reference voltages with (29).

Fig. 5(b) compares the original neutral voltage reference
v′sn generated by the algorithm suggested in [32] and the
new neutral voltage reference v′′sn in the proposed method.
Apparently, v′sn is higher than v

∗
sn_max in the figure while v′′sn

does not violate the condition in (26). Let us consider the pole
voltage references which include both the phase and neutral
voltage references. The pole voltage references in Fig. 5(c)
clearly indicate that no overmodulation is appeared due to the
operation of the proposed algorithm.

From modified NVM method in (28), the overmodulation
regions are disappeared. However, the pole voltage references
can have the different polarity with the phase voltage refer-
ences when (28) is applied. For example, Fig. 6(a) shows that
v′sn is still in the range of (26) when the amplitude of phase
voltage reference is 0.6Vph_max . In the same condition, v∗an has

FIGURE 7. Comparison of the amplitude of neutral voltage references
NVM with Vdc_a = 50V, Vdc_b = 200V, and Vdc_c = 200V.

FIGURE 8. Comparison of the maximum linear modulation region with
Vdc_a = 50V, Vdc_b = 200V, and Vdc_c = 200V.

different polarity with v∗as shown in Fig. 6(b). This is because
v′sn is larger than v∗as, and the excessive v′sn can be simply
modified by (29).

v′′sn =


v∗max , if v′sn > v∗max
v∗min, if v′sn < v∗min
v′sn, if v∗min < v′sn < v∗max

v∗max = max(v∗as, v
∗
bs, v
∗
cs) v∗min = min(v∗as, v

∗
bs, v
∗
cs) (29)

In Fig. 6(c), v′sn is limited to the v∗min or v∗max when v′sn
exceeds the range of (29). As a result, v∗an has the same polar-
ity with v∗as depicted in Fig. 6(d). In addition, the magnitude
of the neutral voltage reference is reduced after (29) is applied
as shown in Fig. 7. When the duty reference is 0.86, the
maximum magnitude of the neutral voltage reference with
(29) decreases from 135.8V to 124.1V. This can also reduce
the harmful effect of the large neutral voltage on the motor
components such as bearings [23].

Fig. 8 compares the maximum linear modulation regions
of the traditional SVPWM, the traditional NVM suggested
in [32], and the proposed NVMmethod. The maximum linear
modulation region of the proposed NVM is adjacent to the
maximum synthesizable voltage vector space region. On the
other hand, the radius of the maximum linear modulation
region is only 60% and 18.6% with the traditional NVM
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FIGURE 9. Waveform of the proposed NVM voltage references with
Vdc_a = 0V, Vdc_b = 200V, and Vdc_c = 200V.

FIGURE 10. Equivalent circuit of the three-phase inverter with Vdc_a = 0V,
Vdc_b = 200V, and Vdc_c = 200V.

proposed in [32] and the traditional SVPWM compared to
the proposed method.

C. PROPOSED LIMP-HOME MODE OPERATION
The NVM with the proposed method can be applied when
there are no remaining modules in one phase. In this case,
a weight factor in (15) has an infinite value. Thus, the neutral
voltage reference has infinite magnitude in the traditional
method [32], and no pole voltage reference is commanded.
On the other hand, the method proposed in this paper pro-
duces the neutral voltage reference through (29) even under
whole modules in a phase are absent, still the MLCI can
operate with a limited voltage vector region. This mode is
called limp-home mode. Fig. 9 shows that the phase a pole
voltage reference is zero, because the neutral voltage refer-
ence is equal to the original phase voltage reference of phase
a by (29). This is the same as the two-phase modulation
principle, and it can be represented as the equivalent circuit
shown in Fig. 10. The figure shows that the equivalent circuit
of the MLCI when phase a is bypassed after failure. In the
figure, the three-phase voltages are obtained as follows: 0

vbn
vcn

 =
 vas + vsnvbs + vsn
vcs + vsn

 vsn = −vas. (30)

Therefore, the three-phase output is balanced when the neu-
tral voltage reference is the same as the phase a voltage
reference. The neutral voltage reference obtained from (30)
is equal to the neutral voltage reference as modified by (29).

In sum, the proposed NVM method can compensate the
overmodulation regions of the traditional NVM suggested
in [32]. In addition, the proposed NVM algorithm can be
applied as the limp-homemodemodulation when all modules
of one phase are not available.

TABLE 1. Experimental parameters.

FIGURE 11. Experimental set up: two-by-three MLCI.

D. DUTY REFERENCE CALCULATION
The duty references are calculated as follows:

d∗p1 = d∗p2 = · · · = d∗pN =
v′pn
Vdc_p

|p∈(a, b, c). (31)

These duty references are transmitted to each phase module.
Then, the duty references of different polarity are transferred
to each leg of the H-bridge to operate with unipolar modu-
lation. Moreover, the carriers of each module are shifted by
180◦/N to increase the output voltage level.

IV. EXPERIMENTS
Fig. 11 and Table 1 represent the experimental set up and
specifications of two-by-three MLCI. To supply the input
power to the individual H-bridge inverters, six independent
dc-links are fed by one variac, six transformers and diode rec-
tifiers. TheMLCI supplies the three-phaseRL load consists of
2mH inductor and 20� resistor per phase. To implement the
control of the MLCI, Texas Instruments’ TMS320F28377S
digital controller is employed. The internal states of the digi-
tal controller are monitered via a 4-channel digital-to-analog
converter (DAC) in real-time. The switching frequency is
selected to be 15kHz. Since the unipolar modulation is imple-
mented, the effective switching frequency becomes 30kHz
for each H-bridge inverter. The carriers of the cascaded mod-
ules in the same phase have 90◦ of phase difference for phase-
shifted PWM. All experiments are conducted by applying
the maximum phase voltage reference magnitude Vph_max
according to the number of modules in each phase, and the
fundamental frequency is 60Hz.

VOLUME 10, 2022 13521



J. Kim, Y. Cho: NVM for Maximizing Linear Modulation Region and Limp-Home Mode Operation of MLCIs

FIGURE 12. Experimental result comparison for the three-phase MLCI
with Vdc_a = 50V, Vdc_b = 200V, and Vdc_c = 200V(10ms/div).

FIGURE 13. Pole voltage comparison for the three-phase MLCI with
Vdc_a = 50V, Vdc_b = 200V, and Vdc_c = 200V (10ms/div).

TABLE 2. Comparison of modulation indices.

In asymmetrical condition, each dc-link voltages of two-
by-three MLCI are the same as Vdc_a = 50V, Vdc_b =
200V, Vdc_c = 200V when Na = 1, Nb = 2, and
Nc = 2. Fig. 12 compares the waveforms in each modu-
lation method. Compared to traditional SVPWM, the out-
put currents are balanced when the traditional or proposed
NVM is applied. In addition, compare to the traditional NVM
suggested in [32], the THD of ics is reduced from 6.25% to
1.75%. Moreover, the THD of ias decreases from 6.97% to
1.79% compared to the traditional NVM. This corresponds
that the proposed method improves the THD by 28% com-
pared to traditional NVM.

Fig. 13 shows the comparison of pole voltages van, vbn, and
vcn and their reference voltages for each modulation method.
In the traditional SVPWM, van is almost fully saturated. In the

FIGURE 14. d - and q-axis current responses (10ms/div).

FIGURE 15. Comparison of the current trajectories in the αβ plane.
(a) Traditional SVPWM. (b) Traditional NVM [32]. (c) Proposed NVM.

traditional NVM, vbn and vcn are partially saturated, because
v∗bn and v∗cn exceed their total dc-link voltage 200V. In the
proposed NVM, the saturated regions disappear in vbn and
vcn which are normal phases’ pole voltages. It means that
the healthy phases are not undergoing overmodulation phe-
nomenon. On the other hand, the pole voltage van is partially
constant at 50V and -50V with the proposed NVM, but this
is not caused by the overmodulation unlike the traditional
SVPWM and traditional NVM.

Table 2 represents the three-phase modulation indices ma,
mb, and mc of each modulation method. In the traditional
SVPWM, ma is 2.5. In the traditional NVM, mb and mc are
1.23. These mean that the three-phase MLCI operates at the
overmodulation region with the traditional SVPWM or the
traditional NVM. On the other hand, in the proposed NVM,
ma,mb, andmc are 1, so the three-phase MLCI operates at the
linear modulation region.

Fig. 14 presents the dq plane currents ids and iqs. When
the proposed NVM is applied, the ripple component of iqs is
reduced by 32.8% compared to traditional NVM method.
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FIGURE 16. Experimental result comparison for the three-phase MLCI
with Vdc_a = 0V, Vdc_b = 200V, and Vdc_c = 200V (20ms/div).

FIGURE 17. Experimental result comparison for the three-phase MLCI
with Vdc_a = 0V, Vdc_b = 100V, and Vdc_c = 200V (20ms/div).

Fig. 15 compares the current trajectories of iα and iβ in
the αβ plane. As can be seen in Figs. 15(a) and 15(b),
the trajectory of phase current is distorted when both the
traditional SVPWM and NVM proposed in [32] are applied.
On the other hand, the shape of the current trajectory in the αβ
plane is much improved with the proposed NVM as shown in
Fig. 15(c).

In sum, with the proposed NVM method, the overmodula-
tion region occurred in the traditional NVM suggested in [32]
disappears. As a results, the balanced three-phase outputs in
the maximum linear modulation region can be obtained by
applying the proposed NVM for asymmetrical three-phase
MLCI. In addition, the distortion of the output current is
mitigated.

The effectiveness of the proposed NVM is also verified
when all modules in one phase are bypassed as shown in
Figs. 16 and 17. In Fig. 16, the three-phase output currents
become well-balanced after the proposed NVM is applied
when Vdc_a = 0V, Vdc_b = 200V, and Vdc_c = 200V. More-
over, in Fig. 17, the balanced three-phase output currents are
achieved by applying the proposed NVM when Vdc_a = 0V,
Vdc_b = 100V, and Vdc_c = 200V. The MLCI operations in
both cases are not possible in traditional modulation strate-
gies.

V. CONCLUSION
This paper proposed the improved NVM technique for the
post-fault operation of three-phase MLCIs. Compared to
the traditional SVPWM and NVM methods, the proposed

method maximizes the linear modulation region under severe
dc-link voltage imbalance conditions as well as avoiding
overmodulations. Moreover, the proposed method can gener-
ate balanced three-phase voltage even one phase leg is totally
unavailable. With this limp-home mode, the fault tolerant
ability of the MLCI is significantly enhanced. The proposed
method was tested in two-by-three MLCI prototypes under
various dc-link conditions including the limp-home mode.
The effectiveness of the proposed method was fully verified
through the experimental results.
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