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Abstract—A novel topology of a three-phase dual-output neutral-
point-clamped three-level inverter (DO-NPC-TLI) is proposed.
DO-NPC-TLI can achieve two groups of ac voltage outputs with
adjustable frequency and amplitude. We describe the topology in
detail. The proposed topology is based on a neutral-point-clamped
three-level inverter (NPC-TLI). A total of eight switches and six
clamping diodes are added to the NPC-TLI to form the new topol-
ogy, and then analyze the working principle of the circuit. With
the consideration of neutral point voltage balance, a modulation
strategy combining the time-sharing modulation idea and virtual
space vector pulsewidth modulation (VSVPWM) is proposed. In
order to simplify the complicated calculation process of VSVPWM,
a carrier-based PWM based on VSVPWM is proposed. All of the
duty ratios are used to calculate the modulation waves of DO-NPC-
TLI. The driving signals of switches are generated by comparing
the modulation waves with a carrier. The modulation strategy men-
tioned above is verified by the experiment. The correctness of the
experimental results illustrates the effectiveness of the modulation
strategy and the feasibility of the proposed topology.

Index Terms—Carrier-based pulsewidth modulation
(CBPWM), dual-output (DO), netural-point-clamped (NPC),
three-level-inverter (TLI), virtual space vector pulsewidth
modulation (VSVPWM).

I. INTRODUCTION

DUAL-AC motor drive systems are now developing in
emerging industries, such as electric vehicles [1], [2], rail-

way traction, wind power generation, and power-assisted ships
[3]. The dual-output inverter is the key part. Each individual
motor can be driven by a separate inverter. As the number of
motors increases, so does the number of inverters, which makes it
necessary to consider the size, cost, and other issues. Therefore,
the proposed nine-switch inverter (NSI) replaces the use of
two independent two-level inverters [4], [5], and this topology
reduces the number of switches, size, and the cost. However, its
switching devices need to withstand a higher voltage, not suit-
able for the high-voltage application. Its application is limited
to some extent. Therefore, multilevel inverters are proposed.
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Compared with the traditional two-level inverters, multilevel
inverters have significant advantages [6], [7]. The main advan-
tage of the multilevel inverters is that the quality of voltage
waveform is improved. And by increasing the number of switch-
ing devices, they jointly withstand the dc voltage and reduce
the voltage withstood of each switching device [8]. In addition,
the harmonic distortion of the output voltage is reduced and the
efficiency of the inverter is improved. Multilevel inverters are
usually applied in high-power and large-capacity occasions [9].
Therefore, the multilevel inverters can be chosen to use for better
application in the field of dual-ac motor drive.

Bhattacharya et al. [10] used two groups of independent three-
level inverters to drive the motor. But the number of switches
of three-level inverters is already more than that of two-level
inverters. Despite the superior performance, the size and cost
are also increased. A three-level dual-output inverter is proposed
in [11]. But the inverter has a limitation of the switching mode
due to its topology. The neutral point voltage is difficult to bal-
ance. Therefore, an alternative three-level dual-output inverter
is proposed in this article. On the basis of the topology of
neutral-point-clamped three-level inverter (NPC-TLI), which is
widely used [12], eight switches and six clamping diodes are
added to form a new topology, namely the proposed dual-output
neutral-point-clamped three-level inverter (DO-NPC-TLI).

For the modulation strategy, the topology proposed in [10] is
two groups of independent inverters, each group of which can
be modulated separately by space vector pulsewidth modulation
(SVPWM) for three-level inverters. Haruna and Hoshi [11]
proposed the sinusoidal pulsewidth modulation (SPWM) for the
simplified three-level dual-output topology. In order to improve
the modulation index, the zero-sequence voltage is required
with the SPWM. And the neutral point voltage balance is not
considered. Moreover, the output-phase voltage has a larger
dc voltage offset. Although the modulation strategy has been
proposed, due to the lack of research in this area, the strategy
can be used to refer is very few. However, NSI was proposed
earlier, so its modulation strategy has been mature and can be
used for reference. In [13], SVPWM applied to NSI has been
proposed. A pulsewidth modulation (PWM) period is evenly
divided into two segments. In the former half period, inverter
1 is modulated directly by SVPWM, while inverter 2 works
in a zero vector state. In the latter half period, the situation
is just opposite to the former half period, that is, in a PWM
period, two groups of inverters can work alternately. SVPWM
can improve the utilization of dc voltage and its technology is
mature. Therefore, a new modulation strategy for the three-level
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dual-output inverter is proposed by combining the time-sharing
modulation idea of NSI with three-level SVPWM. Gupta and
Khambadkone [14] show a three-level SVPWM modulation
strategy based on the rectangular coordinate system. This modu-
lation strategy is widely used because of being simple to control
and its high-voltage utilization rate. However, NPC-TLI has the
problem of neutral point voltage balance [15] and DO-NPC-TLI
also has the same problem. Only the SVPWM modulation
strategy cannot solve the problem. Therefore, other modulation
strategies need to be considered. Chen et al. [16] and Wang
et al. [17] propose a method of injecting zero-sequence voltage
to balance the neutral point voltage but it is difficult to calculate
the zero-sequence voltage. Song et al. [18] propose an idea of
using the allocation factor on the basis of SVPWM by adjusting
the action time of positive and negative short vectors. The
neutral point potential fluctuation can be improved but cannot
be completely suppressed [19]. Jiang et al. [20]–[22] propose a
VSVPWM modulation strategy. The basic idea of this strategy
is that new virtual vectors are synthesized by using medium
vectors and short vectors. The current at the neutral point of
each new vector is zero during the operation time. Accordingly,
there is no effect on the neutral point voltage. Then, a VSVPWM
modulation method for DO-NPC-TLI is proposed by combining
the idea of time-sharing modulation and three-level VSVPWM.

However, during the calculation of the VSVPWM modulation
strategy, there are a lot of trigonometric functions in duty ratios,
which are complex. In addition, the judgment of sections and
its subsections needs to be made, and the switching sequences
of each sector need to be listed, which is a complicated process.
In order to simplify the process of the calculation, a CBPWM
based on VSVPWM is proposed, using switching sequences
and duty ratios to calculate modulation waves. The expressions
of modulation waves are simple and regular, which no longer
contain the calculation of trigonometric functions. After com-
paring modulation waves with the triangular carrier wave, the
desired driving signals of each switch can be obtained through
a logical operation. The implementation of CBPWM simplifies
the VSVPWM modulation algorithm to a great extent.

In order to have a better application in the field of dual-ac mo-
tor drive system, DO-NPC-TLI is proposed. It can achieve two
groups of three-level ac outputs with adjustable amplitude and
frequency. The structure of this article is as follows. Section II
introduces the topology and the working principle of DO-NPC-
TLI. Section III introduces the VSVPWM modulation strategy
for DO-NPC-TLI and CBPWM by the VSVPWM modulation
strategy. The experimental results are provided in Section IV.
Finally, Section V offers the conclusion.

II. TOPOLOGY AND WORKING PRINCIPLE OF DO-NPC-TLI

A. Topology of DO-NPC-TLI

The topology of DO-NPC-TLI is shown in Fig. 1, which is
adding eight switches and six clamping diodes on the basis of
topology of NPC-TLI to form a new dual-output topology of
DO-NPC-TLI. Each phase has six switches and four clamping
diodes, respectively, defined as Sx1–Sx6 and Dx7–Dx10, where
“x” mentioned in the following part is all x�{a, b, and c}. In
addition, two switches So1 and So2 are directly connected to the

Fig. 1. Topology of DO-NPC-TLI.

capacitors on the dc side. Switches Sx1–Sx4, clamping diodes
Dx7 − Dx8, and switch So1 constitute inverter 1 with three-
phase ac voltage outputs ua1, ub1, and uc1, as shown in the red
dotted box. Switches Sx3–Sx6, clamping diodes Dx9 −Dx10,
and switch So2 constitute inverter 2 with three-phase ac voltage
outputs ua2, ub2, and uc2, as shown in the blue dotted box.
Switches Sx3 and Sx4 are the public switches of two inverters.

According to the content mentioned above, DO-NPC-TLI
requires 20 switches and 12 diodes, i.e., one less switch and
12 more diodes than the topology in [11].

B. Working Principle

The circuit has two working modes. Mode 1 is that inverter 1
works in an effective working state and mode 2 is that inverter
2 works in an effective working state.

Mode 1: Inverter 1 is effective. Switches Sx5 and Sx6 of
each phase and switch So1 are in the ON state and switch So2
is in the OFF state. At this time, three phases of inverter 2 are
connected to the negative bus (state N), which means that inverter
2 outputs NNN, a zero vector. Each phase has three working
states, respectively, state P, O, and N, corresponding to output
voltage +Ud/2, 0, and −Ud/2. Taking phase a as an example,
three working states of phase a are shown in Fig. 2(a)–(c).

As shown in Fig. 2(a), switches Sa1 and Sa2 are in the ON

state. Whether the current flows from the circuit to the load (as
shown by the red arrow) or from the load to the circuit (as shown
by the blue arrow), at this time, the potential of output terminal
a1 is equal to the potential of point P and the output voltage is
+Ud/2.

As shown in Fig. 2(b), switches Sa2 and Sa3 are in the ON state,
and the potential of output terminal a1 is equal to the potential of
point O, and the output voltage is zero. It is in this state that there
is one more switch ON than the other two states. Therefore, in
this working state, the switch loss is indeed more than the other
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Fig. 2. Working states of modes 1 and 2.

two states. And compared with the topology in [11], the switch
loss is actually slightly higher at the same switching frequency.

As shown in Fig. 2(c), switches Sa3 and Sa4 are in the ON state,
and the potential of output terminal a1 is equal to the potential
of point N, and the output voltage is -Ud/2. Phases b and c are
the same as phase a.

Mode 2: Inverter 2 is effective. Switches Sx1 and Sx2 of each
phase and switch So2 are in the ON state, and switch So1 is
in the OFF state. At this time, the three phases of inverter 1 are
connected to the positive bus (state P), which means that inverter
1 outputs PPP, a zero vector. Each phase has three working
states, respectively, P, O, and N, corresponding to output voltage
+Ud/2, 0, and -Ud/2.

Fig. 3. Virtual space vector diagram of inverter n.

Taking phase a as an example, the working principles of the
three working states of phase a are shown in Fig. 2(d)–(f). The
working principle of the working states in mode 2 is the same as
mode 1. The results of the analysis mentioned above are listed
in Table I.

According to this working mode, inverters 1 and 2 need
to work alternately in one cycle. When inverter 1 is in the
working state, inverter 2 outputs 0; when inverter 2 is in the
working state, inverter 1 outputs 0. The total modulation index
of the two inverters is 1. With one cycle divided into two, the
maximum modulation index of each inverter is 0.5, which is also
a disadvantage of this topology.

According to the analysis of the above-mentioned six working
states, the voltage stress of switches and clamping diodes can be
obtained. Take switch Sa1 as an example, its voltage stress is 0,
Ud/2 or Ud/4, Ud/2, 0, 0, and 0 respectively. The max voltage
stress of switch Sa1 is Ud/2. The analysis of other switches and
clamping diodes is the same as Sa1. The results are all given in
Table II. The topology in [11] is also analyzed for its voltage
stress and it is known that one of the switches is required to
withstand the voltage of Ud. As for the current stress, switches
Sx2 and Sx5 bear the greatest current stress. The selection of
the integral switching devices should be based on the specific
situation and take the one with the greatest current stress as the
reference.

III. STRATEGY OF DO-NPC-TLI

A. VSVPWM Strategy

Inverters 1 and 2 work alternately in a switching cycle to
obtain two groups of three-phase ac outputs. As given in Table I,
each phase of inverter n (all “n” mentioned in the following part
are n�{1, 2}) has three states, P, O, and N. Fig. 3 shows a virtual
space vector diagram of inverter n, which is made up of 27 states.
The output terminal in each state has different connection modes
with the dc side and each connection mode corresponds to a
space vector, respectively [23].
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TABLE I
RELATIONSHIP BETWEEN THE WORKING STATE AND THE SWITCHING STATE

TABLE II
VOLTAGE STRESS

TABLE III
CLASSIFICATION OF SPACE VECTORS

From Fig. 3, the virtual space vector diagram of inverter n
is divided into six sections. It is labeled as sections An–Fn.
Each section is redivided into five subsections, which is labeled
as subsections An1–Fn5. The specific classification of space
vectors is given in Table III.

As described in [24], zero vectors and large vectors have no
effect on the neutral point voltage balance. Therefore, when
constructing virtual space vectors, zero vectors and large vectors
keep the modulus and direction of original vectors unchanged.
Short vectors always appear in pairs and each short vector always
appears in pairs as a positive or a negative vector. And the two
short vectors are equivalent when the reference voltage vector
is synthesized but their effects on the neutral point voltage are
opposite, which can offset each other. Therefore, redefined short
vectors are reconstructed by using the property of short vectors.
New virtual medium vectors are composed of two short vectors
and medium vectors. According to (1), new vectors satisfy.
According to the content mentioned above and taking vectors
in section Bn as an example, the following equation can be
obtained:⎧⎨

⎩
VnS2 = (VnS2+ + VnS2−)/2
VnS3 = (VnS3+ + VnS3−)/2
VnVM2 = (VnS2+ + VnM2 + VnS3+)/3

. (1)

According to (1), it can be seen that the reconstructed short
vectors are composed of a positive short vector and a negative
short vector, each account for half. The virtual medium vectors
are composed of two short vectors and one medium vector, each
accounting for one third.

Assuming that the reference output voltages of inverter n can
be described as (2), where Umn, ωn, and ϕn are the amplitude,

Fig. 4. Virtual space vector diagrams of sections B1 and B2. (a) Section B1

of inverter 1. (b) Section B2 of inverter 2.

angular frequency, and initial phase angle of the output three-
phase voltages of inverter n, respectively⎡

⎣ua−refn

ub−refn

uc−refn

⎤
⎦ = Umn

⎡
⎣ cos (ωnt+ ϕn)
cos (ωnt+ ϕn − 2π/3)
cos (ωnt+ ϕn + 2π/3)

⎤
⎦ . (2)

The reference output voltage vector of inverter n can be
described as follows:

Urefn =
2

3
(ua−refn + ub−refne

j 2π
3 + uc−refne

j 4π
3 ) (3)

where Urefn is the reference output voltage vector of inverter n.
The virtual space vector diagrams of sections B1 and B2 are

given in Fig. 4. The method of selecting basic vectors involved
in the synthesis of the reference voltage is still to follow the
principle of the nearest three vectors. Three fundamental vectors
nearest to the reference voltage are used to synthesize it. Taking
subsection Bn1 as an example. When Urefn is located in Bn1,
Vn0, VnS2, and VnS3 are chosen to synthesize Urefn. By the
principle of volt–second balance, the equation is as follows:{

Urefn = VnS2d11 + VnS3d12 + Vn0d13
1 = dn1 + dn2 + dn3

. (4)

Duty ratios can be obtained from (4). Table IV lists the
equations of duty ratios in section Bn. dn1, dn2, and dn3 are
the duty ratios corresponding to three effective vectors in each
subsections of the inverter n.

After the duty ratios calculation, the switching sequences
and dwell time of each vector need to be listed. The switching
sequences of VSVPWM is not unique. Moreover, when the mode
changes (Mode 1 to 2 or Mode 2 to1), the problem of voltage
jump and the following CBPWM need to be considered. After
analyzing further, the optimized switching sequences are shown
in Fig. 5 (circled by the green dotted box), which shows the detail
of two inverters working alternately in one switching cycle. The
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TABLE IV
DUTY RATIOS OF SECTION Bn

Fig. 5. Switching sequences and dwell time in a switching cycle.

Fig. 6. Driving signal of switches of phase a in the switching cycle.

content mentioned above is all of the process of VSVPWM for
DO-NPC-TLI.

B. CBPWM Strategy

The VSVPWM modulation strategy needs to identify which
sections and subsections the reference voltage is located in and
needs to list the switching sequences and dwell time of each
subsection. There are a lot of trigonometric functions in the
calculation process of duty ratios and the equation derivation
is too complex. Therefore, a CBPWM based on VSVPWM is
proposed.

As CBPWM requires the symmetrical arrangement of switch-
ing sequences, move the switching sequences of the first one-
fourth cycle of Fig. 5 to the end of the entire cycle so the
switching sequences for CBPWM can be obtained (as circled by

Fig. 7. Driving signals and modulation waves of each switch of phase a.

TABLE V
SUMMARY OF EQUATIONS

the purple dotted box in Fig. 5). In the former half cycle, inverter
1 works for the one-fourth cycle first, followed by inverter 2 for
the one-fourth cycle. According to the principle of symmetry, in
the later half period, inverter 2 works first, and then inverter 1
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Fig. 8. Photograph of the experimental prototype.

Fig. 9. Experimental waveforms of inverter 1. (a) Output line-to-line uab1 and zoom of uab1. (b) FFT of uab1. (c) Output three-phase current iabc1. (d) Modulation
waveforms of Sa1 and Sa2.
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TABLE VI
EXPERIMENTAL PARAMETERS

TABLE VII
PARAMETERS OF PMSM AND DC GENERATOR

works. Then according to switching states in Table I, the driving
signals of six switches of phase a can be obtained, which are
shown in Fig. 6. Analyzing further, driving signals Sa3 and Sa4
can be obtained by the logical operations of Sa1, Sa2, Sa5, and
Sa6. According to Fig. 6, the following equation can be obtained:

Sa3 = Sa1 · Sa5 + Sa1 · Sa5

Sa4 = Sa2 · Sa6 + Sa2 · Sa6. (5)

Therefore, it is only necessary to calculate the modulation
waves of switches Sa1, Sa2, Sa5, and Sa6.

Fig. 7 shows a detailed illustration of CBPWM. In Fig. 7, the
carrier wave is an isosceles triangular wave. Its period is the
same as the modulation cycle and the amplitude varies from −1
to 1. It can be derived as

utri =

{
4
TS

t− 1, 0 ≤ t ≤ TS

2

− 4
TS

t+ 3, TS

2 ≤ t ≤ TS
. (6)

During the half switching cycle, at the change time of switch-
ing state, a vertical line is drawn and intersects the carrier at a
point. A parallel line is drawn at this point, which corresponds
to the modulated wave of each switch.

According to the content mentioned above and Fig. 7, the
equations of time interval tSa1, tSa2, tSa5, and tSa6 are as

follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

tSa1 =

(
d12
8

+
d11
8

+
d13
4

+
d12
8

)
· TS

tSa2 =
d12
8

· TS

tSa5 =
TS

4
+

(
d22
8

+
d21
8

+
d23
4

+
d22
8

)
· TS

tSa6 =
TS

4
+

d22
8

· TS

. (7)

By substituting (7) into (6), modulation waves uSa1, uSa2,
uSa5, and uSa6 can be obtained⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

uSa1 =
(umin1 − umid1)

Ud

uSa2 =
(umax1 − umid1)

Ud
− 1

uSa5 =
(umin2 − umid2)

Ud

uSa6 =
(umax2 − umid2)

Ud

. (8)

The same principle can be obtained for phase b and c. The
derivation process of other subsections is the same as the content
mentioned above. It can be concluded that all subsections of the
section can obtain the same expressions of modulation waves.
So only the modulation waves in subsectionXn1 (X ∈ {A– F})
needed to be calculated.

Analyzing further, each phase of inverter n has only three
kinds of switching sequences in a switching cycle. The specific
switching sequences are listed in the first row of Table V.
Because the CBPWM is symmetric, only half-cycle switching
sequences are given. From the half cycle in Fig. 5, the effec-
tive working states of inverters 1 and 2 are the same in each
one-fourth cycle. So the switching sequences are represented
by only five states. According to the equation derivation, no
matter which phase of a, b, and c, as long as corresponding to
three switching sequences, the expressions of modulation waves
are all the same. Table V gives the summary of equations. For
example, in the above-mentioned analysis, the switching states
of phase a are shown in Fig. 6. Based on Fig. 5, the switching
sequences are NOOOP in the one-fourth cycle. The expressions
of modulation waves [see (8)] can correspond to the equations
given in Table V.

In (8) and Table V

umaxn = max(ua−refn, ub−refn, uc−refn)

umidn = mid(ua−refn, ub−refn, uc−refn)

uminn = min(ua−refn, ub−refn, uc−refn). (9)

According to the content mentioned above, the carrier mod-
ulation does simplify VSVPWM to a large extent.

IV. EXPERIMENTAL RESULTS

To validate the proposed topology DO-NPC-TLI and its
modulation strategy, the experimental platform is setup in the
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Fig. 10. Experimental waveforms of inverter 2. (a) Output line-to-line uab2 and zoom of uab2. (b) FFT of uab2. (c) Output three-phase current iabc2.
(d) Modulation waveforms of Sa5 and Sa6.

Fig. 11. Waveforms of the neutral point voltage.

Fig. 12. Conversion efficiency of the inverter.

Fig. 13. THD of inverter n (THD is calculated to the tenth harmonic).

laboratory, as shown in Fig. 8. The prototype consists of a
controller board, main circuit, driver circuit, and two groups of
three-phase loads. The controller board that executes the control
program includes a high-performance DSP TMS320F28335
and a field-programmable gate array EP4CE115F23I7N. The
frequency of the triangular carrier signal is set as 10 kHz. The
experimental parameters are given in Table VI. The type of
power MOSFET is AUIRFSL6535. The type of clamping diode
is IDP15E60.

The experimental results of inverter 1 are shown in Fig. 9.
The amplitude of reference voltage is 55 V and the frequency is
50 Hz. Fig. 9(a) shows the waveforms of the output line-to-line
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Fig. 14. Experimental waveforms of case 1. (a) Speed of motors 1 and 2. (b) Stator currents of ia1 and ia2. (c) Neutral point voltage.

Fig. 15. Experimental waveforms of case 2. (a) Speed of motors 1 and 2. (b) Stator currents of ia1 and ia2. (c) Neutral point voltage.

voltage uab1 and the zoom of uab1. It can be seen that the
line-to-line voltage waveform is the pulse wave, the maximum
instantaneous value is 200 V, which is equal to the value of
the dc voltage, and there are three voltage values of 0, 100,
and 200 V. The fast Fourier transform (FFT) analysis of uab1
is shown in Fig. 9(b), the value of the fundamental wave is
about 90.94 V, and the theoretical value of line voltage uab1
is 95.26 V. The output voltage amplitude is consistent with
the desired value, and the harmonics are mainly distributed
near the switching frequency and its multiples, there is no
low-order harmonics. Fig. 9(c) is the three-phase load output
phase currents of inverter 1, the frequency is 50 Hz, and the

waveforms are three-phase symmetrical sinusoidal waveforms,
which indirectly prove that the output voltage does not contain
low-order harmonics. The theoretical value of the three-phase
current is 8.12 A, the current value obtained by the experiment
is about 8 A, and the actual value is close to the expected
value. Fig. 9(d) shows the modulation waveforms of Sa1 and
Sa2. The value of the modulation wave is only related to the
three-phase reference voltage of inverter 1. The changes of
inverter 2 have no effect on the modulation waveforms of Sa1
and Sa2. And the modulation waves are not the conventional sine
wave, which changes in periodically. The cycle is the same as
inverter 1.
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Fig. 16. Experimental waveforms of case 3. (a) Speed of motors 1 and 2. (b) Stator currents of ia1 and ia2. (c) Neutral point voltage.

The experimental results of inverter 2 are shown in Fig. 10.
The amplitude of the reference voltage is 55 V and the frequency
is 60 Hz. The line voltage uab1 has no low-order harmonics,
the three-phase load output phase currents of inverter 2 are
symmetrical sinusoidal waveforms, and the frequency is 60 Hz.
The values of the line-to-line voltage and currents are close to
the expected value, respectively.

Fig. 11 shows the waveform of the neutral point voltage on the
dc side of the circuit. The upper waveform is the voltage values
of two capacitors in the dc side and the lower waveform is the
zoom of the upper waveform. The neutral point voltage basically
keeps balanced and the dc voltage is 200 V. Each capacitor
is continuously charged and discharged and is stable at about
100 V.

The waveform under one modulation index is selected in the
experiment but Figs. 12 and 13 show the conversion efficiency
and the total hormonic distortion (THD) of the inverter with
different modulation indexes. From Fig. 12, with the increase
of the modulation index, the influence of the loss of the tube
voltage drop on the output voltage decreases, so the conversion
efficiency increases. And in Fig. 13, when the modulation index
is less than 0.5, it is equivalent to two effective vectors to
synthesize the output voltage, which is equivalent to a two-level
inverter. When the modulation index is greater than 0.5, it is a
three-level inverter. As the number of levels increases, the THD
of the output voltage decreases. And the overall THD of the
output voltage is low.

In order to verify the working condition of DO-NPC-TLI
when the load changes, two groups of motor loads are driven.
Each motor load is that a permanent magnet synchronous motor
(PMSM) drives a dc generator. Two groups of motors are,
respectively, called motor 1 and motor 2. The parameters of
PMSM and dc generator are given in Table VII. Experiments
are divided into three cases. Case 1 is the soft-start process of
two groups of motors. Case 2 is that after a stable operation of

two groups of motors, the speed of motor 1 is regulated, while
that of motor 2 is maintained. Case 3 is that the speed of motor
2 is regulated, while that of motor 1 is maintained. And in order
to display experimental results synchronously, the waveform at
the top of each figure is a synchronous signal.

Under the constant V/f control, the soft-start time of motors
1 and 2 is set to 2 s and 2.5 s, respectively. The experimental
results of case 1 are shown in Fig. 14. Fig. 14(a) shows the speed
of two motors with the tool “SingalTap II Logic Analyzer” in
Quartus II (sample time 0.5 ms). The speed of two motors rises
smoothly after starting. Motors 1 and 2 reach the synchronous
speed at about 2 s and 2.5 s, respectively. The speed fluctuates
slightly due to the open-loop control. Fig. 14(b) shows the stator
currents of ia1 and ia2, which reach the rated value slowly within
the respective setting time. Fig. 14(c) shows the neutral point
voltage on the dc side. Each capacitor voltage fluctuates about
9 V during the soft-start process. After two motors operate stably,
two capacitor voltages return to the equilibrium state.

The experimental results of case 2 are shown in Fig. 15. The
speed of two motors, stator currents of ia1 and ia2, and the
neutral point voltage on the dc side are shown in Fig. 15(a)–(c).
Two motors operate stably before the speed regulating of motor
1 is triggered. Then the instruction frequency of motor 1 is
changed from 50 to 40 Hz within 0.4 s. The speed of motor
1 and stator current ia1 change smoothly and each capacitor
voltage fluctuates about 5 V. After about 0.4 s, the speed of
motor 1 changes to about 1200 r/min. The frequency of ia1
changes to 40 Hz and its amplitude decreases accordingly. Two
capacitor voltages return to the equilibrium state, while the speed
of motor 2 remains at a stable synchronous speed during the
speed regulating.

The experimental results of case 3 are shown in Fig. 16. Then
the instruction frequency of motor 2 is changed from 50 to
40 Hz within 0.5 s. The speed regulating process is similar
to case 2.
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V. CONCLUSION

In this article, a new topology DO-NPC-TLI is proposed,
which can realize two groups of three-phase ac outputs through
two common switches of each phase. A VSVPWM modulation
strategy with a time-sharing modulation ideal is proposed for
the new topology, which solves the problem of the neutral point
voltage balance and realizes the modulation of the circuit. In
order to simplify VSVPWM, a CBPWM by VSVPWM is pro-
posed. CBPWM does not have the calculation of trigonometric
functions and does not need the judgment of subsections. The
calculation process is simple. The modulation strategy is verified
by the experiment. The correctness of the experimental results
shows the feasibility of the circuit and the effectiveness of the
modulation strategy.

REFERENCES

[1] H. Shimizu, J. Harada, C. Bland, K. Kawakami, and L. Chan, “Advanced
concepts in electric vehicle design,” IEEE Trans. Ind. Electron., vol. 44,
no. 1, pp. 14–18, Feb. 1997.

[2] K. Yamamoto, “The development trend of the electric propulsion motor
for automobiles,” (in Japanese) J. Inst. Elect. Eng. Jpn., vol. 126, no. 11,
pp. 732–734, 2006.

[3] C. A. Reusser and H. Young, “Nine-switch converter application on electric
ship propulsion—A redundancy approach,” in Proc. Int. Conf. Elect. Syst.
Aircraft, Railway, Ship Propulsion Road Veh. Int. Transp. Electrific. Conf.,
2016, pp. 1–7.

[4] T. Kominami and Y. Fujimoto, “A novel nine-switch inverter for indepen-
dent control of two three-phase loads,” in Proc. Ind. Appl. Annu. Meeting,
2007, pp. 2346–2350.

[5] T. Kominami and Y. Fujimoto, “Inverter with reduced switching-device
count for independent AC motor control,” in Proc. Annu. Conf. IEEE Ind.
Electron. Soc., 2007, pp. 1559–1564.

[6] J. Rodriguez, S. Bernet, P. K. Steimer, and I. E. Lizama, “A survey on
neutral-point-clamped inverters,” IEEE Trans. Ind. Electron., vol. 57, no. 7,
pp. 2219–2230, Jul. 2010.

[7] S. Busquets-Monge, J. Bordonau, and J. Rocabert, “A virtual-vector
pulsewidth modulation for the four-level diode-clamped DC–AC con-
verter,” IEEE Trans. Power Electron., vol. 23, no. 4, pp. 1964–1972,
Jul. 2008.

[8] A. Lewicki, Z. Krzeminski, and H. Abu-Rub, “Space-vector pulsewidth
modulation for three-level NPC converter with the neutral point voltage
control,” IEEE Trans. Ind. Electron., vol. 58, no. 11, pp. 5076–5086,
Nov. 2011.

[9] S. Mukherjee, S. K. Giri, S. Kundu, and S. Banerjee, “A carrier-based
flexible discontinuous modulation scheme for three-level neutral-point-
clamped traction inverter,” in Proc. IEEE Transp. Electrific. Conf., 2017,
pp. 1–6.

[10] S. Bhattacharya, D. Mascarella, G. Joós, J.-M. Cyr, and J. Xu, “A dual
three-level T-NPC inverter for high-power traction applications,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 4, no. 2, pp. 668–678, Jun. 2016.

[11] J. Haruna and N. Hoshi, “A novel three-level inverter which can drive two
PMSMs,” in Proc. 7th IET Int. Conf. Power Electron. Mach. Drives, 2014,
pp. 1–6.

[12] A. K. Gupta and A. M. Khambadkone, “A simple space vector PWM
scheme to operate a three-level NPC inverter at high modulation index
including overmodulation region, with neutral point balancing,” IEEE
Trans. Ind. Appl., vol. 43, no. 3, pp. 751–760, May/Jun. 2007.

[13] T. D. Nguyen and H.-H. Lee, “Single-input-dual-output matrix converters
and space vector modulation,” in Proc. 39th Annu. Conf. IEEE Ind.
Electron. Soc., 2012, pp. 6111–6116.

[14] A. K. Gupta and A. M. Khambadkone, “A space vector PWM scheme for
multilevel inverter based on two-level space vector PWM,” IEEE Trans.
Ind. Electron., vol. 53, no. 5, pp. 1631–1639, Oct. 2006.

[15] R. M. Tallam, T. A. Nondahl, and R. Naik, “A carrier-based PWM scheme
for neutral-point voltage balancing in three-level inverter,” IEEE Trans.
Ind. Appl., vol. 41, no. 6, pp. 1734–1743, Nov./Dec. 2005.

[16] J. Chen, Y. He, S. U. Hasan, and J. Liu, “A comprehensive study on
equivalent modulation waveforms of the SVM sequence for three-level
inverters,” IEEE Trans. Power Electron., vol. 30, no. 12, pp. 7149–7158,
Dec. 2015.

[17] Z. Wang, F. Cui, G. Zhang, T. Shi, and C. Xia, “Novel carrier-based PWM
strategy with zero-sequence voltage injected for three-level NPC inverter,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 4, pp. 1442–1451,
Dec. 2016.

[18] W. Song, G. Chen, and C. Chen, “A space vector modulation method of
three-level NPC inverter based on synthesizing vectors concept,” Trans.
China Electrotech. Soc., vol. 22, no. 10, pp. 91–96, Oct. 2007.

[19] Q. Song, W. Liu, X. Xie, and Z. Wang, “A neutral-point potential algorithm
for three-level NPC inverters using analytically injected zero-sequence
voltage,” in Proc. 18th Annu. IEEE Appl. Power Electron. Conf. Expo.,
2003, pp. 228–233.

[20] W.-D. Jiang, S.-W. Du, L.-C. Chang, Y. Zhang, and Q. Zhao, “Hybrid PWM
strategy of SVPWM and VSVPWM for NPC three-level voltage-source
inverter,” IEEE Trans. Power Electron., vol. 25, no. 10, pp. 2607–2619,
Oct. 2010.

[21] S. Busquets-Monge, J. Bordonau, D. Boroyevich, and S. Somavilla, “The
nearest three virtual space vector PWM—A modulation for the compre-
hensive neutral-point balancing in the three-level NPC inverter,” IEEE
Power Electron. Lett., vol. 2, no. 1, pp. 11–15, Mar. 2004.

[22] X. Wu, G. Tan, Z. Ye, G. Yao, Z. Liu, and G. Liu, “Virtual-space-vector
PWM for a three-level neutral-point-clamped inverter with unbalanced
dc-links,” IEEE Trans. Power Electron., vol. 33, no. 3, pp. 2630–2642,
Mar. 2018.

[23] C.-J. Zhang, Y. Tang, D. Han, H. Zhang, X. Zhang, and K. Wang, “A novel
virtual space vector modulation strategy for the neutral-point potential
comprehensive balance of neutral-point-clamped converters,” J. Power
Electron., vol. 16, no. 3, pp. 946–959, May 2016.

[24] J. Wang, Y. Gao, and W. Jiang, “A carrier-based implementation of virtual
space vector modulation for neutral-point-clamped three-level inverter,”
IEEE Trans. Ind. Electron., vol. 64, no. 12, pp. 9580–9586, Dec. 2017.

Rutian Wang (Member, IEEE) was born in Shan-
dong Province, China, in 1979. He received the M.S.
degree from Northeast Electric Power University,
Jilin City, China, in 2005, and the Ph.D. degree from
the Harbin Institute of Technology, Harbin, China, in
2010, both in electrical engineering.

He is currently an Associate Professor with the
School of Electrical Engineering, Northeast Electric
Power University, Jilin City. His research interests in-
clude the application of power electronic technology
in power quality control and transmission and distri-

bution system, and the operation and control of new energy power generation
system.

Lan Ai was born in Jilin Province, China, in 1995.
She received the B.S. degree, in 2018 from Northeast
Electric Power University, Jilin City, China, where
she is currently working toward the M.S. degree in
electrical engineering.

Her current research interest includes dual-output
inverters in power system-driven applications.

Chuang Liu (Member, IEEE) received the M.S. de-
gree from Northeast Electric Power University, Jilin
City, China, in 2009, and the Ph.D. degree from the
Harbin Institute of Technology, Harbin, China, in
2013, both in electrical engineering.

From 2010 to 2012, he was with the Future Energy
Electronics Center, Virginia Polytechnic Institute and
State University, Blacksburg, VA, USA, as a Visiting
Ph.D. Student, supported by the Chinese Scholarship
Council. In 2013, he became an Associate Professor
in the School of Electrical Engineering, Northeast

Electric Power University, where, since 2016, he has been a Professor. His
research interests include power-electronics-based on ac and dc transformers
for future hybrid ac-dc power grids, flexible operation and control of power
grid based on ac-ac transformation, and power-electronics-based power system
stability analysis and control.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


