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Abstract—The hybrid active neutral-point-clamped (HANPC) 
three-level inverter (TLI) has the advantage of high efficiency 
and low cost due to the partial use of SiC devices. However, the 
magnitude of AC output voltage cannot exceed that of DC input 
voltage, which limits its application field. This paper puts for-
ward a novel topology and modulation method of the high-gain 
HANPC TLI. The proposed topology combines the advantages of 
reduced count of SiC MOSFETs and single-stage boosting ability. 
To further improve system efficiency, a novel modulation method 
is designed, in which the SiC MOSFETs and Si IGBTs are operat-
ed in high frequency and fundamental frequency, respectively. To 
realize the function of voltage boosting without affecting the nor-
mal ac output voltage, the upper-shoot-through (UST) and lower-
shoot-through (LST) states are inserted within the dwell times of 
small vectors. Moreover, the neutral point (NP) voltage balance is 
actively controlled by introducing a distribution factor to regulate 
duty cycle of redundant small vectors, which improve system reli-
ability. Experimental tests verify the performance of the proposed 
topology and strategy. 

Index Terms—Hybrid active neutral-point-clamped (HANPC), 
neutral point (NP) voltage, quasi-Z-source, silicon carbide (SiC).

I. Introduction

THE three-level inverter (TLI) has the distinct superiorities 
of reduced voltage stress of semiconductors, high efficien-

cy, and small instantaneous rate of voltage change (dv/dt) [1], 
[2]. It has been extensively employed in varieties of industrial 
fields, such as photovoltaic power system, electric vehicles, 
and electric drive, etc [3]–[5].

Among a variety of multilevel inverters, the neutral-point-
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clamped (NPC) TLI is one typical topology that is utilized in 
medium and high voltage applications [6], [7]. However, it has 
the drawback of an uneven loss distribution among the semi-
conductors. To cope with this issue, the active NPC (ANPC) 
topology and its corresponding modulation scheme have been 
developed [8]–[10]. In the ANPC topology, the clamping di-
odes is replaced with the Si IGBTs.

In industrial applications, the efficiency as well as the power 
density is expected to be as high as possible, which means that 
the achievement of lower hardware cost [11]. Recently, with 
the development of SiC devices, a full-SiC active neutral-point-
clamped (ANPC) TLI is proposed to enhance efficiency and 
power density [12]. Moreover, since SiC devices have lower 
switching loss, full-SiC ANPC TLI can be operated in higher 
switching frequency, and the filter size is reduced consequent-
ly. However, SiC devices are about four times as expensive as 
Si IGBTs, which greatly increases the system cost.

The Si/SiC hybrid converters is an alternative approach to 
achieve the tradeoff between performance and cost [13]. The 
SiC MOSFETs are used to replace part of Si IGBTs to con-
struct hybrid active neutral-point-clamped (HANPC) topology 
[14]. Additionally, switching actions are shifted from Si IGBTs 
to SiC MOSFETs by utilizing the inherent redundancy states 
on each phase. Only the Si IGBTs are operated in fundamental 
frequency, which mitigates switching loss and improves sys-
tem efficiency. However, similar to the conventional dc/ac con-
verter, the HANPC TLI faces the problem that the amplitude of 
ac output voltage cannot exceed that of dc input voltage, which 
brings about limitations in practical applications. To solve this 
problem, a dc/dc boost circuit is usually configured to attain 
the desired voltage level. However, this configuration adds the 
control complexity [15], [16].

Fortunately, the emergence of quasi-Z-sources allows sin-
gle-stage inverters to have voltage buck-boost capability, which 
can extend the output voltage range [17], [18]. Comparing with 
the two-stage solution, the power conversion stage is reduced, 
and dead-time of power devices is avoided, which effectively 
improves system reliability. Among single-stage inverters, the 
quasi-Z-source inverter maintains the superiority of continuous 
current and have been widely used in practical applications 
[19]. Recently, a reduced switch count (RSC) quasi-Z-source 
TLI has been proposed, which reduces the system cost and in-
creases the output voltage range [20]. However, due to inherent 
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defects of the RSC TLI topology, the medium vector cannot 
be obtained, and at the same time, the switching state directly 
jump from [P] to [N] (or [N] to [P]) in one sampling period 
when designing the switching sequence, adding additional 
switching losses.

As the above analyses reveal, to further improve the per-
formance and reduce system cost of the inverter, this paper 
presents a novel high-gain HANPC TLI, which consists of a 
quasi-Z-source network and a HANPC TLI. The novel high-
gain HANPC TLI combines the advantages of quasi-Z-source 
and HANPC inverter [21]. To realize the normal operation and 
further improve efficiency of the proposed topology, a novel 
modulation strategy is also presented.

The major novelties of this paper include the following 4 
points:

(1) In the proposed high-gain HANPC TLI, only one-third 
of the total power devices are SiC MOSFETs, and rest power 
devices are still Si IGBTs, which greatly reduces the system 
cost. Due to the combination with a quasi-Z-source, the ad-
verse effect of dead time to the output waveform is avoided.

(2) The proposed novel modulation strategy is composed by 
low-frequency module and high-frequency module, which are 
used to drive the Si IGBTs and SiC MOSFETs, respectively. 
Using the novel modulation strategy, the power losses are fur-
ther decreased, and system performance is also improved.

(3) The dc voltage boosting operation is realized by inserting 
an upper-shoot-through (UST), abbreviated as [U] and a lower-
shoot-through (LST), abbreviated as [L] in the dwell times of 
small vectors, which broadens the output voltage range and 
extents topology application field.

(4) A distribution factor is presented to regulate dwell times 
of redundant small vectors, which realizes the active control of 
neutral point (NP) voltage and improves system reliability con-
sequently.

II. Fundamentals of Proposed High-Gain HANPC TLI
In this section, a detailed descriptions of the novel high-gain 

HANPC TLI topology are presented, which include topology 
structure and operational principle.

Fig. 1 shows the structure of circuit for high-gain HANPC 

TLI, which consists of the dc power source, quasi-Z-source net-
work, HANPC TLI, and load. The HANPC TLI comprises four 
Si IGBTs switches (Sx1, Sx2, Sx3, and Sx4) and two SiC MOS-
FETs switches (Qx1 and Qx2) (x = a, b, c) in each phase. The 
quasi-Z-source network is deployed between the dc source and 
HANPC TLI. The dc power source voltage and input voltage of 
the HANPC TLI are indicated to Vin and Vdc, respectively.

All the switching states corresponding output states and 
voltage levels of the high-gain HANPC TLI are summed up 
in Table I, where “1” and “0” represent the on and off states of 
semiconductor devices, respectively. In this way, six different 
output states can be generated in the proposed high-gain HAN-
PC TLI. Notably, the NPC TLI merely having three output 
states [P], [N], and [O], the proposed topology contains six 
output states [P], [N], [O+], [O−], [U] and [L]. With the above 
characteristics, the high-gain HANPC TLI has the potential to 
boost input dc voltage and equalize the distribution of switch-
ing losses.

As we all know that the switching losses of SiC MOSFET 
device is about one-third to one-fifth of that of Si IGBTs de-
vice with the same power rating [22]. Nevertheless, the SiC 
MOSFETs is approximately four times more expensive than Si 
IGBTs. In the proposed topology, only a third of the semicon-
ductors are SiC MOSFETs, and rest of power switches are Si 
IGBTs, which reduce the system cost, consequently.

By designing a reasonable modulation strategy, the six SiC 
MOSFETs can operate in high-frequency mode and the twelve 
Si IGBTs can operate in fundamental frequency mode, which 
further reduces switching losses, and thus improves system 
efficiency [23]-[25]. To realize dc input voltage boosting and 
maintain the reduced switching losses, a new modulation 
method is presented in Section IV.

III. Comparative Summary and Design Guidelines

A. Comparison of the High-Gain HANPC TLI With Other TLI 
Based on Impedance Sources or SiC Devices

The detailed comparisons of the high-gain HANPC TLI and 
the existing TLI based on impedance sources or SiC devices 
have been conducted, which including Z-source neutral-point 
clamped (NPC) TLI with two separated impedance networks 

Fig. 1.  Topology of the proposed novel high-gain HANPC TLI.
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TABLE I
Output States and Output Voltages Corresponding to Switching 

States of High-Gain HANPC TLI

Output 
state 

Output  
voltage 

Switching states (x = a, b, c) 

Sx1 Sx2 Sx3 Sx4 Qx1 Qx2 

[P] Vdc/2 1 0 1 0 1 0 
[O+] 0 1 0 1 0 0 1 

[U] 0 1 0 1 0 1 1 
[O−] 0 0 1 0 1 1 0 
[N] −Vdc/2 0 1 0 1 0 1 
[L] 0 0 1 0 1 1 1 
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(ZS NPC3L with 2-LC) [26], Z-source three-level T-type 
inverter (ZS 3LT2I) [27], quasi-Z-source three-level T-type 
inverter (QZS 3LT2I) [28] and full-SiC active neutral-point-
clamped TLI (Full-SiC ANPC TLI) [12].

Table II summarizes the detailed comparisons of different 
TLI. Compared with the conventional Z-source inverter, the 
proposed high-gain HANPC TLI draws a continuous input cur-
rent, since the inductor is directly connected to the DC power 
source. When compared to the traditional quasi-Z-source T-type 
and NPC TLI, the high-gain HANPC TLI boasts higher power 
density and efficiency. In contrast to the full-SiC ANPC TLI, 
the proposed high-gain HANPC TLI topology employs only 
six SiC devices, the system cost can be reduced accordingly. 
The hybrid ANPC requires much fewer SiC MOSFETs than a 
full-SiC ANPC inverter while providing a comparable power 
density [29].

B. Design Criterion and Formulations for Passive Components 
in the High-Gain HANPC TLI

The design criterion and formulations for passive compo-
nents in the quasi-Z-source network are elaborated as follows.

Since the high-gain HANPC TLI belongs to one kind of 
quasi-Z-source inverter in essence, the passive components in 
the quasi-Z-source network are designed by referring the meth-
odology presented in [20], [30].

The inductances are calculated by
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where Vin, df, Pout, fsw, and kL are the dc input voltage, shoot-
through duty cycle, output power of the inverter, switching fre-
quency, and the current ripple factor of inductors, respectively.

The capacitances are formulated by
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where kC1,4 is the voltage ripple factor of capacitors C1 and C4, 
while kC2,3 is the voltage ripple factor of capacitors C2 and C3.

In the designed high-gain HANPC TLI, the current ripple 
factor of inductors (kL) is selected as 0.6. kC1,4 is selected as 
0.0009, while kC2,3 are selected as 0.0007. The maximum dc in-
put voltage is 400 V, the maximum output power is 4 kW, and 
the switching frequency is 10 kHz.

Based on the above parameters, the values of capacitors and 
inductors can be calculated. The inductance of L1, L2, L3, and L4 
is selected as 1 mH, the capacitance of C1 and C4 is chosen as 
2350 μF, and the capacitance of C2 and C3 is selected as 1410 
μF. In the experimental verification, it is noted that C1 and C4 are 

TABLE II
Comparisons of Different Three-Level Inverters Based on Impedance-Source or SiC Devices

Parameter
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built by connecting five 470 μF / 450 V electrolytic capacitors 
in parallel, while C2 and C3 are built by connecting three 
470 μF / 450 V electrolytic capacitors in parallel. For the diodes 
in the quasi-Z-source network, the fast recovery epitaxial diode 
(FRED) DSEI60-06A is selected.

IV. Proposed Novel Modulation Scheme
The proposed strategy consists of four steps. Firstly, accord-

ing to the sector and region of the reference voltage vector (Vref), 
basic vectors are selected, and the corresponding duty cycles 
are calculated for synthesizing the Vref. For the second part, the 
capacitor voltages VC2 and VC3 are actively controlled in balance 
by introducing the distribution factor (η). For the third part, de-
pending on the η and the set shoot-through duty cycle (df), the 
durations of small vectors are adjusted, which implements the 
boost function and maintains the normal output waveforms. At 
last, the switching sequences of SiC MOSFETs and Si IGBTs 
are designed separately, and the hybrid frequency pulse driving 
signals are generated. The control diagram is given in Fig. 2. 
For each part, the design process is elaborated below.

A. Basic Vectors Selection and Duty Cycles Calculation

With the different output states of three phases, the space 
vector diagram (SVD) of high-gain HANPC TLI is illustrated 
in Fig. 3, which includes 27 non-shoot-through basic voltage 
vectors. It should be noted that since quasi-Z-source network 
is included in the proposed high-gain HANPC TLI, the shoot-
through vectors consisting of [U] and [L] states can be generat-
ed for voltage boosting operation.

According to the values of m and θ of the Vref, the sector and 
region number of the Vref location can be determined, where θ 
and m are the phase angle and modulation index of Vref, respec-
tively. Only the location of Vref is determined, the basic voltage 
vectors can be selected consequently.

In each sector, the duration calculation of selected vectors 
still follows the same principles of conventional three-level 
space vector modulation (3L-SVM) [31], which is also based 
on “volt-second balancing” formula. As shown in Fig. 4, when 
Vref is located in the region 5 of sector I (abbreviated as I-5), the 
“nearest three vectors” (NTV) scheme is utilized. Four basic 
voltage vectors are chosen according to the NTV principle, i.e., 
[ONN], [PNN], [PON], [POO], and the duty cycles are noted 
as d1, d2, d3 and d4, respectively. The formula that calculates the 

duty cycles are given in (4):
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The duty cycles of d1, d2, d3 and d4 can be calculated as:
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Fig. 2.  Overall diagram of the proposed novel modulation method.
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Generally, following the principle of conventional 3L-SVM, 
the switching sequence is designed to [ONN]-[PNN]-[PON]-
[POO]-[PON]-[PNN]-[ONN]. It should be noted that the [O] 
state contains two states, [O+] and [O−], which are determined 
by its neighboring states, [O+] states are only adjacent to [P] and 
[U] states, [O−] states are only adjacent to [N] and [L]. Based 
on the above principles, the least switching times and switch-
ing losses are guaranteed, and the actual switching sequence 
is designed as [O+NN]-[PNN]-[PO−N]-[PO−O−]-[PO−N]- 
[PNN]-[O+NN].

B. NP Voltage Balance Active Control

A distribution factor is introduced to regulate duty cycles of 
redundant small vectors, thus realizing the NP voltage balance.

First, the voltages across C2 and C3 are sampled, and noted 
as VC2 and VC3, respectively. Next, the difference between 
VC2 and VC3 is adjusted by a proportional controller, and η is 
obtained as:

	
C2 C3( )Vp V� � � �                              (6)

where p is the proportional control factor.
Lastly, the limiting of η is required to prevent voltage 

distortion, the formula is given in (7).
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C. Shoot-Through States Injection and Duty Cycles Update

In the case of the proposed method, the utilization of [U] 
and [L] states enable the implementation of boost function. 
[U] and [L] are injected within the dwell time of small vectors. 
Additionally, the duration of small vectors is adjusted through 
modification of the NP voltage distribution factor.

Considering the addition of NP voltage balance control 
scheme and the injection of [U] and [L] states, the duty cycles 
of basic voltage vectors are revised as:
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The dwell times of basic voltage vectors can be calculated as:
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where * represents the segment of the switch sequence (1, 2, 3 
and 4) and Ts is the sampling period.

D. Switching Sequences Arrangement and Drive Signals Generation

The design of switching sequences should follow certain 
principles, which ensure the quality of the output waveforms 

and as few switching times as possible.
The [U] and [L] states are inserted, and the boost function is 

implemented. Simultaneously, the dwell times of the redundant 
small vectors are adjusted for achieving NP voltage balance. 
As the above analyses demonstrate, eleven segment switching 
sequences are arranged, the actual switching sequence (I-5) is 
designed as [O+NN]-[UNN]-[PNN]-[PO−N]-[PO−L]-[PO−O−]-
[PO−L]-[PO−N]-[PNN]-[UNN]-[O+NN].

When the Vref is located in I-5, the arranged switching se-
quence and the switching state of power devices are drawn in 
Fig. 5. In one sampling period, the output states of each phase 
change between [P], [O+] and [U] states or between [N], [O−] 
and [L] states, and the switching states of Si IGBTs are always 
turn-on or turn-off. For example, for phase A, the output states 
change between [P], [O+] and [U] states. The Si IGBTs of Sa1, 
Sa3 are always turn-on, and Sa2, Sa4 are always turn-off in one 
sampling period. While the switching states of SiC MOSFETs 
switch turn-on and switch turn-off one time in one sampling 
period. Thus, the working frequency of SiC MOSFETs is equal 
to sampling frequency, which is defined as high frequency 
modulation. Considering the symmetry of SVD, the rules of 
switching sequences in other sectors are similar to above anal-
ysis and will not repeat here.

For phase B and phase C, output states have similar 
changing law. Table III summarizes the output states of each 
phase in one fundamental period. Therefore, the working 
frequency of all Si IGBTs in the proposed high-gain HANPC 
TLI is equal to fundamental frequency, which is defined as 
fundamental frequency modulation.

V. Simulation Results
The effectiveness of the proposed topology and scheme is 

demonstrated by adopting MATLAB software. Since the high-
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Fig. 5.  Switching sequence and switching states in sector I-5.
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gain HANPC TLI is essentially a type of quasi-Z-source TLI, 
the design of passive components in quasi-Z-source is referred 
to [20] and [30]. The parameters for both simulation and exper-
imental tests are given in Table IV. The high-gain HANPC TLI 
can be operated in non-boost and boost modes as required, in 
non-boost mode, the shoot-through state is not required.

To verify the effect of different gains on the total harmonic 
distortion (THD) of current at the same power, four different op-
eration conditions are compared and analyzed: (a) m = 0.8, df = 0, 
(b) m = 0.7, df = 0.05, (c) m = 0.8, df = 0.1, (d) m = 0.7, df = 0.15.

Fig. 6 displays the simulated results in steady state, and the 
total harmonic distortion of output current (THDi) is also given. 
The proposed high-gain HANPC TLI belongs to one kind of 
quasi-Z-source inverter in essence. Due to the injection of the 
shoot-through state, the input voltage of the HANPC TLI (Vdc) 
is changed to a pulse waveform, while the normal ac output 
voltage is not affected [30].

Fig. 6 (a) shows the output waveform in non-boost mode. 
At this time, the system modulation index (m) and the shoot-
through df are set as 0.8 and 0, respectively. The dc input volt-
age (Vin) is set to be 70 V, and the dc-link voltage (Vdc) is equal 
to the dc input voltage. The voltages of dc-link capacitors C2 
and C3 are balanced at 35 V, which is half of the dc-link voltage 

magnitude. The waveform of line voltage (vab) has five levels, 
that is, 0, ±35 V, and ±70 V, which validate the correctness of 
the designed modulation scheme. Moreover, three-phase out-
put currents (ia, ib, and ic) are symmetrical and sinusoidal.

The simulation results in boost mode are shown in Fig. 6 
(b)-(d), respectively. It is clearly observed that the dc-link 
voltage becomes pulse waveform, whose magnitude is higher 
than the dc input voltage due to the utilization of shoot-through 
states. It can be concluded that the voltage boosting capability 
is realized. Table V summarizes the THD of the current and 
the output power for various operating conditions. Under the 
condition of keeping the output power constant, the THD of 
the current shows an upward trend with the increasing of the 
through duty cycle. However, the quality of the current wave-
form can still be well guaranteed.

The gate signals of all power switches in phase A of the in-
verter are demonstrated in Fig. 7. In one fundamental period, 

TABLE III
The Sector and Region for Positive Cycle and Negative Cycle in 

One Fundamental Period

Phase 
Sector and region 

Positive cycle 
[P], [O+], [U] 

Negative cycle 
[L], [O−], [N] 

A 
I-3, 4, 5, 6 

II-3, 5 
V-4, 6 

VI-3, 4, 5, 6 

II-4, 6 
III-3, 4, 5, 6 
IV-3, 4, 5, 6 

V-3, 5 

B 
I-4, 6 

II-3, 4, 5, 6 
III-3, 4, 5, 6 

IV-3, 5 

I-3,5 
IV-4, 6 

V-3, 4, 5, 6 
VI-3, 4, 5, 6 

C 
III-4, 6 

IV-3, 4, 5, 6 
V-3, 4, 5, 6 

VI-3, 5 

I-3, 4, 5, 6 
II-3, 4, 5, 6 

III-3, 5 
VI-4, 6 

TABLE IV
Parameters for Simulation and Experimental Test

TABLE V
Comparison of THD and Power Loss of High-Gain HANPC TLI for 

Different Operating Conditions
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Fig. 6.  Simulation results in different operation conditions. (a) m = 0.8, df = 0. (b) 
m = 0.7, df = 0.05. (c) m = 0.8, df = 0.1. (d) m = 0.7, df = 0.15.
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the Si IGBTs Sa1, Sa2, Sa3, and Sa4 only switch once. It is easy to 
see that the switching action is mainly shifted to SiC devices 
with better switching loss performance. The Si devices operate 
solely at the fundamental frequency to minimize switching 
loss. On the other hand, the drive signals of Qa1 and Qa2 are 
complementary in the non-boost mode, and in the boost mode, 
the drive signals of Qa1 and Qa2 exhibit shoot-through time, and 
a higher shoot-through duty cycle results in an extended shoot-
through duration.

The proposed quasi-Z-source inverter should preferably op-
erate under high modulation condition when voltage boosting 
(output voltage greater than Vin and with shoot-through states 
inserted) is commanded [32]. In order to verify that the system 
can operate normally under different m, indices m changes 
from 0.8 to 0.7, and the dynamic output results are shown 
in Fig. 8. Obviously, the output current is proportionally de-
creased with the reduction of m in both boost and non-boost 
modes, while the voltage boosting capacity is not influenced.

To verify the effectiveness of the NP voltage balance control 
strategy, an extra 500 Ω resistor is connected in parallel with 
C2, Fig. 9 shows the simulated waveforms. Originally, the NP 
voltage balance control is enabled, VC2 and VC3 are balanced. 
The NP voltage balancing control is manually disabled when 
the simulation time is 0.7 s. Accordingly, VC2 and VC3 are sep-
arated. In both non-boost and boost modes, the effectiveness 
of the NP voltage balance control is verified. When the load 
resistance changes in step, simulated waveforms are depicted 

in Fig. 10. It is observed that the proposed scheme ensures 
the stable operation of the high-gain HANPC TLI under both 
conditions.

Fig. 11 displays the losses of power devices in the high-
gain HANPC TLI, which are obtained by adopting MATLAB/
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Simulink and PLECS Blockset. According to the symmetrical 
characteristics of the topology, the loss of Sa1 is identical to that 
of Sa4, and similar conclusions can be obtained for other power 
switches. It is noted that the losses of power switches include 
those of the body diodes. It is seen that the conduction losses 
accounts for the majority of the total power loss. Overall, the 
losses of power devices are relatively equalized.

Under the condition of consistent output power, it is ob-
served that the increase in the df leads to a slight increase in 
power loss. Further analysis shows that the switching loss 
shows a significant upward trend when the output power is 
increased. Based on the above observations, it is reasonable to 
infer that the power loss is mainly affected by the output power 
and also modulated to some extent by the df.

VI. Experimental Results
To validate the performance of the proposed topology and 

modulation scheme, an experimental test system of the high-
gain HANPC TLI is designed, as shown in Fig. 12.

The digital signal processor of the control board is TMS320 
F28377D from Texas Instruments. The IGBT IKW50N65EH5 
is adopted for power switches Sx1–Sx4, while the MOSFET IM-
W65R027M1H is adopted for power switches Qx1–Qx2.

Fig. 13 shows the operating waveforms of the high-gain 
HANPC TLI in non-boost mode. At this time, the m and df are 
set as 0.8 and 0, respectively. The capacitor voltages VC2 and 
VC3 are maintained at 35 V, i.e., Vin/2. The line voltage (vab) is 
five level waveforms, which comprise 0, ±35 V, and ±70 V. In 

addition, the load currents (ia, ib, and ic) are symmetrical and 
sinusoidal, which verified the validity of the proposed modula-
tion method.

As observed from Fig. 13(b), the drive signals of the power 
switches are consistent with the simulation results. It can be 
found that the Si IGBTs Sx1, Sx2, Sx3, and Sx4 only switch once 
in one fundamental period. As it can be observed from the 
enlarged figure, the working frequency of SiC MOSFETs is 
equivalent to the sampling frequency. Furthermore, Qa1 and Qa2 
are complementary signals that exhibit no shoot-through state. 
While the SiC MOSFETs Qx1 and Qx2 operate in high frequency 
switching of 10 kHz. In this case, the voltages across capacitors 
C2 and C3 are about 35 V, and the NP voltage balance is guaran-
teed by the proposed method, as shown in Fig. 13(d).

The spectra of vab and ia are obtained using MATLAB soft-
ware, which are provided in Fig. 13(e) and (f), respectively. 
These spectra show that the main components of vab and ia are 
concentrated at 50 Hz, switching frequency (10 kHz) and mul-
tiples of switching frequency.

Fig. 14 displays the experimental waveforms in boost mode, 
and the df is set as 0.1. The Vdc is changed to a pulse waveform. 
It is noticed that the line voltage and current amplitude have 
increased. In non-boost mode (m = 0.8, df = 0), the amplitude 
of the line voltage is about 64 V. In addition, the load currents 
(ia, ib, and ic) are symmetrical and sinusoidal, the amplitude of 
output current is about 3.8 A. In boost mode (m = 0.8, df = 0.1), 
the amplitude of the line voltage is increased to about 80 V 
and the amplitude of output current is increased to about 4.7 A. 
Noteworthy, there is some attenuation of voltage and current 
as it passes through the transducer and oscilloscope display, 
but the values of voltage and current increase before and after 
boosting are in accordance with (10).

Fig. 11.  Loss distribution for high-gain HANPC TLI.
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Fig. 12.  Photograph of the hardware-based test rig.
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Fig. 13.  Experimental results in non-boost mode. (m = 0.8 and df = 0). (a) 
DC power source voltage, input voltage of the HANPC TLI, phase A output 
currents and line voltage. (b) Drive signals of power switches. (c) Three-phase 
output currents and line voltage. (d) Voltages across dc-link capacitors, line 
voltage and phase A output currents. (e) Spectrum of line voltage. (f) Spectrum 
of output current.
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/ (1 2 )dc in f inV V d BV� � �                    (10)

Obviously, the boost function is realized. In boost mode, 
the driving signal of power switches are shown in Fig. 14(b), 
the injection of the shoot-through state does not add additional 
switching action, thereby preventing an increase in switching 
loss. Furthermore, the boost function is accomplished during 
the shoot-through time. It is noteworthy that within one sam-
pling period, only one of the three phases has a shoot-through 
time, and the high frequency drive signals for the remaining 
two phases are similar to Fig. 13(b). Moreover, the voltages 
across C2 and C3 are balanced as well, as shown in Fig. 14(d). 
The spectra of vab and ia are also provided in Fig. 14(e) and (f).

Fig. 15 depicts the experimental waveforms with the varia-
tion of the modulation index. Evidently, the magnitude of load 
current decreases when the modulation index is given as 0.7. 
Additionally, the excellent output current quality can be guar-
anteed.

To verify the NP voltage control capability of the proposed 
method in practical applications, the experimental conditions 
are configured to be consistent with the simulation conditions. 

Fig. 14. Experimental results in boost mode. (m = 0.8 and df = 0.1). (a) DC 
power source voltage, input voltage of the HANPC TLI, phase A output 
currents and line voltage. (b) Drive signals of power switches. (c) Three-phase 
output currents and line voltage. (d) Voltages across dc-link capacitors, line 
voltage and phase A output currents. (e) Spectrum of line voltage. (f) Spectrum 
of output current.
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As shown in Fig. 16, the transient waveforms are obtained in 
non-boost and boost modes. During the operation of the high-
gain HANPC TLI, the NP voltage balance control is disabled 
by a button on the controller. The voltages across C2 and C3 are 
no longer balanced. The NP voltage imbalance causes current 
harmonics (specifically reflected in the THD), reduces output 
power quality, and even damages power switches. Therefore, it 
is essential to control the NP voltage balance while maintaining 
high output quality.

In order to more intuitively observe the effect of the NP 
voltage imbalance on the output current, the data for output 
current waveforms are stored by adopting the digital storage 
oscilloscope, and the THD of output current are subsequently 
obtained by using the MATLAB software. It can be seen that 
after the NP voltage separation, the current THD increases in 
both non-boost and boost modes.

Fig. 17 illustrates the dynamic output waveforms with load 
changes. The experimental results are consistent with the sim-
ulation results. With the decrease of load resistance, the output 
current magnitude is increased. Thus, the proposed method 
effectively ensures the normal operation under varying load 
conditions.

VII. Conclusion
This paper presents a novel high-gain HANPC TLI topol-

ogy, which has the advantages of reduced cost and voltage 
boosting ability. Based on the characterization of the proposed 
topology, a hybrid frequency modulation scheme for the pro-
posed topology is implemented. First, to achieve the balance 
of NP voltage and boosting function, a NP voltage distribution 
factor and shoot-through duty cycles were introduced. In addi-
tion, the switching sequences are designed separately, accord-
ingly, the gate drive signals of the power devices are generated. 

Fig. 17.  Dynamic experimental waveforms with load changes. (a) m = 0.8, df 
= 0. (b) m = 0.8, df = 0.1.
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Fig. 15.  Experimental waveforms of step change in the modulation index. (a) 
df = 0. (b) df = 0.1.
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Fig. 16.  Dynamic experimental waveforms of the NP voltage balance control. 
(a) m = 0.8, df = 0. (b) m = 0.8, df = 0.1.
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The hybrid frequency modulation is realized by the proposed 
modulation method, which further reduce the switching losses. 
In grid-tied photovoltaic (PV) systems, the high-gain HANPC 
TLI presents an alternative to traditional Si-based inverters. 
Furthermore, the proposed inverter topology can be applied 
in motor drives for electric vehicles and power supplies for 
modern data centers. To summarize, the proposed inverter has 
a wider voltage application range, regarding the capability to 
boost operation.
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