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ABSTRACT

This article proposes a model of a 3-level neutral-point—
clamped (NPC) inverter capable of representing the inverter during
both normal operation and single open-switch faults. Conventional
inverter modeling methods provide accurate voltages and currents
during normal operation but fail to do so during open switch faults.
To address this limitation, a novel model is proposed that takes into
account the effect of capacitor voltages, alternative conduction paths,
and current directions. The proposed model can be implemented as
a digital twin of a 3-level NPC inverter as it represents faulty states
accurately. The accuracy of the proposed model is compared with
waveforms obtained from the experiment. The proposed model has
errors of 0.133 A, 0.138 A, and 0.158 A in three-phase load currents.

1. Introduction

Three-phase three-level inverters are being widely
implemented in the field of renewables and motor drives.
Modeling of the three—phase three-level inverter is generally
approached in four ways; switching state function-based model,
observer-based model, mixed logical dynamic model, and
adaptive model "1 For a thorough investigation of the
operation of the inverter, faulty operations of the inverter should
be investigated, not only the normal operation. In general, switch
modeling of an inverter takes into account only the normal
operation of the inverters, while the obtained equations are not
capable of representing the faulty operation of the inverter. So,
such a model cannot be used for fault analysis or the
representation of an inverter in a real-time simulation system.
Recent works have addressed this research gap. One approach
developed a generalized phase arm model for NPC three-level
inverter ", However, this approach fails to consider the effect
of other phase switches on the pole voltage of the faulty phase
arm. As such, the developed model would not accurately
represent the system in faulty conditions %\, In this paper, a
model for a three-level NPC inverter is presented that includes
the effect of other phase switches, current direction, and voltage
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Fig. 1: Three-level NPC inverter.
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imbalance on two DC-link capacitors during an open switch fault.

2. Proposed Dynamic Modeling of 3—Level NPC
Inverters

Fig. 1 shows the topology of a 3-level NPC inverter. Here,
Swmn represents the switching states of all the involved switches,
where m ranges from 1 to 3 for three—phase arms and n ranges
from 1 to 4. Vpcis the DC voltage source connected to the two
capacitors Ci and Cz with voltages Voer and Vioee respectively.
Unbalanced capacitor voltage can be modeled using different
variables for voltages of upper and lower capacitors. f, /b, and /-
are 3—phase load currents and Vi, Vie, and Ve, are the line—to—
line voltages.

For an RL load, the line—to-line voltage Vasis also dependent
on the direction of load currents. So, a functions sgr is defined

as,
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Accounting for the current direction, variables yi, yiz yj;, and
vz are defined as,
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Fig. 2: Load current waveforms for different modulation indices and
Swi1 open switch fault based on (a) Circuit simulation. (b) Proposed
model .

Finally, the line-to-line voltages, Vs and Vas are obtained.
Vabu 1s the line—to-line voltage when the open-circuit fault is in
the upper two switches, while Vay is the line-to-line voltage
when the open circuit is in the lower two switches.
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3. Simulation and Experimental Results

To check for the accuracy of the proposed model, a
comparison between the proposed model and the circuit block
simulation is made in Fig. 2. Fig. 2 compares the load currents
for the system during the open switch fault of Swi at different
modulation indexes. A balanced three—-phase load of 10 Q
resistance and 3 mH inductance is connected to the inverter.

The parameters for the experiment are listed in Table 1. DSP
TMS320F28335 is used as a controller for the NPC inverter. DC
input voltage is taken as 175 V while the other parameters
remain the same as listed in Table 1. At the start, the NPC
inverters are normally operated and individual faults are
manually imposed upon the hardware after some time. Three
open switch faults are performed and the outputs obtained from
the experiment are compared against the output obtained from
the proposed model as shown in Fig. 3. The absolute average
median errors are calculated to be 0.113 A, 0.134 A, and 0.158
A for 3-phase load currents.
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Table 1. Parameters for simulation and exper iment.

Parameters Symbol Values
DC input voltage Vbe 200V
Load resistance Ru, Riz, Ris 10 @
Load inductance L, Lizg, Lis 3 mH
DC—link capacitor Cy, C2 4700 puF
Inverter frequency f 50 Hz
Switching frequency fow 5 kHz
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Fig. 3: Load current of proposed model and hardware for open switch
fault of (a) Swr. (b) Swe. () Swes.

4. Conclusions

A switch-based modeling approach for three—-phase three-
level NPC inverters, incorporating considerations such as
alternate conduction paths, individual capacitors, and current
direction during faulted conditions has been presented in this
article. With the ability to predict system behavior in both normal
and faulty scenarios, the proposed model can be used to develop
a reliable digital twin. The median absolute errors of the
proposed model have been calculated to be 0.133 A, 0.138 A,
and 0.158 A for three-phase load currents through the
experiment.

References

[1] X. Liu, A. M. Cramer, and F. Pan, “Generalized average method
for time-invariant modeling of inverters,” IEEE Trans. Circuits
Syst. I Regul. Pap., vol. 64, no. 3, pp. 740-751, 2017, doi:
10.1109/TCSI1.2016.2620442.

[2] T. Feng, C. Chen, J. Li, H. Zhang, and K. Wang, “Research on the
modeling method of NPC three-phase three-level inverter,” in
Proceedings - 2020 Chinese Automation Congress, CAC 2020,
2020, pp. 3808-3813. doi: 10.1109/CAC51589.2020.9327443.

[3] M. Chen and Y. He, “Multiple open—circuit fault diagnosis method
in NPC rectifiers using fault-injection strategy,” IEEE Trans.
Power Electron., vol. 37, no. 11, pp. 13668-13683, 2022, doi:
10.1109/TPEL.2022.3183075.

[4] T. Peng et al., “A uniform modeling method based on open-
circuit faults analysis for NPC-three-level converter,” IEEE
Trans. Circuits Syst. II Express Briefs, vol. 66, no. 3, pp. 457-
461, 2019, doi: 10.1109/TCSIL.2018.2856862.



