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Abstract— A S5-level self-balancing current source inverter
(CSI) was recently reported. In this inverter, two diodes are used
to provide current paths for DC inductors, while they introduce
large power loss. Replacing diodes with active switches is a well-
proven technology to increase the efficiency of a power converter.
However, the use of active switches to replace diodes in this 5-level
CSI has a challenge in modulation design. In this work, a novel
modulation scheme is developed to accommodate this
replacement. By applying the proposed modulation, the S-level
CSI with active switches retains all the advantages of the original
version. Experiments are provided to validate the effectiveness of
the proposed modulation.
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I. INTRODUCTION

Compared with conventional 3-level current source inverters
(CSIs), 5-level CSIs have better harmonic performance,
contributing to the need for smaller filters [1-12]. However,
most of the existing 5-level CSIs suffer current imbalance issues
which require the use of extra current balancing controls.
Recently, a new 5-level CSI with self-balancing capability was
proposed [13]. It achieves DC current balancing without the
need for extra balancing controls. However, it employes two
diodes to provide paths for the DC currents, resulting in high
power loss. Replacing diodes with active switches is a well-
proven technology to increase the efficiency of a power
converter. However, the use of active switches to replace diodes
in this 5-level CSI has a challenge in modulation design. In this
work, a novel modulation scheme is developed to accommodate
this replacement. By applying the proposed modulation, the 5-
level CSI with active switches retains all the advantages of its
original version. Experiments are provided to validate the
effectiveness of the proposed modulation.

II. PROPOSED IMPROVED 5-LEVEL CURRENT SOURCE
INVERTER

Fig. 1 shows the recently proposed 5-level self-balancing
CSI. It consists of a conventional H-bridge inverter, an extra
switch Ss, two DC inductors L, and L,, and two diodes D; and
D;. It has two operating modes: Mode 1 and Mode 2. In Mode
1, S5 is turned on, while D; and D; are off. In this mode, the two

DC inductors L; and L, are connected in series, achieving DC
currents balancing. In Mode2, Ss is off, while D; and D, are
turned on to provide current paths for DC inductor currents iL;,
and iL,.

Fig. 1 Self-balancing 5-level CSI [13].

Fig. 2 shows the improved version, where the two diodes (D
and D») used in the original inverter in Fig. 1 are replaced with
two active switches (S¢ and S7). The use of active switches to
replace diodes contributes to improved efficiency. However, the
use of two more switches (Ss and S7) results in a challenge in
modulation scheme design. In this work, a novel modulation
scheme is developed to address this challenge.
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Fig. 2 Proposed improved self-balancing 5-level CSL

III. PROPOSED MODULATION SCHEME

The proposed modulation scheme is shown in Fig. 3, where
three groups of switches are switched in a complimentary
manner: (S1 and S2), (53 and S4), and (S5, Ss and S7). Taking S, as
an example, two carries waveforms (vc; and ve;) with a phase
shift of 180-degree are compared with the modulating waveform
respectively and output Sa.; and Sa.. m, is the modulation index,
w = 2mnf'is the angular speed, and f'is fundamental frequency. S4

is obtained based on S4.; + Ss.. In the case of Sy + S840 =2, i\, =
214 and S4 =1 and S5 = 0. In the case of Sa.1 + San2 =1, i = Ia
and Sy =1 and S5 = 0. In the case of S4 +S42,=0, i,,= 0 and Ss =
0 and S5 = 1. Following the above, the switching patterns for
switches Ss and Ss are achieved. The switching pattern of
remaining switches is obtained according to the complimentary
manner. Applying the obtained gating signals to the improved
inverter, it retains all the advantages of the original inverter as
shown in Fig. 3.
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Fig. 3 Proposed modulation over a fundamental-frequency cycle (m, = 0.8, m,= 18).
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IV. EXPERIMENTAL VERIFICATION

Lab-scale experiments are conducted to verify the
performance of the proposed improved inverter and the

balanced without balancing controls under both steady and
dynamic states. The same as the original inverter, m, = 0.5 is the
boundary, below which, the improved inverter becomes a
conventional 3-level CSI, while above which, it is a 5-level CSI.

proposed modulation scheme. Key parameters are listed in Table EXPERIMEgﬁLIF AIR AMETERS
I. Fig. 4 shows the gating signals over a fundamental-frequency Currents Passive components Switching frequency
cycle under m, = 0.8. As shown in the figure, the switching T=5 A L, =1L,=40 mH Fi=f2=50Hz
frequencies of the switches are fundamental frequency for L=5 A L;=5mH fis=fia =900 Hz
switches Si and >, modulating frequency for S3 and S4, and two 1=5 A Co=100 WF fe ; fo= /= 1800 Hz
times modulating frequency for Ss, Ss and S7. / - 2
Fig. 5 shows the experimental waveforms under both steady
and dynamic states at m, = 0.5 and m, = 0.8, respectively. As
shown in Fig. 5, DC inductor currents (ir1 = ir2) are well
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Fig. 4 Gating signals over a fundamental-frequency cycle under m, = 0.8.
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Fig. 5 Experimental waveforms under both steady and dynamic states with different m,.

V. CONCLUSIONS

A modular MFT-based CSC is proposed for the LV An
improved 5-level self-balancing CSI is proposed in this work.
The two diodes used in the original inverter are replaced with
two active switches, thereby improving its power efficiency. A
new modulation scheme has therefore been developed for the
improved CSI. By applying the proposed new modulation

scheme to the improved CSI, all the advantages of the original
inverter are retained. Experiments have been conducted to
validate the effectiveness of the proposed modulation.

112
Authorized licensed use limited to: Queen's University. Downloaded on August 11,2025 at 21:26:40 UTC from IEEE Xplore. Restrictions apply.



REFERENCES

D. Xu and B. Wu, “Multilevel current source inverters with phase shifted
trapezoidal PWM,” in Proc. IEEE Annu. Power Electron. Spec. Conf.,
Jun. 2005, pp. 2540-2546.

V. Vekhande, N. Kothari, and B. G. Fernandes, “Switching state vector
selection strategies for paralleled multilevel current-fed inverter under
unequal DC-Link currents condition,” IEEE Trans. Power Electron., vol.
30, no. 4, pp. 1998-2009, Apr. 2015.

M. P. Aguirre, L. Calvino, and M. 1. Valla, “Multilevel current-source
inverter with FPGA control,” IEEE Trans. Ind. Electron., vol. 60, no. 1,
pp. 3—10, Jan. 2013.

Z. Bai, H. Ma, D. Xu and B. Wu, "Control Strategy With a Generalized
DC Current Balancing Method for Multimodule Current-Source
Converter," in IEEE Transactions on Power Electronics, vol. 29, no. 1,
pp. 366-373, Jan. 2014.

B. Dupczak, A. Perin, and M. Heldwein, “Space vector modulation
strategy applied to interphase transformers-based five-level current
source inverters,” IEEE Trans. Power Electron., vol. 27, no. 6, pp. 2740—
2751, Jun. 2012.

P. Cossutta, M. P. Aguirre, A. Cao, S. Raffo, and M. 1. Valla, “Single
stage fuel cell to grid interface with multilevel current-source inverters,”
IEEE Trans. Ind. Electron., vol. 62, no. 8, pp. 5256-5264, Aug. 2015.

A. Nami, J. Liang, F. Dijkhuizen, and G. D. Demetriades, “Modular
multilevel converters for HVDC applications: Review on converter cells

(8]

9]

[10]

(1]

[12]

[14]
[13]

and functionalities,” IEEE Trans. Power Electron., vol. 30, no. 1, pp. 18—
36, Jan. 2015.

W. Wang, F. Gao, Y. Yang and F. Blaabjerg, "An Eight-Switch Five-
Level Current Source Inverter," IEEE Transactions on Power Electronics,
vol. 34, no. 9, pp. 8389-8404, Sept. 2019.

K. Gnanasambandam, A. K. Rathore, A. Edpuganti, D. Srinivasan and J.
Rodriguez, "Current-Fed Multilevel Converters: An Overview of Circuit
Topologies, Modulation Techniques, and Applications," IEEE
Transactions on Power Electronics, vol. 32, no. 5, pp. 3382-3401, May
2017.

L. Ming, W. Ding, P. C. Loh and Z. Xin, "A Direct Carrier-Based
Modulation Scheme With Full Index Range for DC-Link Current Ripple
Mitigation of a Current Source Converter," IEEE Transactions on
Industrial Electronics, vol. 69, no. 1, pp. 452-462, Jan. 2022

L. Ding, Y. Li and Y. W. Li, "A New Current Source Converter Using
AC-Type Flying-Capacitor Technique," IEEE Trans. Power Electron.,
vol. 36, no. 9, pp. 10307-10316, Sept. 2021.

L. Ding, and Y. Li, “Multilevel CSC system based on series-parallel
connected three-phase modules with optimized carrier-shift SPWM,”
IEEE Trans. Power Electron., vol. 36, no. 4, pp. 3957-3966, Apr. 2021.
B. Wu, High-Power Converters and AC Drives. Wiley/IEEE Press, 2006.
L. Xing, Q. Wei and R. Y. Li, "A New 5-Level Current Source Inverter
with Inherent Balancing," 2023 IEEE 14th International Symposium on
Power Electronics for Distributed Generation Systems (PEDG),
Shanghai, China, 2023, pp. 30-34.

113
Authorized licensed use limited to: Queen's University. Downloaded on August 11,2025 at 21:26:40 UTC from IEEE Xplore. Restrictions apply.



