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Abstract-Multilevel inverters (MLIs) have gained popularity due 
to the emerging medium and high-power drive applications such 

as heavy-duty electric vehicles, electric aircraft, and urban air 
mobility. A neutral-point-clamped, cascade H-Bridge and flying 
capacitors are the potential candidates for these applications, 

but these conventional MLIs have either stacked or floating 
capacitors causing voltage unbalancing and drifting issues in 
variable-speed operation. In this paper, a new neutral-point-less 

(NPL) MLI topology is proposed, which requires neither stacked 
nor floating capacitors, topologically addressing the voltage 
balancing and drifting issues. The new NPL MLI topology, 

namely X-type inverter, reduces the required capacitance and 
volume of the dc-link capacitor by over 75% compared to that of 
the conventional MLI topologies. In addition, the X-type 

inverter produces two equal and opposite common-mode (CM) 
voltage waveforms, which cancel out the capacitive leakage 
current for the minimum CM electromagnetic interference (CM 

EMI) noise. This paper introduces the new NPL MLI topology 
and the underlying principle of multilevel operation without 
stacked or floating capacitors. The simulation results verify the 

NPL multilevel operation with a single dc-link capacitor and 
over 50 dBuV CM EMI noise reduction compared to that of the 
conventional two-level inverter. 

 

I. INTRODUCTION 

Multilevel inverters (MLIs) are drawing more attention for 

medium and high-power industrial and electrified 

transportation applications due to their high voltage and high-

power operation capabilities at low switching frequency and 

harmonics. The most widely adopted MLI topologies are the 

neutral-point-clamped (NPC), T-type, cascaded H-bridge 

(CHB), and flying capacitor (FC). These inverter topologies 

have been practically used in high-power grid-connected 

inverter applications where the fundamental frequency is 

fixed at 50 or 60 Hz and industrial drives [1]. 

However, these conventional MLIs have a critical 

challenge to overcome for variable frequency operation (e.g., 

industrial drives, electric vehicles, and electric airplanes) due 

to their stacked dc-link capacitor with neutral point 

connection (see Fig. 1(a)), causing the capacitor voltage to 

unbalance from the high neutral current at three times of the 

fundamental frequency [2], [3]. Several advanced modulation 

techniques, such as carrier-based pulse width modulation 

(CBPWM) and discontinuous pulse width modulation, and 

active voltage balancing circuits have been proposed to 

mitigate the neutral current [2], [4]-[6]. However, these 

conventional MLI topologies cannot fundamentally address 

capacitor unbalanced voltage issues due to the presence of 

either stacked dc-link capacitors with neutral point 

connection or floating capacitors [7], [8]. The capacitor 

voltage unbalance issue prohibits reliable variable frequency 

operation as it leads to increased modulation complexity and 

switching frequency [4], [9]-[11], high common-voltage 

(CM) and current and noise, high total harmonic distortion 

(THD) at medium and high-power applications [12]-[18]. 

In this paper, a neutral-point-less (NPL) MLI topology 

called an X-type inverter is proposed and investigated, which 

can topologically address the capacitor voltage unbalancing 

issue. The X-type inverter topology does not require either 

stacked dc-link capacitors or floating capacitors, and one 

(a) 

(b) 

(c) 
Fig. 1. One phase-leg of (a) conventional NPC; and the proposed 

X-type topologies with (b) passive interconnection switches; (c) 

active interconnection switches. 
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phase-leg is directly interconnected with the opposite phase-

leg with a clamping diodes or active switches, illustrated in 

Fig. 1(b) and (c). The X-type inverter solves the root cause of 

the dc-link capacitor ripple and unbalances by eliminating the 

neutral point connection. In addition, it reduces the risks of 

high and unbalanced voltage stress on the power switches and 

capacitors leading to improved system reliability and lifespan 

of the inverter.  

The second section of this paper will introduce the new 

NPL MLI topology, the switch configuration, commutation, 

and modulation. The third section will demonstrate the X-

type inverter operation and CM EMI noise estimation with 

MATLAB simulation, and the fourth section compares the 

power and efficiency between the conventional MLI and the 

X-type inverter. The conclusion is drawn in the last section.  

II. NEUTRAL-POINT-LESS MULTILEVEL X-TYPE 

INVERTER TOPOLOGY 

A full schematic of the proposed NPL three-level X-type 

inverter topology is shown in Fig. 2, which has eight active 

switching devices and two passive devices per module. Each 

inverter module produces two equal and opposite three-level 

output voltages producing total six-phase output voltages 

without any neutral point connection. The conventional three-

phase dual winding electric machines can be easily 

reconfigured to be compatible with the proposed X-type 

inverter, as shown in Fig. 3.  

Due to the elimination of the neutral point connection, the 

X-type inverter provides attractive features such as multilevel 

operation with a single and small dc-link capacitor, active 

CM leakage current cancellation for low CM EMI noise, and 

the balanced and reduced voltage stress on the power 

switches, and capacitors. Removing the neutral point 

connection also simplifies a busbar and dc-link capacitor 

design and reduces the associated parasitic inductances and 

unnecessary minor power loops. Besides, the X-type inverter 

has a higher power density than the conventional MLIs, as the 

elimination of the neutral point leads to over 75% reduction 

in the dc-link capacitor value and its volume.  

 

A. Switch Configuration and Switching States 

The passive X-type inverter topology (see Fig. 4) has eight 

active switches and two passive devices (e.g., Schottky 

diodes) per one module with two output voltage channels. A 

complete X-type inverter system requires three modules in 

total for the dual three-phase operation. The four switching 

states and output voltages are summarized in Table I. The 

positive-negative (PN) state is one of the two active switching  

 

Fig. 2. Full schematic of the proposed X-type inverter with dual 

motor winding sets (six-phase windings). 

 
Fig. 3. Electric machine winding reconfiguration for the proposed X-

type inverter. 

TABLE I. FOUR SWITCHING STATES OF PROPOSED X-TYPE 

INVERTER. 

State PN ZZ (+iA1) ZZ (–iA1) NP 

VA1 +VDC/2 0 0 –VDC/2 

VA2 –VDC/2 0 0 +VDC/2 

S1 on off off off 

S2 on on on off 

S3 off on on on 

S4 off off off on 

S5 off off off on 

S6 off on on on 

S7 on on on off 

S8 on off off off 

D1 off off on off 

D2 off on off Off 

 

(a) (b) 

(c) (d) 
Fig. 4. X-type topology switching states and phase current during 

the switching operation. (a) positive-negative (PN), (b) ZZ (+iA1), 

(c) ZZ (–iA1), and (d) negative-positive (NP). 

 



 

 

states where two uppers (S1/S2) and two lower switches 

(S7/S8) are on-state to generate positive VDC/2 and negative 

VDC/2 for each output voltage channel as shown in Fig. 4(a). 

The negative-positive (NP) state is the other active switching 

state where two uppers (S5/S6) and two lower switches 

(S3/S4) are on to generate negative VDC/2 and positive VDC/2 

for each output voltage channel. The two zero switching 

states of ZZ (+iA1) and ZZ (–iA1) circulate the equal and 

opposite phase current between two output voltage channels 

and generate zero voltage without the neutral point 

connection to a split dc-link capacitors. 

B. Modulation Techniques  

The X-type inverter has a symmetric structure (two NPC 

inverters interconnected to each other) and therefore, a simple 

and conventional multicarrier sine PWM (SPWM) can be 

utilized as one of the viable modulation techniques. Since the 

active switch S1/S8, S2/S7, S3/S6, and S4/S5 are synchronized 

and have identical PWM gate signals, the conventional three-

phase multicarrier SPWM is used for simulation, as shown in 

Fig. 5. 

 

III. SIMULATION RESULTS 

A full schematic of the proposed X-type inverter is 

modeled in MATLAB Simulink to validate the multilevel 

operation capability with a single, not stacked, dc-link 

capacitor. The X-type inverter is designed to operate with 400 

kW output power, 900 V dc-link voltage, 20 kHz switching 

frequency, and 200 μF dc-link capacitor. It is important to 

note that the conventional NPC inverter with the same power 

and voltage rating requires a four to five times higher dc-link 

capacitance to hold the input voltage stable. 

A. Multilevel Operation with Single dc-link Capacitor 

The line-to-line output voltage waveforms shown in Fig. 6 

(top left corner) confirm that the proposed X-type inverter 

can generate three-level voltage with only a single dc-link 

capacitor. Accordingly, the output current waveform shows 

minimal distortion and low harmonics due to multilevel 

operation. Although there are three more output voltage and 

current waveforms from the X-type inverter (dual output), 

only one set of the three-phase waveforms is displayed in Fig. 

6 to clearly show the multilevel operation. 

The dual output power waveform is shown in Fig. 6 

(middle left corner) where the X-type inverter produces 200 

kW from each output and eventually reaches 400 kW in total. 

It is also critical to mention that the triplen voltage harmonics 

in the dc-link capacitor are eliminated as shown in Fig. 6 

(middle right corner). The dc-link capacitor voltage ripple is 

only associated with the inverter switching events. 

B. Common-Mode Leakage Current Cancellation 

For CM EMI noise analysis, the X-type inverter is also 

modeled in the PSIM simulation tool with LISN and 

spectrum analyzer. The X-type inverter provides active CM 

leakage current cancellation as shown in Fig. 7(a). The dual 

output voltage channels produce two equal and opposite CM 

voltages leading to capacitive leakage current cancellation. 

The measured CM EMI noise from the conventional two-

level inverter is compared with that of the proposed X-type 

inverter, as shown in Fig. 7(b). The CM EMI spectrum shows 

 

Fig. 5. Multicarrier sine PWM for the proposed X-type inverter. 

 

  

  

  
Fig. 6. Simulation results of the X-type inverter (output line-to-line 

voltage, current, power, dc-link capacitor voltage, current, and CM 

voltage). 



 

 

that the X-type inverter can reduce the CM EMI noise over 

50 dBμV, leading to substantial reduction or even elimination 

of additional CM filters in the high-voltage and high-power 

motor drive systems. 

 

IV. EFFICIENCY ANALYSIS AND POWER LOSS 

ESTIMATION 

A. Estimation of Power Losses  

The passive X-type inverter was modeled in PSIM with 1.2 

kV, 24-active (SiC MOSFETs), and 6-passive (SiC diodes) 

devices. The power distribution of the devices and total 

power loss have been modeled and analyzed with different 

output power levels at several switching frequency values for 

the X-type inverter.  

For power loss and efficiency estimation, SiC MOSFET, 

ROHM-BMS400D12P3G002, and diode thermal model from 

an IGBT module, NXH350N100H4Q2F2P1G, are used. The 

SiC device is a half-bridge module, so two modules are 

series-connected to obtain one phase-leg (active) device 

configuration for the X-type inverter. Therefore, twelve 

power modules are required for a three-level X-type inverter 

design. In addition, for the diodes of the proposed X-type, 

two diodes are used in parallel to obtain an adequate current 

limit for full-load operation. Table II summarizes several 

electrical characteristics of the selected SiC MOSFETs and 

the diodes used in the simulation, which have sufficient 

voltage and current margins to test the X-type inverter at its 

maximum power. 

A power loss distribution of the proposed X-type topology 

is drawn in Fig. 8 for 50 kHz switching frequency at 0.92 

modulation index. The total input power is 431 kW, and the 

efficiency of the X-type inverter is 98.15%. The case 

temperature was fixed at 25 C during the switching 

operation. The switching loss of the SiC MOSFETs is 

dominant in the total loss followed by the diode conduction 

loss. 

The additional simulation was run at five different 

switching frequencies (from 10 to 50 kHz) and the full range 

of the modulation index (from 0.1 to 1). In terms of the power 

loss distribution for the varying switching frequencies and 

modulation index, switching and conduction loss of the 

MOSFET and diode have different characteristics as plotted 

in Fig. 9(a) and (b). The switching loss of the SiC MOSFET 

linearly increases while the conduction loss has a parabolic 

increase as the modulation index increases. In the same 

manner, diode conduction losses increases linearly with the 

increased modulation index up to 0.7; however, the switching 

loss remains low and constant as shown in Fig. 8. It is also 

important to note that the diode conduction loss increases 

initially with increasing modulation index due to the increase 

in the phase current amplitude. However, as the modulation 

index exceeds 0.7, the conduction loss starts to drop due to 

the less utilization of zero switching states where the phase 

current circuiates through the diodes as shown in Fig. 9(b). 

B. Estimation of Inverter System Efficiency  

In order to optimize the power loss distribution of the X-

type topology, a set of parametric analysis is conducted at 

several different modulation indices and switching 

(a) 

(b) 

Fig. 7. CM EMI simulation results of the X-type inverter. (a) 

active CM voltage cancellation; (b) CM EMI spectrum 

comparison between 2-level and proposed X-type 3-level 

inverter. 

 

 

Fig. 8. Power loss distribution of the X-type three-level inverter 

with 0.92 modulation index at 50 kHz switching frequency. 

 

 
TABLE II. SELECTED DEVICE SPECIFICATIONS FOR X-TYPE INVERTER 

SIMULATION. 

 BV IF VF RON Op. Temp 

SiC MOSFET 1.2 kV 400 A 1.8 – 3 V 6.5 m -40/175 C 

SiC Diode 1.2 kV 100 A 1.5 – 2 V 4179 nC -40/175 C 

      



 

 

frequencies. The power losses of the switching devices are 

highly dependent on the junction temperature. Therefore, it is 

critical to consider the variation of the device junction 

temperature using the device thermal model. The ambient 

temperature of the SiC MOSFET and diode models has been 

kept at 25 C during the switching operation. The set of 

parametric analyses (i.e., modulation index and switching 

frequency) for the X-type inverter efficiency is illustrated in 

Fig. 10. The efficiency range of the proposed configuration is 

between 84% to 99% regarding switching frequency and 

modulation index. It is also important to note that the light-

load efficiency improves with higher switching frequency due 

to reduced phase current ripple and the conduction losses. 

 

 

V. CONCLUSIONS AND FUTURE WORK  

In this paper, a novel neutral-point-less multilevel inverter, 

namely an X-type inverter, is proposed and analyzed in detail 

to validate its multilevel operation capability with a single, 

not stacked, dc-link capacitor. The X-type inverter achieved 

three-level output voltage with a single dc-link capacitor in 

both MATLAB and PSIM simulations, which leads to over 

75% dc-link capacitor size reduction as compared to that of 

the conventional MLIs. It is also found the X-type inverter 

produces two equal and opposite CM voltages, which cancel 

out the capacitive leakage current for a substantial reduction 

in the CM EMI noise. The simulated CM EMI noise spectrum 

reveals that the X-type inverter can reduce the CM EMI noise 

by 50 dBμV in comparison with that of the two-level 

inverters.   
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