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Abstract—When connecting a multilevel inverter to a load or 

the utility grid, two major factors must be considered: total 

harmonic distortion and electromagnetic disturbance due to the 

fast switching of the semiconductor devices. This paper focuses 

on these electromagnetic interference aspects of a multilevel 

inverter. The  change in the inverter's control scheme and the 

change in the operating frequency on the conducted 

electromagnetic interference are investigated. This paper 

addresses carrier-based level-shifted pulse width modulation as 

a pulse width modulation control for the multilevel inverter. 

Three different level-shifted control schemes were compared at 

different switching frequencies to determine the effect of the 

control scheme and switching frequency on the electromagnetic 

interference. As an example of multilevel topology, a reduced-

device single-phase multilevel inverter  is presented in this 

paper.  

Keywords—Carrier-based level-shifted PWM, Common-mode, 

Conducted EMI, Differential Mode, Modular Multilevel inverter. 

I. INTRODUCTION  

The voltage-source pulse-width modulation (PWM) 
inverter has made an important contribution to power 
conversion. It is used to convert direct current (DC ) voltage 
to alternating voltage using power switches [1]. It does, 
however, have some limitations when it comes to low total 
harmonic distortion (THD), high efficiency, electromagnetic 
interference (EMI) and overall cost for applications such as 
renewable energy systems and motor drives. In the field of 
high-power medium-voltage applications, the multilevel 
inverter (MLI) has emerged as an alternative solution. Several 
MLI topologies have been proposed over the years, including 
cascaded H-bridge MLIs [2], neutral-point-clamped MLIs [3], 
and flying capacitors MLIs [4]. Each of the aforementioned 
topologies has disadvantages, such as the number of power 
switches and diodes used and the imbalance of series-
connected capacitors, which necessitates the inclusion of a 
balancing circuit in some circumstances. As a result, the total 
cost of the circuit is high. To address these issues, researchers 
have proposed a variety of replacement topologies based on 
an efficient MLI with reduced components. A reduced 
component MLI is presented in this paper as an example of 
the MLI topology described in [5]. 

Working at a high switching frequency is useful in 
decreasing component sizes, for instance having a large 
impact on the necessary size of a power line filter. However, 

the increased switching frequency may result in the generation 
of increased high-frequency EMI noise levels, as parasitic 
effects become dominant in the high-frequency range [6]. This 
can effect safety and reliability as the emission can interfere 
with devices in close proximity to the noise source [7]. From 
the point of view of power electronics, the switching 
frequency is limited by the heat generation within 
semiconductors used. Therefore, conventionally the 
frequencies used are in the order of a couple or tens of kHz. 
Although broadband semiconductors push these frequencies 
to a much higher range, novel interference problems arise and 
require different approaches to mitigation [8, 9]. Currently 
there are still many issues to be seen in the low-frequency 
range. Conducted EMI emission limits have for instance been 
prescribed by the International Electro-Technical 
Commission (IEC) in the frequency range of 150 kHz to 
30 MHz. Many power electronics engineers have been 
encouraged to mitigate conducted and/or radiated emissions 
as much as possible [10]. However, as was shown in [11], 
there has been an increasing number of serious EMI issues due 
to conducted interference in the low-frequency EMI range 
(2 kHz to 150 kHz), where there are only a few standards 
applicable. In response, work was done on IEC 61000-6-3, for 
example, to include the 9 kHz to 150 kHz range.  

As MLI topologies have shown the potential to inherently 
reduce EMI and THD simultaneously [12], this paper 
investigates the effects of multi-level control schemes in 
conjunction with alternative operating frequencies. In this 
paper, authors show how simulation of a multilevel topology 
may be utilized to examine control schemes on generated 
EMI, thus allowing to asses EMI and propose mitigation 
solutions. Therefore, the study is based on trends seen between 
simulations, instead of assessing the absolute emission values 
with respect to a limit line.  

The control schemes of carrier-based level-shifted PWM 
(CBLS-PWM), phase-shifted PWM (PS-PWM) and perhaps 
more complex ones like vector space-based ones can be 
investigated using the presented model [11, 12]. This paper 
focusses on CBLS-PWM. In this paper, three different control 
schemes at different operating frequencies was examined.  

The paper is organized as follows: The overall structure of 
the tested reduced component MLI is presented in section II. 
Section III examines the simulation results under various 
switching frequencies and control schemes, and Section IV 
summarizes the findings. 
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II. OVERALL CIRCUIT CONFIGURATION: 

The overall structure of the tested topology is depicted in 
Fig. 1. A voltage-balancing circuit (VBC) connects the single-
phase MLI to the DC voltage source. In order to keep the 
control scheme focused solely on controlling the inverter, the 
VBC is used to evenly distribute the voltage across the 
capacitors. Therefore, its function in this case is to reduce the 
number of DC sources used to build the MLI to a single source 
combined with series-connected capacitors. A LISN (line 
impedance stabilization network) has been added between the 
DC source and the VBC to study and simulate the conducted 
EMI. A detailed description of all parts is provided in the 
following subsections. 

 

Fig. 1. Overall circuit configuration. 

A. Multilevel Inverter (MLI) 

As illustrated in Fig. 2, the presented MLI consists of two 
major parts. The first part, named the level part, is in charge 
of generating the required number of levels (�), while the 
second part consists of a traditional H-bridge circuit for 
converting the levels generated by the first part, as presented 
in [5]. The following equation can be used to calculate the 
number of DC voltage sources (���)  required in that 
topology: 

 ��� =   (� − 1)/2 (1) 

Where � is the number of levels at the inverter's output 
terminals. As shown in Fig. 2, a seven-level topology is tested 
as an example of MLI, with the number of switches required 
indicated in black. Series connected capacitors can be used to 
eliminate the need for a number of DC voltage sources. 
However, for a real power exchange between the DC and AC 
sides, the average input current from the DC source will not 
equal zero, resulting in a voltage deviation in the voltage of 
the capacitors. 

 
Fig. 2. Circuit schematic for the MLI. 

B. Voltage Balancing Circuit (VBC): 

Because any voltage deviation can cause large harmonics 
in the inverter output terminals, balancing in the inverter 
connected capacitors is required. Balancing the voltage of a 
capacitor is considered an important point, and it can be 
accomplished in a variety of ways, including modifying the 
modulation technique as presented in [13], inserting a voltage 
balancing circuit [14] etc. To address this issue, the MLI has 
been designed with a VBC. 

The VBC used in this paper is a charging circuit based on 
a switched-capacitor converter that consists of a resonant 
capacitor (���) and a resonant inductor (���). Three series-
connected capacitors are required for a seven-level inverter. 
The VBC requires the use of six power switches, each with a 
duty cycle of 50%. The three switches (��)  operate 
concurrently and alternately with the remaining three switches 
(��). Fig. 3 depicts the VBC circuit configuration for a seven-

level inverter topology. As the switching frequency (���) is 
under investigation, the inverter will need recalculated 
capacitor and inductor values to ensure the required 
resonance. The values for ���  and ���  must follow the 
equation: 

 ���  · ��� = 
�

(��·����)�
 (2) 

Where ���  is the resonant frequency between ���  and 
���, and thus have an infinite solution space. 

 
Fig. 3. Configuration of VBC. 

C. Line Impedance Stabilization Network (LISN)   

The LISN is a circuit that provides a defined impedance 
path for high-frequency noise origination from a device under 
test (DUT). There are several LISNs for various tests and their 
respective frequency ranges. Fig. 4 depicts the type of LISN 
utilized for where the CE test frequency range is 10 kHz to 
10 MHz. The DUT sees the LISN impedance as a 50 µH in 
parallel with a 50 Ω Resistor. By measuring the normal mode 
(NM) output at both conductors, one can decompose the noise 
into the common mode (CM) and differential mode (DM) 
components [15]. A 50 Ω is provided between each line of the 
main source and the ground, which is dominant for 
frequencies ranging from 150 kHz to 30 MHz.  

As shown in Fig. 4, the outputs of the LISN are labeled 
� !"���and � !"���. As a result, the CM and DM noise voltages 
can be calculated using the two measured voltages as follows: 

 ��#  =  
$%&'��()$%&'���

�
 (3) 
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Fig. 4. LISN circuit diagram. 

D. Carrier-based level-shifted PWM (CBLS-PWM): 

The various schemes for CBLS-PWM have been 
discussed in this subsection. The modulation technique 
compares the number of carrier signals, having the switching 
frequency (���)  to operate the inverter switches, with a 
modulated signal. The modulated signal, which is a sinusoidal 
signal, has the required output voltage frequency. By 
comparing the modulated signal to the carrier signals properly, 
switching states are generated which are then transmitted to 
the power switches, compromising the MLI [16]. 

The number of carriers is determined by the number of 
levels (�) required at the MLI's output terminal. To achieve 
'�' levels at the MLI output terminals, the number of carriers 
(�+,) must be: 

 �+, =   (� − 1)/2 (5) 

Because the modulated signal is sinusoidal, the carriers 
placed on the signal's positive cycle are used to generate 
positive levels for the MLI; on the other hand, negative levels 
are generated by comparing the carriers in the negative portion 
with the modulated signal's negative half-cycle. All of the 
carriers have the same ���  and amplitude. CBLS-PWM, on 
the other hand, has three configurations based on the 
disposition of the carrier signals [17]. The carrier 
configurations are classified as follows: 

1) Phase Disposition (PD) 
As shown in Fig. 5(a), all carriers above the zero level of 

the modulated signals are in phase with those below the 
modulated signal's point of zero reference. 

2) Phase Opposition Disposition (POD) 
As shown in Fig. 2(b), all carriers above the zero level of 

the modulated signals are in phase but in opposition to those 
below the zero level. 

3) Alternate Phase Opposition Disposition (APOD) 
As shown in Fig. 5(c), each carrier is 180° out of phase 

with its neighboring carrier. 

Based on previous research comparing the three schemes 
shown in [18, 19], all have demonstrated a significant 
difference in THD value of the output voltage when applied to 
MLIs as a control technique. The carrier’s disposition and its 
effect on the reduction of the conducted EMI will be analyzed. 

 

        (a) 

 

      (b) 

 

           (c) 

Fig. 5. Different configuration of carrier-based level-shifted PWM. 

III. SIMULATION RESULTS AND DISCUSSION 

The parasitic capacitances are a significant contributor to 
EMI and it is critical to model these to estimate the conducted 
EMI [20]. As shown in Fig. 6, all parasitic capacitances to 
ground of the tested circuit are taken into account, and they all 
equal to 1 -�. The simulation results are based on a seven-
level inverter connected to a static load. MATLAB/Simulink 
has been used to validate and present the differences between 
each scheme at different frequencies, i.e. low and high values. 
The VBC circuit is designed to balance the series-connected 
capacitors. Because this circuit uses the resonant frequency, 
so two frequencies are observed the tested circuit i.e. the 
CBLS-PWM carrier’s switching frequency and the resonant 
frequency derived from Eq. 2.  

At low ��� i.e. 22 kHz, as shown in Fig. 7, presents the 
values of CM and DM at low resonant frequency; 10 kHz and 
30 kHz. The difference in CM and DM noises in all schemes 
is nearly less than 0.1 dB0V. Also, at higher values of resonant 
frequency, 100 kHz and 300 kHz, the difference in CM and 
DM noises is less than 0.01 dB0V  across all schemes, as 
presented in Fig. 8.  This shows that there is hardly any 
observable effect due to the change in control scheme applied 
at the MLI, which allows power electronic developers to 
choose whichever scheme is more beneficial for their 
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purposes without being significantly affected by conducted 
EMI. 

The variations of CM and DM noise with switching 
frequency are depicted in Fig. 9. Fig. 9(a) presents the values 
of CM and DM at different value of resonant frequencies with 
��� of the carriers equals to 22 kHz. On the other hand, results 
at higher value of ��� i.e. 220 kHz are illustrated in Fig. 9(b). 

The effect of the parasitic capacitors increases at higher 
frequencies, and the CM noise increases significantly with 
resonant frequency variation. Furthermore, at higher 
switching frequencies, the noise generated at both CM and 
DM is greater than at lower switching frequencies. As seen in 
the figure, the DM noise begins to increase at low values of 
��� and then shows a significant reduction at higher ���. As a 
result, regardless of the scheme used to control the power 
switches that comprise the MLI, the filter for DM will be 
smaller at higher switching frequencies. 

In case the switching frequency could be freely chosen and 
shifted by an order of magnitude, DM noise can be shifted 
toward CM dominated frequencies. This is however unlikely 
in a more practical setting, as switching frequencies are often 
determined by the semiconductor switching losses. However, 
the effect of shifting noise from DM mode towards CM mode 
noise can clearly be seen. 

IV. CONCLUSION 

The study of conducted EMI emission in a MLI under 
different control schemes of carrier-based level-shifted pulse 
width modulation was presented in this paper. The simulation 
is performed to evaluate the effect of changing frequency on 
CM and DM noise while accounting for the parasitic 
capacitor's connection to ground. Regardless of the type of 
control scheme used, the VBC is dominant in generating the 
noise perceived at the LISNs and acts as a filter for the MLI. 
Being an energy buffer from which the MLI operates and 
filters for noise through proper selection of the resonant 
frequency and thus the values of the resonant components of 
the inductor and capacitor. 

Reducing noise inherently is crucial in modern days 
electronics, therefore CM and DM noise have been evaluated. 
As a result, care must be taken in selecting the operating 
frequency to ensure lower emission. DM EMI reduction can 
be obtained by using a high switching frequency.  

Based on the conceptual results of the study, this research 
is intended to adopt an approach for future research. It will be 
implemented and evaluated experimentally after changes are 
made to the resonant circuit, which was utilized as a balancing 
circuit, to ensure the elimination of CM and DM noise in order 
to satisfy acceptable standards.

  

 

Fig. 6. Schematic of the tested MLI with parasitic elements 

  

(a) ��� = 10 kHz 
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(b) ��� =  30 kHz 

Fig. 7. Simulation results for CM and DM at low values of resosnat frequnecy. 

  

(a) ��� =  100 kHz 

  

(b) ��� = 300 kHz 

Fig. 8. Simulation results for CM and DM at high values of resosnat frequnecy. 

               

(a) ��� = 22 kHz 



  

(b) ��� = 220 kHz 

Fig. 9. Simulation results for CM and DM at different values of both switching and resonant frequnecies.      
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