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ABSTRACT 

 

Wide bandgap (WBG) semiconductor devices are becoming increasing popular in power 

electronics applications. However, WBG semiconductor devices generate a substantial amount of 

conducted electromagnetic interference (EMI) compared to silicon (Si) devices due to their ability 

to operate at higher switching frequencies, higher operating voltages and faster slew rates. This 

thesis explores and analyzes EMI mitigation techniques that can be applied to a power module 

architecture at the packaging level.  

In this thesis, the EMI footprint of four different module architectures is measured 

experimentally. A time domain LTspice simulation model of the experimental test setup is then 

built. The common mode (CM) EMI emissions that escape the baseplate of the module into the 

converter is then examined through the simulation. The simulation is used to explore the CM noise 

footprint of eight additional module architectures that were found in literature. The EMI trends 

and the underlying mitigation principle for the twelve modules is explained by highlighting key 

differences in the architectures using common mode equivalent modelling and substitution and 

superposition theorem. The work aims to help future module designers by not only comparing the 

EMI performance of the majority of module architectures available in literature but by also 

providing an analysis methodology that can be used to understand the EMI behavior of any new 

module architecture that has not been discussed. Although silicon carbide (SiC) modules are used 

for this study, the results are applicable for any WBG device. 
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Architecture on Common Mode Electromagnetic Interference 

 

Taha Moaz 

 

GENERAL AUDIENCE ABSTRACT 

 

As society moves towards the electric grid of the future, there have been increasing calls 

for high efficiency, high power density, and low electromagnetic interference (EMI) power 

electronic converters. EMI is a big problem when using wide-bandgap (WBG) devices as these 

devices can switch very quickly and handle higher voltages when compared to silicon devices. In 

this study, ways to reduce EMI in a WBG power module through twelve different types of 

packaging are explored. Four WBG power modules are designed and fabricated in the lab, whereas 

a simulation model was created to study the EMI behavior of the remaining eight power module. 

The EMI behavior of these modules is explained using common mode (CM) equivalent modeling 

and substitution and superposition theorem. This study is important because WBG devices are 

becoming more and more popular in power electronic applications. The author hopes the findings 

and analysis presented in this paper can help future module designers reduce the EMI footprint of 

modules they design. 
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Chapter 1: Introduction  

1.1 Background 

The leading semiconductor choice for power electronics applications has been silicon (Si) 

for several decades [1]. Although Si-based power electronics provides the benefit of being mature 

and well-established, the technology is gradually reaching its limitations [2]. Wide-band gap 

(WBG) semiconductor devices have recently started to attract attention in power electronics due 

to their higher operating temperatures, faster switching speeds, higher voltage breakdown 

capability, and lower conduction losses [2], [3]. The intrinsic device properties of silicon (Si, 

green), and WBG devices such as gallium nitride (GaN, purple) and silicon carbide (SiC, blue) are 

shown in Figure 1. 

 

Figure 1: Intrinsic device properties of silicon (Si, Green), gallium nitride (GaN, Purple), and 

silicon carbide (SiC, Blue) 
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The higher voltage capability, higher operating temperatures, lower conduction losses, and 

faster switching speeds of WBG devices result in higher efficiency and power density designs; 

however, the higher operating frequency, and higher operating voltages also result in faster slew 

rates, which results in a larger electromagnetic interference (EMI) footprint of the system [4]ï[9]. 

An example of an EMI issue limiting the performance of WBG devices can be found in [10], where 

a 10 kV, 120 A SiC MOSFET/JBS full bridge module [11] was run in a power electronic building 

block (PEBB) based impedance measurement unit (IMU) as shown in Figure 2(a). The converter 

could not be run at full voltage or rated power levels due to EMI issues. It can be seen in Figure 

2(b) that the peak of the noise current flowing into the ground through the parasitic capacitance 

across the direct bonded copper (DBC) substrate in the power module was comparable to the 

current flowing through the inductor going to the output load (Figure 2(c)). The noise current 

contaminated the ground of the converter and was causing the controller to malfunction, limiting 

the operating conditions of the converter. It can therefore be concluded that properly addressing 

EMI issues is crucial to ensure that the advantages of WBG devices are not undermined. Since the 

noise current was flowing through the parasitic capacitance across the DBC substrate in the power 

module, it has therefore become necessary that EMI mitigation is considered in the initial design 

stages of the power modules. 

In this work, the effect of the power module architecture on the common mode (CM) EMI 

generated by WBG devices is studied. The EMI emissions of a total of twelve different module 

architectures found in literature are explored, and different analysis techniques are used to explain 

and compare the EMI spectrum generated by each module. 
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Figure 2: (a) Circuit schematic of 10 kV, 120 A SiC MOSFET/JBS module in PEBB based 

IMU (b) ground current (c) inductor current  from [10]. 
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1.2 Literature Survey 

Over the past decade, research efforts have been concentrated on mitigating CM noise 

issues in WBG devices at various levels of the converter. Solutions such as CM chokes and EMI 

filters are often implemented at the input of the converter to minimize the amount of CM current 

flowing into the system [12]ï[19]. In [20], a CM filter is integrated inside the module package. 

These solutions increase the weight and volume of the system and limit the efficiency and power 

density of the converters [12], [21]. For example, the addition of an EMI filter can occupy nearly 

one-third of the volume of the converter [22]. Other CM current solutions involve the use of active 

gate drivers to minimize issues related to CM current [23]. Slowing down the slew rates can reduce 

noise generated, but also increases switching losses [24]. Active gate drivers employ slew rate 

control to help achieve a balance between switching losses and EMI noise, but can increase the 

complexity of the circuitry and controls of the converters [23], [25]. Snubber circuits and ferrite 

beads can also be used to dampen voltage and current oscillation, which results in lower EMI [26]ï

[30]. 

Less work has been dedicated to studying and mitigating CM current at the power module 

packaging level. It should be noted that reducing the EMI generated at the packaging level will not 

eliminate the need for a filter, but would minimize the amount of noise that will need to be filtered 

at the converter level. With the rise of WBG devices, the layout and design of power modules have 

garnered attention due to the higher sensitivity of WBG devices to parasitic inductances and 

capacitances [31]ï[33]. Since CM current is worsened by these parasitics, which are related to the 

power module design, EMI mitigation and containment solutions at the package level are being 

investigated [34]. 
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When it comes to reducing CM noise inside the package, a large portion of the literature is 

focused on minimizing the power-loop and gate-loop inductances that lead to ringing during 

switching events. A popular way to reduce the impact of stray inductances is to integrate 

decoupling capacitors inside the module to reduce the commutation loop [35]. Other designers 

have attempted to reduce the dv/dt of the module by embedding gate resistors to slow down the 

fast switching transients [36] or embedding resistor-capacitor (RC) snubbers and ferrite beads to 

reduce voltage ringing during switching events [37]. These techniques help mitigate CM current 

by reducing the switching speed; this approach offsets the benefits offered by WBG devices.  

Other studies have focused on the capacitive coupling to the baseplate to mitigate the flow 

of CM current. The literature has proposed mitigating CM current by reducing the capacitive 

coupling of the switching-node to the baseplate present in the power module [38]. In traditional 

power modules, an insulated substrate is patterned to form a half-bridge configuration, with the 

switching-node pad being a significant portion of the footprint. This switching-node pad has 

capacitive coupling across the substrate insulation to the baseplate, creating a critical path for CM 

current to flow through. This capacitive coupling can be reduced either by shrinking the footprint 

of the switching-node or increasing the thickness of the insulation dielectric [39]. Other techniques 

include removing regions of the insulated substrateôs bottom copper layer and replacing it with 

low-permittivity material [40], and canceling the CM current through the baseplate of a single-

phase inverter with the input and output impedances of the EMI testbed being made to be [41], 

[42]. This CM current cancellation is achieved by manipulating the ratio between the switching-

node capacitance and the equivalent baseplate capacitance. In addition, it has been shown that 

reducing the switching-node capacitance of the module and balancing the DC+ and DC- rail 

parasitics help reduce CM current by minimizing differential mode (DM) to CM conversion [43]. 
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A review of the half bridge module architectures that have been used in literature to explore 

EMI mitigation at the module packaging level is now presented. In [44], the effect on the EMI 

performance of a GaN high-electron-mobility transistor (HEMTs) based half-bridge power module 

is studied with the integration of CM filter capacitors and decoupling capacitors ð module 

architectures similar to Baseline (ὅ ) (Figure 3(b)) and Baseline (ὅ) (Figure 3(c)). Compared to 

the Baseline architecture (Figure 3(a)), the integration of decoupling capacitors into the module 

results in mitigation in the CM noise generated in the 40 MHz to 100 MHz range. The integration 

of CM filter capacitors resulted in significant CM noise reduction in the conducted EMI frequency 

range. A Baseline (ὅ , ὅ) architecture (Figure 3(d)), module architecture obtained by combining 

Figure 3(b) and Figure 3(c), is eventually recommended. In [45], CM filtering capacitors are 

integrated directly into a SiC JFET based half-bridge power module, resulting in a module 

architecture similar to Baseline (ὅ) shown in Figure 3(c). The EMI performance of the module 

architecture is compared to a standard Baseline module (Figure 3(a)) by measuring the noise at the 

line impedance stabilization network (LISN). The highest peak in the EMI spectrum for the noise 

generated by the Baseline (ὅ) architecture showed a mitigation of 10 dB compared to the highest 

peak in the EMI spectrum of the Baseline module. An average mitigation of 6 dB was measured 

compared to the Baseline module architecture between 100 kHz to 1MHz. In [46], the EMI 

performance of a configuration similar to the Baseline (ὅ ) module architecture (Figure 3(a)) is 

simulated in a IGBT based half bridge chopper circuit. For the Baseline (ὅ ) module, the value of 

decoupling capacitors is varied from 0 to 1 µF and effect on the CM noise generated is simulated. 

It was observed that the addition of the decoupling capacitors reduces the high frequency noise 

peaks in the CM noise frequency spectrum, but introduces an additional peak in the frequency 

spectrum at lower frequencies. CM filtering capacitors are then added across the module terminals, 
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along with the decoupling capacitors, and the EMI footprint of the converter is experimentally 

tested. Significant mitigation was seen in the CM noise beyond 3 MHz. A Baseline (ὅ , ὅ) 

(Figure 3(d)) architecture is recommended. In [47], Baseline (ὅ ) and Baseline (ὅ) are proposed; 

however, the integration of capacitors is not discussed. Instead the paper proposes modifying the 

module geometry and using the parasitic capacitances inside the module to obtain a somewhat 

similar effect. The architectures are tested as a half bridge operating in a boost converter topology.  

Module architectures in literature that use stacked substrates for a lower EMI footprint are 

now discussed. In [48], the EMI footprint of a SiC half-bridge power module switched in a boost 

converter configuration is measured with four different module architectures: Baseline (Figure 

3(a)), CM Screen (Figure 3(e)), CM Screen (ὅ ) (Figure 3(f)) and CM Screen (DC Mid) (Figure 

3(g)). The EMI footprints of these four module architectures is compared and the CM Screen (DC 

Mid) architecture is concluded to have the lowest CM EMI in the conducted EMI frequency range 

ð a mitigation of more than 15 dB over a wide frequency range. Although experimental results 

are provided, analysis of the noise reduction and frequency spectrum for each module architecture 

is not provided. In [47], the CM Screen (Figure 3(e)) and CM Screen (ὅ ) (Figure 3(f)) 

architectures are proposed and tested with half-bridge power modules operating in a boost 

converter topology. The integration of decoupling capacitors into the architecture for the CM 

Screen (ὅ ) is not discussed; however, a somewhat similar effect is achieved by modifying the 

geometry to take advantage of the moduleôs parasitic capacitances. In [49], the EMI performance 

of a CM Screen (Figure 3(e)) and a CM Screen (DC Mid) (Figure 3(g)) architecture is compared 

in the time domain. The largest peak of the noise generated by the CM Screen (DC Mid) module 

architecture was measured to be ten times lower than the largest peak for the CM Screen module 

architecture. Little analysis on the mitigation seen is provided. In [50], the EMI performance of a 
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stacked substrate module architecture for a T-Type NPC power module (Figure 3(h)), made using 

a hybrid combination of SiC MOSFETs and Si IGBTs, is compared to a baseline single substrate 

T-Type NPC module architecture. The stacked substrate introduced into the module architecture 

is intended to act as an EMI shield and is connected to a fixed potential formed by the series 

connection of decoupling capacitors ð a configuration reminiscent of CM Screen (DC Mid) 

(Figure 3(g)) from an EMI point of view. Experimental results showed a mitigation of up to 21 dB. 

Although analysis of the EMI results is presented, the analysis is done for a T-Type NPC power 

module and insights gained are not easily applicable to a half bridge module. In [51], a stacked 

substrate for half bridge applications is proposed with a CM Screen (DC-) (Figure 3(i)) and CM 

Screen (DC+) (Figure 3(j)) architecture. No EMI analysis of the architectures is presented. In [52] 

and [53], a stacked substrate half-bridge power module with a CM Screen (DC-, ὅ ) architecture 

(Figure 3(h)) is presented and the EMI performance is compared to a commercially available 

module with similar specifications. Experimental results showed an average mitigation of up to 14 

dB and 25 dB in the noise voltage measured at the LISN, respectively. In [54], local shielding 

solutions to reduce CM current at the input of a GaN HEMT based half-bridge inverter leg are 

proposed and attenuation in the CM noise spectra is observed. An architecture similar to the CM 

Screen (DC+) (Figure 3(j)) architecture is explored. Shielding is also applied to the gate driver and 

between the thermal pad and the heatsink. A total noise reduction of up to 17 dB was observed. In 

[37], [40], [55] the CM screen / baseplate in the module architecture was split. All portions of the 

split CM screen were left floating. This technique can be used to obtain module architectures 

similar to Figure 3(k).  
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Figure 3: Module architectures explored in literature 
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Chapter 2: Introduction to Module Architectures  

2.1 Introduction  

This chapter introduces the twelve module architectures whose EMI footprint would be 

explored in this thesis. The hardware implementation of four of the module architectures is 

presented. The hypothetical designs that could be used to implement the remaining eight module 

architectures is also presented.  

2.2 Module Layout 

To study the impact of the CM screen, a new module design was developed. The design 

allows for testing the CM screen under different design conditions and provides insight into the 

effectiveness of containing CM current within the module. Figure 4(a) shows the topside view of 

the layout where 1.2 kV, 40 mɋ SiC MOSFETs are used in the half-bridge module. The DC+, 

DCï and OUT terminal placements are kept consistent between module variations, while allowing 

the flexibility to connect the screen to different DC nodes. 

A side view of the CM screen module is shown in Figure 4(b). The module uses two 0.35-

mm-thick alumina DBC substrates stacked together to create the screening layer. Wire bonds are 

used to electrically connect the top copper layer to the screening layer. This layout enables 

paralleling of many wire bonds to reduce the impedance to the screening layer. 

In the literature, the CM screen is not only used to contain CM current, but also as a path 

for the commutation loop [52]. This enables a reduction in the power-loop inductance through 

magnetic field cancellation, which enables cleaner switching events that reduce EMI [52]. To 

avoid variations in the EMI due to changes in the power-loop inductances, all of the proposed 
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modules have the commutation loop on the top side of DBC 1 (Figure 4(b)). This allows for the 

screening layer to be used only to divert CM current and not to serve as part of commutation loop. 

This enables modification of the screening layer while keeping the power loop inductance 

consistent between a baseline and CM screen design. ANSYS Q3D simulations show that the 

power-loop inductance with and without the decoupling capacitors inside the module is 3.5 nH 

and 7.5 nH at 100 MHz, respectively. 

The switching-node capacitance across DBC 1 to the screening layer is denoted as CCM. 

The screening layer capacitance across DBC 2 to the baseplate is denoted as Cscreen.  Furthermore, 

CCM is 80.2 pF, and Cscreen is 436.9 pF for all the module variations. The module design also allows 

for two paralleled 10 nF decoupling capacitors to be placed in series to minimize the power-loop 

inductance and form the DC Mid node. 
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Figure 4: (a) Top view, and (b) side view of common-mode screen module. 

2.3  Module Variations Fabricated 

The amount of CM current that will be diverted to the DCïbus depends on the high-

frequency impedance of the screening layer. For the CM screen to be effective, condition (1) has 

to be satisfied [48]: 

  (1) 

where Zscreen is the impedance of the CM screen to the desired DC node and Zbp is the 

impedance from the CM screen to the module baseplate. For the case of the CM screen (DC+) and 

(DC Mid) module in Figure 5(c) and (d), Zscreen can be respectively written as: 

  (2) 
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  (3) 

where ὒ , Ὑ  and ὒ , Ὑ  are the equivalent inductance and resistance of 

the wire bonds connecting the screening layer to DC+ and DC Mid nodes, respectively; and ὤ  

is the impedance of the decoupling capacitors. For  Figure 5(d), ὤ  will be defined as: 

  (4) 

where CD is the equivalent capacitance of the decoupling capacitors between the DC Mid 

and DC+ or DC- nodes respectively. 

In both architectures, the impedance to the baseplate can be given as: 

  (5) 

where Cscreen is the screening-layer capacitance across DBC 2 to the baseplate of the 

module. Using (2), (3), and (5), the inequality of (1) for the two CM screen modules becomes: 

  (6) 

  (7) 

where ὤ  is defined according to equation (4). It can be seen from (6) and (7) that it is critical 

to reduce the parasitic inductance and resistance of the CM screen to be effective in redirecting the 

CM current to its connected DC node. For the case of the CM screen (DC Mid) module, the 

decoupling capacitor CD (20 nF) was selected to be greater than 50 times Cscreen (436.9 pF) to better 

divert the CM current from flowing towards the baseplate of the module to the DC Mid node [56]. 

It should be noted that integrating the decoupling capacitors CD into the module increases the 
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footprint of DBC 2 and the value of Cscreen. For this work, compact ceramic capacitors with high 

capacitance values were selected to balance the trade-offs  

between Cscreen and CD. Furthermore, the capacitors are C0G type, which means they are stable 

with variations in temperature and voltage. This allows the CM screen to have the same 

effectiveness under different voltage and temperature profiles. 

With the module design established, four design variations (shown in Figure 5) were developed 

to study the impact of the module architecture on CM noise reduction. The variations are: 

¶ Baseline Module: This variation only uses DBC 1. The OUT node is coupled to 

the baseplate through the switching-node capacitance CCM (Figure 5(a)). 

¶ Baseline (CD) Module: This variation is the same as the baseline design but with 

the addition of integrated decoupling capacitors (Figure 5(b)). 

¶ CM Screen (DC+) Module: DBC 1 and DBC 2 form a screening layer connected 

to the DC+ node. The DC+ node is coupled to the baseplate through Cscreen (Figure 5(c)). There 

are no integrated decoupling capacitors in this module. The architecture also serves as the CM 

screen counterpart to the Baseline module. 

¶ CM Screen (DC Mid) Module: Two series decoupling capacitors are included to 

create the midpoint DC Mid. DBC 1 and DBC 2 form a screening layer connected to the DC 

Mid node. The DC Mid is coupled to the baseplate through Cscreen (Figure 5(d)). This 

architecture is the CM screen counterpart to the Baseline (CD) module. 

In Figure 5, the high-side and low-side SiC MOSFET dies in the half-bridge schematic are 

referred to as ὗ  and ὗ , respectively. The final module prototypes are shown in Figure 6. Testing 
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these modules will provide a better understanding of the EMI mitigation associated with 

redirecting the CM current to different parts of the DC-bus. 
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Figure 5: Variation of the module (a) Baseline module with no common-mode (CM) screen 

(b) Baseline module with no CM screen but with decoupling capacitors, (c) CM screen 

module with screening layer connected to DC+, and (d) CM screen module with screening 

layer connected to DC Mid. 
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Figure 6: Images of the fabricated CM screen module prototypes. 

2.4 Module Variations Simulated 

In addition to the four module architectures studied experimentally, eight additional 

module architectures were simulated to evaluate and understand EMI mitigation using packaging 

techniques in more detail. The eight module architectures studied are shown in Figure 7. It should 

be noted that all eight architectures can be fabricated through packaging techniques; however, they 

were not made due to time limitations. 

¶ Baseline (Cy) Module: This variation is the same as the Baseline (CD) design, but 

the Mid node formed by the addition of integrated decoupling capacitors is shorted to the 

baseplate (Figure 7(a) and Figure 8(a)). 

¶ CM Screen Module: DBC 1 and DBC 2 are stacked together to form a screening 

layer; however, the screening layer is not connected to the any node and left floating. The 
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architecture serves to show only the effect of stacked substrates on the generated EMI (Figure 

7(b) and Figure 8(b)). 

¶ CM Screen (CD) Module: This variation is the same as the CM Screen design, but 

with the addition of integrated decoupling capacitors (Figure 7(c) and Figure 8(c)). 

¶ CM Screen (DC+, CD) Module: This variation is the same as the CM Screen (DC+) 

design but with the addition of integrated decoupling capacitors (Figure 7(d) and Figure 8(d)). 

¶ CM Screen (DC-) Module: DBC 1 and DBC 2 form a screening layer connected 

to the DC- node. The DC- node is coupled to the baseplate through Cscreen (Figure 7(e) and 

Figure 8(e)). There are no integrated decoupling capacitors in this module. 

¶ CM Screen (DC-, CD) Module: This variation is the same as CM Screen (DC-) 

design but with the addition of integrated decoupling capacitors (Figure 7(f) and Figure 8(f) or 

Figure 9(a)). 

¶ CM Screen (DC+, DC-) Module: DBC 1 and DBC 2 form a screening layer that is 

split similar to what is shown in Figure 3(k). One half is connected to the DC+ node and the 

other half is connected to DC- node. The screening layer is split such that the OUT node has a 

capacitive coupling to each pad of the screening layer equal to half of capacitance CCM, and the 

capacitive coupling each pad of the screening layer has to the baseplate is equal to half of the 

capacitance Cscreen. There are no integrated decoupling capacitors in this module (Figure 7(g) 

and Figure 8(g)). 

¶ CM Screen (DC+, DC-, CD) Module: This variation is the same as CM Screen 

(DC-) design, but with the addition of integrated decoupling capacitors (Figure 7(h) and Figure 

8(h) or Figure 9(b)). 
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In Figure 7, the high-side and low-side SiC MOSFET dies in the half-bridge schematic are 

referred to as ὗ  and ὗ , respectively. Simulating the EMI behavior of these eight module 

architectures along with the four previously described will provide a better understanding of the 

EMI mitigation option available at the packaging level. Figure 8 shows hypothetical module 

layouts for the architectures shown in Figure 7. It should be noted that in Figure 8(f) and (h), the 

midpoint node has been removed as it was not needed. However, if needed inside the module vias 

can be used as shown in Figure 9. 
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Figure 7: Eight additional module architectures studied through simulation 
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Figure 8: Hypothetical module layouts for the eight additional module architectures 

 

 

Figure 9: Hypothetical module layouts for (a CM Screen (DC-, ╒╓) and (b) CM Screen 

(DC+, DC-, ╒╓)  with vias to ensue DC Mid node inside module 
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Chapter 3: Experimental Test Setup and Results 

3.1  Introduction  

The chapter introduces the test setup that was used for experimenting the four implemented 

module architectures. EMI noise results at the baseplate and the input of the converter with the 

four implemented module architectures are also presented. The chapter concludes with a 

preliminary slew rate and efficiency analysis that was done for these four implemented module 

architectures.  

3.2 Test Setup 

A test setup was developed to evaluate the level of noise mitigation introduced by each of 

the module architectures. Experimental results are only obtained for the modules introduced in 

Section 2.3. The designed testbed switches each module as a buck converter operating at a 

switching frequency of 100 kHz. All experiments are conducted at an input/output voltage of 

600/300 V. The setup is comprised of four main subsystems: LISN, input capacitor Cin, power 

module, and output load. Figure 10 shows the simplified schematic of the setup and outlines the 

aforementioned subsystems. Details of the various components used in each subsystem have been 

provided in Table 1. Figure 10 also highlights the measurements recorded for analysis: drain-to-

source voltage ὺ  for the high-side switch ὗ , voltage across output load ὠ , voltage across 

input capacitor bank ὠ , current flowing at input of converter Ὥ, noise current that escapes 

through the module baseplate into the converter Ὥ , and CM noise current at the input of the 

converter Ὥ . The noise Ὥ and Ὥ  is measured for all four module architectures using the 

same test setup and testing conditions with only the modules swapped. The results presented were 

consistent and repeatable using the test setup described. 
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The noise current Ὥ  was measured to experimentally quantify the noise generated by the 

module that escapes through the baseplate into the converter. It was measured using the method 

described in [38]. To measure Ὥ , the module baseplate is clamped onto a heatsink that is 

physically separated from the copper sheet with the help of non-conductive separators. Current 

flowing through a conducting wire connecting the heatsink and copper sheet is then measured. The 

noise current Ὥ  is measured to empirically verify the effect of changing the module 

architecture on the noise flowing at the input of the converter. The noise current Ὥ  is measured 

with a high frequency current transformer (HFCT) clamped around the input terminals of the 

converter. 

 

Figure 10: Simplified schematic of EMI test setup for the buck converter. 

Table 1: Summary of Setup Specifications 

Parameter Value (Units) 

Buck Converter Parameters 

Switching Frequency 100 kHz 
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ὠ  / ὠ  600 V / 300 V 

Test Setup Parameters 

LISN LISN LI-1100C 

ὅ  90 µF 

ὅ 100 µF 

ὒ 750 µF 

Ὑ 22 ɋ 

Measurement Probes 

ὭȟὭ  Tektronix TCP0030A, 120 MHz 

Ὥ  ETS-Lindgren 91550ï1, 100 MHz 

ὺ , ὠ  and ὠ  Tektronix THDP0200, 200 MHz 

 

The testbed was operated at room temperature and all measurements reported were recorded 

during the electrical steady state. Details of the measurement probes used are provided in Table 1. 

The analysis in this work is limited to the conducted EMI frequency range (150 kHz to 30 MHz). 

The measurement probes used were confirmed to have a bandwidth that would allow accurate 

measurement in the frequency range mentioned. The hardware implementation of the testbed is 

shown in Figure 11. The copper sheet used in the test setup is connected to earth potential. The 

time domain measurements for baseplate noise current Ὥ  and input noise current Ὥ  were 

recorded using a rectangular time window of 400 µs, and a sampling frequency of 1.5625 GS/s. 

The analysis presented is limited to the conducted EMI frequency range, i.e. 150 kHz to 30 MHz. 
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Figure 11: Hardware setup of EMI testbed for buck converter. 

3.3  Time Domain Measurement 

The relationship between voltage ὺ , switching-node capacitance CCM, and generated noise 

current Ὥ  is explained using the Baseline module architecture shown in Figure 5(a). Figure 12(a) 

shows the zoomed-in time domain waveform for voltage ὺ , and Figure 12(b) shows the noise 

current Ὥ  being generated at the same instance in time. In the experiments performed, the 

direction of current is taken as positive if the current is flowing from the heat sink toward the 

copper sheet, and is taken as negative if it is flowing in the reverse direction. 

From Figure 12(a), during the turn-off transient ὺ  increases to 600 V at a slew rate of 25.6 

V/ns. During this event, the change in potential at the OUT terminal discharges parasitic capacitor 

CCM, causing the current to flow from the module baseplate to the switching-node. During the 
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voltage transition, a CM current flows from the copper sheet to the OUT terminal, resulting in the 

discharging of CCM (Figure 12(b)). A negative peak of 2.7 A is observed. 

During the turn-on transient ὺ  falls from 600 V to 0 V at a slew rate of 39.3 V/ns. During this 

event, the change in potential at the OUT terminal charges parasitic capacitor CCM, causing current 

to flow from the switching-node to the copper sheet. A positive current peak of 4.1 A is seen during 

the falling ὺ  transient in Figure 12. The different current peaks during the rising and falling 

transitions occur due to different rising and falling slew rates. The turn on transient has a higher 

dv/dt, and hence a larger CM current through the baseplate. 

 

Figure 12: Zoomed-in time domain waveforms for the Baseline module architecture showing 

(a) high-side SiC MOSFET ╠╗ drain-source voltage ○╓╢ and (b) noise current ░╫▬. 
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3.4  Baseplate Noise Current 

The frequency spectra of the noise current Ὥ  for different module architectures are shown 

in Figure 13.  In Figure 13(a) and (b), the two baseline modules are compared to their CM screen 

counterpart to observe how integrating a CM screen into the module affects the noise generated at 

the baseplate. The results confirm that the introduction of the CM screen into the architecture 

caused noise to be redirected to the respective connected DC node. In both scenarios, a maximum 

noise reduction of 26 dB is noted, due to the redirection of a portion of noise Ὥ  to the connected 

DC node. A minimum noise reduction of 21 dB and 26 dB is noted in the 150 kHz ï 1.1 MHz 

frequency range for the Figure 13(a) and Figure 13(b) module, respectively. 

In Figure 13(c), the Ὥ  generated by the two CM screen architectures is compared. Results 

show a maximum mitigation of 13 dB. No significant noise reduction is noted in the 

150 kHz to 1.1 MHz frequency range. The mitigation observed can be attributed to the symmetric 

decoupling capacitances between the DC+ and DCï nodes and the screening layer [43], [57], [58]. 

This is discussed in more detail later in this thesis. The mitigation seen at frequencies larger than 

10 MHz can be linked to the smaller current commutation loop, due to the integrated decoupling 

capacitors. As previously stated, the power-loop inductance inside the module will reduce from 

7.5 nH to 3.5 nH, due to the addition of decoupling capacitors. The measured time domain 

waveforms for the baseplate noise current of the four module architectures is shown in Figure 14. 
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Figure 13: Frequency spectra of noise current ░╫▬ for (a) Baseline and CM Screen (DC+) 

module, (b) Baseline (╒╓) and CM Screen (DC Mid) module, and (c) the CM Screen (DC+) 

and CM Screen (DC Mid) module. 
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Figure 14: Time domain waveform for ░╫▬ during device (a) turn-on and (b) turn-off for  

module architecture: Baseline (Black), Baseline (CD) (Brown), CM Screen (DC+) (Red), 

and CM Screen (DC Mid) (Light Blue). 

3.5  Input  Noise Current 

Similar to the comparison done for Ὥ , the effect of module architecture on the noise current 

Ὥ  is also investigated. A maximum noise mitigation of 17 dB and 26 dB is observed between 

the Baseline and CM Screen (DC+) module (Figure 15(a)), and the Baseline (CD) and CM Screen 

(DC Mid) module (Figure 15(b)), respectively. A minimum noise reduction of 10 dB is noted in 

the 150 kHz ï 1.1 MHz frequency range for both the comparisons.  Larger mitigation is seen in 

the Baseline (CD) module and its CM screen counterpart at frequencies greater than 10 MHz. 
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In Figure 15(c), Ὥ  generated by the two CM screen architectures is compared. A maximum 

mitigation of 18 dB is observed. No significant noise reduction is noted in the 150 kHz ï 1.1 MHz 

frequency range. It is important to note that the noise mitigation seen in Ὥ  is different from the 

mitigation seen in Ὥ , and that Ὥ  has slightly larger magnitudes in the frequency spectrum 

compared to Ὥ . The noise current Ὥ  is the noise generated by the module that escapes though 

the baseplate into the converter and ð with the module being the major source of noise generated 

ð is responsible for a significant portion of Ὥ , but not all of it. In particular, noise current 

Ὥ  also incorporates the effect of CM noise generated due to unbalanced impedances inside the 

converter. Detail on the impact of asymmetries in a buck converter on CM noise generated can be 

found in [59]. Another example of CM noise that the noise current Ὥ  incorporates is the noise 

flowing through parasitic capacitances outside the module that the converter may have to the 

copper sheet. The time domain waveform for Ὥ  could not be included due to the limitations of 

the measurement probe used to measure the CM noise at the input of the converter. The high 

frequency current transformer (ETS-Lindgren 91550ï1, 100 MHz) used to measure the noise 

Ὥ  does not output the actual current waveform. Post-processing has to be done in frequency 

domain ð as detailed in the documentation of the probe ð before the actual frequency spectrum 

of Ὥ  can be observed. 
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Figure 15: Frequency spectra of noise current ░░▪▬◊◄ for (a) Baseline and CM Screen (DC+) 

module, (b) the Baseline (╒╓) and CM Screen (DC Mid) module, and (c) CM Screen (DC+) 

and CM Screen (DC Mid) module. 
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3.6  Preliminary Efficiency and Switching Results 

 The impact of the CM screen architectures on converter efficiency and device slew rates was 

also investigated. The slew rates for the modules were measured across the drain-to-source voltage 

ὺ  for MOSFET ὗ . The efficiency and slew rate measurements were made using a rectangular 

time window of 800 µs, with a sampling frequency of 6.25 GS/s. The output from the measurement 

probes Ὥ and ὠ /ὠ  were measured using probes of bandwidth 20 MHz and 5 MHz, 

respectively. The efficiency measurements were made a total of five times and the median value 

is reported in the analysis. The slew rates were measured using probes of bandwidth 250 MHz. 

Table 2 lists the converter efficiencies and slew rates for each module variation. The efficiencies 

are reported as a percentage increase and decrease, while keeping the Baseline module as a 

reference. Comparing the efficiency of the Baseline module to the CM Screen (DC+) module, a 

decrease of 0.3 % is seen. This decrease in efficiency can be attributed to the increased ὅ  of the 

module. Having the CM screen shorted with the DC+ node results in CCM being in parallel with 

the Coss of the SiC die, thereby increasing the output capacitance of the high-side switch. 

Compared to the Baseline module, the Baseline (CD) and CM Screen (DC Mid) show an increase 

in efficiency. This increase can be explained by investigating the trends observed in the slew rates 

in Table 2. The Baseline (CD) module shows a 47% larger falling slew rate. This increased slew 

rate can be attributed to the reduced current commutation loop that occurs due to the addition of 

the decoupling capacitors. Similarly, the CM Screen (DC Mid) module demonstrates a 59% faster 

falling slew rate. The shorter turn-on time results in lower switching losses and, therefore, an 

increase in the overall efficiency of the converter. The rising and falling edges for the module 

architectures are showing in Figure 16. 
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Table 2: Switching Characteristics and Efficiency 

Module 

Architecture  

Converter Efficiency 

w.r.t Baseline 

Module 

Slew Rate (V/ns) 

Rising Falling 

Baseline N.A. 25.6 39.3 

Baseline (CD) 0.2% increase 27.1 57.9 

CM Screen (DC+) 0.3% decrease 24.9 41.4 

CM Screen (DC Mid) 0.5% increase 25.3 62.3 
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Figure 16: Switching Characteristics (a) Falling Edge (b) Rising Edge  
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Chapter 4: Simulation and Modeling Techniques 

4.1 Introduction  

The chapter introduces the simulation and modeling techniques that can be used to explain 

the EMI results discussed in the previous chapter. The simulation and modeling techniques that 

were primarily chosen are the: time domain simulation, CM equivalent modeling, and substitution 

and superposition theorem.  

4.2 Time Domain Simulation 

Based on the hardware results presented in Figure 13, a simulation model was created for 

the test setup. Figure 17(a) shows the simulation model with the Baseline module. In Figure 17(a), 

ὤ  and ὤ  are the total impedances of the input capacitor bank Cin and the decoupling 

capacitors CPCB, installed on the PCB board used to interface the module with the rest of the 

converter. The impedances ὤ  and ὤ  incorporate the equivalent series inductance (ESL) and 

equivalent series resistance (ESR) of the capacitors. The impedances ὤ  where ὼ ρ φ 

represent the parasitic impedances of the wires connecting the LISN to ὤ , ὤ  to ὤ , and of 

the PCB interfacing ὤ  to the module architecture. 

The impedances ὤ  and ὤ  are the parasitic impedances of the wire connecting the heat 

sink to the copper sheet, and of the copper sheet used in the EMI test setup. The capacitance CH1 

is the parasitic capacitance between the heat sink raised through non-conductive separators and the 

copper sheet. Estimates of these impedances were obtained using the methodology detailed in [60] 

with an Agilent 4294A precision impedance analyzer. The simulated noise current Ὥ  is the 

current flowing through the impedance ὤ . The impedances ὤ  where ώ χ ρρ model the 
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parasitic inductances and resistances inside the module. Capacitances CDC+, CDCï , and CCM are the 

parasitic capacitances the DC+, DCï, and OUT terminal (Figure 4) have to the baseplate from 

across the DBC substrate. Estimates of the values of ὤ  were extracted using ANSYS Q3D, 

whereas CDC+, CDCï, and CCM were measured with the impedance analyzer. The SiC device 

LTspice model provided by the manufacturer was used for the simulation. The values used for 

these parameters are shown in Table 3. It should also be noted that the impedances ὤ  (where ὼɴ

ρȟςȟσȣ , shown in Figure 17(a)) relate to the resistances Ὑ  and inductances ὒ  (shown in Table 

5) according to: 

  (8) 

The impedances ὤ  and ὤ  (shown in Figure 17(a)) relate to the parameters shown in Table 

3 according to: 

  (9) 

  (10) 
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Figure 17: (a) Simulation model of test setup with the Baseline module architecture (b) 

Comparison of the hardware (Black) and simulation (Blue) results for the frequency spectra 

of noise current ░╫▬ for the Baseline module. 

Table 3: Summary of Simulation Parameters 

Parameter Value (Units) Parameter Value (Units) 

ὗὥὲὨ ὗ  CPM2-1200-0040B LISN CISPR Standard 

ὅ  93.6 µF ὉὛὙ  15.59 mɋ 
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ὉὛὒ  1 nH ὅ  34 nF 

ὉὛὒ  5.6 nH ὉὛὙ  35.42 mɋ 

ὒ  120.78 nH Ὑ  150 mɋ 

ὒ  167.48 nH Ὑ  180 mɋ 

ὒ  24.47 nH Ὑ  80 mɋ 

ὒ  52.47 nH Ὑ  80 mɋ 

ὒ  8 nH Ὑ  82 mɋ 

ὒ  3 nH Ὑ  180 mɋ 

ὒ 750 µH ὅ 100 µF 

Ὑ 22.1 ɋ ὅ  6.36 pF 

ὒ  105 nH Ὑ  10 mɋ 

ὒ  650 nH Ὑ  0.5 ɋ 

 

In Figure 17(b), the hardware and simulation results for the Baseline module is compared. 

The frequency spectrum is obtained by running the time domain simulation, followed by the fast 

Fourier transform (FFT). Between 150 kHz to 10 MHz, a maximum difference of 4 dB was 

observed in the frequency spectrum. Beyond 10 MHz, the ability of the simulation to predict the 

noise magnitude decreases and a maximum difference of 10 dB was observed. This is a result of 

using linear, lumped circuit elements to model parasitics inside the converter and the module, and 
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the die model used not being accurate at high frequencies [61]ï[63]. However, although the ability 

of the simulation to predict the noise magnitude decreases beyond 10 MHz, Figure 17(b) shows 

that the model reasonably predicts trends seen in the frequency spectrum: a relatively flat 

frequency spectrum until the frequency of ~9.9 MHz, beyond which a roll-off is observed. 

Similar to the Baseline module, simulation models for the remaining eleven modules were 

also built. The simulation models for the twelve module architectures are shown in  Figure 18. The 

values for various parasitics are shown in Table 4. Figure 18(a)-(c) shows the three baseline 

architectures: Baseline, Baseline (CD), and Baseline (Cy). Figure 18(b) differs from Figure 18(a) 

in that the decoupling capacitors ὅ  (along with the equivalent series resistance ESR and 

inductance ESL) have been integrated into the module architecture. Figure 18(c) differs from the 

other two baseline architectures in that the baseplate is shorted to the DC mid node created by the 

series connection of the decoupling capacitors. 

Figure 18(d)-(l) shows the nine different CM screen module architectures studied. The 

module architectures primarily differ based on what node the CM screen is connected to and 

whether the architecture has decoupling capacitors. In Figure 18(d) and (e) the CM screen is left 

floating. CM Screen (CD) (Figure 18(e)) differs from the CM Screen (Figure 18(d)) in that the 

decoupling capacitors CD (along with the equivalent series resistance ESR and inductance ESL) 

have been integrated into the module architecture. 
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Figure 18: Simulation schematic of the twelve module architectures explored. 

Table 4: Summary of Module Architecture Parameters 

Parameter Value (Units) Parameter Value (Units) 

ὅ  14.56 nF ὒ  3.7 nH 

ὉὛὙ  9.9 mɋ Ὑ  8 mɋ 

ὉὛὒ   0.25 nH ὒ  3 nH 

ὅ  166.3 pF Ὑ  8 mɋ 

ὅ  24 pF ὒ  3.1 nH 

ὅ  35.71 pF Ὑ  7.5 mɋ 

ὅ  80.2 pF ὒ  1 nH 

ὅ  436.9 pF 

ὒ  

and ὒ  

3.35 nH 
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ὒ  1 nH 

Ὑ  

and Ὑ  

5 mɋ 

Ὑ  8 mɋ 

ὒ  

and ὒ  

1 nH 

ὒ  1 nH 

Ὑ  

and Ὑ  

2.25 mɋ 

Ὑ  7.5 mH 

ὅ  

and ὅ   

202 pF 

 

The schematics shown in Figure 18(f)-(i) differ from one another based on whether the 

screen is connected to a positive or negative DC node (labelled N1 or DC-) and whether decoupling 

capacitors CD (along with the equivalent series resistance ESR and inductance ESL) have been 

integrated into the module. Figure 18(j) shows a CM screen module in which the screen is 

connected to the Mid node, a DC node created by the series connection of the decoupling 

capacitors ὅ . Figure 18(k) and (l) show module architectures in which the screening layer below 

the switching node OUT has been split into two halves. Half the screening layer is connected to a 

positive DC node N1 and the other half is connected to a negative DC node DC-. The schematics 

in Figure 18(k) and (l) differ from one another based on the addition of decoupling capacitors. It 

should again be noted that although in Figure 18(e), (g), (i) and (l) a Mid node has been created by 

the series connection of the decoupling capacitors, this has been done for the sake of uniformity in 
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the module architecture and to facilitate ease of understanding. The Mid node is not needed for 

these module architectures and a single decoupling capacitor can also be used. 

In Figure 19(a), the hardware and simulation results for the Baseline and Baseline (CD) 

modules are compared. Between 150 kHz to 10 MHz, a maximum difference of 4 dB was observed 

in both frequency spectrums. Beyond 10 MHz, a maximum difference of 13 dB was observed for 

the Baseline and Baseline (CD) modules. Although the accuracy of the simulation has decreased 

beyond 10 MHz, it can be seen from Figure 19(a) that the model can predict the trends seen in the 

frequency spectrum accurately: (1) a relatively flat frequency spectrum is seen until the frequency 

of ~9.9 MHz, beyond which a roll-off is observed, and (2) a change in the slope of the roll-of 

occurring at ~13.5 MHz. 

In Figure 19(c) and (d) the hardware and simulation results for the CM Screen (DC+) and 

CM Screen (DC Mid) modules are compared. Results show that between 150 kHz to 4 MHz for 

the CM Screen (DC+) module, and 150 kHz to 7 MHz for the CM Screen (DC Mid) module; a 

maximum difference of 12 dB was observed between the hardware and simulation results. From 4 

MHz to 7 MHz a maximum difference of 17 dB, and beyond 7 MHz a maximum difference of 14 

dB is observed for the CM Screen (DC+) module between the hardware and simulation. The CM 

Screen (DC Mid) module shows a maximum difference of 20 dB from 7 MHz to 18 MHz between 

the hardware and simulation results. Similar to the baseline architectures, although the simulation 

was not able to predict the magnitudes of the frequency spectrum with high fidelity, the model was 

able to imitate the trends seen with reasonable accuracy: (1) the peak in the frequency spectrum at 

~2.7 MHz, (2) the roll-off frequency beginning at a frequency of ~8.29 MHz, and (3) a change in 

the slope of the roll-of occurring at ~13.5 MHz for the CM Screen (DC Mid) module. 
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Figure 19: Comparison of the hardware and time domain simulation results for the 

frequency spectra of noise current ░╫▬ for (a) the Baseline (╒╓), (b) the CM Screen (DC+) 

and (c) CM Screen (DC Mid) modules. 
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The frequency spectra of the noise current Ὥ  for the four experimentally tested module 

architectures are compared through simulation in Figure 20. In Figure 20(a) and (b), the two 

baseline modules are compared to their CM screen counterparts, similar to Figure 13(a) and (b). 

In both scenarios, a maximum noise reduction of 35 dB is noted, which is a 35% increase compared 

to the hardware results. In Figure 20(c), the Ὥ  generated by the two CM Screen architectures is 

compared. Although hardware results showed a maximum mitigation of 13 dB between 2.7 MHz 

and 2.9 MHz, the simulation results show a maximum mitigation of 9 dB, a 30% decrease. The 

simulation also predicts a high level of mitigation with the CM Screen (DC Mid) module at 

frequencies larger than 13.5 MHz. It can again be observed that the simulation was not able to 

predict the mitigation magnitudes in the frequency spectrum with high fidelity: an error of upto 

35%; however, the simulation was able to imitate the mitigation trends seen in Figure 13 with 

reasonable accuracy. For example, in Figure 20(c), the CM Screen (DC+) and CM Screen (DC 

Mid) modules show similar mitigation trends in the frequency spectrums in the 150 kHz to 

500 kHz frequency range. Similarly, the peak in the frequency spectrum at ~2.7 MHz for the CM 

Screen (DC+) module slightly shifts to a lower frequency for the CM Screen (DC Mid) module. 

A change in slope in the frequency spectrum of the CM Screen (DC Mid) module at ~13.5 MHz 

is also predicted by the simulation resulting in the module having lower EMI compared to the CM 

Screen (DC+) module. The justification for why these trends occur will be presented in Chapter 5. 

Any prediction about noise mitigation between module architectures made by the LTspice 

simulation below 10 MHz will be assumed to have an error of 35%. 
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Figure 20: Frequency spectra of noise current ░╫▬ from simulation for (a) the Baseline and 

CM Screen (DC+) modules, (b) the Baseline (CD) and CM Screen (DC Mid) modules, and (c) 

the CM Screen (DC+) and CM Screen (DC Mid) modules. 
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4.3  Common Mode Equivalent Modeling 

A common mode equivalent model (CEM) for the test setup is now derived. Since the time 

domain simulation model in Figure 17(a) is a good approximation of the experimental test setup, 

the CEM for the simulation model is derived, using the methodology presented in [39], [59], [64]. 

4.3.1 Two Parallel Wires with Asymmetric Impedances 

To derive the CEM of the test setup schematic, the CEM equations of two parallel wires 

with asymmetric impedances is first derived using the methodology presented in [59]. Two parallel 

wires with asymmetric impedances are shown in Figure 21(a). The system of equations that define 

the circuit schematic shown in Figure 21(a) is: 

  (11) 

Using the transform definitions for Ὕ and Ὕ  and the methodology detailed in [59], the 

system of equations (11) is decomposed into a system of differential mode (DM) and CM 

equations. From [59], the linear transformation matrices Ὕ and Ὕ  can be expressed as (12) and 

(13): 

  (12) 

  (13) 

Decomposing system of equations (11) by making substitution Ὥ Ὕ Ὥ  for line 

currents and left multiplying by Ὕ , system of equations (14) is obtained: 
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  (14) 

Solving and simplifying system of equations (14), system of equations (15) is obtained: 

  (15) 

System of equations (15) be also written as system of equations (16): 

  (16) 

System of equations (16) can be simplified to (17): 

  (17) 

Extracting the second row from system of equations (17), equation (18) is obtained: 

  (18) 

Equation (18) can be rewritten as (19) and (20): 

  (19) 

  (20) 
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  (21) 

where Ὧ is a constant. The CEM associated with equation (20) is shown in Figure 21(b). 

Using the CEM derived in Figure 21(b), the CEM of the rest of the test setup can be derived. 

 

Figure 21: (a) Parallel wires with asymmetric impedances (b) CEM of parallel wires with 

asymmetric impedances 

4.3.2 Module Architectures 

The derivation of the CEM of the generalized module architecture is now shown. Figure 

22(a) shows a generalized module architecture that can be used to derive the CEM of the twelve-

module architecture shown in Figure 18. The generalized module architecture is partitioned as 

shown in Figure 22(b). An arbitrary point ópô is selected, and voltages across the switching devices 

ὗ  and ὗ  are defined with respect to the arbitrary point ópô. In Figure 22(b), voltages ὠ , ὠ , 

and ὠ  are the voltages at the DC+, DC-, and OUT terminals of the modules with respect to point 

ópô. The MOSFETs ὗ  and ὗ  in Figure 22(a) are then replaced with voltage potentials ὠ , ὠ , 

and ὠ  such that  ὠ  -  ὠ  and ὠ  -  ὠ  is the equivalent terminal voltage of the dies during 

operation of the converter. The DC+, DC-, and OUT terminals of the module can also be referred 
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to as nodes 1, 2, and 3. The impedance ὤɻ  where Ŭ ɴ [1,2,3] is the impedance each node Ŭ has to 

the shielding layer, and ὤ‌Ὤ is the impedance each node has to the baseplate that has been shorted 

to the heatsink. ὤɻ  is the impedance each node Ŭ has to a mid-node ómô that is connected to the 

screening layer through an impedance ὤ . The current Ὥɻ where Ŭ ɴ [1,2,3] is the noise current 

that flows into the respective node DC+, DC-, and OUT due to the voltages ὠ , ὠ , and ὠ . The 

portion of the current Ὥɻ that flows through the impedance ὤɻ  is referred to as ὭɻÓ, and the portion 

that flows through the impedance ὤɻὬ is referred to as ὭɻὬ. The current Ὥɻ  refers to the current 

flowing from the respective node ɻ to the mid node ómô through impedance ὤɻ . 

 

Figure 22: (a) Generalized module architecture with generalized impedances (b) partitioning 

the module architecture for equivalent circuit model derivation 

In Figure 22(b), the voltage ὠ  ð voltage at the heats sink (node óhô) with respect to the 

copper sheet (node ógô) ð can be written as: 
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  (22) 

Similarly, from Figure 22(b) the voltage ὠ  ð voltage at the screen (node ósô) with respect 

to the heat sink (node óhô) ð can be written as: 

  (23) 

Since Ὥɻ Ὥɻ Ὥɻ Ὥɻ , equation (23) can be rewritten as (24): 

  (24) 

However, from Figure 22(b), it can be seen that the currents Ὥ  and current Ὥ  can also 

be described as shown in (25) and (26): 

  (25) 

  (26) 

Replacing equation (22) and (25) into (24), equation (27) can be obtained: 

  (27) 

Similar to voltage ὠ  and ὠ , the voltage ὠ  ð voltage at mid node ómô with respect to 

the screen (node ósô) ð can be written as: 

  (28) 
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Since Ὥɻ Ὥɻ Ὥɻ Ὥɻ , equation (23) can be rewritten as (29): 

  (29) 

Using equation (24), equation (29) can be simplified into equation (30): 

  (30) 

Replacing equation (26) into (30) and simplifying, equation (31) can be obtained: 

  (31) 

To derive the last equation needed for the derivation of the CEM, it is noted in Figure 22(b), 

equation (32) holds true where Ŭ ɴ [1,2,3]: 

  (32) 

By combining equation (25), (26) and (32), and noting Ὥɻ Ὥɻ Ὥɻ Ὥɻ , equation (33) 

can be obtained: 

  (33) 

Equations (22), (27), (31), and (33) can now be used to derive the CEM equation of the 

twelve module architectures. For the CEM equation derivation presented in this thesis, the module 

architectures shown in Figure 18 were simplified to ignore: 
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1. All inductive parasitics inside the module. 

2. The parasitic capacitance ὅ  (shown in Figure 17(a)). 

These simplifications are considered valid as the inductive parasitics inside the module are 

conventionally very small compared to the inductive parasitics of the converter[33], [65]ï[67]. For 

the application studied the impedance of ὅ  is also very large compared to the impedance of ὤ . 

Both statements can be verified using Table 3 and Table 4. The CEM equations for each of the 

simplified modules is now derived. 

4.3.2.1 Baseline and Baseline (Cy) Module 

The CEM equation derivation for the simplified Baseline and Baseline (Cy) modules is similar, 

with the only difference being the value of ὤ  and ὤ . To obtain the simplified Baseline module 

from the generalized module architecture, conditions (34) and (35) need to hold true: 

  (34) 

  (35) 

Applying conditions (34) and (35), equations (22), (27), (31), and (33) become: 

  (36) 

  (37) 

  (38) 

  (39) 

where Ŭ ɴ [1,2,3]. 
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 Plugging equation (36) into equation (39) and expanding Ŭ to matrix form, system of 

equations (40) can be obtained: 

  (40) 

  (41) 

Using the transform definitions for Ὕ and Ὕ  and the methodology detailed in [64], system 

of equations (41) is decomposed into a system of DM and CM equations. From [64], the linear 

transformation matrices Ὕ and Ὕ  can be expressed as (42), and (43): 

  (42) 

  (43) 

Decomposing system of equations (41) by making substitution Ὥ Ὕ Ὥ  for line 

currents and left multiplying by Ὕ , system of equations (44) is obtained: 
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 (44) 

Solving and simplifying system of equations (44), system of equations (45) is obtained: 

  (45) 

Now from system of equations (41), it can be also be concluded that system of equations 

(46) holds true: 

  (46) 

 Decomposing (46) into system of DM and CM equations by making substitution Ὥ

Ὕ Ὥ  for line currents and left multiplying by Ὕ , system of equations (47) is obtained: 
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  (47) 

Substituting (47) into system of equations (45), system of equations (48) is obtained: 

  (48) 

However, system of equations (47) can also be written as (49): 

 (49) 

System of equations (49) can then be simplified to (50): 
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 (50) 

Extracting the third row from the system of equations given in (50), equation (51) is obtained: 

  (51) 

Equation (51) can be rearranged to obtain equation (52): 

  (52) 

Plugging (52) into third row extracted from the system of equations given in (48), equation 

(53) can be obtained: 

  (53) 
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Equation (53) can be rearranged to obtain equations (54) and (55): 

  (54) 

  (55) 

Where Ὧ and Ὧ are constants. The CEM derived through equation (55) can be seen in 

Figure 23 with the help of Table 5. In Figure 23, ὤ  will be determined by the test schematic and 

ὺ  is the sum of voltage ὠ  and ὠ . 

4.3.2.2 Baseline (CD) Module 

To obtain the simplified Baseline (CD) module from the generalized module architecture condition 

(56) and (57) need to hold true: 

  (56) 

  (57) 

Applying conditions (56) and (57), equation (22), (23), (28), and (33) become: 

  (58) 

  (59) 

  (60) 

  (61) 

where Ŭ ɴ [1,2,3].  
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Plugging in equation (58) into equation (61) and expanding Ŭ to matrix form, equation (62) 

can be obtained. 

  (62) 

It can be seen that equation (40) and (62) are equivalent. Therefore, the CEM equation for 

the Baseline (CD) module is the same as the CEM equation of the Baseline and Baseline (Cy) 

module. 

4.3.2.3 CM Screen, CM Screen (CD) and CM Screen (DC Mid) Module 

The CEM equation derivation for the simplified CM Screen and the CM Screen (DC Mid) module 

is similar, with the only difference being the value of ὤ  and ὤ . Interpolating the insights gained 

from the CEM equation derivation of the simplified Baseline and Baseline (CD) module, the 

simplified CM Screen and CM Screen (CD) module should have same CEM equation. To obtain 

the CEM equation for the simplified CM Screen module from the generalized module architecture 

condition (63) and (64) need to hold true: 

  (63) 

  (64) 

Applying conditions (63) and (64), equation (22), (27), (31), and (33) become: 

  (65) 

  (66) 
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  (67) 

  (68) 

where Ŭ ɴ [1,2,3]. 

Plugging in equation (65) and (66) into equation (68) and expanding Ŭ to matrix form, equation 

(69) can be obtained: 

  (69) 

Equation (69) can be rewritten as equation (70): 

  (70) 

  (71) 

Using the transform definitions for Ὕ and Ὕ  and the methodology detailed in [64], system 

of equations (71) is decomposed into a system of DM and CM equations. From [64], the linear 

transformation matrices Ὕ and Ὕ  can be expressed as (42), and (43). 

Decomposing system of equations (71) by making substitution Ὥ Ὕ Ὥ  for line 

currents and left multiplying by Ὕ , system of equations (72) is obtained: 
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  (72) 

Solving and simplifying system of equations (72), system of equations (73) is obtained: 

  (73) 

Now from system of equations (71), it can be also be concluded that system of equations 

(74) holds true: 

  (74) 

 Decomposing (74) into a system of DM and CM equations by making substitution Ὥ

Ὕ Ὥ  for line currents and left multiplying by Ὕ , system of equations (75) is obtained: 
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  (75) 

Substituting (75) into system of equations (73), system of equations (76) is obtained: 

  (76) 

However, system of equations (75) can also be written as (77): 

  (77) 

System of equations (77) can then be simplified to (78): 
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 (78) 

Extracting the third row from the system of equations given in (78), equation (79) is obtained: 

  (79) 

Equation (79) can be rearranged to obtain equation (80): 

  (80) 

Plugging (80) into third row extracted from the system of equations given in (76), equation 

(81) can be obtained: 

  (81) 
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Equation (81) can be rearranged to obtain equations (82) and (83): 

  (82) 

  (83) 

Where Ὧ and Ὧ are constants.  

The CEM derived through equation (83) can be seen in Figure 23 with the help of Table 5. 

In Figure 23, ὤ  will be determined by the test schematic and ὺ  is the sum of voltage ὠ  and 

ὠ . 

4.3.2.4 CM Screen (DC+) and CM Screen (DC+, CD) Module 

Interpolating the insights gained from the CEM equation derivation of the simplified 

Baseline and Baseline (CD) module, the simplified CM Screen (DC+) and CM Screen (DC+, CD) 

module should have same CEM equation. To obtain the CEM equation for the simplified CM 

Screen (DC+) module from the generalized module architecture condition (84) and (85) need to 

hold true. 

  (84) 

  (85) 

Applying conditions (84) and (85), equations (22), (27), (31), and (33) become: 

  (86) 
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  (87) 

  (88) 

  (89) 

  (90) 

  (91) 

Combining equations (89) - (91) into a matrix form, equation (92) can be obtained: 

  (92) 

  (93) 

A complete derivation for the CEM equation can be done again; however, it can be noticed 

the system of equations (93) and system of equation (71) are similar, except that ὤ ᴼπ. The 

CEM equation can therefore be derived from equation (82) by assuming ὤ ᴼπ. The CEM 

equation for the simplified CM Screen (DC+) and CM Screen (DC+, CD) module is given in (94) 
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  (94) 

  (95) 

Where Ὧ and Ὧ are constants.  

The CEM derived through equation (95) can be seen in Figure 23 with the help of Table 5. 

In Figure 23, ὤ  will be determined by the test schematic and ὺ  is the sum of voltage ὠ  and 

ὠ . 

4.3.2.5 CM Screen (DC-) and CM Screen (DC-, CD) Module 

Interpolating the insights gained from the CEM equation derivation of the simplified 

Baseline and Baseline (CD) module, the simplified CM Screen (DC-) and CM Screen (DC-, CD) 

module should also have the same CEM equation. To obtain the CEM for the simplified CM 

Screen (DC-) module from the generalized module architecture condition, (96) and (97) need to 

hold true: 

  (96) 

  (97) 

Applying conditions (96) and (97), equations (22), (27), (31), and (33) become: 

  (98) 

  (99) 

  (100) 
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  (101) 

  (102) 

  (103) 

Combining equations (101) - (103) into a matrix form, equation (104) can be obtained: 

  (104) 

  (105) 

A complete derivation for the CEM equation can be done again; however, it can be noticed 

the system of equations (105) and system of equation (71) are similar except that ὤ ᴼπ. The 

CEM equation can therefore be derived from equation (82) by assuming ὤ ᴼπ. The CEM 

equation for the simplified CM Screen (DC-) and CM Screen (DC-, CD) module is given in (106)

. 

  (106) 

  (107) 

Where Ὧ and Ὧ are constants.  
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The CEM derived through equation (107) can be seen in Figure 23 with the help of Table 

5. In Figure 23, ὤ  will be determined by the test schematic and ὺ  is the sum of voltage ὠ  

and ὠ . 

4.3.2.6 CM Screen (DC+, DC-) and CM Screen (DC+, DC-, CD) Module 

Interpolating the insights gained from the CEM equation derivation of the simplified 

Baseline and Baseline (CD) module, the simplified CM Screen (DC+, DC-) and CM Screen (DC+, 

DC-, CD) module should have same CEM equation. Furthermore, since the screening layer is split, 

the CEM for the simplified CM Screen (DC+, DC-) module would be the CEM of the simplified 

CM Screen (DC+) module and the simplified CM Screen (DC-) module paralleled together. The 

CEM derived through equations can be seen in Figure 23 with the help of Table 5. In Figure 23, ὤ  

will be determined by the test schematic. 
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Figure 23: Common mode equivalent model (CEM) of simplifed module architectures 

Table 5: Value of Equivalent CEM Capacitance ╒▄▲ 

Simplified Module Architecture  Equivalent CEM Capacitance ╒▄▲  

Baseline ὅ ὅ ὅ  

Baseline (CD) ὅ ὅ ὅ  

Baseline (Cy) ςὅ ὅ  

CM Screen 
ὅ ὅ ὅ ὅ

ὅ  ὅ ὅ ὅ
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CM Screen (CD) 
ὅ ὅ ὅ ὅ

ὅ  ὅ ὅ ὅ
 

CM Screen (DC+) ὅ  

CM Screen (DC+, CD) ὅ  

CM Screen (DC-) ὅ  

CM Screen (DC-, CD) ὅ  

CM Screen (DC Mid) 
ςὅ ὅ ὅ

ὅ  ςὅ
 

CM Screen (DC+, DC-) 
ὅ

ς

ὅ

ς
 

CM Screen (DC+, DC-, CD) 
ὅ

ς

ὅ

ς
 

 

4.3.3 Test Setup Schematic 

Using the CEM derived in Figure 21(b), Figure 23 and the CEM model for LISN derived 

in [38], the CEM of the test setup schematic shown in Figure 17(a) could be derived. The CEM 

for the test setup schematic is shown in Figure 24. It is important to note that in Figure 24, the 

voltage source ὺ  for the Baseline, CM Screen, CM Screen (DC+), CM Screen (DC-) and CM 

Screen (DC+, DC-) module is defined as shown in (108): 

  (108) 

Where ὠ , ὠ , ὠ , ὠ  and  ὠ  is the voltage across the output of the LISN, capacitor 

ὤ , capacitor ὤ , high side die ὗ  and low side die ὗ . The voltage source ὺ  for the Baseline 
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(CD), Baseline (Cy), CM Screen (CD), CM Screen (DC+, CD), CM Screen (DC-, CD), CM Screen 

(DC Mid), and CM Screen (DC+, DC-, CD) modules is defined as shown in (109): 

  (109) 

The primary difference between (108) and (109) is that due to the addition of the 

decoupling capacitors ὤ , voltage source ὺ  is also dependent on the ὠ , voltage across the 

decoupling capacitors ὤ . The impedance ὤ  relates to the parameters given in Table 4 

according to equation (110): 

  (110) 

In Figure 24, the path outlined in blue is the primary impedance path that the CM current 

escaping through the baseplate flows through. 

 

Figure 24: Common mode equivalent model for test setup schematic shown in Figure 17(a) 
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4.4 Substitution and Superposition Principle  

To understand in detail why different module architectures show different levels of noise 

mitigation, the flow path taken by Ὥ  ð the CM noise current flowing through the capacitor CCM 

(Figure 17(a)) ð is looked at more closely. To identify the paths Ὥ  flows through, the 

substitution theorem and superposition theorem are applied [33], [68]ï[70]. Substitution theorem 

states that the SiC MOSFET dies in an application can be replaced with a voltage or current source 

having the exact same terminal voltage or current behavior [69]. Either type of source can be used 

to replace the SiC MOSFET die; however, a substitution that results in the formation of voltage 

source loops and current source nodes must be avoided [68]. Figure 25(a) shows the simulation 

model for the CM Screen (DC+) module architecture as an example. Figure 25(b) shows the 

module architecture after substitution theorem has been applied. It can be seen that the high side 

switch ὗ  has been replaced with a current source Ὥ, and the low side switch has been replaced 

with a voltage source ὺ. The current source Ὥ and voltage source ὺ have the same respective 

terminal current and voltage characteristics that MOSFET ὗ  and ὗ  would have had during the 

switching operation of the converter and are therefore the main sources of noise escaping the 

baseplate into the converter.  

Since the converter schematic now consists of no non-linear circuit components, 

superposition is applied. The superposition principle states that the excitations generated by 

multiple excitation sources present in a circuit is the linear sum of the excitation generated by each 

individual source. Figure 25(c) and (d) shows the two superposition states of the module 

architecture. The superposition state of current source Ὥ (shown in Figure 25(c)) allows the study 

of the effect di/dt transients, and the superposition state of voltage source ὺ  (shown in Figure 

25(d)) allows the study of  the effect the dv/dt transients have on the current escaping the baseplate 
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of the module into the converter during switching operation of the converter. According to [33], 

[70], [71], the frequency spectrum of the total noise current Ὥ  that escapes the module baseplate 

can be equated to the two superposition states shown in Figure 25(c) and (d) through equation 

(111) - (112): 

  (111) 

  (112) 

  Where Ὥ ί is the frequency spectrum of the noise Ὥ  that escapes the module into the 

converter during the actual operation of the converter, Ὥ ί and Ὥ ί are the frequency 

spectrum of the noise Ὥ  that escapes the module into the converter during the respective 

superposition state (Figure 25(c) and (d)). Ὥ ί and ὺ ί are the frequency spectrum of the 

respective terminal current and voltage characteristics of MOSFET ὗ  and ὗ  during the actual 

operation of the converter and ὑ ί ί and ὣ ί  ί are the current and 

admittance transfer function obtained from the two superposition states shown in Figure 25(c) and 

(d). To evaluate the effect of module architecture on the noise Ὥ , the transfer functions ὑ  and 

ὣ ί can be plotted with the help of the LTspice simulation model and compared.  














































































































