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Abstract 

Fast switching operations in IGBTs generate electromagnetic field disturbances, which might 

cause EMI and functionality issues. For higher frequency characterization, the parasitic 

inductances and capacitances have to be considered. The characterization of the 

electromagnetic field disturbances in- and around the converter module could be predicted 

early in the design. The study involves a high frequency characterization of electric fields (E-

field), magnetic fields (H-fields) and the surface currents distribution in a converter module. 

The high frequency electromagnetic software (CST) was used for the analysis. A given 3D 

CAD model of an AC/DC converter module was analyzed in CST. The CAD contained IGBT 

bus-bars interconnections, converter casing, heat sink and other metallic structures. The AC-

side has six IGBTs and the DC-side has a chopper which has two switches. The IGBTs ON-

state and OFF state was modeled with lumped elements. The DC link capacitor was just 

modeled as lumped elements, while the metallic capacitor casing was included in the 3D 

model for analyzing the field distribution inside the converter casing.  

To check the model accuracy, CST models were compared with PEEC (Partial Element 

Equivalent Circuit) models for simple antenna cases.  

Using the converter geometry, CST estimates the parasitics and the eventual current, voltage 

and electromagnetic field distributions for a given excitation signal. The DC-link was excited 

with a step pulse and the fields were computed.  

With consideration of specific design details, the modeling approach developed in this study, 

could be used to construct high frequency models of converter modules for different projects.  

 

Sammanfattning 

Snabba omkopplingar i IGBT:er genererar elektromagnetiska fält störningar, vilket kan orsaka 

EMI och funktionalitets problem. För högre frekvens karakterisering måste de parasitiska 

induktanserna och kapacitanserna beaktas. Karakteriseringen av elektromagnetiska fält 

störningar i - och omkring omriktarmodulen kan förutsägas tidigt i designprocessen. Studien 

involverar en hög frekvens karakterisering av elektriska fält (E-fält), magnetiska fält (H-fält) 

och ytfördelningen av strömmarna i en omriktarmodul. 

Den högfrekventa elektromagnetiska programvaran (CST) användes för analysen. En given 

3D CAD-modell av en AC/DC-omvandlar modul analyserades i CST. Den CAD:n innehöll 

IGBT samlingsskenor sammankopplingar, omvandlar hölje, kylfläns och andra metalliska 

strukturer. AC-sidan har sex IGBT:er och DC-sidan har en DC chopper som har två 

omkopplare. IGBT:ens ON-tillstånd och OFF-tillstånd modellerades med lumped element. 

Den DC-länk kondensatorn var bara modellerad som lumped element, medan den metalliska 

kondensator höljet ingick i 3D-modellen för att kunna analysera fältfördelningen inuti 

omvandlarens hölje. 

För att kontrollera modellens noggrannhet, jämfördes CST-modeller med PEEC (Partial 

Element Equivalent Circuit) modeller för enkla antenn fall. 

Genom att använda sig av omvandlarens geometri, uppskattar CST de parasiter och eventuella 

strömmar, spänningar och de elektromagnetiska fördelade fälten för en given matningssignal. 

DC-länken matades med ett stegplus och fälten kunde beräknade. 

Med hänsyn till de specifika designdetaljerna, skulle man kunna använda modellering 

tillvägagångssättet som utvecklades i denna studie för att konstruera högfrekventa modeller av 

omriktarmoduler för olika projekt. 

 

Key words: IGBT bus-bars, CST, high frequency modeling, EMC, EMI, parasitic resonances. 
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1 Introduction 
 

Fast switching operations in IGBTs generate electromagnetic field disturbances, which might 

cause Electromagnetic interference (EMI) and functionality issues. The geometries around the 

IGBTs generate the Converter Module parasitic components that lead to the interference 

problems. The distribution of parasitic capacitances and inductances generates high frequency 

resonances which strongly influence the behavior of the converter in the higher frequencies. 

With consideration of parasitics in the models, the characteristics of the electromagnetic field 

disturbances in and around the converter module could be predicted early in the design. With 

the early investigation of the converters, projects save in much engineering time in building 

new designs. In the early stage the modeling will help a lot to get a good first design. 

The core study involves a high frequency characterization of electric fields (E-field), magnetic 

fields (H-fields) and the surface currents distribution in a converter module. The high 

frequency electromagnetic field 3D software (CST) was used for the analysis. Cst solves the 

integrals forms of Maxwell’s equations in time domain, to obtain the E-field and H-fields 

using Finite Integration Technique (FIT) [1]. First simple models of transmission lines and 

antennas were studied to get an understanding of the field distribution and learn the software. 

To check the model accuracy, CST models were compared with published PEEC models [4-

6], for simple antenna cases.  

 

A given 3D CAD model of an AC/DC converter module was analyzed in CST. But 

simplifications on the 3D model were done, such as taking away the control units and the 

physical IGBT boxes. The CAD contained IGBT bus-bars interconnections, converter casing, 

heat sink and other metallic structures. The AC-side has six IGBTs and the DC-side has a 

chopper consisting of two switches. The IGBTs ON-state and OFF-state was modeled with 

equivalent lumped circuits. The DC link capacitor was just modeled as lumped elements, 

while the metallic capacitor casing was included in the 3D model for analyzing the field 

distribution inside the converter casing.  

Using the converter geometry, CST estimates the parasitics and the eventual current, voltage 

and electromagnetic field distributions for a given excitation signal. The DC-link was excited 

with a step pulse and the fields were computed.  

With consideration of specific design details, the modeling approach developed in this study, 

could be used to construct high frequency models of converter modules for different projects.  

 

The rest of the report is structured as follows: Chapter 2 presents basic theory characterizing 

high frequency responses, including discussions on scattering parameters (S-parameters) and 

the finite integration techniques implemented in CST. Chapter 3 presents simple bus-bar 

transmission line models. Chapter 4 presents comparisons between CST and PEEC (Partial 

Element Equivalent Circuit) models using simple transmission lines and antenna models for 

model verification. The core part of the work, namely, converter module modeling, is 

presented in chapter 5. The report rounds off with some discussions, conclusions and 

suggestions on future work in chapter 6, chapter 7, and chapter 8, respectively. 
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2 Theory 

 

2.1 Voltage reflection coefficient: 
For an n-port transmission line, the signals at different ports can be characterized by reflection 

and transmission coefficients. In this subsection has been taken from the reference [2] 

 

                                              
  

  
 

                                

                               
                                                    

 

The reflection coefficient (  ) defined in (1), could also be defined by using the source and 

the load impedance (   and   ) as in equation (2): 

                                                                                
       

        
                                                                             

Where the impedance     is the load impedance and    is the generated impedance. 

 

With certain load impedance the system characteristics turn out to be:  

 

{

                                                              
                                                          

                                                               
 

Generally, the reflection coefficient has frequency dependence,       
      where the 

phase constant   
   

  
,   the frequency of the signal,    the phase velocity and   is the 

position on the line.    is thus the DC or the zero length reflection coefficient. 

 

 

 

 

 

Figure 2.1:Transmission line with two ports and a surrounding ground plane. 

  

Port 1 Port 2 
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2.2 Scattering Parameter (S-Parameter)  
The S-Parameter is a ratio that describes the input- and output correlation between terminals 

in known and unknown electric system. To describe it in more detail a case with two ports 

will be brought up and seen in Figure 2.1. The ports are operating as Port 1 and Port 2, if for 

instance the S-Parameter S21 is investigated which stands for how much power being 

transmitted from Port 1 to Port 2. For the transmission coefficient is it the other way around 

for the S-Parameter S12, which represents the transmitted power from Port 2 to Port 1. This 

concludes that SNM is represented by the transmitted power from Port M to Port N in 

multiple port networks. Then are there S11 and S22 which is the reflection S-Parameter, S11 

gives the reflected power at Port 1 being excited from Port 1[2]. 

 Reflection coefficient [2]  

                                                       
                              

                             
                                                         

 Transmission coefficient [2] 
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3 Simple transmission line models 

3.1 Why are simple models used? 
With the simple models is it easier to predict the field distributions and the behavior of the S-

Parameters for low frequencies. Complex models could be obtained by assembling different 

simple models. Thus an understanding of the field distribution of simple models facilitates the 

analysis of complex models. The simple models considered in this work are presented in the 

following subsections. 

 

3.2 Model 1: Transmission line with one open end 
 

 

Figure 3.1: Model 1 shows a conductor connected to a ground plane. 

The transmission line in this example consists of two copper plates separated by a dielectric. 

The transmission line is excited from a perfect electric ground plane. The transmission line 

characteristics are listed below. 

 Plate material – copper 

 Plates separated by paper 

 Ground plane is PEC (Perfect Electric Conductor) 

 Port 1 and Port 2 impedances is 50 Ω 

 Copper plates dimensions 20x10x1 cm 
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3.2.1 Results Model 1 

 

Figure 3.2: S-Parameter [Real Part] for Model 1.Reflection coefficient S1,1 and S2,2 (red curves) 

overlaps since the model is symmetric. Transmission coefficient S1,2 and S2,1 (magenta curves) do 

also overlap. 

 

The reflection coefficient S1,1 and S2,2 (red curves) overlaps since the model are symmetric. 

Transmission coefficient S1,2 and S2,1 (magenta curves) do also overlap. At low frequency 

(at10 kHz), the reflection coefficients S11 and S22 starts at -0.7, while the transmission 

coefficient S1,2 and S2,1 start at 0.3. This implies 70 % of the signal inserted (incident) at 

port 1 is reflected back to the ground plane while 30 % is transmitted to port 2, at 10 kHz. For 

higher frequencies will S11 and S22 approach 0.9 which means that it almost behave like an 

open line (S-Parameter=1).  

 

  



  11  

 

3.2.2 Surface currents 

Figure 3.3: The Surface current distribution, a) at 1 MHz b) at 600 MHz. 

For the model with lower frequency (1 MHz) the transmission line is almost working as short 

circuit because the reflection coefficients S11 and S22 are almost at -0.7. Port 1 and port 1 are 

connected through the ground plane. The peak current distribution could be seen on the 

ground plane between the two ports. 

For the higher frequency (600 MHz) port 1 is almost open, since S11 is close to 1 (S11=0.8). 

The magnitude of the surface current is now 70 % lower than for the lower frequency, as 

shown in Figure 3.2. A standing wave phenomenon is visible for higher frequency with the 

maximum at the orange arrows and the minimum at the small green arrows on the 

transmission line. The transmission coefficient S12 and S21 at 600 MHz is almost zero which 

means that almost nothing has been transmitted over to the opposite port. 

  

  

  

 

a)  

 

 

 

 

 

b) 
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3.2.3 Electric fields 

 

 

Figure: The E- field, a) at 1 MHz b) at 600 MHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: The E- field, a) at 1 MHz b) at 600 MHz. 

 

In Figure 3.4 it can be seen that the electric fields are being increased when the frequency is 

increased, this phenomenon was shown by the S-Parameter characteristics. The electric field 

is highest around and on the ports which is seen by the dark red arrows. For the higher 

frequencies the electric field becomes slightly higher than for lower frequencies, since the 

transmission line is almost open at higher frequencies. 

 

 

 

 

  

  

  

 

a)  

 

 

 

 

 

b) 
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3.2.4 Magnetic fields 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: The magnetic field, a) at 1 MHz and b) at 600 MHz. 

 

The magnetic fields are moving uniformly around the excited ports, the field is highest close 

to the feeding excitation. But in this case the magnetic fields are higher for lower frequencies, 

since the transmission line is almost shorted through the ground plane (PEC).  

  

a) 

b) 
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3.3 Model 2: Transmission line with short-circuit end  
 

 

Figure 3.6: Model 2 shows a conductor connected to a ground plane with a short circuit. 

 Plate material – copper 

 Plates separated by paper 

 Ground plane is PEC (Perfect Electric Conductor) 

 Port 1 and Port 2 impedances is 50 Ω 

 Copper plates dimensions 20x10x1 cm  

 Plate 1 and plate 2 are short circuited with a copper wire 

The transmission line in model 2 is similar to model 1, but shorted with a wire, as illustrated 

in Figure 3.6. The transmission line is excited from a perfect electric ground plane. The 

transmission line characteristics are listed above. 

The S-Parameter S11 and S22 have the value -0.4 for low frequencies, which means that 40 % 

of the energy into port 1 goes to the ground plane with inverted polarity. For higher 

frequencies S11 goes up to 0.7 which means that the port approaches an open line 

(SParameter=1). 

S21 and S12 had 0.6 for low frequencies which means that 60% are being transmitted to the 

opposite port. For higher frequencies will the S-Parameter S21 go down to 0.05 which means 

that only 5 % of the power from port 1 gets to port 2. 
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3.3.1 Results Model 2 

 

Figure 3.7: S-Parameter [Real Part] for Model 2. 

3.3.2 Electric fields   

 

 

Figure 3.8: E-field at 250 MHz with its 3D maximum in the model of 977.4 V/m for Model 2. 

 

Figure 3.9: E-field at 250 MHz with its 3D maximum in the model of 977.4 V/m, showing the E-field 

arrows between the two copper plates close to the short circuit for Model 2. 
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In Figure 3.8 and Figure 3.9 it could be seen how the electric fields really moves around the 

transmission line. High E-fields are observed between the top and bottom plates due to 

parasitic capacitances. 

3.3.3 Magnetic fields 

 

 

Figure 3.10: H-field at 250 MHz with its 3D maximum in the model of 6.98 A/m, showing how the 

magnetic field moves around the short circuit. 

 

 

Figure 3.11: H-field at 250 MHz with its 3D maximum in the model of 6.98 A/m. The current flows 

from left (top plate) through the wire to the right (bottom plate) and the H-field follow the right hand 

thumb rule. 

Figure 3.10 and Figure 3.11show the H-field distributions. The current flows from left (top 

plate) through the wire to the right (bottom plate) and the H-field follow the right hand thumb 

rule, illustrated in Figure 3.12. The right hand rule could be applied in this case which in 

shown Figure 3.11. The magnetic fields are following the fingers way while the current 

follow the thumbs way. This could be applied in Figure 3.11.  
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Figure 3.12: The right hand rule [3]. 
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3.3.4 Model 3: Transmission line with a short circuit plate end 

 

 

Figure 3.13: Model 3 which has a short circuit plate. 

The transmission line in model 3 is similar to model 1, but the short circuit wire is replaced 

with a plate, as illustrated in Figure 3.13. The transmission line is excited from a perfect 

electric ground plane. The transmission line characteristics are listed below. 

 

 Plate material – copper 

 Plates separated by paper 

 Ground plane is PEC (Perfect Electric Conductor) 

 Port 1 and Port 2 impedances is 50 Ω 

 Copper plates dimensions 20x10x1 cm  

 Plate 1 and plate 2 are short circuited with a copper plate 
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3.3.5 Results Model 3 

 

Figure 3.14:S-parameter [Real Part] for Model 3. 

From Figure 3.14 it can be seen that for low frequencies (10 kHz), S11 is about -0.1 and S21 

is 0.9 meaning about 10 % of power from port 1 is injected into the ground plane while about 

90 % is transmitted to port 2. But at higher frequencies e.g. at 600 MHz the S-Parameter S11 

is 0.65 which means that 65 % of the signal has been reflected back to the excited port. 
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3.3.6 Electric fields 

 

Figure 3.15: E-field at 250 MHz with its 3D maximum in the model of 872.6 V/m for Model 3. 

 

Figure 3.16: E-field at 250 MHz with its 3D maximum in the model of 872.6 V/m, showing the E-field 

arrows between the two copper plates close to the short circuit for Model 3. 

 

In Figure 3.15 and Figure 3.16 it could be seen how the electric fields are moving around the 

transmission line and the short circuit plate. Between the bottom and top plate there is a 

capacitive coupling shown.  
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3.4 Model 4: Transmission line with excitation ports on different 

plates 
 

 

Figure 3.17: The conductor with the port 2 connection on the 2nd copper plate. 

 Port 1: S-Parameter Impedance=0.37 Ω 

 Port 2: S-Parameter Impedance=0.37 Ω 

 

3.4.1 Results Model 4 
 

 

Figure 3.18: S-Parameter [Real Part], for model 4. 

 

Unlike the model 3, the transmission line in model 4 is excited on opposite sides of the top 

and bottom plates, as illustrated in Figure 3.17. 

In Figure 3.18 the S-Parameter S11 at 10 kHz is 0.85, which means that the transmission 

coefficient S12 transmits 15 % to the opposite port. For higher frequencies the S-Parameter 

S11 is 1 which means that about 100 % of the signal excited at port 1 is reflected back and 

nothing transmits. 
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3.4.2 Electric fields 

 

 

Figure 3.19: The E-field for 10 kHz and it can be seen how the field moves in the model for low 

frequencies, with 3D maximum 553.30 V/m. 

 

Figure 3.19 shows that the E-field at low frequencies is even distributed uniformly, except in 

the feeding point at port 1 there the E-field is much higher. 

 

Figure 3.20: The E-field for 200 MHz and it can be seen how the field moves in the model for high 

frequencies, with 3D maximum 607 V/m. 
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3.4.3 Magnetic fields 

 

 

Figure 3.21: The H-field for 10 kHz and it can be seen how the field moves in the model for low 

frequencies, with 3D maximum 11.70 A/m. 

 

Figure 3.22: The H-field for 200 MHz and it can be seen how the field moves in the model for high 

frequencies, with 3D maximum 0.54 A/m. 

 

The magnetic fields are moving more even distributed around transmission line for lower 

frequencies in Figure 3.21. But for higher frequencies are the maximum magnetic field lower 

and the field is stronger around the ports in Figure 3.22. 
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3.4.4 Surface currents 

 

 

Figure 3.23: The surface current at 10 kHz which has 3D maximum of 12.39 A/m. 

 

It can be seen how the current moves through the top copper plate and goes out through the 

bottom plate to then continue back through the ground plane. Between the top and bottom 

plate will there arise a parasitic capacitance which made it easier for the current to travel to 

Port 2. 

 

 

Figure 3.24: The surface current at 200 MHz which has 3D maximum of 0.57 A/m. 

 

The surface current at high frequencies is moving from the ports into the middle of the model 

and then it goes back. The same happens in the ground plane. This phenomena calls “standing 

wave”, in the center of the transmission line is there a minimum appearing and the maximum 

are coming up at the ends. 
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3.5 Model 5: Transmission line with titanium bolts connecting top 

and bottom plates 
 

The transmission line in this case, the top and bottom plate is connected using titanium bolts, 

to represent metallic screws. The placement of the ports and excitation is model 5, with an 

excitation port between the plate and the ground plane, as shown in Figure 3.25. 

 

 

Figure 3.25: Transmission line with titanium bolts shown as the circles and then paper between the 

copper plates. 

 

Figure 3.26: The connection at port 2 is on copper plate 2. 

 Port 1: S-Parameter Impedance=0.37 Ω 

 Port 2: S-Parameter Impedance=0.37 Ω 

  



  26  

 

3.5.1 Results Model 5 

 

 

Figure 3.27: S-Parameter [Real Part], for model 5. 

 

At S11 and S22 there is only 40 % being reflected back from the same port for the frequency 

of 10 kHz. But when the system goes up to higher frequencies the S-Parameter goes up to 1 

which means the transmission line behave as an open circuit. 

At S12 and S21 there is 60 % being transmitted to the opposite port for the low frequency of 

10 kHz. For higher frequencies the system has the open circuit behavior and nothing has been 

transmitted to the opposite port. This is seen from S-Parameter in Figure 3.27. 

3.5.2 Electric fields 

Figure 3.28: The E-field for 10 kHz with the 3D maximum 430 V/m. 
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Figure 3.29: The E-field for 200 MHz with the 3D maximum 607 V/m. 

For the electric field with the lower frequency of 10 kHz has more even distributed compared 

with the electric field at 200 MHz when the field is more concentrated at the excitation port. 

 

3.5.3 Magnetic fields 

 

Figure 3.30: The H-field at 10 kHz with 3D maximum at 39.17 A/m. 
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Figure 3.31: The H-field at 200 MHz with 3D maximum at 0.62 A/m. 

 

3.5.4 Surface current 

 

Figure 3.32: The surface current at 10 kHz with the 3D maximum of 41.48 A/m. 

 

The impedance is low at both sides so there is almost the same current on port1 and port 2. 

But with the titanium bolt the current also goes through the bolt from the top to bottom and 

the current also moves around the bolts. 
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Figure 3.33: The surface current at 200 MHz with the 3D maximum of 0.65 A/m. 

 

It can be seen how the current becomes strong close to the port were the impedance is low, 

but in the middle of the transmission line there is the “standing wave” phenomenon coming 

up. In the middle the minimum appears and the maximum of the wave occurs on the ends of 

the transmission line. 
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3.6 Model 6: Transmission line with a single wire  
 

The transmission line in this case represents a 2 m cable above a ground plane, with a 40 Ω 

termination at port 1. The first λ/4 resonance point is expected at about 25 MHz. The 

transmission line has the following characteristics: 

 

 Wire   copper 

 Ground plane   PEC 

 Port 2   1 V 

 Port 1 is a S-parameter port with impedance 40 Ω 

 Transmission line length is 2 m  

 Resonance at 25 MHz  (𝒇  
(     )

 
  𝟓 MHz )  

 

 

Figure 3.34: Transmission line with a PEC ground plane, λ/4 wave length, for model 6. 

3.6.1 Results Model 6 

 

Figure 3.35: S-Parameter [Real Part], for model 6. 
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The high frequency S22 characteristic is represented in Figure 3.35. At low frequencies (about 

10 kHz), the transmission line is working as a short circuit (S22=-1). At 25 MHz S22 is 1, 

implying that the act as an open circuit. 

At about 75 MHz, S22 tends to -1 again. The resonance behavior is periodic, and there is a 

minimum at multiples of 75 MHz. The resonance points occur at points where the phase 

crosses zero, as shown in Figure 3.36. There is a corresponding response in the impedance 

characteristics as observed in Figure 3.37. The impedance is maximum amplitude at the 

resonance points. The corresponding E- fields, H-fields and current distribution are presented 

in Figure 3.38 to Figure 3.43. 

 

Figure 3.36: S-Parameter [Phase in Degrees], for model 6. The phase crosses zero at resonance points. 

 

Figure 3.37: Discrete Port Impedance [Magnitude], for model 6. The impedance is maximum at 

resonance points. 
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3.6.2 Electric fields 
 

 

Figure 3.38: The E-field for 10 kHz and the 3D maximum is 40.75 V/m, seen from port 2. 

 

 

Figure 3.39: The E-field for 200 MHz and the 3D maximum is 895 V/m, seen from port 2. 

 

The E-field distribution at 10 kHz and 200 MHz is presented in Figure 3.38 and Figure 3.39, 

respectively. The impedance at 10 kHz is much lower than the impedance at 200 MHz. that 

accounts for the relatively higher E-fields at 200 MHz. 

The H-fields at 10 kHz and 200 MHz are represented in Figure 3.40 and Figure 3.41 

respectively. The relatively higher impedance at 200 MHz accounts for the smaller amplitude 

field distribution at 200 MHz. 
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3.6.3 Magnetic fields 

 

Figure 3.40: The H-field for 10 kHz and the 3D maximum is 2.49 A/m, seen from port 2. 

 

 

Figure 3.41: The H-field for 200 MHz and the 3D maximum is 0.056 A/m, seen from port 2. 
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3.6.4 Surface currents 

 

Figure 3.42: The surface current at 10 kHz with the 3D maximum of 2.49 A/m, seen from port 2. 

 

Figure 3.43: The surface current at 200 MHz with the 3D maximum of 0.59 A/m, seen from port 2. 

The surface current distribution at 10 kHz and 200 MHz is represented in Figure 3.42 and 

Figure 3.43 respectively. Like with the H-fields, the relatively higher impedance at 200 MHz 

accounts for the smaller amplitude current distribution at 200 MHz. 

For the lower frequencies the surface current was taking the excitation direction from Port 2 

over to Port 1 and then goes back towards the ground plane seen in Figure 3.42. But for the 

higher frequencies the standing wave appears both in the ground plane and the transmission 

line seen in Figure 3.43. 
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4 Verification-Comparison with PEEC models from PHD 

thesis 

4.1 Why should the verifications be done? 
The comparison was done for verification of the software CST. Comparison with PEEC 

(Partial Element Equivalent Circuit) models checks the reliability of the CST tool. The PEEC 

method is based on creating lumped equivalent circuits for a given model geometry for the 

simulation. 

The test cases include a half wavelength dipole, a planar inverted F antenna and a lossy 

transmission line. The test cases are presented in the following subsections. 

4.2 Half wavelength dipole 

 

Figure 4.1: The model of the half wavelength dipole in CST, 200 mm long dipole. 

 

4.2.1 Background 

 

The half wavelength dipole is excited at the center with a Gaussian pulse, with the port 

impedance of 100 Ω.The dipole model results established using the PEEC tool shall be 

compared with model results obtained using CST. The impedance of the dipole will be 

studied, both the magnitude and the phase. Figure 4.2 shows the results of the impedance 

from the PEEC model in the PHD thesis.  
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Figure 4.2: Input impedance and phase for 1 x 1 mm and for 1 x 1 µm lossless dipole [4]. 

 

4.2.2 With phase error 

 

Figure 4.3: Input impedance and phase for 1 x 1 mm with errors in the resistance, CST and MATLAB. 

The phase of the half wavelength dipole is crossing the 0 degrees at about 0.7 GHz, which it 

also does in the PEEC model result shown in Figure 4.2. Since the antenna is passive, the 

phase should vary between +90 degrees and -90 degrees. The phase should be +90 deg. for 

the ideal inductive case and -90 for the ideal capacitive case.  

The PEEC model gave a fairly good estimation of the phase, varying from +90 to -90 degrees. 

The phase prediction from CST was considered erroneous, since it varied between + 180 to -

180 degrees, as shown in Figure 4.3. This means that the system is working in the 2
nd

 and 3
rd

 

quadrant, with a negative resistance, as illustrated in Figure 4.4. When the phase is outside ± 

90 deg. the model behaves like an active component.  
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4.2.3 Impedance properties 

 

 

 

 

 

 

  

 

Figure 4.4: Reactance and phase for the inductive and capacitive case. 

The phase angle    will be calculated by: 

                                                                                        (
     

 
)                                                                

The criteria for if the system is inductive or capacitive: 

                                                                         nductive                                                                    

                                                                     Capacitive:                                                                    

The condition for the angle is: 

       {
                              
                           

 

 

4.2.4 Without the phase error 

 

Following a close analysis of the data from CST, it was observed that the sign of the 

resistances were inverted. The CST data was post-processed in MATLAB sub-routines to 

invert the signs of the resistances. The result with phase error correction shows good 

agreement with PEEC models in both amplitude and phase in Figure 4.5. 

   

   XL-XC 

XL-XC 

Re{Z} = R 

Im{Z} = XL 

Im{Z} = XC 
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Figure 4.5: Comparison with the correct phase and with the error phase. 
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4.3 Planar inverted F antenna (PIFA) 

4.3.1 Background 

The structure of the PIFA antenna is presented in Figure 4.6. The resonances are expected at 

about 900/1800 MHz. The two copper antenna patches are placed 6 mm from the ground 

plane, between the two patches there is a LC resonator lumped circuit. 

The PIFA antenna is being used for wireless communication devices in for example mobile 

phone handsets because of its compact design of the antenna. Important features of the 

antenna is that it could be integrated into the specific headsets which gives the component 

more protection so it would not break easily and it also reduces the level of the Specific 

Absorption Rate (SAR) into the head [6]. 

 

Figure 4.6: The model for the PIFA in CST, with the short-circuit wire and the port source. 

The characteristics of the PIFA antenna include the following: 

 Gaussian excitation input signal 

 Plates with zero thickness 

 Ground plane has the dimensions     𝟓      

 Small copper plate has           and the larger copper plate has    

      

 The port excitation is 50 Ω 

Figure 4.7: S11 for PIFA. Comparison for CST software (solid) and PEEC (dashed) [5]. 
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Figure 4.7 presents a comparison of the PEEC model results and the CST model results for the 

PIFA antenna. There is fairly good agreement at the two resonance points (900 MHz and 

1800 MHz). Above 1800 MHz, there is larger deviation in the results, which possibly results 

from the differences in the method of excitation. 

 

Figure 4.8: The S-Parameter [Real Part] for the PIFA, without the short-circuit wire and the port 

source. 

Figure 4.9: S11 for PIFA. Comparison for CST software (solid) and PEEC (dashed) [5]. 
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4.4 Lossy transmission line 
 

4.4.1 Background 

 

The last comparison with the PEEC method was performed on lossy transmission lines. The 

model set up is presented in Figure 4.10. The transmission line is terminated at one end with a 

50 Ω resistor, and the line is excited at the input with a current source. The model is analyzed 

in CST and the near-end and far-end voltages are compared with the PEEC results. The near-

end and the far-end voltages will be compared. The most difficult part was to get an 

understanding of how the time step signal has been feed into the transmission line.  

 

Figure 4.10: Lossy transmission line test setup [4]. 
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Figure 4.11: Waveform comparisons for 3D PEEC and 2D transmission line solver [4]. 

 

Figure 4.12: Far-end and near-end voltage waveforms from the CST transmission line model. 

 

Figure 4.11 presents the PEEC model results extracted from [4] while Figure 4.12 presents the 

CST model results. In the CST model the simulation was performed up 2 ns only. There is a 

fairly good agreement in the PEEC and CST results. 
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5 Motor Converter Module modeling 

5.1 Background 
 

Figure 5.1 is a simplified version of a CAD converter module that shall be analyzed in this 

chapter. A CAD model of the converter module is imported into CST, and various details of 

the structure are removed. For example, the drive control units were removed. The analyzed 

model only contains the high voltage components, which include the bus-bars, the DC link 

capacitors, IGBT lumped representation, the heat sink and the metallic casing. Details about 

the modeling are presented in the following subsections. 

 

 

Figure 5.1: Simplified Motor Converter Module (MCM) model with the heat sink and casing. 

5.2 Model 1: Modeling procedure and assumptions 
 

 

Figure 5.2: Inside of the casing of the Converter Module showing the bus-bar interconnections, for 

model 1. 

 

U 

W 

V 

DC+ 

DC- 
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First only the bus-bars interconnections are analyzed, to establish the resonances in the bus-

bar interconnections. The IGBT on-states are just represented by a copper wire. The bus-bar 

interconnections are left open to model IGBT off-states. The lumped components and their 

respective geometries are excluded. The model analyzed is presented in Figure 5.2. The DC + 

port are excited with a Gaussian pulse, while DC- is grounded. The phases U, V and W are 

connected to DC+ in the AC side, thus modeling a <111> state. The model parameters include 

the following: 

 Excited from port 1, port impedance of 16.67 Ω, matched 

 Port 2, 3, 4 and 5 has a impedance of 50 Ω 

 Port labels : Port 1=DC+, port 2= DC-, port 3= U, port 4= V, and port 5 = W 

 Heat sink has the material of aluminum  

 Ground plane, heat sink and casing is grounded through boundary conditions 

 DC+ connected through single wires 

The impedance of the DC+ port is chosen such the impedance matches the impedance of the 

AC ports in parallel: 

                                          //  //   
 

 
  

 
 
  

 
 
  

 
 

 
  

 
 
  

 
 
  

   
 

 
                                     

       
 

 
                                     

5.2.1 Excitation 

 

The model is being excited from the port DC+ with a Gaussian pulse in the time domain. This 

means that the red colored bus-bars are the feeding point. Then on the AC-side the three 

phases will be connected to the DC+ bus-bars with single wires to get the time signal output 

on the three phases. The DC- port is grounded at the AC side with a bar connected to the heat 

sink, and this can be seen at the last DC- connection at the U phase plate in Figure 5.2.  

 

5.2.2 Boundary conditions and background 

 

With help of the boundary settings in CST, the model could be adequately grounded. The heat 

sink and the port connection wall are grounded        in the boundary settings. This is 

done so that the current has a return to the DC+. For the other directions of the module there 

added space to allow the electrical- and magnetic field computations in vicinity of the module, 

as illustrated in Figure 5.3. 
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Figure 5.3: The boundary condition for the Converter Module. The green sides                      
are grounded. The rest is open with some added space from the model. 

5.2.3 Model results from the simple Gaussian excitation results 

The S-Parameters shall be analyzed for the ports (U, V, W and DC+) to get the resonance 

characteristics of the system. The S-Parameter S11, S21 and S31 are shown in Figure 5.4. 

 

Figure 5.4: The S-Parameters from a Gaussian excitation to the system. 

 

With the matched impedance at the excitation port DC+, the S-parameters S11 and S21 in 

Figure 5.4 almost starts at zero at low frequencies, which shows that port 1 nearly is matched. 
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The frequency response shows resonances at about 89 MHz and 226 MHz which could lead to 

instability in the system. Especially at 100 MHz could there be problems because of the radio 

frequencies around 100 MHz.  

 

5.3 Model 1 results 
The model illustrated in Figure 5.2 was also excited with a step voltage pulse. The model was 

excited at DC+ with a time step signal while DC- is grounded on the AC side to the heat sink. 

The heat sink was grounded through the boundary conditions. The modeled port voltages are 

presented in Figure 5.5, while the corresponding current signals are presented in Figure 5.6. 

 

Figure 5.5: Voltages vs time for model 1, DC+, DC- and at phase V on the AC side. 
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Figure 5.6: Current vs time for model 1, DC+, DC- and at phase V on the AC side. 

 

In the voltage results there is some parasitic behavior shown in the DC- plot which can cause 

EMI issues. At 0.05µs and 1.05µs there is a parasitic capacitor characteristic shown, at 0.25µs 

and 0.85µs there is a parasitic inductor characteristic shown. The DC– voltage response is 

non-zero when there is a voltage transition on DC+, due to parasitic capacitances between 

DC- and DC+.  

The parasitic components are visible in Figure 5.6 as well, and what really determines the 

current is the rise time/fall time of the excitation signal. If the rise time      is small, the 

slope of the current increases faster and generates a high start current. But if    is too large, 

the slope of the current decrease and the current level will be lower. The modeled port 

voltages are presented in Figure 5.5, while the corresponding current signals are presented in 

Figure 5.6. 

The generation of capacitive currents will be described by the following formulas: 

 

Capacitive behavior: 

                                                          where    is the parasitic capacitor                                       
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The varying voltage will generate distributed capacitive currents in the structure.  

Inductive behavior: 

                                                                                           
     

  
                                                                    

 

                                                                                   
    

  
    

      

   
                                                               

 

With the time varying current generates the inductance voltage.  

Total system behavior: 

                                                                      
  

  
    

     

  
       

      

   
                                                

 

5.4 Model 2: Converter module including IGBT parasitic 
 

After the bus-bar modeling, a more detail model is analyzed, with the equivalent circuit of the 

IGBT on-off states and the dc link capacitors considered. The dc link capacitor was modeled 

as lumped components as shown in the equivalent circuit in Figure 5.7. However the presence 

of the box could influence the distribution of parasitic currents. A grounded dummy metallic 

box is included to model the capacitor box.  

5.4.1 Modeling of DC link capacitors and grounding 

 

DC-link capacitor box equivalent circuit:  

 

Figure 5.7: Equivalent circuit for the DC link capacitor box on the DC connection of the Converter. 
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Figure 5.8: Equivalent circuit for the DC link capacitor box on the DC connection of the Converter, 

with a parallel connected resistor to 10 nF. 

 

The two different equivalent circuits are generating two different kind of grounding. The first 

one with just the C2 capacitor will have a floating ground for low frequencies, but could be 

grounded for some higher frequencies. If then the parallel resistor is connected will the system 

be ground for low frequencies and high frequencies. The differences between this two circuit 

implemented in the Converter will be illustrated in the result section. 

The circuit in Figure 5.7 and Figure 5.8 will be modeled in CST Microwave Studio. The 

capacitors will be modeled with lumped element components, but the inductors have been 

modeled as wires. The inductances of the wire were estimated using the formula in equation 

(14) given in [7]. The placement of the lumped components and the wires are shown in Figure 

5.9. The placement of the dummy capacitor box is shown in Figure 5.11. 

                                                [         (
  

 
)    (

 

 
)   (

 

  
)]                                                    

Where µ=1. 

The length and the diameter of the wire generates in the inductance needed:  

 

                                H 

                               H 

 

The total inductance for the copper wire: 

                    H 
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Figure 5.9: CST model of the equivalent circuit of the capacitor box. 

Figure 5.10: CST model of the equivalent circuit of the capacitor box, with the parallel connected 

resistor. 

 

 

Figure 5.11: The converter with both the equivalent circuit and the capacitor box casing, the box is not 

touching the bus-bars but it touches the walls which are grounded. So the DC link capacitor box is 

grounded by the casings both walls. 

 



  51  

 

5.4.2 Modeling of IGBT parasitics 

 

The <111> state is modeled, meaning that the phases U, V and W are connected to DC+, 

while DC- is grounded. For the ON-state case, there is a lumped inductor connecting the bus-

bar to the DC+ feeding on the AC side and on the DC side. The value of the inductors should 

be in the range of 6-12 nH for each IGBT and the values was chosen to 10 nH for each IGBT.  

For the OFF-state case, there is a lumped capacitor connecting the bus-bar to the DC- feeding 

on the AC side and on the DC side. The values of the capacitors should be in the range of 0.1-

5 nF for each IGBT and the value was chosen to 1 nF for each IGBT. The representation of 

the IGBT states in the <111> configuration is represented in Figure 5.12. 

There is one IGBT for DC+ and one for DC- on the DC side, on the AC side, each phase has 

two IGBTs. To connect phase W to DC+ for example, IGBT 7 is ON and IGBT 8 is OFF. 

 

Figure 5.12: Topology of the three phase converter showing the lumped elements used for 

representing the IGBT 111-state, the white rings shows where the IGBTs should sit under the board. 
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5.5 Model 3 results: Converter module response with IGBT 

parasitics included 
This section presents the converter module response with IGBT parasitics included. The 

response for the two DC- grounding schemes shall be presented. 

Figure 5.13 presents the terminal voltage response of a converter module. Some oscillations at 

about 2 MHz are observed when DC- is floating (grounded through the capacitor C2). The 

oscillations are possibly triggered by reflections at the capacitive terminations. The 

oscillations are damped when a parallel resistor is installed. The parallel resistor provides a 

low impedance path for the 2 MHz signal. 

 

Figure 5.14 presents the corresponding terminal current responses. The 2 MHz are also 

observed when DC- is floating, and the placement of a parallel resistor damps out the 

oscillations. 

 

Figure 5.15 presents the 3D plot of the surface current distribution at 10 kHz. The feeding 

from DC+ does not go directly in to the DC chopper because of the low impedance in the 

ground plane. So the current instead goes through the ground plane and feeds the system from 

the AC side.

 

Figure 5.13: Converter module terminal voltage response with IGBT parasitics included for the <111> 

state. The red curve is the response when the DC– is grounded through the capacitor C2 only. The blue 

curve shows the results when there is a parallel resistor to C2, providing low frequency grounding. 
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Figure 5.14: Converter module terminal current response with IGBT parasitics included for the <111> 

state. The red curve is the response when the DC– is grounded through the capactor C2 only. The blue 

curve shows the results when there is a parallel resistor to C2, providing low frequency grounding. 

 

Figure 5.15: The surface current on the 3D model of the Converter Module at 10 kHz. 
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5.5.1 Electric and magnetic field predictions

 

Figure 5.16:The electric field at phase V connection plate, on top of the casing at the AC side and the 

space above the casing with the capacitor box casing, with time dependent and with 111-state 

implementation. With and without the resistor parallel connected to C2 in the equivalent circuit of the 

DC link capacitor box. 

 

The electric (E) and magnetic (H) fields at three locations have been probed. The probed 

locations include the following positions: 

• On the surface of the phase V plate 

• On the converter casing 

• In the space above the converter casing. 
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Figure 5.16 presents the E fields. It is observed that the parallel resistor significantly reduces 

the E fields. The E field is highest on the V phase conducting plate, with a value in the order 

of 5 kV/m with the parallel resistor connected to ground. The E field drops down to about 50 

V/m in the space above the converter casing. Observe that the high E fields are mostly from 

the DC contribution.  

Figure 5.17 shows the H field measurements at phase V on the AC side. The parallel 

grounding resistor enhances the H fields, though it minimized the E fields. The H field is at 

the maximum on the V phase conducting plate, with a value in the order of 15 kA/m with the 

parallel resistor connected to ground. The H field drops down to about 250 A/m in the space 

above the converter casing. Observe that the high H fields are mostly from the DC 

contribution. The high frequency components could be easily obtained by taking an FFT.

 

Figure 5.17: The magnetic field at phase V connection plate, on top of the casing at the AC side and 

the space above the casing with the capacitor box casing, with time dependent and with 111-state 

implementation. With and without the resistor parallel connected to C2 in the equivalent circuit of the 

DC link capacitor box. 
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6 Discussion 
 

The CST interface facilitated the modeling of complex 3D CAD geometries, with very limited 

meshing issues. The animation of the electromagnetic fields and the surface current 

distribution facilitated the understanding of the field patterns. 

The simple models illustrated the preferred current paths (low impedance paths) at different 

frequencies, for different load terminations and ground plane location. For example, the 

transmission line in model 1 consists of the two copper plates separated by paper, as shown in 

Figure 3.1. The plates should be disconnected (open connection) at lower frequencies. On the 

contrary, the S-parameter analysis shown in Figure 3.2, shows that S11 is closer to -1 at 10 

kHz, indicating an almost short connection. However, the plates do have a low impedance 

connection through the ground plane that accounts for the S-parameter response at low 

frequencies. Figure 3.3 illustrates that a significant amount current flows from port 1 to port 2 

through the ground plane. The influence of the ground plane is seen consistently in all the 

models. The current distribution could be influenced by tuning the impedance to the ground 

plane. 

Impedance phase errors were observed in the CST model results. The phase     of a passive 

component should lie in the range of –
 

 
      

 

 
. The phase of the impedances computed 

from CST was in some cases in the range:    
 

 
         

 

 
, indicating non-passivity. To 

solve this issue, the CST impedance data was post processed in MATLAB to reverse the sign 

of the real part of the impedance. The post processed data had better agreement with PEEC 

models as shown in Figure 4.5. 

There were issues with the frequency domain response from CST. An offset in amplitudes of 

about       was consistently observed. The time domain data, however, was quite consistent. 

In the estimation of fields, current and voltage distribution from the converter module, the 

time domain data was mostly used. 

7 Conclusions 
 

A high frequency modeling approach for predicting the electromagnetic environment in and 

around a converter module has been established. The approach is based on CST high 

frequency modeling tool. For simple structures the CST models were compared with PEEC 

models for verification. 

Using the converter module high frequency model, the influence of different ground schemes 

was analyzed. For example the different ways of grounding the DC- were analyzed. It was 

observed that low frequency grounding significantly minimizes the E-fields, while the H-

fields are enhanced. Ringings generated by floating ground could be taken off by introducing 

low frequency grounding. 
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8 Future work 
 

More complexity could be added to the model, such as modeling the IGBT component casing 

with an equivalent circuit representing its properties. Even more different operating states for 

the IGBTs could be modeled easily presented with the lumped element representation. The 

environment could be modeled in more detail by considering the drive control unit 

components, the cables and other metallic components. The motor cables, the dc link cables 

and the motors high frequency impedance characteristics could be assembled to obtain a more 

complete model of the drive system. 
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