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ABSTRACT 

With GaN and SiC switching devices becoming more commercially available, higher 

switching frequency is being applied to achieve higher efficiency and power density in power 

converters. However, electro-magnetic interference (EMI) becomes a more severe problem as a 

result. In this thesis, the switching frequency effect on conducted EMI noise is assessed. 

As EMI noise increases, the EMI filter plays a more important role in a power converter.  As 

a result, an effective EMI modeling technique of the power converter system is required in order 

to find an optimized size and effective EMI filter.  

The frequency-domain model is verified to be an efficient and easy model to explore the EMI 

noise generation and propagation in the system. Of the various models, the unterminated 

behavioral model can simultaneously predict CM input and output noise of an inverter, and the 

prediction falls in line with the measurement around 10 MHz or higher. The DM terminated 

behavioral model can predict the DM input or output noise of the motor drive higher than 20 MHz. 

These two models are easy to extract and have high prediction capabilities; this is verified on a 10 

kHz-switching-frequency Si motor drive. It is worthwhile to explore the prediction capability of 

the two models when they are applied to a SiC-based power inverter with switching frequency 

ranges from 20 kHz to 70 kHz. 

In this thesis, the CM unterminated behavioral model is first applied to the SiC power inverter, 

and results show that the model prediction capability is limited by the noise floor of the 

oscilloscope measurement. The proposed segmented-frequency-range measurement is developed 

and verified to be a good solution to the noise floor. With the improved impedance fixtures, the 

prediction from CM model matches the measurement to 30 MHz. 

To predict the DM input and output noise of the SiC inverter, the DM terminated behavioral 

model can be used under the condition that the CM and DM noise are decoupled. With the system 

noise analysis, the DM output side is verified to be independent of the CM noise and input side. 

The DM terminated behavioral model is extracted at the inverter output and predicts the DM output 

noise up to 30 MHz after solving the noise floor and DM choke saturation problem. 

At the DM input side, the CM and DM are seen to be coupled with each other. It is found 

experimentally that the mixture of the CM and DM noise results from the asymmetric impedance 

of the system. The mixed mode terminated behavioral model is proposed to predict the DM noise 

when a mixed CM effect exists. The model can capture the DM noise up to to 30 MHz when the 

impedance between the inverter to CM ground is not balanced. The issue often happens in 

extraction of the model impedance and is solved by the curving-fitting optimization described in 

the thesis. 

This thesis ends with a summary of contributions, limitations, and some future research 

direction.
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Chapter 1 . Literature Review 

1.1 Introduction  

Silicon carbide (SiC) switching power devices, in conjunction with SiC diodes for high 

voltage, have currently become more commercially utilized thanks to their distinct advantages, 

which include a higher switching speed and lower switching losses, especially in comparison with 

silicon (Si) insulated gate bipolar transistors (IGBTs). With SiC devices, a higher switching 

frequency can be applied in the power converter to achieve more complex inverter architectures, 

more precise control, and higher density integrated power converters. However, the 

electromagnetic interference (EMI) generation tends to have increasingly negative effects on the 

operation of the inverter-fed electrical machine systems as the switching frequency increases. As 

a result, it is essential to analyze the EMI noise propagation path and noise distribution in the 

system, and design EMI filters to attenuate and contain EMI noise.  

According to existing literature, there are several modeling methods used to imitate the EMI 

behavior of the power converter system. These methods include lumped circuits and frequency-

domain models. The lumped models, implemented in simulation software, can generally give an 

accurate prediction of EMI noise up to 2 MHz. However, in order to extract the model, all the 

parasitic parameters in the setup must be determined, including detailed switching device models.  

Adding to the difficulty in the model extraction, the lumped model requires lengthy simulation 

software run time, which may also not converge in some cases. In order to avoid extraction issues 

in the lumped model, the behavioral model is proposed to provide a faster extraction processes and 

a comparable prediction capacity. The behavioral model in is a óblack boxô modeling technique, 

requiring no detail in the converter. The model will use the noise sources in the frequency domain 

to simulate the switching parts and use measured impedances to conclude the noise propagation 

path. The conducted EMI noise can be predicted by the calculation within the equivalent noise 

sources and the impedances in the propagation path. Most of the existing work on the behavioral 

model focuses on the EMI noise prediction at the input side. With the models, an input filter can 

be designed to reduce the EMI noise below some EMI standards; the output sides are usually 

ignored. Note that some EMI standards, like DO-160, have a requirement for the conducted EMI 

noise at all the bundles and cables in the system. Take, for example, the application of a motor 

drive, where there needs to be an EMI filter between the motor drive and the motor, which the 

terminated model cannot address. 

The unterminated behavioral model (UBM) is proposed in [47] to assess EMI emission at both 

the input and output sides simultaneously in frequency domain. Therefore, the EMI filter at the 

input and output sides can be designed by the UBM in one step. In [47], the UBM exhibits an 

accurate match between the model prediction with the experimental CM noise measurement to 20 

MHz at the input and output sides. The unterminated behavioral model will be explained in detail 

in Chapter 2. 
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1.2 Lumped Modeling Approach 

The detailed lumped circuit modeling approach is based on the physics of the circuit and is 

the classical way to model any electronic circuit. The interconnects, such as wires and printed 

circuit board (PCB) traces, are modeled using passive RLC equivalents. Other passive components 

like resistors, capacitors and inductors can be directly measured for their impedance using an 

impedance analyzer. The equivalent circuit models for the PCBs are usually extracted by 

electromagnetic numerical tools like Q3D®, and finite element method (FEM) tools like Ansoft® 

Maxwell. Other tools based on partial element equivalent circuit (PEEC) like InCa® can also be 

used in cases where RL equivalents are sufficient to model the interconnects [15]. The switches in 

power converters are modeled using semiconductor device models. These device models are non-

linear and are based on higher order differential equations. 

For simple converters, such models may be suitable [1] and could provide the most versatile 

solutions for EMI predictions. The main benefits of lumped circuit models are adaptability and 

scalability, as everything is based on physics. The gate drive, control, power stage etc. can be 

modeled separately and then included in the final time domain simulation model of the power 

converter. Parametric analysis is very easy, as the effects of using different devices or components 

can be easily evaluated by simply replacing their models in the simulation with new ones. 

The lumped circuit model, however, gets very complex with the increase in number of 

semiconductor devices and the highest frequency of interest. Even with all the details, the model 

may not work, as the simulator can have convergence issues. The accuracy of such models for 

complicated topologies has been found to be good only up to around 10 MHz [2, 3]. Thus, in 

theory, detailed lumped circuit models provide the most versatile solution to EMI modeling. But 

in practice, their use is limited. The development time is long and requires a great deal of 

experience. In addition, the device models themselves may not be easily available. Sometimes 

manufactures provide them, but they may be encrypted or have to be otherwise developed 

separately. 

In order to simplify the modelsô extraction processes and increase model robustness, engineers 

started using reduced order models. In such models, the devices are replaced by voltage or current 

sources. Since the devices are used as switches, the voltage across them has an approximately 

squared shape. However, it has been shown that [4] such an approximation is not accurate and 

finite rise/fall time must be included for better representation of the switched voltage (or current) 

[5, 6, 7, 8, 9]. The robustness of such models has been demonstrated in handling complex systems 

[10, 11, 12, 13]. However, results have shown that the accuracy is only good up to several MHz. 

In [4] it was shown that approximation of the voltage (or current) switching characteristics with a 

trapezoidal waveform might not be very accurate either. Attempts have been made to use piece 

wise linear approximation of the voltage and current though the devices [14]. However, this kind 

of modeling then becomes specific to the device in use, and accuracy was not shown to be any 

better than the previous models. Simplified models of IGBT for EMI analysis have also been 

developed in [15, 16]. Here the IGBT is modeled with an ideal switch, an ON resistance, and a 
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few capacitances. The accuracy of results was found to be good up to only several MHz, most 

likely because of the limitations of other lumped circuit models that were used to model the system. 

The problem of accurately reproducing the switching slope (of voltage and/or current) can be 

solved by directly measuring the voltage across the switches and then representing them as noise 

sources in the EMI model [17, 18, 19]. This method has been shown to be more accurate than 

assuming the switched voltages to have a trapezoidal state [18, 19]. These methods do not remove 

the burden of extracting the complete lumped circuit model of the converter, and their advantage 

lies in simplifying the complexity of semiconductor device models only. 

1.3 Behavioral Modeling Approach 

    The discussion of lumped circuit models points to an important limitation of the technique 

itself. It is not suitable for doing system level EMI simulations. Simulating several converters with 

detailed lumped circuit equivalents would require large computational resources and time, not to 

mention that the chances of convergence are severely diminished. Moreover, in design of power 

distribution network inside aircrafts, power converters supplied by several different manufacturers 

require integration. These manufactures seldom provide any internal information about their 

products, as it is proprietary. In such cases, the lumped circuit modeling technique cannot be used, 

as no details of the layout and devices are available. In order to tackle this dual problem of system 

level EMI simulations and lack of layout information, researchers started to develop black-box 

modeling techniques, also called behavioral modeling techniques. 

    These techniques model the power converters using a one-port or a two-port network with 

independent sources [20,21]. A one-port network with an independent source is nothing but a 

Thevenin (or Norton) equivalent of the circuit. Extension of the Thevenin theorem to multi-

terminal networks is also possible [22, 23]. The impedances of multi-terminal Thevenin-

equivalents can be easily represented as multi-port networks with independent sources, so there is 

no fundamental difference between the two. In time domain, the existence of Thevenin (or Norton) 

equivalents is not restricted by linearity or time-variance [24, 25]. That is, the Thevenin models 

exist even for the non-linear and time-variant circuit. However, they are restricted in the frequency 

domain by linearity and time-variance. This is because the 'impedances' are defined only for linear 

and time-invariant circuits. Thus, Thevenin (or Norton) models in frequency domain require the 

circuit to be approximately linear and time-invariant. 

In [26], a simplified two-terminal model is developed for a motor-drive system using 

Thevenin-equivalent. Both the noise source (Thevenin source) and the noise impedance (Thevenin 

impendence) were measured directly. The accuracy was not good, mostly due to the inaccuracy of 

the noise source itself. The DM noise source was directly measured across the DC-link capacitor 

and the CM noise was measured by disconnecting the ground wire. In [27, 28], the CM noise in 

the motor-drive is directly measured and modeled as voltage sources. The parts of the motor-drive 

that are passive, such as cable (harnesses), motor, line impedance stabilization network (LISN), 

etc. are modeled as two-port networks. The main limitation of this method is the over-

simplification of the motor-drive model. Only one noise source is used to describe the CM 



 

4 

 

equivalent of the motor-drive, and the impedance of the motor-drive is modeled with only one 

capacitor to ground. This leads to inaccuracy beyond a few MHz; however, the technique is fairly 

easy to implement and the model can even be run in a math tool, as the system is modeled with 

two-port networks, which facilitates calculations by using only the network equations. 

Another class of behavior modeling technique indirectly calculates the noise source and noise 

impedances by using two or more conditions and then simultaneously solving network equations. 

This technique uses more generic models of noise sources rather than assuming a particular 

topology as the given topology. Thus, the models are more complete in the sense of minimum 

required number of voltage/current sources and the number of impedances necessary for a 

complete description of a multi-terminal network [22]. The earliest attempt of EMI modeling of 

power converters using this technique was seen in [29]. The technique, however, had limitations 

regarding the identification of noise-source impedance. A resonant method was used to estimate 

the input impedance of the converter in which a known external impedance was tuned to resonate 

with the input impedance of the converter. This technique is not easy to use, as tuning impedance 

is not easy to begin with, and at higher frequency the input impedance may have several resonances 

within the same decade, so extremely precise tuning is needed. 

Qian Liu et. al published several papers on extraction of a three-terminal model of a phase-

leg, called the Modular-Terminal-Behavioral (MTB) model. A phase-leg is one of the most 

redundant topologies within switched power converters and forms a basic switching cell. The goal 

was to obtain an EMI model of one phase-leg and then use as many instances as necessary, 

depending on the type of converter, to predict the total EMI from the power supply. Figure 1-1 

shows the MTB model and the chopper-circuit that was used for the model extraction by Qian. 

Although the idea was novel, it was difficult to extract such a model in practice. The model itself 

had an issue in that it had only two impedances, although three are required for description of a 

minimum-sized model of a three-terminal network [22]. Another issue was that the model was 

validated in conditions that were very close to the ones used during model extraction; in other 

words, no understanding was developed regarding the boundary where the model starts to fail. The 

cross talk between the phase-leg was not taken into consideration either. The best results for EMI 

prediction were obtained when only one phase-leg was used [30]. With the addition of another 

phase-leg [ 31] and with AC operations [32] the accuracy of prediction worsened. Another 

limitation of the MTB model was in the understanding of the model itself. It was claimed that the 

extracted model was of the phase-leg, but no observations that could possibly support that 

contention were provided. Very little discussion was provided with regards to the modelôs 

impedances. The extracted model impedances seemed to be changing with the operating point, 

which is un-natural and hence worthy of more explanation. 
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Figure 1-1 Qian's Modular-terminal-behavioral (MTB) model from [49] under fair use 

Andrew C. Baisden et al. made several improvements over Qian's MTB model with his 

generalized-terminal-model (GTM). The major difference is that the entire converter is modeled 

as a black-box with a three-terminal Norton equivalent and not just a phase-leg. This is shown in 

Figure 1-2. Another important contribution was the selection of external network impedances (or 

conditions) for accurate extraction of noise sources and noise impedances [33, 34]. This helped in 

establishing boundaries on the maximum and minimum impedance at the terminals of the model 

to ensure that it produced accurate results. From Figure 1-1 and Figure 1-2, it can be seen that the 

MTB model was modified and that three impedances in delta connection were used instead of two 

to describe a three-terminal network. The model was validated for a 400W boost converter [35] 

only; however, it was experimentally shown to have accuracy up to almost 100 MHz, which is 

beyond the upper frequency of 30 MHz prescribed in conducted emission standards. These results 

established the advantages of behavioral models over lumped-circuit models. The three-terminal 

Norton model was also used in [36]. In [37] the three-terminal Norton-equivalent was used to 

predict the net EMI for two boost converters connected in parallel (on the same dc bus). 

 
Figure 1-2 Andrew's Generalized Terminal Model (GTM) from [49] under fair use 
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In addition to these major attempts, several others have published similar ideas over the last 

decade. In [38, 39] a three-terminal Thevenin equivalent is used for modeling an ac-dc converter. 

Instead of two sources, the model here has three sources, which are characterized in two different 

setups. The accuracy was found to be reasonable. In [40, 41], a three-terminal Thevenin equivalent 

is used to model electronic equipment. The model impedances are extracted by first measuring the 

complete two-port S-parameters of the system using a vector-network-analyzer (VNA) while it is 

in operation. This is a limitation, as such measurements are not possible for high power 

applications. In [42, 43], a similar model was developed without using the VNA. 

1.4 Motivation  

As higher switching frequency is applied to the SiC switching device, it produces a higher 

EMI noise emission, thereby challenging the prediction capacity of the EMI behavioral models.  

In order to assess the effect on the EMI emission from the higher switching frequency, the 

common mode (CM) and differential mode (DM) EMI noises are measured in experiments on a 

three-phase SiC MOSFET inverter with 300 V DC voltage and 3 kW, running at 20 kHz and 70 

kHz switching frequency respectively. The corresponding behavioral models in CM and DM for 

the two switching frequency cases are extracted to evaluate the prediction capacity with the higher 

switching frequency. The noise floor, which is the main factor limiting the UBM prediction above 

10 MHz, is explained and the corresponding development is proposed to extend the UBM 

prediction capacity to 30 MHz. A detailed explanation of how the higher switching frequency 

works with the UBM using the proposed improved high frequency UBM extraction procedures is 

provided in the following chapters. 
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Chapter 2 . Assessment of Effect on EMI 

Emission from Different Switching 

Frequency and Different Switch Devices 

With power devices such as SiC or GaN MOSFETs becoming more commercially applied in 

the industry of power electronics, higher switching frequency is increasingly employed due to its 

higher precision control in power converters. However, the EMI noise in the system will increase 

as a result of the higher switching frequency, requiring greater EMI noise reduction.  Therefore, it 

is essential to assess the effects from the switching frequency and different switch devices on the 

EMI emission. 

2.1 Introduction  

Increasing switching frequency is an increasingly important trend in power electronics used 

to shrink total size and volume of passive components in the wake of high power density. The 

development of new devices, such as GaN and SiC,  further drives the growing reality of this 

trend44. However, this faster speed switching action means that the system EMI emission is 

different, and the existing EMI modeling and filter design process may not be adaptable to this 

change. It is essential to find out how the switching frequency influences the EMI emission in 

common mode (CM) and differential mode (DM).  

Motor drive is one kind of inverter with serious standards for EMI emission, whose general 

topology is exhibited in Figure 2-1. The switch devices can be IGBT, MOSFET, and so on. On the 

DC side of the drive, the EMI noise should be limited below the input EMI standard as in DO-

16045 (Figure 2-2). On the output, DO-160 has requirement on the output cables and bundles 

(Figure 2-2). In addition, CM noise in the motor needs to be reduced due to its negative effect on 

the motorôs working conditions. In this section, simulations and experiments are performed on the 

three-phase DC-AC inverter, and the DC and AC side EMI noise are measured in CM and DM. 

The CM and DM current (noise) is defined in (4.1) and (4.2).  
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Figure 2-1 General topology and setup diagram for motor drive 

 

 
Figure 2-2 Conducted emission limits in DO-160E (Section 21) for L, M &H categories 

2.2 EMI emission comparison among different switching frequencies 

In this section, the EMI emission of a SiC JFET motor drive is analyzed in a simulation 

implemented in SABER® Schematics with four different switching frequencies: 20 kHz, 40 kHz, 

70 kHz and 100 kHz. The simulation mode is based on the lumped circuit model built in the 2012 

SAFRAN project. The corresponding experiments on a SiC MOSFET three-phase inverter are 

performed with 20 kHz and 70 kHz switching frequency separately to validate the conclusion from 

the simulation. The new experimental setup is tested first and fixed on the test bench for CM and 

DM EMI current spectrum measurements. 

2.2.1  Lumped circuit  setup implemented in SABER®  

The lumped inverter model is defined in different parts in Figure 2-1, and will be used in 

SABER® simulation for assessment of the EMI emission for different working conditions. The 

sub-model for the LISN (Figure 2-3), the harness (Figure 2-4) and the permanent magnet motor 

(Figure 2-5) were built as the previous work46. The motor drive motor model (Figure 2-6) used in 

the previous work, which considered all the possible parasitics in the connection, utilizes the ideal 

switch in SABER® as the switch device in order to have a stable model that can converge faster.  
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In this section, a SiC JFET model, developed by CPES, replaces the ideal switch as the switch 

device in the motor drive model (Figure 2-7), with all the parasitic parameters the same as in the 

original model. The SiC JFET model, whose inner model is shown in Figure 2-8, imitates the 

normal switching behavior of SiCED ð on SiC JFET, bearing 100 more kHz switching frequency 

and 16 A more current with 1200 kV. The switch is chosen here because it is one of only a few 

SiC devices that has a SABER model for kW power and works with 300 Vdc.  

In addition, a second simulation setup is built with Si MOSFET, which analyzes the effects of 

different switching frequencies on the EMI emission for a MOSFET inverter. The MOSFET 

IPB60R125CP (25 A, 600 V) from Infineon has its own physical model in Pspice®. In order to 

apply it to SABER®, the key parameters, such as on-resistance, and turn-on time, are set in 

SABER® in accordance with Pspice®. Apart from the switch device, the motor drive model 

(Figure 2-9) is the same as the original ideal-switch model. This device is chosen here for its 

application with kW power and 300 Vdc, itôs switching frequency of an additional 100 kHz, and 

the available physical simulation model.  

The gate driver for the switches (SiC JFET and Si MOSFET) is chosen as the ideal voltage-

control voltage source. Because the EMI emission from different switch devices will be analyzed 

further, the model requires the same gate driver in the comparison. To avoid requiring extra effect 

from the gate drivers, the general setting for the gate drivers are chosen. As a result, the total 

lumped circuit can be combined with the separate parts as shown in Figure 2-10.  

 
Figure 2-3 Line impedance stabilization network 
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Figure 2-4 Per-unit length parasitic model of the Harness 

 
Figure 2-5 Lumped circuit model of a single winding of the motor 
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Figure 2-6 SABER® model of three-phase motor drive with ideal switch 

 
Figure 2-7 SABER® model of three-phase motor drive with SiC JFET 
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Figure 2-8 Inner model of SiC JFET in SABER® 

 
Figure 2-9 SABER® model of three-phase motor drive with Si MOSFET 
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Figure 2-10 SABER® model of full motor drive system 
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The control strategy applied is the three-phase centered space vector pulse width modulation 

(SVPWM 3ū-C). The time-domain CM and DM currents at input and output sides are calculated 

during the simulation process based on (4.1) and (4.2). The frequency domain spectrums are 

calculated with FFT for further analysis. 

 

2.2.2  EMI emission comparison amo ng 20, 40, 70 and 100 kHz switching frequency in 

the simulated Si MOSFET inverter 

The CM current spectrums for the 20, 40, 70 and 100 kHz switching frequency cases in the 

input and output sides are calculated and exhibited in Figure 2-11. 

For the input and output current spectrums in the four cases, the first peak of the spectrums 

are located at the switching frequency, which is also the highest peak among all the frequency 

components. Comparing the first peaks in the input (or output) spectrums of the four cases, the 

larger the switching frequency is, the higher frequency the first peak is located and the higher the 

first peak is. In the MHz range, the noise will be larger with the increased switching frequency. As 

a result, the CM EMI filter needs a larger attenuation ratio at the same frequency point when the 

switching frequency is higher. The CM filter designed for the 20 kHz case cannot apply to the 100 

kHz case. But the 100 kHz case CM filter can reduce the 20 kHz case CM noise below the EMI 

standard. 

 
Figure 2-11 Comparison among the CM input (upper) and the output (lower) current spectrums in the Si MOSFET 

inverter setup with 20 k, 40 k, 70 k and 100 kHz switching frequency 
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The DM current spectrums for the 20, 40, 70 and 100 kHz switching frequency cases in the 

input and output sides are calculated and exhibited in Figure 2-12. Similarly to the CM, the first 

peaks are located at the switching frequency. But at the input side, the first peak is not the highest 

among all the frequency components. As a result, at the low-frequency (below MHz) DM input 

side, the EMI filter design should not be dependent on the first peak, but should rather include the 

other harmonics. For the output DM noise at low-frequency range, the first peaks have almost the 

same magnitude for different switching frequencies. Therefore in the DM output filter design, the 

higher switching frequency case needs a filter with a larger attenuation. This is due to the fact that 

the EMI standard (as in DO-160) at low frequency range requires smaller noise than the higher 

switching frequency component. As for the noise above MHz, the higher the switching frequency 

is, the larger the input and output EMI noises are, as was the case with CM. The corresponding 

filter design for this range should have larger attenuation when the switching frequency is higher.  

 

 
Figure 2-12 Comparison among the DM input (upper) and the output (lower) current spectrums in the Si MOSFET 

inverter setup with 20 k, 40 k, 70 k and 100 kHz switching frequency 

 

2.2.3  EMI emission comparison among 20 and 70  kHz switching frequen cy in the 

simulated SiC JFET inverter 

A similar comparison is performed with the SiC JFET inverter with 20 kHz and 70 kHz 

switching frequency, whose circuit is shown in Figure 2-7. Figure 2-13 exhibits the CM input and 

output current spectrums in the two switching frequency cases, and Figure 2-14 illustrates the DM 

input and output current spectrums. 



 

16 

 

For CM spectrums, the conclusion drawn from the comparison is the same as that for 

MOSFET. The first peak located at the switching frequency will be higher for the higher switching 

frequency. Above MHz, the higher switching frequency causes higher noise.  

 

 
Figure 2-13 Comparison among the CM input (upper) and the output (lower) current spectrums in the SiC JFET 

inverter setup with 20 k and 70 k Hz switching frequency 

The DM current spectrums in the two switching frequency cases are compared in Figure 2-14. 

In the DM input or output spectrum, the second peak located at the switching frequency is the 

largest, and will be larger with increased switching frequency. At MHz range, similarly to CM, 

the DM emission will be larger in the higher switching frequency cases. The effect on the DM 

EMI filter design from the switching frequency is the same as that of the CM. 
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Figure 2-14 Comparison among the DM input (upper) and the output (lower) current spectrums in the SiC JFET 

inverter setup with 20 k and 70 k Hz switching frequency 

 

A. SiC MOSFET inverter setup  

The experiments are performed to validate the conclusion in the simulation. The three-phase 

SiC MOSFET inverter and its setup are built as shown in Figure 2-15.  

 

 
Figure 2-15 Three-phase SiC MOSFET inverter setup schematic diagram 
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Figure 2-16 SiC MOSFET inverter setup 

 

There are three SiC MOSFET half-bridge modules from CREE utilized (model 

CAS100H12AM1) and six ceramic capacitors with 15 ɛF at DC bus. This CREE model can hold 

100 A and 1.2 kV. The DC bus capacitors can afford 900 Vdc. The heat sink is fully in contact 

with the three switch modules.  

The gate driver designed for the switch modules is placed on top of the module, which has 

two second-stage drivers with a Mill clamp circuit and a desaturation protection circuit. In 

addition, the dead time between the two signals of one module can be set on the gate driver. 

The control board for the inverter is placed next to the inverter. On the board, a DSP is 

responsible for PWM generation based on the 3ū-C SVPWM strategy. A CPLD controls 

protection based on the information from another board measuring the real-time DC bus voltage 

and three output current. Once the DC bus voltage or the current is over high, the CPLD will give 

a shut-down order for the PWM signal to the gate drivers. 

Another DC source is used to power the control board and voltage/current measurement board.  

This auxiliary source will actually cause an extra propagation path from the inverter to the CM 

ground, influencing the EMI emission of the system. However, the EMI emission from the 

auxiliary source is 50 dB smaller than the one from the inverter. So in the assessment of EMI noise 

for this setup, we can ignore the effect from the extra source. 

The whole inverter setup is fixed on a steel frame, which can place EMI filters at the input 

and output sides of the inverter. The heat sink of the inverter is in full contact with the steel frame. 

The frame is placed on a copper sheet on the test bench and connected to the CM ground of LISN. 

Therefore, the steel frame can be seen as the CM ground in the experiment. There will be some 
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parasitic capacitive components from the inverter terminals to the steel frame, which mainly 

compose the CM propagation path.   

 

A. LISN and DC source 

The LISN No. on the test bench is FCC-LISN-50-32-2-MS461E DC-60Hz/480V/32Arms.  

The DC source is from Magna-power electronics, generating 600 Vdc/ 20 Adc. 

 

B. RL Load 

The load of the inverter (Figure 2-17) is chosen to be a resistor-inductor-in-series combination. 

Each phase has 3.3 ɋ resistance and 30 mH inductance. At the end of each phase, two cables 

connect the three-resistor-end terminals as one neutral point. Due to the large size and weight of 

the RL load, the load has to be placed on the ground of the lab, separated from the test bench. In 

order to complete the CM loop, a 5 nF capacitor will be placed between the neutral point and the 

CM ground. Though the load is simply connected, there will be complex parasitics on all the 

connected cables and the connectors, which is hard to express using a lumped circuit. 

 
Figure 2-17 RL load 

C. Current measurement 

In the experiment, the CM and DM input/output current are directly measured by two current 

probes. The probe ETS LINDGREN 95510 can measure the pass-through current from 20 Hz to 

100 MHz. In order to measure CM current, the input (and output) wires should go through the 

probes in the same direction as Figure 2-18 in accordance with (3.1). As for the DM current 

measurement, according to (3.2), at the input side, the positive and negative wire should be in 

opposite directions (left side of Figure 2-19) and the output three-wire should be twisted as shown 

in the right side of Figure 2-19.  
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Figure 2-18 Probe placement in CM input (left)/ output (right) current measurement 

              
Figure 2-19 Probe placement in DM input (left)/ output (right) current measurement 

 

2.2.4  EMI emission comparison among 20 and 70 kHz switching frequency in 

experiment  

The experiment results (Figure 2-20 and Figure 2-21) in this section are the same as those in 

the simulation (Figure 2-13 and Figure 2-14). 
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Figure 2-20 Comparison among the CM input (upper) and the output (lower) current spectrums in the SiC MOSFET 

inverter experimental setup with 20 k and 70 k Hz switching frequency 

 
Figure 2-21 Comparison among the DM input (upper) and the output (lower) current spectrums in the SiC MOSFET 

inverter experimental setup with 20 k and 70 k Hz switching frequency 
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2.3 EMI emission comparison among ideal switch, Si IGBT, Si MOSFET, and SiC 

JFET in simulation  

The inverter lumped simulation models with the ideal switch, MOSFET and JFET have been 

illustrated above. The model with Si IGBT is shown in Figure 2-22. The main differences between 

those four switch devices in the simulation are listed in Table 2-1, including the switching speed 

and on-resistance. The CM and DM emissions of the four inverters with the same load are 

measured in Figure 2-23 and Figure 2-24. It is shown that the EMI emission in CM or DM is quite 

independent of the switching device below 10 MHz, when the dead time of the PWM strategy is 

considered based on the slowest switching speed (the ideal switch). However, above 10 MHz, the 

MOSFET case tends to have larger CM and DM noise because it has the smallest on-resistance.   

 

 

 
Figure 2-22 SABER® model of three-phase motor drive with Si IGBT 

 

Table 2-1 The differences between the ideal switch, Si IGBT, Si MOSFET, and SiC JFET in the simulation 

Switch Ideal switch 
IGBT: 

HGTG30NG60B3 

MOSFET: 

IPB60R125CP 
JFET: 

Company -- Fairchild Infineon  

60pF

P

N

G

100mҠ 80nH

250pF

4.15µF

10nF

21.75mҠ

100mҠ 80nH

150pF

100mҠ80nH

10nH 10nH 10nH

20nH 20nH 20nH

G

G
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Operating condition -- 30A, 600V 25A, 600V 5A, 1200V 

Switching Frequency -- <50kHz >100kHz >70kHz 

Ὑ Ⱦ  0.01 0.0483 0.11 0.025 

ὸ Ⱦὲί 100 36 15 -- 

ὸ Ⱦὲί 100 137 50 -- 

ὙȾ  -- 3 1 -- 

Available simulation 

model 

 
SABER Pspice SABER 

 

 
Figure 2-23 Comparison of the input (upper) and output (lower) CM emission with different switching devices. 
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Figure 2-24 Comparison of the input (upper) and output (lower) DM emission with different switching devices. 

 

2.4 Conclusion 

In conclusion, with the higher switching frequency, the EMI noise will be larger, and 

necessitates having effective EMI filters, which can be easily designed based on an effective EMI 

model in the high frequency. When the on-resistance of the switching devices is smaller, the CM 

and DM noise will be larger above 10 MHz. 
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Chapter 3 . CM Unterminated Behavioral 

Modeling for SiC Inverter 

There are generally two kinds of EMI noise: radiative and conducted noise. The latter is 

transferred along the wire and finally to components such as the radio and motor, where it will 

have a negative effect. CM noise will cause the voltage drop from the rotor to stator causing the 

motor to run out of order. So itôs essential to reduce the conducted EMI. Use of an EMI filter is 

the most common way to suppress the conductive EMI noise. However, the complexity of EMI-

related issues, which involves all the possible parasitic components in the system, makes it difficult 

to design an EMI filter. EMI modeling will provide an analysis of the systemôs EMI emission and 

can predict the EMI emission with a designed EMI filter to check the feasibility of the solution.  

With the terminal behavioral model, input filters can be implemented between the source and 

the model and then the appropriate filter parameters can be calculated. However, if an output filter 

is inserted between the model and load, the input EMI emission will be changed due to the coupling 

at the input and output sides. Therefore, the input filters will need to re-designed, as they may not 

reduce the noise below the requirement or may become oversized with over suppression.   

 The unterminated behavioral model (UBM) will predict the EMI noise emission at both the 

input side and output side. As a result, the UBM can help with the EMI filter design at both sides 

at the same time, thereby avoiding the filter re-design issue. 

Adding to design considerations, standards such as DO-160 will mean that there are 

requirements for all the cables and bundles, including the connection between the converter and 

load. Itôs therefore also necessary to find the output EMI emission when the load loop changes.  

 

3.1 Introduction  

The unterminated model is proposed in [47] and [48] based on a commercial motor drive 

system as shown in Figure 3-1. This test set-up consists of a standard LISN terminated with 25 ɋ 

resistance, a 2kW motor-drive, a three-phase shielded cable (32 feet), and a 5hp (3.73 kW) motor 

with a blower acting as a constant load. The entire set-up is kept on a copper sheet, except for the 

motor. The input voltage to the drive is 300V (VDC). The line frequency is set to 40 Hz and the 

switching frequency of the drive with Si IGBT as switch devices is 10 kHz. 
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Figure 3-1 Motor drive set-up for unterminated CM model extraction 

The CM UBM extraction and validation are finished with the modeling procedures 

demonstrated in the next section. The final results for one of the validation cases is shown in Figure 

3-2. It can be seen that the model is able to accurately predict the conducted emission up to 20 

MHz. With another validation case in Figure 3-3, the predictions are good up to at least 30 MHz.47 

As a conclusion for the UBM motor, the model shows accurate prediction capacity in almost every 

EMI range. But for some cases, the prediction capacity will be reduced to a lower range due to the 

noise floor issue. 

 
Figure 3-2 Comparison of measured and predicted CM currents for CM-DM f ilter inserted at the input side of the 

motor drive 
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Figure 3-3 Comparison of measured and predicted CM currents for DM EMI filter inserted in the output side of the 

motor-drive 

Generally, there will be a noise floor issue when the noise in the propagation path is so loud 

that the measurement tool cannot capture the smaller noise component above 10 MHz. In Chapter 

7, we found that the CM and DM EMI noise will be larger when higher switching frequency is 

adopted into the system. In addition, an inverter with MOSFET switch performing high di/dt and 

dv/dt will have larger EMI noise in the system. Also, for some cases, the CM propagation has 

larger capacitive components from the inverter to the CM ground. These cases above will tend to 

have serious noise floor phenomena due to the larger EMI noise.  

In this chapter, the detailed procedure to extract UBM is first illustrated with corresponding 

physical meanings. Then the model is adapted to a SiC MOSFET three-phase inverter with 

switching frequency of 20 kHz and 70 kHz. The comparison between the model predictions and 

the experiment measurements will show the UBM prediction capacity in these cases. The noise 

floor issue, which limits the UBM application scope, will be explained in detailed with an effective 

developer. Moreover, at high frequency range above 10 MHz, an improved high frequency UBM 

will be proposed with an improved impedance fixture design. The improved model will show the 

accurate prediction in the whole EMI range in all conditions. 
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3.2 UBM and Modeling procedure 

Figure 3-4 shows a general setup for an inverter system with CM ground, which illustrates the 

possible CM propagation from the inverter to the CM ground.  ,  and    represent the 

parasitic capacitors between the inverter (positive input, negative input, output terminals) and the 

CM ground plane. The common mode current and the differential mode current are defined as  

(5.1) and (5.2).  and  are input current at the positive and negative terminal. ,  and  are 

separate three-phase output currents.  

   (3.1) 

   (3.2) 

  

 
Figure 3-4 General setup for an inverter system with CM ground 

The CM unterminated behavioral model characterizes the three-phase inverter in the red 

dashed square in Figure 3-4 with two noise sources (  and ) and an impedance matrix (  

,  ,  and  ) as Figure 3-5 exhibits.  is the total CM input impedance before the 

inverter, including the DC source, LISN, and the input side EMI filter. , the total CM output 

impedance, consists of the load and the output EMI filter impedance in CM. Due to the symmetric 

structure of an inverter system, we will have: 

   (3.3) 

The aim of this section is to identify the two noise sources and three impedance parameters, 

which have the relationship of (5.4). Figure 3-6 is equivalent to Figure 3-5 if we clarify the Z-

matrix arrangement.  
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Figure 3-5 Unterminated behavioral model to be extracted 

   (3.4) 

 
Figure 3-6 Equivalent unterminated behavioral model 

3.2.1  Impedance identification  

First, methods for measuring the CM impedance should be clarified. From the CM point of 

view, the CM current flows through at the same time, and the corresponding CM input inverter 

impedance is the total impedance from the input positive and negative terminal to the ground. In 

order to find the total impedance with the impedance analyzer, the input positive and negative 

terminal should be short circuited as one terminal. The input CM impedance  can then be 

measured from this short-circuit terminal to the CM ground. Similarly, the output impedance  

is measured from the short-circuit 3-phase output terminals to the CM ground. During 

measurement, there is no power in the system. All impedance measurements with the impedance 

analyzer should be made without power. In addition, the setup for input and output  should 

not be changed after the measurement, or a new measurement should be performed to include all 

the parasitic components in the propagation.  

In order to analyze the inverterôs impedance (  ,   and  ), we can refer to the CM 

propagation in the inverter in Figure 3-7. In Figure 3-7, some of the CM current  flows to the 

ground through  and , then the rest transfers to  through the six switches and three  

 filters. This propagation can be extracted into Figure 3-8.  
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Figure 3-7 CM propagation in the inverter 

In Figure 3-8,  describes the total effect of  and , which can be seen as the parallel 

impedance of  and . Similarly,  refers to the parallel results of the three output 

capacitors .  and  represent the effect from the six switches. When the inverter is 

working, one of the two switches is always in one phase leg on, through which most of the CM 

noise goes. Therefore, it can be seen approximately as a short circuit between P-N to a-b-c terminal 

for CM noise. As a result,  will be much smaller compared with the impedances of  and 

 as seen in (5.5). We will get an approximation of (5.6), which can be compared with the 

equivalent circuit in Figure 3-6. Furthermore, the inverter impedances  and  can be 

measured at power-off condition. This is because the switches can be seen as big impedances 

without switching behavior. The impedance at the inverter input side, shown in the impedance 

analyzer with the CM impedance measurement method demonstrated above, should be . The 

output inverter impedance measurement is equivalent to. These impedance measurements are 

close to the real condition with power-on. Hence, in UBM,   and  can be measured in the 

power-off condition with the impedance analyzer.  can be measured with a network analyzer, 

or is approximately equivalent to  . 

   (3.5) 

   (3.6) 

 
Figure 3-8 Equivalent CM inverter impedance  
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3.2.2  Noise source extraction  

There is no direct way to measure the two noise sources (  and  ) as the inverter 

impedances. One experiment at the standard working condition is performed by measuring  

and  simultaneously. In the setup, two CM chokes are inserted into the input and output sides 

(Figure 3-9) to acquire high impedance for  and .  

 

 
Figure 3-9 Inverter setup with CM chokes 

The noise sources can then be calculated with (5.7) after FFT of the measured currents in the 

time domain. However, ,  and  are only approximate results, causing extra error in the 

equivalent noise sources. In order to avoid using imprecise impedance, the chokes should be 

fabricated with the assumption that the input impedance  and the output impedance  are 

much larger (20dB) than the inverter impedances 5.8). Then equation (5.7) will be simplified to 

(5.9), avoiding the inverter impedances. Hence the equivalent noise sources are extracted. 

 

   (3.7) 

 

   (3.8) 

   (3.9) 

3.2.3  Optimized inverter impedance  

With the impedance measured in Section 3.2.1 and the equivalent noise sources discussed in 

Section 3.2.2, the elementary model can be used to predict the EMI noise with a different  and 

. However, compared with experimental measurement and the model prediction, this method 
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shows obvious errors in the whole frequency range. One of the reasons for the mismatch is the 

approximate inverter impedance. At any rate, the real impedance cannot be measured with the 

impedance analyzer when the inverter is working with power. Therefore, another experimental 

case is performed to optimize the inverterôs impedances. 

In this case, two CM shunts are inserted into the system as in Figure 3-10. As a result,  and 

are much smaller than the inverter impedances (5.10). Measures of  and  

simultaneously show more information about the inverterôs impedance. Due to Equation (3.10) 

and (5.4),  is dependent on and ;  is dependent on  and . The measured 

current spectrums ( , ) are called  and . The prediction results of the input and 

output CM current using the model extracted are called  and .  

 

 
Figure 3-10 Inverter setup with CM shunts 

   (3.10) 

In the optimization, the error between the theoretical predictions ( and ) and the 

experiment measurements (  and ) are minimized with the aim function (5.11) by 

optimizing three inverter impedances. The optimization impedances are the final identification for 

the model and then UBM is ready to perform validation cases to check the feasibility and prediction 

capacity. 

   (3.11) 

The UBM extraction procedure summary is: 

1. Measure the CM inverter impedance in the system. 

2. Experiment with CM chokes: current and impedances measurements. 

3. Experiment with CM shunts: current and impedances measurements. 

4. Optimization. 
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3.3 Model extraction based on SiC MOSFET inverter with 20 kHz switching 

frequency 

With the procedures illustrated, the UBM for the SiC MOSFET inverter is shown in Figure 

3-11. The schematic diagram is shown in Figure 3-4, and is extracted with working conditions 

shown in Table 3-1. The copper sheet is connected with the CM ground terminal of LISN, and 

then full contact is made with the steel setup. There is a 5 nF MKP capacitor connected between 

the neutral point of the load and the ground. In order to measure input CM noise, the positive and 

negative conducting wire should go through the current probe at the same time. All three output 

wires will flow through the output current probes (Figure 3-12). The probes are carefully calibrated 

before the experiments. The oscilloscope is working with the configuration shown in Table 3-2. 

The objective for this section is to assess the capacity of the UBM technique to capture the high 

frequency noise of a SiC-based power converter.  

 

 
Figure 3-11 SiC inverter experimental setup 

 

Table 3-1 SiC inverter setup configuration for 20 kHz switching frequency 

Input voltage 300 Vdc 

Input current 10 A 

Output current 16 Arms 

Resistor in the load 3.3 ß 

Inductor in the load 0.3 mH 

Switching frequency 20 kHz 
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Figure 3-12 Probe placement in CM noise measurements 

 

Table 3-2 The oscilloscope configuration 

Sampling rate 500 Mp/s 

Time scope -5 ms ~ 5ms 

Terminal resistance 50 ɋ 

Data point 5000032 

 

 

3.3.1  Inverter i mpedance measurement  

With the Agilent 4294A impedance analyzer, the inverter impedances and  are first 

measured in the power off condition as shown in Figure 3-13.  is the impedance between 

Terminal  and Terminal G;  is the impedance between Terminal  and Terminal G. The 

two measurements as shown in Figure 3-13 have the same capacitive impedance up to MHz, in 

accordance with the analysis in Section 3.2.1 showing that is approximately equal to . 

Above 4 MHz, there is a difference between and  due to the different parasitic components 

in the two loops. 

 
Figure 3-13 Impedance measurement method 
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Figure 3-14 Inverter impedance measurements 

The input and output impedances for one validation case are shown in Figure 3-15. The green 

line refers to the CM LISN impedance from Terminal  to Terminal G in Figure 3-13; the black 

line describes the CM propagation through load (Terminal ) to the ground (Terminal G). 

 
Figure 3-15 The input impedance and output impedance measurements with the inverter impedances 

3.3.2  Noise sources extraction in the choke case  

In order to extract the noise source with (5.9), the assumption (5.8) should be tenable. At the 

input side, two CM chokes in series are put between the inverter and LISN. At output, one CM 

three-phase choke is placed between the inverter and RL load as shown in Figure 3-16. The series 

1N

4N

10
5

10
6

10
7

-20

0

20

40

60

80

100

Frequency (Hz)

|Z
| 

(d
B

o
h

m
)

 

 



 

36 

 

impedance measurements shown in Figure 3-17 indicate that the series impedances in the outer 

loop are 20 dB larger than the inverter impedances from 100 KHz to 20 MHz.  

 

 
CM-input-1                        CM-input-2                            CM-output 

Figure 3-16 CM chokes  

 
Figure 3-17 CM choke case input and output impedance with the inverter impedances 

During the design of CM chokes, it is essential to make sure the inductor will not saturate in 

the standard working condition, and that two or three windings be twisted together in the same 

direction to avoid DM inductance.  

Experimental current spectrums in the choke case are shown in Figure 3-18; with equation 

(5.8), the noise sources are calculated and exhibited in  Figure 3-19.  
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Figure 3-18 CM current spectrum in the 20kHz choke case  Figure 3-19 Noise sources extracted in 20 kHz case 

 

3.3.3  Shunt case experiments  

With the noise sources and the inverter impedances, we can theoretically predict the EMI 

noise with different  and 
,
 including the case where  and  are as shown in Figure 3-15. 

According to Equation (5.4) we can calculate  and  spectrums in this case, with results 

shown in Figure 3-20. There are errors above 1 MHz between the prediction and measurements. 

One of the reasons is the inaccurate inverter impedances. Using direct measurement with the 

impedance analyzer at power off condition results in the unpredictable error. Therefore, another 

case called óshunt caseô is performed to optimize the inverter impedances. 

 
Figure 3-20 Comparison between the measurements and predictions for the validation case 

Section 3.2.3 contains an explanation of how to perform a shunt case experiment. In the SiC 

inverter setup, the input and output shunt impedances are designed to satisfy the assumption that 

 and  are much smaller than the inverter impedances.  The shunt impedance parameters and 
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topologies are shown in Figure 3-21. During the design, more branches are chosen for the 

dissipation of power and heat on the resistors. The capacitances also need careful design. If the 

capacitances are too small, the shunt impedance may not be smaller than the inverter impedances. 

On the other hand, if the CM noises are too large, the resistors cannot bear them. The measurement 

for the total input and output impedances are shown in Figure 3-22, where  and are smaller 

than  and  below 7 MHz. 

 
Figure 3-21 Input shunt (left) and output shunt (right) impedance parameters and topologies 

                      

 
Figure 3-22 Total input and output impedances in the shunt case 

The experimental current spectrums are measured and compared with the model prediction in 

Figure 3-23, where large errors exist in the whole EMI range and need optimization of 

minimization. 
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Figure 3-23 Comparison between the measurements and predictions for the shunt case 

3.3.4  Optimization  

Optimization is performed by Matlab with the optimization function ófminsearchô focusing on 

the minimum value  search with several variables of the 

inverterôs impedances.  and  are the shunt case current measurements.  and  are 

predictions from the UBM. The process of  ófminsearchô follows the diagram shown in Figure 

3-24. From the figure of the inverter impedances (Figure 3-14), we can see that below the resonant 

frequency,  and  are capacitive, and above the resonant point they increase due to the ESL, 

the physical form of which are capacitors. Therefore the frequency-constant  and  can be 

simplified by branches of resistors, capacitors and inductors. In the optimization, ,  and  

are expressed in (5.12), where  reflects the resistor,  the inductors and  the capacitors.  

,  and are the real optimized variables in the ófminsearchô. 

 
Figure 3-24 Diagram for the optimization procedures 
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The impedance-optimized results are shown in Figure 3-25 with new prediction current 

spectrums as shown in Figure 3-26. Compared with Figure 3-23, the error between the 

measurements and the predictions are smaller. And in the model validation case in Figure 3-27, 

with  and measured in Figure 3-15, the UBM can predict the CM EMI noise up to 5 MHz. 

In practice, it is better to count the frequency error before the noise floor; this will be explained in 

a later section. 

 
Figure 3-25 Comparison of the measured and optimized impedance in 20 kHz case 
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Figure 3-26 Comparison between the measurements and the predictions with the optimized inverter impedance in 20 

kHz shunt case  

 
Figure 3-27 Comparison between the measurements and the predictions with the optimized inverter impedance in 

the 20 kHz validation case 

One of the benefits of the Nelder-Mead simplex algorithm is that it can always converge to a 

non-stationary point, which means it can always find a minimum point. However itôs not clear 

whether the simplex converges to the same point and itôs confusing when and if the optimization 

is completely finished. As the Nelder-Mead simplex algorithm is implemented in the function of 

ófminsearch,ô the detailed optimization process is out of human control. This results in the 

possibility that the optimization does not minimize the error to the minimum due to the fact that 

the configuration parameters are not perfect.  



 

42 

 

With several trials in the optimization with different configuration parameters, the function 

evaluation/iteration number is ideally 5000/5000. This larger number may hold for much longer, 

which is not comparable with the contribution it makes. 

 

3.4 Model extraction based on SiC MOSFET inverter with 70 kHz switching 

frequency 

3.4.1  Model extraction in the 70 kHz switching frequency case  

In this section, the SiC MOSFET inverter is working with 70 kHz switching frequency. When 

the EMI noise is compared with different switching frequencies, the faster the switching speed is, 

the larger the EMI noise is. So the objective here is to find the prediction capacity of the UBM 

working with higher switching frequency. The standard working condition in this case is listed in 

Table 3-3, where the power is somewhat reduced. Because the two switching frequency cases are 

sharing the same dead time setting circuit, the dead time is the same. Therefore the duty cycle 

range of the 70 kHz case will be smaller, causing larger harmonics at the output. The space vector 

pulse width modulation centered 3-ū-C is adapted for the two cases.   

  

Table 3-3 SiC inverter setup configuration for 70 kHz switching frequency 

Input voltage 300 Vdc 

Input current 8 A 

Output current 10 Arms 

Resistor in the load 3.3 ß 

Inductor in the load 0.3 mH 

Switching frequency 70 kHz 

  

In order to extract the model, the inverter impedances, which are dependent on the parasitic 

capacitors from the inverter to the ground, are measured first. In the 70 kHz case, the setup 

placement is the same as that of the 20 kHz case. Therefore,  and measured at power-

off condition are always the same for the different switching frequency cases, as are  and  in 

any cases with or without extra impedance inserted. This is because the impedances are 

independent of the switching behavior and rely on the parasitic distribution. As a result, in this 

section, all the measured impedances used are the same as in the 20 kHz case. 

However, the real inverter impedance in the power-on condition should be different from the 

ones in the 20 kHz case due to their reliance on the switching actions; the same is true for the noise 

sources in the 70 kHz UBM. As a result, in the choke case, the experiment to calculate the sources, 

and the shunt case, the experiment related to the real inverter impedances should be performed 

again in the 70 kHz standard working condition. 

  Figure 3-28 shows the current spectrums in the choke case, and with Equation (5.8), the 

equivalent noise sources are calculated and shown in Figure 3-28. With these sources and with 

11Z 12Z 22Z

iZ oZ



 

43 

 

measured inverter impedances, the shunt case current spectrum can be predicted again and 

compared with the measurements in Figure 3-30. The same optimization process is performed 

based on the error between the measurements and predictions in the 70 kHz shunt case. With the 

optimized impedance in Figure 3-32, the shunt case current spectrum can be predicted again in 

Figure 3-31. Furthermore, the 70 kHz validation case spectrums are predicted with the new model 

in Figure 3-33. In this model, the UBM implies a good prediction up to 5 MHz.  

 
Figure 3-28 CM current spectrum in the 70 kHz choke case   Figure 3-29 Noise sources extracted in 70 kHz case 

 

 

 
 

 
Figure 3-30 Comparison between the measurements and 

the predictions with the measured inverter impedance in 

70 kHz shunt case 
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Figure 3-33 Comparison between the measurements and the  

predictions with the optimized inverter impedance in 70 kHz  

                                         validation case 

In the 70 kHz case optimization process, the two RCL branches in parallel are used to describe 

the inverter impedances ,  and . As this in accordance with the physical structure, this 

means that they are related to  and . Therefore, there will be six parameters to describe 

one impedance as seen in (5.13). 

   

11Z 12Z 22Z

IGCZ
OGCZ

Figure 3-32 Comparison of the measured and optimized 

impedance in 70 kHz case  

Figure 3-31 Comparison between the measurements and 

the predictions with the optimized inverter impedance in 

70 kHz shunt case 
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   (3.12) 

3.4.2  Evaluation of the EMI emission in different switching frequency based on UBM  

In Section 2.2, the increased EMI emission caused by the higher switching frequency is 

analyzed. With the UBM of the 20 kHz and 70 kHz switching frequency cases, we can find the 

reason for the increase from the model.  

 
Figure 3-34 Z-matrix result after model extraction of 20 kHz and 70 kHz switching frequency cases. 
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Figure 3-35 Noise source results after model extraction of 20 kHz and 70 kHz switching frequency cases. 

3.5 Re-designed shunt impedance and improved measurement fixture 

In the validation case in the 20 kHz and 70 kHz cases, the predicted spectrums can only match 

the measured spectrums up to 5 MHz. The main reason is the ineligible shunt impedance in the 

shunt case experiment. Recall that the measured input and output impedances in the shunt case in 

Figure 3-22,  and do not satisfy the assumption (5.10) ( ) above 5MHz.  Above 

5 MHz,  and are comparable with  and . Therefore, the information about ,  

and  above 5 MHz is lost in the optimization. In order to expand the prediction capacity, better 

shunt impedances are needed with smaller high frequency impedances. 

One general way to reduce shunt impedance is by adopting larger capacitance. As a result, the 

CM noise or current will increase, and so series resistors with more power should be chosen. Or 

more resistors with larger resistance in parallel could be used. It is also beneficial to use 

components in parallel rather than in series, because the series connection causes extra equivalent 

series inductance (ESL), which is the main component above the resonant frequency. The series 

resistors are used here to make the impedance flat in case the impedance at the pit of the resonant 

frequency is too small. 

3.5.1  Improving the capacitance and the series resistance in the shunts  

In Table 3-1, different shunt topologies for the output side are listed, and corresponding 

impedances inserted into the setup are measured in Figure 3-36. Results show that with larger 

capacitance, the impedance at low frequency is reduced. However, above the resonant frequency 

point, the impedance is smaller with the smaller capacitance. The tendency of the impedance to 
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change above resonant frequency is in accordance with the series resistance. Hence, the smaller 

resistance is chosen to see whether the high frequency impedance will be reduced or not.  

 

Table 3-4 Different output shunt topologies with different capacitances 

No. C/nF R/Ý Circuit for one terminal 

1 45 
0.25 

THR 

 

2 22 
1.5 

chip 
 

3 9.5 
2 

chip 
 

 

 

 
Figure 3-36 Output shunt impedances for the different output shunt topologies 

At the input sides, the series impedances change with the constant capacitance, which are 

listed in Table 3-5. Their corresponding input shunt impedances are drawn in Figure 3-37, where 

Case 2 and 3 have the same ESL. As noted, the impedance above 6 MHz cannot be further reduced. 

This indicates that the main ESL above 5 MHz is integrated in the setup or measurement fixture, 

and therefore needs reduction. 

22nF
1Ҡ 

22nF
1Ҡ 

22nF 1Ҡ 
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Table 3-5 Dif ferent input shunt topologies with different resistance 

No. C/ɛF R/Ý 
Circuit for one 

terminal 

1 1.9 0.25 

 

2 1.9 0.5 

 

3 1.9 1 

 

 

 
Figure 3-37 Input shunt impedances for the different input shunt topologies 

3.5.2  Measurement fixture improvement  

Figure 3-38 shows the measuring moment of the input shunt, which corresponds with Figure 

3-39. The input shunt is surrounded in both green frames in the two figures. The orange squares 

are trapping the measurement fixture (two banana conducting wires), with which the positive and 

negative terminal of input can be short-circuited to one point (green banana socket in Figure 3-39). 

The impedance analyzer will measure from the green banana socket to the steel plate (ground) as 

 in the shunt case. However, the banana conducting wires have large ESL themselves, as shown 

in Figure 3-40, where the impedance is 4.69 ɋ at 10 MHz. Compared with the total impedance at 

10 MHz, which is 7.05 ɋ, the conducting wires cause too much ESL and need replacement. 

0.47˃ F 1Ҡ 

0.47˃ F 1Ҡ 1Ҡ 

0.47˃ F
1Ҡ 1Ҡ 

iZ
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Figure 3-39 Input shunt measurement fixture  

 

 

 
Figure 3-40 Banana conducting wire impedance 

A three-terminal connection fixture is fabricated with smaller ESL, as shown in Figure 3-41, 

with its impedance measured from any two terminals in Figure 3-42, where the impedance is 0.58 

ɋ at 10 MHz, 10 times smaller than the original method. The fixture can be placed at the input or 

output side instead of the banana conducting wires.  

 

Figure 3-38 Input shunt measurement fixture schematic 

diagram 
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                                                  Figure 3-42 Designed short-circuit fixture impedance 

3.5.3  Shunt PCB improvement  

In addition, the connections to the shunt boards are tested. Figure 3-43 shows an amplification 

of one corner of the input shunt PCB board, where the (right) banana connector is wielded on the 

one joint sheet on the PCB (GND copper sheet in the Figure 3-44).  This joint is  connected to the 

back of the board through a via hole, which is the ground of the PCB. Generally, the via hole will 

contribute extra ESL in the loop. This phenomenon is verified with the measurement performed 

as shown in Figure 3-44. The input shunt will be taken into several parts, each of which is measured 

to find the biggest ESL contributor.   

                                
Figure 3-43 Detailed input shunt PCB connection 

Figure 3-41 Designed 

short-circuit fixture 
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Figure 3-44 Separation of the input shunt in one branch 

Table 3-6 lists the measurement of the separate parts in the input shunt PCB. Obviously Case 

2 has the biggest real part. However, the ESL part is integrated in Case 3 where the impedance 

degree is close to 90 with quite a large magnitude. Therefore, the via hole connection needs to 

provide avoidance. Finally, the banana connection for GND is directly welded on the back of the 

shunt PCB. The same improvements are made for the output shunt PCB. 

 

Table 3-6 Comparison of the measurement for different parts of the input shunt in one branch 

@10MHz Magnitude (Ý) (ꜘDegree) Real part (Ý) 

1 1.84671 -85.8278 0.248 

2 1.37918 7.119926 1.368 

3 1.51067 76.2766 0.494 

4 1.52772 -0.3717377 1.52 

5 5.71314 82.5155 0.74 

   

3.5.4  Improved shunt impedance and the updated UBM results  

With the improvement in the shunt PCB and the measurement fixture, the new shunt 

impedances measurements are exhibited in Figure 3-45 for comparison with the original shunt 

impedances. In this way, the shunt impedances are smaller than the inverter impedances more than 

10 dB apart from the 10 MHz point, and 20 dB smaller below 8 MHz. With this new shunt 

measurement and the shunt case measured spectrums, the optimization can be performed and the 

validation is predicted to assess the positive effect from this developer.  
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Figure 3-45 Comparison between the original and new shunt impedance measurements 

First, compare the new prediction before optimization in Figure 3-46 with the original in the 

shunt case shown in Figure 3-23. The new result gets a better match thanks to the clarified shunt 

impedance measurement. The original shunt impedances used in the prediction are larger than the 

real ones. Actually, the clarified shunt case can give a pretty good prediction already, relieving the 

pressure on the optimization. Comparing the new prediction in the shunt case shown in Figure 

3-47 with the original one shown in Figure 3-26, the new prediction results match the 

measurements better. Take the validation as the final comparison: the new results (Figure 3-48) 

for the 20 KHz case imply good prediction to 10 MHz and the results for the 70 kHz case (Figure 

3-49) expands the UBM prediction capacity to 10 MHz, as opposed to the original prediction 

capacity, which was 5 MHz. 

 
Figure 3-46 Comparison between the measurements and predictions for the 20 kHz shunt case with clarified shunt 

impedances 
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Figure 3-47 Comparison between the measurements and predictions after optimization for the 20 kHz shunt case 

with clarified shunt impedances 

 

Figure 3-48 Comparison between the measurements and predictions for the 20 kHz validation case with clarified 

shunt impedances 
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Figure 3-49 Comparison between the measurements and predictions for the 70 kHz validation case with clarified 

shunt impedances 

 

3.6 Noise floor issue and its developer  

3.6.1  Origin of the noise floor issue and its effect on the UBM  

For now, the UBM prediction capacity is limited to 10 MHz. The limitation to further 

improvement is called the noise floor. Focusing on the spectrums above 10 MHz from Figure 3-47 

to Figure 3-49, we can see that they are flat as a floor, which is caused by the limited vertical 

resolution of the oscilloscope.  

The general method to perform an EMI behavioral model is based on some measured current 

or voltage spectrums. The oscilloscope is needed to capture the time domain waveform with high 

sampling frequency (100 MHz at least). During the experiment, the vertical resolution is adjusted 

to trap the waveform in the oscilloscope screen as the system can only restore the data within the 

screen. The smaller vertical resolution is determined by the largest peak in the waveform. The 

smallest signal captured is limited by the chosen vertical resolution. For example, the oscilloscope 

working with the experiment ð RTO 1014 from Rohde & Schwartz ð has a single-core 

architecture for AD (analog to digital) transformation with more than seven effective bits (128) 

(Figure 3-5048), which is fairly high compared to the oscilloscope currently on the market, which 

has a 1G sampling frequency. (The higher sampling frequency oscilloscope has smaller effective 

bits in the AD.) Figure 3-51 from the scope manual also shows the claim that the noise floor, the 

smallest signal the scope can capture, will increase with the increased vertical sensitivity (also as 

vertical scale). Moreover, if the sensitivity increases to 10 times larger, the noise floor will increase 

10 times (20 dB), which is experimentally verified in Figure 3-52 by taking measurements with 

different vertical scales on the same signal. 
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Figure 3-50 RTO 1014 effective bits with input frequency 48 

 

 
Figure 3-51 Vertical system noise floor of RTO oscilloscope 

In Figure 3-52, the spectrums in ó1 V/divô are 20 dB higher than those in ó100 mV/divô at one 

fixed frequency point. The larger the vertical scale, the larger the smallest measured signal is and 

the higher the noise floor is. In the shunt case with the largest CM spectrum of all the cases, the 

noise floor issue is more serious. Figure 3-53 compares the CM current spectrums in the 20 kHz 

and 70 kHz shunt case. For the 20 kHz case, the spectrum decreasew with the increased frequency 

up to 6 MHz, where the spectrum touches the noise floor and tends to be flat. The real spectrum 

above 6 MHz is hidden by the noise floor. As for the 70 kHz case, where the spectrum is higher 

than that of 20 kHz case, the noise floor starts at 8 MHz at the input side. However, the noise floors 

in the 20 kHz and 70 kHz input spectrums all start at around 70 dBɛA, owing to the same scale 

during the two experiments. At 6 MHz, the 20 kHz input spectrum reaches 70 dBɛA. However, at 

the same point, the 70 kHz input spectrum has a larger magnitude and touches 70 dBɛA when it 

goes to 8 MHz. As for the output spectrum, the noise floor of the 70 kHz case also starts from 6 

MHz, which is the same as that of the 20 kHz case, due to the larger vertical scale it uses compared 

that of the 20 kHz case. The 20 kHz output spectrum touches the noise floor with a magnitude 

around 70 dBɛA. Though the 70 kHz case has a larger spectrum in the whole range, the noise floor 
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for the 70 kHz output spectrum starts with a magnitude around 80 dBɛA, as the larger the scale it 

uses, the higher the noise floor will be. 

 
Figure 3-52 Comparison the spectrum measurements with different vertical scales on the same signal 

 

 
Figure 3-53 Comparison of CM current spectrums in 20 kHz and 70 kHz shunt case 

A similar issue also exists in the validation case but not in the series case. Recalling the series 

case spectrum in Figure 3-18 (20 kHz case), and Figure 3-28 (70 kHz case), the noise floor starts 

above 30 MHz. As a result, in the shunt and validation case, or any other case with the noise floor 

issue below 30 MHz, there exists the need for an effective solution. 
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3.6.2  Developer:  segmented frequency range measurement with high -pass filter  

In order to find the spectrum below the noise floor, one possible solution is to use a smaller 

vertical scale to measure the spectrum, which is determined by the highest peak of the spectrum. 

If a high-pass filter is connected between the current probe and the oscilloscope, the spectrum with 

the highest peak can be effective to a higher frequency with the lower noise floor using a smaller 

vertical scale.  

A. Spectrum measured with high pass filter 

In order to certify the feasibility of the filter as a solution to the noise floor issue, several 

experiments are performed with a 5 MHz high-pass filter and a 10 MHz high-pass filter. The C-L-

C high-pass filters are designed with simulation software called Filter Free 2014 from Nuhertz 

Technologies, whose topologies and parameters are shown in Figure 3-54 and Figure 3-55, along 

with some design characteristics in Table 3-7. The transfer gain measured with a network analyzer 

for the fabricated filters are shown in Figure 3-56, in accordance with the simulation results. 

 
Figure 3-54 Topologies and parameters of 5 MHz (left) and 10 MHz (right) high-pass filter 

  

 
Figure 3-55 Fabricated filters of 5 MHz (left) and 10 MHz (right) high-pass filter 
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Table 3-7 Design characteristics of the high-pass filter 

High-pass Filter Design 5 MHz 10 MHz 

Pass band frequency 4.52MHz 10.2MHz 

Pass band Attenuation 3.01 dB 3.01 dB 

Impedance 50 Ohm 50 Ohm 

Topology order 3rd 3rd 

 

 
Figure 3-56 Measured transfer gain for the high-pass filters 

Two filters are then inserted between the current probe and the oscilloscope separately in the 

experiments. Figure 3-57 and Figure 3-58 show the spectrum without filters and with filters in the 

shunt cases, with the vertical scale chosen for the different conditions in Table 3-8.  Take the output 

20 kHz shunt case spectrum as an example. The noise floor of the spectrum without filter starts 

from 6 MHz with the vertical scale of 1 V/div, and the highest peak in the spectrum reaches 120 

dBɛA. When the 5 MHz filter is inserted, the highest peak drops to 90 dBɛA. As a result, a smaller 

scale as 100 mV/div is chosen and the noise floor is pushed 20 dB lower, starting from 15 MHz. 

In the 10 MHz filter case, the highest peak is further reduced to 70 dBɛA and the noise floor is 

pushed above 30 MHz with the vertical scale of 50 mV/div. In conclusion, the high-pass filter will 

help push the noise floor to a higher frequency with the smaller vertical scale in the chosen 

compatible oscilloscope.  

In addition to the spectrum analyzer results shown in the two figures above, above 6 MHz, 

the 5 MHz filter results match with the results without a filter up to 10 MHz, where the noise floor 

starts. The 10 MHz filter helps to find the spectrum above 15 MHz up to 30MHz, where the 

spectrum matches that of the 5 MHz filter around 20 MHz. Hence the whole frequency range can 

be separated into three segments: 10 kHz ~ 6 MHz, 6 MHz ~ 15 MHz and 15 MHz ~ 30 MHz, 
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corresponding to the following conditions: without filter, 5 MHz high-pass filter, and 10 MHz 

high-pass filter. 

 

 
Figure 3-57 Comparison among the spectrum without filter, with 5 MHz and 10 MHz high-pass filter in the 20 kHz 

shunt case 

 
Figure 3-58 Comparison among the spectrum without filter, with 5 MHz and 10 MHz high-pass filter in the 70 kHz 

shunt case 
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Table 3-8 Vertical scale in the oscilloscope during different experiments 

      ** *30dB: 30 dB attenuation is added at the oscilloscope terminal to trap the whole waveform in the screen 

 

B. High-pass filter cooperation with UBM 

It is already verified that the spectrum can cover the whole EMI range with the help of filters 

if the spectrums under the three conditions can connect as one. At any rate, the filter can change 

the input signal magnitude and phase of both. If the phase information in the three conditions can 

be ignored, considering only the magnitude of the spectrum, the connection can be completed by 

chopping the spectrum and putting it in order after the experiments. However, the assumption that 

the phase can be ignored needs verification before using the segmented spectrum in UBM. 

Firstly in the choke case, though there is no noise floor issue, the assumption is challenged. 

For example, in the choke case, the experiment without filters is performed first where the input 

and output currents are measured simultaneously. Then, in the same case, the input and output 

currents are measured separately in two experiments. The noise sources extracted in the first 

condition are calculated as (5.14) (or 5.4). The phases of  and  are aligned with those of 

 and  , which are aligned with each other due to the simultaneous measurement. In the 

second measurement, where the input and output currents are not measured at the same time, there 

are some unpredictable phases between the two currents. Because of this unpredictability, the two 

measurements are performed at the same phase point. As a result, there will be some phase delay 

in the calculated noise sources in (5.15).  

   (3.13) 

   (3.14) 
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V/div 
Validation Shunt (*30dB) 

input output input output 

20k 

w/o 50m*30dB 100m*30dB 1 1 

5MHz 500m 400m 100m 100m 

10MHz 400m 200m 40m 50m 

70k 

w/o 100m*30dB 100m*30dB 1 1 

5MHz 500m 400m 200m 200m 

10MHz 400m 200m 50m 50m 
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 Using (5.14) and (5.15) to predict the currentôs spectrum, and in some cases separately as 

(5.16) and (5.17), the second spectrum magnitude will not match the same prediction as the first 

condition due to the unaligned phase in the noise sources. In conclusion, in the choke case, all 

measured spectrums should have aligned phases or be measured simultaneously. As stated, the 

phase information cannot be ignored here. The filter method used to overcome the noise floor in 

the choke case is not available. 

   (3.15) 

   (3.16) 

In the second experiment in UBM, the shunt cases with larger CM noise are chosen, and the 

noise floor issue is most serious in the shunt case, owing to fact that it has the largest noises. In the 

UBM extraction procedures, the shunt case spectrums are used to perform optimization where the 

aim is minimizing the error between the spectrum magnitude square in measurements and 

predictions as (5.11). The effective information from the experiment to the model is the current 

spectrum magnitude. No phase information is relevant here. If the input and output current are not 

measured at the same time, there may be some unpredictable phase delay between them. However, 

this does affect the model and the optimization process.  

For the validation case, a comparison between the measurements and predictions is performed, 

where the topic is spectrum magnitude. The phase information remains insignificant. 

Consequently, the filter method can apply to the shunt and validation cases.  

Figure 3-59 and Figure 3-60 exhibit the connected and assembled spectrum in the 20 kHz 

shunt and validation cases, which are adapted to the optimization process and validation 

comparison. The 20 kHz predictions for the shunt case (Figure 3-61) and the validation case 

(Figure 3-62) with new optimized inverter impedances match the measurement to almost 30 MHz. 

For the 70 kHz case, the connected spectrum in the shunts in Figure 3-63 is adapted into the 

optimization and its results for the shunt prediction in Figure 3-64 and for the validation case in 

Figure 3-65 implies that the UBM can also give good predictions over the whole EMI range. 

Focusing on the spectrum above 10 MHz in Figure 3-61 to Figure 3-65, there is still some 

mismatch. For example, in the shunt 70 kHz case, the measurement shows some peak between 20 

MHz and 30 MHz, which the prediction cannot capture clearly. This illustrates an existing 

weakness in the UBM reliability  prediction.  
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Figure 3-59 The connected spectrum based on the spectrum without filter, with 5 MHz and 10 MHz high-pass filter 

in the 20 kHz shunt case 

 
Figure 3-60 The connected spectrum based on the spectrum without filter, with 5 MHz and 10 MHz high-pass filter 

in the 20 kHz validation case 
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Figure 3-61 Comparison between the measurements and predictions for the 20 kHz optimized shunt case with the 

connected spectrum 

 
Figure 3-62 Comparison between the measurements and predictions for the 20 kHz validation case with the 

connected spectrum 
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Figure 3-63 The connected spectrum based on the spectrum without filter, with 5 MHz and 10 MHz high-pass filter 

in the 70 kHz shunt case 

 

 
Figure 3-64 Comparison between the measurements and predictions for the 70 kHz optimized shunt case with the 

connected spectrum 
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Figure 3-65 Comparison between the measurements and predictions for the 70 kHz validation case with the 

connected spectrum 

 

3.7 Re-designed choke impedance in the high frequency 

3.7.1  Choke design for higher impedance above 10 MHz  

To improve the UBM prediction above 10 MHz, another impedance assumption in the model 

extraction ð that the input and output impedances in the choke case should be much larger than 

the inverter impedances ð is checked. However, the choke case curve in Figure 3-17 is 10 dB 

larger than the inverter impedance at 30 MHz. With this choke impedance, the noise sources are 

calculated in (5.4) and the inverter impedances are ignored, as they are comparable with the choke 

impedances. As a result, the noise sources lose accuracy above 1 MHz. Therefore, the chokes need 

higher impedances, and should be above 10 MHz as a whole.  

In order to increase the choke impedances, a common method of increasing the inducatance 

by increasing the turn number is employed. However, with the turn intensive on the core, not only 

will the inductor core possibly be saturated, but the equivalent parallel capacitance (EPC) will also 

be more obvious and dominate the impedance at high frequency. As a result, the choke impedance 

at the lower frequency is higher, but is also lower at high frequency.  

Another method to increase the inductor impedance is to put a small-value inductor in series, 

whose resonant frequency is located above 10 MHz and whose impedance is low at kHz but high 

in MHz. As a result, the total impedance of the two inductors in series will be higher above 10 

MHz. Figure 3-66 lists some CM input chokes with their resonant frequency located at 800 kHz, 

40 kHz, and 3 MHz, and their inductance as 15 mH, 40 mH, and 0.8 mH at 10 kHz separately. 
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Focusing on the impedance above 10 MHz, the third example with the smallest inductance and 

highest resonant frequency is the largest. The impedance above 10 MHz is mainly the EPC 

impedance, which is dependent on the turning intention. The more intensive the winding is, the 

larger the EPC and the smaller the impedance above 10 MHz.   

In the choke experiments described above, the input choke is composed of Choke 1 and Choke 

2. Therefore, in the input impedance curve (Figure 3-17 and Figure 3-67) in the choke case, there 

are two peaks rather than one. In order to increase the impedance above 10 MHz, a third choke is 

put in series, as shown in Figure 3-66, where the resonant frequency point is much larger than that 

of Choke 1 and 2. Thus, the total input impedance is increased above 10 MHz in the comparison 

between the old and new input choke designs (Figure 3-67).  

 
Figure 3-66 CM input chokes and their impedances-frequency curves  

1 2 

3 
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Figure 3-67 Comparison of the input impedance in the choke case between the original and new design  

As for the output, a second choke (Figure 3-68 Choke 2) is put in series with the original 

output choke (Figure 3-68 Choke 1). Choke 2 has smaller inductance but smaller EPC as well. As 

a result, Choke 2 has high impedance above 10 MHz, 5 dB larger than that of Choke 1. With the 

second choke in series between the inverter and load, the output impedance in the choke is changed 

from the light blue curve in Figure 3-69 to the dark blue one.  

 

 
Figure 3-68 CM output chokes and their impedances-frequency curves 
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