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The fast voltage and current transitions in the variable frequency drives contribute to various 
high frequency disturbances in power systems and equipment connected to it. Developing high 
frequency model for the devices and their analysis are essential for predicting the electromagnetic 
interferences (EMI) issues and designing suitable mitigation methodologies. In this paper it is 
shown that a high frequency model of an induction motor can be developed by the impedance 
measurement at the terminals of the standstill machine. The model is verified through actual 
measurements by assembling a Line Impedance Stabilization Network (LISN) for conducted 
emission measurement. In addition to the Electromagnetic Compatibility (EMC) issues at the 
utility supply side, the conducted emission also causes unwanted Electromagnetic Interference 
effects at the motor side. Hence an EMI filter is to be incorporated at both sides of the drive. It 
is seen that by suitably selecting the switching frequency and the inverter configuration, the EMI 
filter at the motor side can be dispensed with. 
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1. Introduction 
 

Variable frequency drives (VFD) or adjustable speed drives are used for the control and 

regulation of AC motor speed and torque. This regulation is achieved by varying the 

magnitude and frequency of motor input voltage through the controlled switching of power 

electronic converters. The progress in power electronic technology over the last few decades 

has resulted in improvement of drive performance through better semiconductor switching. 

The semi conductor switches in these converters are switched at high frequencies to attain 

high overall efficiency. These drives with fast switching devices act as high frequency noise 

sources or as Electromagnetic interference (EMI) sources [1]-[4]. 

Standards define conducted emission bandwidth as 150 kHz to 30 MHz [4],[5],[6]. It is 

observed that noise frequencies well below 150 kHz also produces unintended system mal-

operations and the lower range is to be extended for some applications [5],[7]. Power 

electronic switching generated disturbances are distributed in the lower frequency range of 

the conducted emission band width [1],[5],[7].  

When the inverter switches are connected and disconnected from the line, sparks occur 

between their mechanical contacts. These recurring arcs generate Electrical Fast Transients 

or EFTs. EFTs are characterised by repetitive short duration pulses, and causes 

Electromagnetic interference [2]. The pulse width or the on time of the inverter output 

voltage pulses and the magnitude of the load current interrupted by the inverter switches 

determines the severity of disturbances resulting from EFTs. 
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 The coupling of EMI to the source and the motor is through parasitic capacitances 

which comes into effect at high frequencies. The high frequency modelling and simulation 

will help in determining the EMI effects in the system and for designing appropriate 

mitigation measures. In this paper, high frequency model of induction machine and inverter 

is developed using measurements and datasheet parameters. The model is simulated using 

MATLAB/ SIMULINK platform and the EMI effects on the source and the motor are found 

out. Model verification is done by measuring the electromagnetic interferences using a 

modified Line Impedance Stabilization Network (LISN) in the system and found to be 

matching. The effect of switching frequency and inverter configuration on EMI are also 

analysed in this paper. 
 

2. System model 

 

A system consisting of a Voltage Source Inverter (VSI) drive supplying power to a 5 Hp 

induction motor is considered and its block diagram is given in Fig.1. The motor is energized 

from a three phase 50Hz supply through an IPM based power module PEC16DSMO1. It 

comprises of a full wave diode rectifier followed by a dc link capacitor and a fully controlled 

sinusoidal pulse width modulated (SPWM) inverter. The following section explains about the 

high frequency equivalent circuit of various devices used in the system. 

 

Figure 1. Block Diagram representation of the System. 

 

2.1.Modelling of IGBT and inverter 

 

The inverter is connected to a three phase 50Hz power supply through a rectifier. The 

inverter switches the DC voltage available at its input terminals to produce a pulsed voltage 

similar to AC at the output. The switching section uses high frequency insulated gate bipolar 

transistors (IGBTs) to invert the DC voltage back to AC voltage of proper frequency. The 

fast voltage and current transition associated with the IGBT switching is a major source of 

high frequency noise. For obtaining the turn-on and turn-off dynamics of IGBT switches, 

they are modelled as voltage controlled current sources with parasitic capacitances between 

the three terminals. The IGBT model is given in Fig.2 [8]-[10]. The parasitic inductances of 

the power circuit are represented by a lumped single inductance Ls and the load current 

through the switch is represented by a constant current source IL. Vg   represents the gate 

pulse for firing the IGBT switch through a gate resistance Rg. The following stray 

capacitances are incorporated in the IGBT model : capacitance between gate terminal and the 

collector terminal Ccg, capacitance between gate terminal and emitter terminal Cge and the 

capacitance between  collector terminal to emitter terminal Cce. When the gate pulse transits 

from Vg- to Vg+, the IGBT input capacitors Ccg and Cge are charged by the gate current. When 

Vge reaches the gate threshold voltage Vth of the IGBT, it starts conducting and the collector 
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current starts increasing. The IGBT parameters are calculated from GA100TS60U IGBT 

datasheet and the model is verified by comparing the turn on and turn off characteristics from 

the datasheet with that obtained from simulation. The  three phase inverter modelled using 

the above IGBT models drives the induction motor. 

 
 

Figure 2. IGBT behavioural model. 

 
2.2.Modelling of induction motor 

 

The motor considered is a four pole, 5 Hp,  400 V/ 50 Hz squirrel cage induction motor. 

For determining the EMI effects on the motor, its high frequency modelling and 

parameterization are performed using the common mode and the differential mode 

impedance characteristics. The common mode (CM) impedance is measured across the two 

port network formed by parallel connection of the three phases of the stator winding, and the 

ground wire. The differential mode (DM) impedance is measured across a two port network 

formed by connecting any two stator winding  phases in parallel and the remaining third 

phase [11]-[14]. Measurement of the differential mode (DM) and the common mode (CM) 

impedance characteristics of the considered machine are carried out using   impedance 

analyzer (Wayne Kerr make, 6505B) for a frequency range from 20 Hz to 10 MHz, when the 

machine is stationary and disconnected from the supply [11]-[14]. The impedance 

characteristics obtained is given in Fig. 3(a) and Fig. 3(b). 

The equivalent circuit of the motor and its parameters are obtained from characteristic 

points on the impedance characteristics of the motor shown in Fig. 3(a) and Fig. 3(b) and 

also from motor geometry. The capacitances Ctotal and CHF are calculated from the CM 

impedance characteristics ZCM [12],[13]. The impedance magnitude and resonant frequency 

of first zero point (Z1) is obtained from the CM impedance characteristics, ZCM. The low 

frequency DM inductance LDM is calculated from the measured DM characteristics ZDM. The 

resonant frequencies and impedance magnitudes of the peak point (P) and of the second and 

third resonance points (Z2 and Z3)  are measured from DM impedance ZDM. Further, the high 

frequency equivalent circuit parameters are calculated based on the equations given in 

Appendix.1. The calculated high frequency parameters for the induction motor  is given in 

Table 1. 
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The high frequency per phase motor equivalent circuit developed from the measured 

impedance characteristics is shown in Fig.3 (c). The parameters Rg1 and Cg1 represent the 

parasitic resistance and capacitance between the stator winding and the motor frame and Rg2 

and Cg2 represent the parasitic resistance and capacitance between the stator neutral and the 

motor frame. Ld represents the leakage inductance of stator winding and Re accounts for the 

high frequency stator iron loss. Lt and Ct are included to reproduce the second resonance in 

the impedance characteristics resulting from the skin effect and the inter-turn capacitance of 

stator windings. For simulating the machine operation for different load conditions, the rotor 

impedance at slip frequency sLr and the load on the system are R(1-s)/s are represented in the 

per phase motor model. 

 
  (a) 

 
(b) 

 

 
(c) 

 

Figure 3. (a) Measured CM impedance characteristics. (b) Measured DM impedance 

characteristics. (c) High frequency per Phase motor equivalent circuits. 
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Table 1. Parameters For High Frequency Motor Model 
Motor Parameters Values 

Rg1 38.6 Ω 

Rg2 228 Ω 

Rt 5.2 Ω 

Lt 18.3 mH 

Ld 83.6 mH 

Cg1 306.8 pF 

Cg2 1206.9 pF 

Ct 252.3 pF 

Lzu 619.3 nH 

Re 44.4 kΩ 

 

2.2.1. Common mode equivalent circuit of the system 

 

The response of the motor to high frequency noise is predominantly capacitive. Bearing 

current and shaft voltage are formed as a result of the interaction of high frequency switching 

signals and the stray capacitances. To analyse the common mode leakage current that occurs 

due to interaction of line to ground stator winding capacitance with PWM drive output and to 

understand the motor bearing current issues, a single line CM equivalent circuit which 

includes the parasitic parameters of the motor and the bearing is used for simulation and is 

given in Fig.4. Vcinv represents the CM voltage at the inverter output and Icinv represents the 

circulating common mode current. The parasitic capacitors that are to be taken into 

consideration are the following: the stator winding to motor frame capacitance (Csf), the air 

gap capacitance or stator winding to rotor capacitance (Csr),  the rotor to the motor frame 

capacitance (Crf)  and the bearing capacitance (Cb). Here, Csf represents the sum of line to 

ground stator capacitances Cg1 and Cg2 of all the three phases and Cb represents the insulation 

provided by the lubricating film between bearing ball and inner/outer bearing races. Switch 

SW is used to represent the non linear behaviour of dielectric breakdown of the bearing 

lubrication.  It is closed when the voltage across the bearing Vb is greater than the dielectric 

breakdown voltage of the lubricating film, and is considered open when the voltage is less 

than the breakdown voltage. For the PWM operation static breakdown threshold voltage of 

the bearing lubricating film is around 10 V [15]-[18].  

 
Figure 4. Common mode equivalent circuit of inverter driven motor. 
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The air gap capacitance Csr is very small and its value is approximated as 100pF. For 

obtaining the value of capacitance Crf, the capacitance characteristics between the motor 

shaft and the motor frame is measured using impedance analyzer.  

When dielectric breakdown of the bearing grease have not occured, the current flowing in 

the second path, through Csr and Crf, charges the capacitance Crf to a voltage, which appears 

as the bearing voltage Vb across  capacitance Cb. When voltage Vb becomes greater than the 

threshold  breakdown voltage of the bearing lubrication, it breaks down and the capacitor Cb  

is then replaced by a short circuit between the rotor shaft and the grounded frame. This 

condition is represented by the closure of the switch SW of  Fig.4. Now the capacitance Crf 

discharges in a closed loop through the switch SW. Due to the discharge of the capacitance 

Crf, a high pulse current flows through the bearing. Recurrence of such current through the 

bearing will result in bearing damage. 

The equivalent circuits shown in Fig.3 and Fig.4 are incorporated in the system model and 

is analyzed through simulation for various operating conditions using MATLAB/SIMULINK 

environment.  

 

3. Result and analysis 

 

The SIMULINK model of the high frequency equivalent circuit of three phase induction 

motor used for the simulation is given in Fig.5. Lzu is the parasitic inductance due to 

connecting leads. The common mode circuit is also incorporated in the system to study the 

EMI effects on the bearing. To ensure compliance to EMI standards specified by Comite 

International Special des Perturbations Radioelectriques (CISPR), the conducted emission is 

measured between three phase supply and the converter by using a Line Impedance 

Stabilization Network (LISN) or Artificial Mains Network (AMN) [2],[5]-[7]. The LISN 

provides a standard stable impedance of 50Ω, across which the emission is measured. Since 

some applications require emission data for noise frequencies well below the specified 

standard, the LISN is modified for providing accurate measurement in the lower frequency 

range. Fig.6 shows a precise, low cost LISN design suitable for conducted emission 

measurements in lower frequency range starting from 10 kHz [19],[20]. The LISN employs 

an LC filter circuit in addition to the measurement circuit for effectively decoupling the 

measurement port from disturbances in the supply mains and thus ensures correctness of the 

measurement for frequency components starting from 10kHz. The additional filter section is 

added to modify the resonance conditions occurring in the standard LISN at 10 kHz 

frequency and thus to overcome the drawbacks of standard LISN. 

 

3.1.  Effect of switching frequency on electromagnetic emission and bearing current. 

 

The effect of switching frequency on electromagnetic emission and bearing current is 

studied through simulation and experimental measurement. The conducted emission data 

obtained from simulation of the system model for switching frequencies 12 kHz and 20 kHz 

are plotted in Fig.7 (a). It is observed that the conducted emission for the frequency band 150 

kHz to 30 MHz remains similar irrespective of the switching frequency. However for the 

lower frequency band of emission spectrum, the system with lower value of switching 

frequency has higher magnitude of conducted emission. This is because with the rise in 

switching frequency, the lower order harmonics (LOH) are pushed further in frequency 
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spectrum [9],[21]. Similar variation in the emission is obtained from measurement using 

LISN, and is given in Fig.7 (b). From the measured data it is seen that the average conducted 

emission is higher in the lower frequency band of conducted emission spectrum, when the 

inverter is operated with lower switching frequency.  

 

 
Figure 5. Model of Induction Machine and Bearing Circuit used in MATLAB/SIMULINK. 

 

The shaft voltage, the bearing current and the ground leakage current obtained from 

simulation of the system model under full load operation for the two switching frequencies 

12 kHz and 20 kHz are plotted in Fig.7 (c) and Fig.7 (d). For the higher switching frequency 

fsw = 20 kHz, even when operated under full load, the shaft voltage does not build up to the 

threshold break down voltage of the bearing insulation and therefore bearing current is 

absent. This is because for high switching frequency, even the lowest order harmonics are 

moved further in the frequency spectrum and therefore have short pulse 'on' width during 

which the EFTs are active, followed by closure of the IGBT switch and the EFTs get 

extinguished. Therefore at higher switching frequencies the stray capacitors are not charged 

to sufficiently high potential to cause bearing current. From the emission data shown in 

Fig.7(a), it can be concluded that the lower order components in the conducted emission is 

causing the bearing break down. 
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Figure 6. . Modified LISN Circuit. 

 
(a) 

 
(b) 

 
(c) 
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(d) 

Figure 7. Conducted Electromagnetic Emission measured on the supply side  for inverter 

switching frequency 12 kHz and 20 kHz through.  (a) Simulation. (b) Experiment. 

Simulated waveforms of bearing voltage Vb, bearing current Ib and ground leakage current Ig, 

for full load operation with  (c) switching frequency fsw= 12 kHz. (d)  switching frequency  

fsw=20 kHz. 

 

The spectral bounds of an inverter output voltage pulses for two different switching 

frequencies, i.e. 12kHz and 20kHz, are shown in Fig.8. For comparison, in both the cases 

50% duty ratio is considered with same input dc voltage. The rise time and the fall time is 

approximated to their average value 'τr'. Since the rise time and fall time are device 

characteristics, it remains the same for both  switching frequencies and therefore the second 

break point 1/(πτr)  is the same for both the plot. However with increase in switching 

frequency , the signal time period T as well as the pulse width 'τ' decreases. As a result the 

first breakpoint which is equal to 1/(πτ)  moves further in the spectrum as shown in Fig.8 

[7],[9],[22].  

 
Figure 8. Spectral bounds of trapezoidal voltage pulses for frequencies 12kHz and 20kHz. 

Thus for high switching frequency even the lowest order harmonics are further in the 

frequency Spectrum and have relatively short pulse 'on' duration 'τ' compared to lower 

switching frequencies. Therefore the EFTs can charge the capacitor Crf only to a lower 

voltage magnitude. As a result the probability of shaft voltage building to the threshold value 

is less. This explains why the EMI effects like shaft voltage and bearing breakdown does not 

form a threat when the system is operated at higher switching frequencies 

 

3.2. . Effect of inverter configuration on electromagnetic emission. 

 

Employing appropriate inverter topology reduces the insertion loss requirement on the 

EMI filter. Fig.9 (a) displays the conducted emission for a two level and a three level diode 

clamped inverter operated under similar load condition with switching frequency of 12kHz 
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[23],[24]. The simulation results can be justified based on the spectral magnitude bounds of 

the two output voltages as shown in Fig.9 (b). In three level inverter the voltage transits 

between 0 to (Vdc/2) and (Vdc/2) to Vdc, while in two level inverter the transition is 

between 0 and Vdc, Vdc being the dc input voltage to the inverter. The output trapezoidal 

pulse transitions in a three level inverter has half the magnitude compared to two level 

inverter. As a result the starting point of the spectral magnitude bounds in a three level 

inverter is well below that of the  two level inverter and the attenuation requirement on the 

EMI filter is less for a three level inverter enabling reduced filter size. 

 
(a) 

 
(b) 

Figure 2. (a) Conducted emission for two level and three  level inverter .  (b) Spectral bounds 

of two level and three level inverter. 

 

4. Design of EMI filter. 

 

To prevent the above mentioned high frequency signals from reaching the supply and the 

motor, EMI filters are incorporated in the system. The system can thus be made to conform 

to the  EMC standards. In order to determine the filter component values, the system is 

simulated and the emission data is analyzed. Considering the operating condition with 

maximum deviation from the emission standards, the required attenuation is calculated using 

(1) [25]. 
[ ] [ ] [ ] [ ]

attreq hA dB V A dB V Limit dB V Margin dB Vµ µ µ µ= − +  (1) 

[ ]
attreqA dB Vµ  : Required attenuation in dBµV. 

[ ]hA dB Vµ       : Amplitude of the harmonic to  be attenuated in dBµV. 

[ ]Limit dB Vµ      : Maximum allowable amplitude as per the reference standard. 

[ ]Margin dB Vµ  : Safety margin taken as 6dBµV. 

 

The cut - off  frequency  ( 0f ) of L filter is given by (2) and (3) [15],[23]. 
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Here, hf  is the frequency component to be attenuated and filt_att  is the intrinsic 

attenuation offered by the filter. For an L type filter consisting of two energy storage elements, 

the intrinsic attenuation offered  is 40 dB/dec. 

The leakage current limits specified by   IEC 380 standards limit the filter capacitance Cy to 

3nF. The inductance L of the supply side filter is calculated to be 2mH using (3) and the 

resistance R is obtained as 1.2kΩ. The frequency response of the proposed L type EMI filter 

at the supply side is shown in Fig.10 (a). The filter is connected between supply mains and the 

drive, and is referred to as supply side filter. From the frequency response, it can be observed 

that the filter does not attenuate low frequency components of supply voltage, but provides 

high attenuation for higher frequency components. Thus the filter allows the power frequency 

components of supply voltage to flow to the load, while blocking the higher frequency 

components. It also bypasses and prevents the high frequency noises generated by the drive 

system from polluting the power mains.  

Installation of supply side EMI filter alone can not eliminate EMI effects on the motor such 

as the bearing current and shaft voltage. This situation necessitates the use of an EMI filter 

between the power electronic inverter module and the motor. System with both supply side 

and motor side filters is shown in Fig.10 (b). The motor side EMI filter consists of CM 

inductor L2 , along with capacitors C2 and a resistor R2. The CM choke limits the di/dt of the 

inverter output,  which in turn reduces the CM voltage at the motor terminals. The resistor and 

capacitor combination acts as a high pass filter. Since the lower order harmonics of the 

inverter output voltage spectrum is contributing to the bearing current and thus to the common 

mode voltage at the motor terminal, the cut-off frequency of the filter has to be fixed to a 

lower value than the switching frequency fsw. Hence for the design of motor side filter, cut-off 

frequency (f0) of the motor side filter is taken as half the switching frequency i.e f0 = (fsw)/2. 

Thus  high attenuation can be provided for frequency spectrum components beyond the first 

breakpoint in the spectral bound. The value of the filter capacitor is limited by IEC 380 

standards for safety reasons and therefore is a fixed design constraint. 

The filter components are calculated as L2=0.235H, R2=8.8kΩ and the  capacitor C2=3nF. 

The model is simulated after incorporating supply side and load side EMI filters. The 

conducted emission of the system is reduced considerably below the emission standards 

specified by CISPR, as shown in Fig.10 (c) [7]. The shaft voltage, the bearing current and the 

ground leakage current after incorporation of motor side EMI filter is also plotted and is given 

in Fig.10 (d). It is seen that the shaft voltage does not rise up to bearing breakdown threshold 

potential and hence there is no bearing current, even when the system is operating under full 

load for lower switching frequency. Thus the bearing current can be eliminated even for the 

worst operating conditions, i.e. when the inverter is switched at lower frequency under full 

load operation  with the incorporation of the EMI filter.  

From the analysis in previous section it can be concluded that by optimally choosing the 

switching frequency and the inverter configuration the insertion loss requirement on the EMI 
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filter can be brought down. The EMI effects like bearing breakdown are eliminated by 

incorporating a motor side EMI filter. Use of hybrid filter which incorporates active 

compensation along side the passive filter components also helps in reducing the filter size 

[26]. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. (a) The frequency response of the supply side EMI filter. (b) Motor Drive model 

with EMI filter at supply side and at motor side.  (c) Conducted Emission under full load at 

switching frequency of 12 kHz, after employing passive filter at supply side.  (d)  Simulated 

waveforms of bearing voltage Vb, bearing current Ib and ground leakage current Ig, under 

Full Load, fsw=12 kHz, with motor side filter as well as supply side filter. 
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5. Conclusion 

A high frequency equivalent circuit for the VFD system is developed to analyze EMI 

effects under various operating conditions such as variations in switching frequency and 

inverter configuration. It is shown by comparison with experimental measurement of the 

conducted emission that the stray inductances and capacitances selected aptly gives high 

frequency behavior. The high frequency equivalent circuit of induction motor developed 

from the measured motor impedance characteristics is used to simulate these effects. 

Even though the CISPR standards gives the lower frequency limit for the electromagnetic 

compliance to be 150 kHz, it is shown that the common mode disturbances having 

frequencies well below the specified lower limit are creating damages in the VFD. When the 

system is operated with lower switching frequency, the emission spectral bounds are 

observed to begin from lower value and the EMI effects are found to be significant. The 

common mode conducted emission and the problems like bearing current and shaft voltage 

can be reduced by switching inverter at higher switching frequencies and by using multilevel 

inverter configuration. 

An EMI filter on the supply side is a necessity in all cases for maintaining compliance to 

EMC standards. It is shown that, the insertion loss requirement on the filter can be reduced 

through proper choice of switching frequency and inverter configuration. Further, the size 

reduction of the filter components can be achieved by employing a hybrid filter topology 

reported by the same author. 
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7. Appendix  1 

 

The high frequency motor parameters are calculated from the measured CM and DM 

impedances using following relations [13]. 
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The following  Table.2  shows the component values of the new LISN used for 

measurement.  

 

Table 2.  Modified LISN Parameters. 

Component Value 

C1 1 µF 

C2 7.9 µF 

C3 0.1 µF 

L1 100 µH 

L2 50 µH 

R1 2.5 Ω 

R2 2.5 Ω 

R3 50 Ω|| 1 kΩ 

 


