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LPSRUWDQW�DVSHFW�LQ�WKH�GHVLJQ�RI�HOHFWURQLF�SRZHU�FRQYHUWHUV��7KH�FRPSOH[LW\�RI�HYHQ�
WKH�VLPSOHVW�RI�FLUFXLWV��QHFHVVLWDWHV�WKH�XVH�RI�QXPHULFDO�WRROV�IRU�DQDO\]H�DQG�SUHGLF�
WLRQ�RI�(0,��6HYHUDO�FLUFXLW�RULHQWHG�VLPXODWLRQ�SURJUDPV�DUH�DYDLODEOH�DQG�VXLWDEOH�
LQ� WKH� VWXG\� RI� FRQGXFWHG� LQWHUIHUHQFHV�� 7KH� PDLQ� SUREOHP� LV� WR� GHWHUPLQH� DQ�
HTXLYDOHQW�FLUFXLW�WR�UHSUHVHQW�DFFXUDWHO\�WKH�FRQYHUWHU�EHKDYLRU�LQ�D�ZLGH�IUHTXHQF\�
UDQJH��$W� KLJK� IUHTXHQFLHV� �FRQGXFWHG� LQWHUIHUHQFHV� DUH� FRQVLGHUHG�XS� WR� ���0+]��
WKH� SUHVHQFH� RI� SDUDVLWLF� FRPSRQHQWV� FDQQRW� EH� QHJOHFWHG� LQ� WKH� HTXLYDOHQW� FLUFXLW�
PRGHOLQJ�� 7KLV� SDSHU� DQDO\]H� WKH� LQIOXHQFH� RI� SRZHU� VZLWFK� PRGHOV� RQ� WKH�
GLIIHUHQWLDO�PRGH� (0,� VSHFWUXP�� )RU� WKLV� SXUSRVH�� D� SURSHU� HTXLYDOHQW� FLUFXLW� LV�
FRQVLGHUHG� WR� UHSUHVHQW� D� VLPSOH� VZLWFKLQJ� FHOO� �'&� FKRSSHU��� /LQH� ,PSHGDQFH�
6WDELOL]DWLRQ�1HWZRUNV��/,61V��DUH�HPSOR\HG�WR�JHW�WKH�(0,�VLJQDO�DFFRUGLQJ�WR�WKH�
,QWHUQDWLRQDO�6WDQGDUG��
 

Aims of the work

• *HQHUDO�DQDO\VLV�RI�FRQGXFWHG�(0,�RQ�WKH�LQSXW�VLGH�RI�SRZHU�FRQYHUWHUV��
In particular, a DC/DC buck chopper was considered as a basic switching cell (1 mosfet + 1 diode). 
Line Impedance Stabilization Networks (LISNs) are considered to standardize measurements. 
A detailed analysis of the HF current components flowing in the converter is presented. 

 

• &RPSDULVRQ�RI�QXPHULFDO�UHVXOWV�REWDLQHG�E\�PHDQV�RI�.5($1�DQG�363,&(��
The comparison starts considering ideal switches. The effects of the switches model (mosfet and 
diode) are emphasized. The models of the switches in KREAN and PSPICE are compared. The 
comparison is also extended to a International Rectifier (IR) model of a MOSFET. 

 

• 3URSRVDO�RI�VLPSOH�VZLWFKHV�PRGHOV�IRU�363,&(�DQG�.5($1�VLPXODWLRQV��
In particular, the finite turn-on and turn-off times, the off-state capacitances and the reverse recovery 
for the diode are taken into account. General considerations on the possibility to predict conducted 
EMI by means of numerical simulations are done. 

 

,1'(;
1. HF equivalent lumped parameter circuit for a switching cell 
2. HF current components and resonance loops 
3. Modeling the reverse recovery of the diode 
4. Modeling the commutations of the MOSFET 
5. NUMERICAL RESULTS 

5a. Conducted EMI with ideal switches 
5b. Effects of the commutation time 
5c. Conducted EMI with detailed switches models 
5d. Effects of the diode model 
5e. Effects of the MOSFET model 
5f. Simple models for MOSFET and diode 

6. CONCLUSIONS 
7. References
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���+)�HTXLYDOHQW�OXPSHG�SDUDPHWHU�FLUFXLW�IRU�D�VZLWFKLQJ�FHOO
The equivalent circuit for a switching cell, one suitable to be employed in circuit-
oriented simulation tools, is depicted in Fig. 1.1. The switching cell operates in forward 
conduction mode: the upper MOSFET performs the switching function while the lower 
MOSFET is kept off. Only the reverse parasitic diode of the lower MOSFET is active, 
and the lower MOSFET can then be replaced by a simple fast diode. 
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Fig. 1.1 - &KRSSHU�HTXLYDOHQW�FLUFXLW Fig. 1.2 - /,61�FLUFXLW 
Usually, on the source DC-side of the power converter, two kind of capacitors are con-
nected as depicted in Fig. 1.1. The electrolytic capacitor (Cel) has a large capacitance 
value (i.e. thousands of µH) but also a large parasitic inductance (Lel). The ceramic 
capacitor (Cce) has a lower capacitance (i.e. fractions of µH) but also a lower parasitic 
inductance (Lce). The meaning of all the parameters in this circuit is also well explained 
in [1] and [2]. In this case, there is no connection between the heatsink of the power 
switches and the ground (there is no capacitive coupling to ground). 
 
Between the DC source and the chopper, two Line Impedance Stabilization Networks 
(LISNs) are considered to reproduce the experimental set-up recommended to 
standardize measurements (Fig. 1.2). In fact, by specifying the serial impedance of the 
LISN to an appropriately high value, the impedance seen from the chopper (EMI source) 
will be largely independent of variations in the DC source impedance. The LISN 
establishes a standard profile of load impedance (resistive, 50 Ω at HF) toward the 
chopper and also filters out HF disturbances on the DC source that could create 
measurement problems [1], [3], [4]. 
Usually the LISNs are realized with components with extremely low parasitic effects 
and in this work the LISN’s parasitic will be neglected. 
 
The equivalent circuit shown in Fig. 1.1 does not represent the internal circuit models of 
the switches (MOSFET and diode). These models should take into account the finite 
turn-on and turn-off times, the off-state capacitances and the reverse recovery for the 
diode. All these aspects will be widely discussed farther on. 
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���+)�FXUUHQW�FRPSRQHQWV�DQG�UHVRQDQFH�ORRSV
The source of the conducted HF interferences is obviously the switching action per-
formed by the upper MOSFET. The qualitative time-behavior of  the switch current is 
represented in Fig. 2.1. 
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Fig. 2.1 - 6ZLWFK�FXUUHQW��XSSHU�026)(7� Fig. 2.2 - 5HYHUVH�GLRGH�FXUUHQW� 

The main aspects that should be highlighted are: 
 
♦ The rise time tr and the fall time tf.

7KHVH�WLPHV�GHSHQG�RQ�WKH�FRPPXWDWLRQ�VSHHG�RI�WKH�026)(7�LPSRVHG�E\�WKH�JDWH�
VLJQDO�DQG�E\�WKH�SDUDVLWLF�LQGXFWDQFHV�LQ�WKH�FRPPXWDWLQJ�ORRS��

 
♦ The current peak. 

7KLV�SHDN�LV�GXH�WR�WKH�UHYHUVH�UHFRYHU\�LQ�WKH�GLRGH��UHI��WR�)LJ��������,WV�DPSOLWXGH�
�,UU�,R� DQG�SHULRG��WUU WD�WE � D�PRUH�GDWDLOHG�DQDO\VLV�FDQ�EH�IRXQG�LQ�>�@��GHSHQG�RQ WKH� FRPPXWDWLQJ� VSHHG�� SDUDVLWLF� LQGXFWDQFHV� DQG� WXUQ�RII� FKDUDFWHULVWLF� RI� WKH�
IUHH�ZKHHOLQJ�GLRGH��L�H��FKDUJH�VWRUHG��4UU���

 
♦ The HF oscillations during turn-on and turn-off. 

7KLV�+)�FXUUHQWV�IORZV�LQ�WKH�ORRS�FRQVLVWLQJ�RI�WKH�SRZHU�VZLWFKHV�DQG�WKH�FHUDPLF�
FDSDFLWRU��,WV�IUHTXHQF\��I�� LV�GHWHUPLQHG�E\�WKH�RYHUDOO�VWUD\�LQGXFWDQFH�RI�WKLV�ORRS�DQG E\�WKH�RII�VWDWH�FDSDFLWDQFH�RI�WKH�026)(7�GXULQJ�WKH�WXUQ�RII�DQG�E\�WKH�RII�
VWDWH� FDSDFLWDQFH�RI� WKH�GLRGH�GXULQJ� WKH� WXUQ�RQ� �DIWHU� WKH� UHYHUVH� UHFRYHU\��� I�� ���π√/&��7KH�GDPSLQJ�IDFWRU�LV�GHWHUPLQHG�E\�WKH�GLVVLSDWLYH�HIIHFWV�LQ�WKH�ORRS��

 
Unfortunately, the presence of both the ceramic and the electrolytic capacitors determine 
a LC loop and the switching action of the MOSFET starts a HF current oscillation in 
this loop. The frequency of this oscillation, f1, is determined by the parasitic inductances 
in the loop and by the capacitance of the ceramic capacitor [2], [6]. 
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���0RGHOLQJ�WKH�UHYHUVH�UHFRYHU\�RI�WKH�GLRGH
In KREAN it is possible to model the first phase of the reverse recovery of a diode [7]. 
In particular, the reverse peak current Irr can be specified. Unfortunately, once the cur-
rent reaches -Irr the diode is turned off  and the diode’s resistance changes instantane-
ously from Ron to Roff. This abrupt change it’s quite unrealistic and could also generate 
mathematical instabilities. For this reasons, it is not possible to introduce the diode re-
verse recovery in presence of a series inductance. In fact, it causes VHF oscillations of 
the diode current and high overvoltages due the abrupt change of the diode current in the 
second phase of the reverse recovery (such as an ideal switches). This problem can be 
overcame by introducing a RC snubber in parallel with the diode. Unfortunately, the ca-
pacitor can interfere with the other reactive components of the simulated circuit generat-
ing unrealistic HF behaviors. However,  the value of the capacitance can be chosen ac-
cording with the parasitic junction capacitance of the diode. To avoid the HF commuta-
tions of the diode, the value of the snubber resistance must be great enough (i.e., more 
than Ohms) to prevent the voltage inversion across the diode during the oscillations (a 
voltage inversion turns-on the diode and starts HF commutations). On the other hand, 
the value of the resistance must not be so high (i.e., no more than kilo-Ohms) to vanish 
the effects of the capacitor. A value ranging between tens and hundreds of Ohms can be 
selected in order to match also the desired di/dt in the second half of the reverse recov-
ery (from -Irr to 0, time tb). Higher values of this resistance determine low tb with high 
di/dt and vice-versa. The first phase of the reverse recovery (the di/dt and the time ta) is 
not affected by the values of the diode’s RC snubber but it depends on the turn-on time 
of the upper switch and on the values of parasitic components in the commutating loop  
(i.e., inductances). 
Also in PSPICE the models of discrete diodes do not handle the second phase of the re-
verse recovery. However, in the MOSFET models of PSPICE, the body-diode turns-off 
in a soft manner due to the high capacitive effects between drain and source. In this case 
the second part of the reverse recovery is realistic enough. 
In order to avoid the sudden turn-off of the diode without additional capacitances, it is 
possible to consider external sub-circuits that can handle the second phase of the reverse 
recovery in a soft manner. Two different solutions can be considered: 
 �� Use an ideal diode adding the overall reverse recovery (both first and second phase) 

�� Use the KREAN’s or PSPICE’s model adding only the second phase (soft recovery) 

 
6ROXWLRQ��
This solution can be applied at the ideal diode both in KREAN and in PSPICE. The 
corresponding circuit is represented in Fig. 3.1. It consists of an additional RC circuit 
driven by a current-controlled current source (gain K1=1). A second current-controlled 
current source (gain K2) adds the capacitor current to the diode branch providing for the 
reverse recovery. By adjusting the values of K2 and Cc it is possible to modify the 
reverse current peak (Irr) and the period of the second phase of the reverse recovery (tb)
while Rc=1. 
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Fig. 3.1 - 6XE�FLUFXLW�IRU�WKH�RYHUDOO�UHYHUVH�UHFRYHU\� &XUUHQW�FRQWUROOHG�FXUUHQW�VRXUFH 
It could be observed that also in this case it is not possible to act on the first phase of the 
reverse recovery, as explained above (ta and di/dt). A detailed relationship between the 
values of these parameter and the reverse current peak Irr, the stored charge Qrr, and the 
recovery time tb can be found in [8]. 
This solution consents the sub-circuit to be completely decoupled from the diode branch 
and the unrealistic behaviors due to the additional capacitor are avoided. 
 

6ROXWLRQ �
Also this solution can be applied at the diode model in both KREAN and in PSPICE. 
The corresponding circuit is represented in Fig. 3.2. In this case the diode model handle 
the first phase of the reverse recovery while the external sub-circuit provides only for 
the second phase (soft recovery). It consists of an additional RL circuit driven by a 
current-controlled current source (gain K1=1). A second current-controlled current 
source (gain K2=1) adds the second phase of reverse recovery in a soft manner. 
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Fig. 3.2 - 6XE�FLUFXLW�RQO\�IRU�³VRIW�UHFRYHU\´� 9ROWDJH�FRQWUROOHG�ELQDU\�VZLWFK 
The variable resistor is represented by the binary switch built-in in the libraries of both 
KREAN and PSPICE. The control variable is the on- or off-status of the diode that can 
be deduced by its voltage drop. The Ron value could be chosen at 2.2 Ω so that the value 
of the inductance Ls in nH equals the second period of the reverse recovery tb in ns. 
The Roff value is resulting from a compromise between accuracy (higher is better) and 
numerical convergence. It can be fixed at 500 Ω or more [9]. 
Also with this solution the sub-circuit is completely decoupled from the diode branch 
and the unrealistic behaviors due to the additional reactive components are avoided. 
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Utilizing one of the previous sub-circuits it is then possible to split the model of the di-
ode in two parts: a model for the soft reverse recovery and a model for the capacitive ef-
fects. These models are decoupled one from the other. The simplest manner to take into 
account the capacitive effects consists of a RC branch in parallel with the diode. Now 
the values of both resistance and capacitance can be adjusted to match only the ca-
pacitive behavior of the diode. Other detailed model could also be employed to consider 
the variations of the capacitance with the reverse voltage across the diode [8]. 
It could be observed that to obtain realistic simulation results, the reverse recovery, in 
terms of both Irr and ta , has to depend on the switching speed of the upper MOSFET. In 
fact, the same reverse storage charge (Qrr, the reverse current area) can be obtained in 
different ways by changing the di/dt. Using KREAN it appears then more proper to em-
ploy the first sub-circuit instead of the second in which Irr is locked. 
 
���0RGHOLQJ�WKH�FRPPXWDWLRQV�RI�WKH�026)(7
In KREAN’s basic switch module the switching time is not modeled, so the commuta-
tion between Ron and Roff is instantaneous. To takes care of both the finite switching 
time and the upper MOSFET output capacitance, a RC snubber could be considered. 
During the turn-off of the switch, the value of the snubber resistance determines the 
amplitude of the HF oscillations (the amplitude of the second resonant peak at frequency 
f2). By increasing the value of this resistance, a greater smoothing factor is obtained and 
the commutation is faster. To obtain a smoothing effect also during the turn-on of the 
switch (this strongly affects the diode reverse recovery), the value of the snubber resis-
tance should be much lower than the on-state resistance of the switch (Ron). Only in this 
way the snubber capacitor smoothes the voltage transient across the switch between Von 
and Voff . Considering that the on state resistance is in the order of magnitude of hun-
dreds of mΩ and the switching time are in the range of 10-1000 ns, the value of the 
snubber capacitor needed to match the time constant RC should be 0.1-10 µF. Unfortu-
nately, the off-state capacitance of the power switches (such as MOSFETs or IGBTs) is 
in the order of 1 nF and then about three order of magnitude smaller. For these reasons, 
to model the turn-on time with a parallel RC snubber it’s really a hard task. 
In KREAN it is also possible to employ a switch module with a limit in the rate of 
change of the current (di/dt) during turn-on and turn-off. A trapezoidal shape instead of 
a rectangular shape for the current is then obtained. It could be observed that, in this 
case, the current behavior during the commutations depends only on the prefixed di/dt 
and it is not affected by the external circuit around the switch. In most cases it could be 
quite unrealistic. 
 

The PSPICE’s built-in model of an ideal switch allow to continuously change the switch 
resistance between Ron and Roff during a prefixed time selectable by the user. The cur-
rent behavior during turn-on and turn-off is then determined by both the resistance tran-
sient and the external circuit characteristics. Using the PSPICE’s model it is then possi-
ble to simulate the rise and fall times of the MOSFET in a satisfactory manner. 
Also in this case, RC snubbers can be usefully considered to model the MOSFET output 
capacitance. The frequency (f2) and the amplitude of the second resonant peak in the 
conducted EMI spectrum can be matched by selecting a proper value for the capacitance 
and for the resistance, respectively. 
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���1XPHULFDO�5HVXOWV
In order to carry out numerical simulations with KREAN and PSPICE, a realistic set of 
the parameters shown in Fig. 1.1 has been chosen as follow 
 

V1=100 V Cel=3300 µF Cce=0.33 µF Lsw=10 nH Io=10 A 
 L1=0.1 µH Lel=100 nH Lce=10 nH Rsw=0.1 Ω

R1=0.1 Ω Rel=0.1 Ω Rce= 0.1 Ω

According with the International Standards, the conducted EMI signal is taken from the 
LISN measuring terminals with a load resistance of 50 Ω representing the input imped-
ance of the spectrum analyzer [1], [3], [4]. In all the following simulations, the switch-
ing frequency is 40 KHz with a duty cycle of 60%. These parameters do not affect the 
conducted EMI spectrum and therefore will be unchanged. The diagrams represent the 
EMI signal in a logarithmic scale (100 µV÷1 V that correspond to 40 dBµV÷120 dBµV) 
as function of the frequency (linear scale, up to 40 MHz). 
 �D��&RQGXFWHG�(0,�ZLWK�LGHDO�VZLWFKHV�
 
In this first case, the circuit has been considered with ideal switches. In both KREAN 
and PSPICE simulation tools, it’s possible to consider controlled switches as binary 
resistors. The on- and the off-states are represented by different values of a series 
resistance (Ron and Roff). The commutation between Ron and Roff is instantaneous in the 
KREAN’s model while it can be selected with a smooth variation between the ending 
values in the PSPICE’s model. Now instantaneous commutations are considered. The 
input wires inductance Lw is neglected and will be examined later. 
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Fig. 5a.1a -  .5($1� ,GHDO�6ZLWFKHV Fig. 5a.1b - 363,&(��,GHDO�6ZLWFKHV 
In Figs. 5a.1a and 5a.1b are represented the conducted EMI spectra obtained with 
KREAN and PSPICE, respectively. 
As stated above, the peak at about 800 KHz (f1) is due to a resonance in the loop 
consisting of the electrolytic and the ceramic capacitors. This frequency can be 
calculated with the simple LC resonant-frequency formula. 
The white noise is related to the overvoltages (spikes, very close to Dirac pulses) during 
the switches commutations (all the inductances have a parallel resistance of 100 KΩ).  
The agreement between KREAN and PSPICE simulations is good. The computational 
times are very similar. It could be observed that in this case the simulators have well 
handled the overvoltages without convergence troubles. 
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In this simple case it is possible to highlight the effects of the wires parasitic inductance 
Lw between the LISNs and the chopper. In Figs. 5a.2a and 5a.2b are shown the results 
obtained by means of PSPICE considering inductances of  1 µH and 5 µH, respectively. 
Similar results was obtained with KREAN and are not represented here. 
 

363,&(��,GHDO�VZLWFKHV�DQG�LQSXW�ZLUHV�LQGXFWDQFH�
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Fig. 5a.2a - /Z=�µ+ Fig. 5a.2b - /Z=�µ+
As it is possible to see from these figures, the series wires inductance between chopper 
and LISNs does not introduce further resonances and, as expected, smoothes the HF 
interferences. In the following the presence of the input wires inductances will be 
neglected in order to highlight the HF harmonic content. 
 
�E��(IIHFWV�RI�WKH�FRPPXWDWLRQ�WLPH�
 
The influence of the switching time in the case of binary switches can be deduced from 
the following figures. 

�
363,&(��%LQDU\�VZLWFKHV�ZLWK�GLIIHUHQW�VZLWFKLQJ�WLPHV�
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In Figs. 5b.1 are shown the conducted EMI spectra obtained by means of PSPICE with a 
smooth variation of the switch resistance between Ron=0.1 Ω and Roff=100 KΩ. The 
switching times are 0.2 µs and 1 µs respectively. 
Comparing these figures with the previous Fig. 5a.1a (ideal commutations) it is possible 
to see that an increasing in the switching times leads to a lower HF interferences level. 
In particular, the first resonant peak only slightly decreases but a higher decrease it 
observed for the VHF harmonic components. In fact, with a switching time grater then 
zero, the amplitude of the voltage spike across the switching inductances Lsw decreases 
and the white noise is smoothed. 
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The basic switch model of KREAN does not allow to change continuously the switch 
resistance during the commutations. The commutation model of the switch module in 
KREAN is quite different. As stated in section 4, it is possible to limit the di/dt during 
the turn-on and the turn-off. In the following figures 5b.2 and 5b.3 are compared the 
results obtained with both KREAN and PSPICE with the same average slope of the 
currant during the commutations. 
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As it is possible to see from these figures, only the average behavior of the EMI spec-
trum is almost the same. With the switch module of KREAN are evident the periodical 
curvatures due to the trapezoidal shape of the switch current. In fact, the period in the 
frequency domain of these curves equal the theoretical values simply obtained by in-
verting the switching time: fc = 1/τ (a more detailed analysis can be found in [4]). 
 
In the first case, Fig. 5b2a, the switching time is  
τ = Io/(di/dt) = 10A/(100A/µs) = 100 ns  ---->  fc = 10 MHz.  
 
In the second case, Fig. 5b.3a, is 
τ = Io/(di/dt) = 10A/(200A/µs) = 50 ns   ---->  fc = 20 MHz.  
 
The amplitude of the first resonant peak (f1=800 KHz) is still practically not affected by 
the commutation time. 
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�F��&RQGXFWHG�(0,�ZLWK�GHWDLOHG�VZLWFKHV�PRGHOV�
 
In order to verify the effects of the switches model on the conducted EMI spectrum, a 
power MOSFET IRFP250 (rated at 200 V, 30 A) has been chosen from inside the built-
in PSPICE models library. Also a different PSPICE model for the IRFP250, found in the 
International Rectifier (IR) library (http:\\www.irf.com), has been employed. The result 
obtained with a gate resistance Rg=33 Ω are represented in Figs. 5c.1a and 5c.1b. 
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The built-in model and the IR model of this kind of MOSFETs have different behavior. 
In particular, although the reverse recovery current peak (Irr) has the same amplitude, the 
reverse recovery time is much smaller in the former case (trr=ta+tb). This difference 
cause the different behavior between the lower (f1) and the higher (f2) resonant frequen-
cies. It will be discussed later how the reverse recovery affects the EMI harmonic 
spectrum with more details. Also the output capacitance seems to be different. In fact, 
the higher resonant frequency is shifted from 32 MHz to 55 MHz (note the different fre-
quency scale of the diagrams). In these terms, the built-in model seems to be more real-
istic, it matches better the value of the output capacitance given from the data sheet 
(Coss=0.8 nF). 
Comparing these diagrams with the ones obtained with ideal switches (Figs. 5a.1, it ap-
pears evident the influence of the switches model on the conducted EMI spectrum. The 
amplitude of the first resonant peak (at frequency f1) is much greater and appears a sec-
ond resonant peak (f2). Also a particular behavior between these peaks can be observed. 
It consists in almost regular cavities and raises with amplitude decreasing when the fre-
quency increases. 
 
It should be noted that these models of MOSFET were not made for EMI simulation 
purposes but they are general-purpose models. In particular, the following effects are 
modeled (taken from PSPICE’s Book): 

- DC transfer curves in forward operation, 
- gate drive characteristics and switching delay, 
- "on" resistance, 
- reverse-mode "body-diode" operation. 
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 The factors not modeled include: 

- maximum ratings (e.g. high-voltage breakdown), 
- safe operating area (e.g. power dissipation), 
- latch-up, 
- noise. 
 
We can observe that some of these effects are unnecessary for EMI prediction, in 
particular the gate drive input characteristic and the detailed on-state output behavior. 
These models contain at least 20 different components in the sub-circuit (such as 
resistors, variable capacitors and controlled sources). To adjust the values of these 
parameter, in order to match better the model behavior with the experimental results, it’s 
really a hard task. 
All these considerations lead to understand that a specific switch model proper for EMI 
simulations could be a better solution. These model has to be simple enough to allow to 
match the main MOSFET characteristics by adjusting the values of few parameters. 
These characteristics consists mainly in  

- on-state output resistance 
- off-state output capacitive effects 
- turn-on and turn-off times 
- body-diode reverse recovery and forward voltage drop 
 

�G��(IIHFWV�RI�WKH�GLRGH�PRGHO�
 
In order to highlight the effects of the free-wheeling diode model on the conducted EMI 
spectrum, it’s possible to consider the same structure of the chopper discussed above 
(section 5c) by substituting the lower MOSFET model with an ideal diode model. 
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The result of these simulations are represented in Figs. 5d.1. Comparing these figures 
with the corresponding 5c.1, it is possible to verify what has been previously stated: the 
diode model affects the first resonant peak amplitude and the behavior between the 
resonant peaks. The second resonant peak is slightly affected by the diode model. 
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In order to verify the effects of the reverse recovery, the sub-circuit represented in Fig. 
3.1 (solution n. 1) is added to the ideal diode to provide for the reverse behavior. The 
PSPICE’s built-in model is considered for the upper MOSFET. 
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Figs. 5d.2 show the conducted EMI spectra considering about the same reverse current 
peak obtained with the body-diode model (Irr = 56 A, ref. to Fig. 5c.1a). 
 
In Fig. 5d.2a the parameters of the sub-circuit are fixed at K2=12 and Cc=70 nF, the 
corresponding reverse recovery characteristics are ta=90 ns, tb=170 ns (trr=260 ns) and 
Irr=59 A. In Fig. 5d.2b the parameters of the sub-circuit are fixed at K2=10 and Cc=140 
nF, the corresponding reverse recovery characteristics are ta=100 ns, tb=320 ns (trr=420 
ns) and Irr=59 A. 
 
According with the considerations made in section 3.1, it could be observed that 
changing the sub-circuit parameters only the time tb of the second phase of the reverse 
recovery can be usefully modified. 
Comparing these figures with the previous Fig. 5d.1a it appears that the reverse recovery 
introduce an irregular behavior and shift-up the overall harmonics content. In particular, 
the amplitude of the first resonant peak increase when the reverse recovery increases. 
It’s so possible to match the same results obtained with the body-diode model included 
in PSPICE (Fig. 5c.1a). 
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In order to highlight the effects of the model of the MOSFET on the conducted EMI 
spectrum, it’s possible to consider the same chopper structure as in section 5b only sub-
stituting the upper MOSFET model with an ideal switches. The following simulations, 
carried out by means of PSPICE, consider ideal switches (binary) with different transi-
tion times. The capacitive effects are taken into account with a parallel RC snubber. 
The on-resistance of the binary switch, Ron, has been fixed to 0.1 Ω according to 
realistic values of these size of MOSFETs. The off-resistance, Roff, has been chosen at 
100 KΩ, in this way the off-state leakage current does not affect the chopper behavior 
and numerical drawbacks are avoided. 
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In the figures from 5e.1 to 5e.6 are shown the conducted EMI spectra for different 
commutation times of the upper switch, starting with near-ideal commutation (1ns). 
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The switching time affects the reverse recovery time trr and reverse current peak Irr.
Reducing the switching time (faster commutations), trr decreases while Irr increases from 
28 A (tr = tf = 2 us) to 118 A (tr = tf = 0.1 us) (125 A with ideal switch, tr = tf = 1 ns). 
As it is possible to see, the switching speed (and so the reverse recovery) also affects the 
amplitude of the first resonant peak (f1=800 KHz): its amplitude increases for higher 
switching speed which corresponds to higher reverse peak current. 
The shape of the EMI spectrum shows more evident curvatures (cavities and raises) for 
higher values of the switching speed. Their period, in the frequency domain, is higher 
for lower switching times and it appears that all the EMI spectrum is shifted-up. 
The capacitive effects of the lower MOSFET (body-diode), responsible of the second 
resonant peak at f2 = 32 MHz, are poor and they are just visible in the EMI spectra. 
 
In order to understand the influence of the capacitive effects of the upper MOSFET, a 
RC snubber connected in parallel with the switch is now considered. 
The value of the capacitance has been chosen according with the output MOSFET’s 
capacitance from data-sheet (Coss = 0.8 nF). The value of the resistance can be selected 
to introduce different damping factors. 
The following figures 5e.7 and 5e.8 show the comparison between results both with and 
without RC snubber, D and E respectively. 
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From these figures it can be seen that the second resonance peak is due mainly to the 
parasitic capacitor of the upper MOSFET. The snubber resistance affects the amplitude 
of this peak (higher for lower resistances). The presence of the snubber does not change 
significally the reverse recovery. 
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In this section are analyzed the results obtained by means of KREAN and PSPICE, 
where simple models for the MOSFET and the diode are implemented. 
On the basis of the previous considerations, it appears that the three most important 
aspects that affects the conducted EMI are: 
 
- Turn-on and turn-off switching times of the upper MOSFET 
- Output capacitance of the upper MOSFET 
- Reverse recovery of the diode 
 
In Figs. 5f.1 are shown simulations obtained by means of KREAN and PSPICE neglect-
ing the switching times (ideal commutations, τ=0). The model for the upper MOSFET 
consists of an ideal switch with Ron=0.1 Ω, Roff=100 KΩ and a parallel snubber with 
R=0.1 Ω, C=0.8 nF. The diode model consists of an ideal diode with the additional sub-
circuit as represented in Fig. 3.1 to handle the reverse recovery. The values of the 
reverse recovery sub-circuit parameters are K2=12 and Cc=70 nF. 
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From Figs. 5f.1a and 5f.1b results a good agreement between KREAN’s and PSPICE’s 
simulations. The irregularities in the second resonant peak (PSPICE) are probably due to 
its correspondence with a periodical cavity due to the reverse recovery. This correspon-
dence can be seen better by examining the EMI spectrum in a wider frequency range as 
shown in Fig. 5f.2. Only the simulation result of PSPICE is reported since the Fourier 
analysis of KREAN is limited at 40 MHz (a maximum of 1000 harmonics, now the use 
of external numerical tools for the Fourier analysis is neglected).  
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Introducing a commutation time grater than zero the following results are obtained. In 
particular, the switch module of KREAN is set with the current derivative limit at 100 
A/µs (Fig. 5f.3a). Also the binary switch model of PSPICE with a smoothed transition 
between Ron and Roff is considered (Fig. 5f.3b). 
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Comparing these figures with the previous 5f.1, it is possible to see that by increasing 
the switching times from zero to a finite value, a reduction of the HF interferences is 
obtained as already shown in section 5b. Now, also the effects of the switching times on 
both the second resonant peak (f2) and reverse recovery can be emphasized. 
 
In KREAN, the amplitude of the second resonant peak decreases. As expected, also the 
reverse recovery current peak decreases due to the reduced di/dt: from Irr=95 A (with 
ideal switching, τ=0) to Irr=30 A. Furthermore, in KREAN disappears the periodic 
curvatures in the spectrum (ref. to Fig. 5b.2a). This is an effect of the reverse recovery 
that modify the trapezoidal shape of the switch current. 
 
In PSPICE the amplitude of the second resonant peak presents a greater decrease. The 
decrease in the reverse recovery current peak is lower: from Irr=95 A (with ideal 
switching, τ=0) to Irr=70 A. This characteristics of PSPICE can be explained  by exam-
ining the current shape due to the variable resistance model of the binary switch in this 
circuit. The switch current presents a low di/dt at the beginning of the turn-on and at the 
end of the turn-off. This value of di/dt is strictly related to the selected switching times. 
The di/dt at the end of the turn-on and at the beginning of the turn-off is much higher 
and it is only slightly dependent on the selected switching time. The reverse recovery 
current, being affected by the di/dt in the last part of the turn-on, is very high and only 
slightly affected by the selected turn-on time. Indeed, the amplitude of the second reso-
nant peak is affected by the di/dt in the last part of the turn-off (oscillations due to the 
RC snubber in parallel with the upper switch) and then is strongly dependent on the se-
lected turn-off time. 
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���&RQFOXVLRQV
In this work a detailed analysis of the conducted EMI generated by a switching cell has 
been done by means of numerical simulations. Both KREAN and PSPICE have been 
considered and the numerical results was compared. The main aspect that could be 
highlighted are the following: 

- KREAN and PSPICE give very similar results in about the same computational times 
for predicting conducted EMI. Sometimes PSPICE has convergence trouble, the 
robustness of KREAN appears higher. 

- Both KREAN and PSPICE have a switch model that take into account of the commu-
tation times. These models are quite different and a combination of both seems to be 
the best solution to model the commutation of a real power MOSFET. 

- The models of MOSFET available are general-purpose models and a very high num-
ber of parameters has to be fixed. It seems to be a better solution to build more sim-
ple models specific for conducted EMI simulations and predictions. 

- To predict accurately the conducted interferences is a hard task. However, simula-
tions can highlight very well the influence of both the parasitic parameters and the 
power switches characteristics on the conducted EMI spectrum. In this way, the de-
signer of power converters can determine by simulations how to reduce or modify the 
HF behavior of the converter. 
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