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Abstract—The paper deals with the susceptibility of MOS

. L AV Power
power transistors to electromagnetic interference. The cse of L load
providing electric energy to a power load by means of a +.’“;
MOS power transistor connected in the low-side configuratio \’) } |
is considered and radio-frequency interference is superiposed Vb + o) 1 i
to the drain-source nominal voltage. T ~
The causes that lead to switch-on a power transistor drivend be MOS
switched-off (and viceversa) are highlighted and a new filténg driver _|

circuit, which is inserted in the power transistor input loop, is
shown. The effectiveness of the proposed filtering techniguis
proved by computer simulations and experimental test resus.

I. INTRODUCTION

In the last decades, the wide diffusion of wireless systemsFig. 1. Low side topology with power trasistor and inductivad connected
almost any field of human life has strongly increased thel [eJ8U9" cables
of electromagnetic pollution and as a consequence, theeconc
to make electronic modules immune to such electromagneéilgtomotive’ avionic and industrial applications.
interference has constantly grown with time. Although sugly this work the causes leading to the RFI-driven power
kind of.problems are usually solved using proper EMI filtergog switching are investigated and, based on that, a new
and shields, the constant need for reducing costs has Iubos;ﬂgering technique that involves the power transistor inport
the researches to makeT integrat_ed circuits intrinsicatty i jg proposed. To this purpose, Section Il introduces a small-
mune to EMI [1]. Some investigations have been focused @Ryna| equivalent circuit of the power transistor, whichde
the susceptibility to EMI of analog circuits like operat@n g jgentify the parameters that influence the power tramsist
amplifiers [2] and some other have dealt with EMI-induceg|,sceptibility to RFI. On the basis of this analysis a new
upset in digital front-ends and in single transistors [3] [4nethod for filtering the RFI added to the drain source terisina

[5]. Recently, the effect of RFI on the operation of an highyt the power transistor is proposed in Section Ill. Finaslyme
side power transistors have been discussed in [6] Wh'lecancluding remarks are drawn in Section IV.

similar analysis has been carried out in [7] for the low-

side configuration with RFI superimposed to the drain-seurc !l ANALYSIS OF THEMOS POWER TRANSISTOR

nominal voltage. In fact, the operation of switching power SUSCEPTIBILITY TO EMI

transistors can be affected by EMI because cables, that conAs mentioned in the introduction, EM disturbance conveyed
nect transistors to the power loads, behave like uninteatio by harnesses and affecting the output port of a power MOS
antennas conveying EM disturbance to the drain and souttansistor can leads to potential failures. The considpret-
terminals. As a result, a transistor, which is driven at theeg lem can be investigated by means of Bulk Current Injection
source port to be switched-off, can be switched-on by RKBCI) test, measuring the induced common mode current in
resulting in unexpected failures. Such unwanted effects céhe cables connecting the switching transistor to the power
be experienced when RFI added to the gate-source voltdgad, which causes such a failure. Alternatively the EM
through the drain-to-gate parasitic coupling takes amqddit susceptibility of the device can be analyzed by means ofcDire
such that the transistor can be alternatively switched+uh aPower Injection (DPI) test, directly injecting a disturlsarinto
switched-off. Due to this phenomenon a DC current is madee violated drain terminal and characterizing the susio#ipt
flowing through the power load even if the power transistan terms of the incident power of the EM disturbance causing
is driven to be switched-off. This unwanted effect can leatie failure.

to operation failures, that would be extremely dangerous if Hence, in this work the standardized IEC 62132-4 DPI
it take place in safety-related electronic units like thage test method [8] has been considered; the power transis®r ha
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Fig. 3. Power MOS small signal models in t& region (a) and in the
triode region (b)

Fig. 2. Direct Power Injection test circuit

been connected in the low-side (LS) configuration and the RFI
has been superimposed to the drain-to-source nominalgeolta
through a bias tee as shown in Fig.2.

In what follows, analyses are carried out referring to the
cases of the power transistor steadily switched-off orciveitl-
on while the effect of RFI on the power transistor whil&ig- 4. Small signal equivalent circuit of the test setupuits shown in Fig. 2
switching has not been considered and it will be investidjate
in the future. ) . ] ) N ]
The problem of analyzing RFI-induced transistor switchingot@ined in order to investigate the parasitic couplingveen
involves non-linear phenomena hence, in principle, sueh i€ drain-source and the gate-source ports. To this purpose
vestigations cannot be based on the small-signal assumpti§€ small signal equivalent circuit depicted in Fig. 4 hasrbe
Actually, as long as the magnitude of the gate-source indlucgonsidered. In such circuit tHe-A .transform has been applled
fluctuation voltage is lower than the transistor threshdig) 0 the power MOS model of Fig. 3 and the expression of
the output state transition does not take place, hence th8 impedancesZc(s), Zp(s) and Zs(s) will be given in
constant-parameter small-signal equivalent circuit ofvgo the following since they depend on the considered operating
transistors can be used. In [7] the use of the small-sigrf&9ion of the power transistor. Finally the obtained transf

analysis to find out the frequency ranges in which the trémisisfunction is:

is switched-on (off) by RFI has been proved to be effective. Vas(s Zs(s)A(s) — Za(s)B(s)
As a consequence, in the remainder of the papersusceptibiI-V (5) :[Z(}(S) T A(9)] [Zs(s) + B(s)] +
ity analyses are carried out referring to small-signal eajent
+ [Za(s) + Zs(s) + C(s)] [Zp(s) + D(s)]

circuits. In particular, the magnitude of the RFI that pdity

make the power-transistor switching can be evaluated-refer
ring to small-signhal equivalent circuits and looking foreth where
magnitude of the drain-source RF voltage that gives rise to
gate-source RF voltage with magnitude equal or greatergo th A
transistor thresholdW{ry). To this purpose, the small-signal

)

= sLpg + (Rp + RgatEr)

(s)
equivalent circuit of the power transistor switched-ofiy(B.a) B(s) = sLps
and switched-on (Fig.3.b) have been considered, and they ha C(s) = s(Lpg + Lps) + (Rp + RgatTE)
been employed in the small signal analysis of the circuit in D(s) = sLpp + Rg

Fig.2. To this purpose, the simplified package model incigdi

only the dominant components (bonding wire parasitic ele-

ments) are consudgredlby means of the_serles mdgcta[rmgs A. Power MOS driven in the off-state

Then, the gate driver is described by its Thevenin equivalen

circuit while the drain DC bias network (biasing inductodan In order to analyze the susceptibility of the switched-off
loading resistancey)) has been modeled referring to thepower MOS transistor the transfer function of the gate to

small-signal equivalent circuit of each component over @ewi source voltage with respect to the drain injected RF dis-

frequency range. turbance has been found referring to the power transistor
Once defined the small signal equivalent circuits of thdriven in the off-state. To this purpose thie A transform has
power transistor and the equivalent circuit of the Diredieen applied to the small-signal equivalent model in Fg)3.
Power Injection test setup including the package parasitiobtaining the impedance expressions of Fig.4 and referred i

the transfer functionVgs(s)/Ver(s) (see Fig. 2) has been(1):
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From the expression of the transfer function in (1) it turog o

that a proper combination of the complex impedand¢s)
and B(s) could neglect the function numerator making the
switched-off transistor immune to the drain injected RF. IFig. 5. Proposed circuital solution immune to the RFI addedhe drain-
fact the numerator of (1) can be written in function of thel re§°Urce terminals

parts Ar and Br) and the imaginary partsA¢ and B;) of the  _ -2
impedancesA(s) and B(s), and substituting the expressions %
(2) and (4) it is obtained: AT
éo -60 |
Q
Zs(s)A(s) — Za(s)B(s) = - 80 : : :
1 10’ 10° 10’
=—— (A jA;) — ——— (B | By) = Frequency [Hz]
ijs( R+ JAI) o G( R +JBr1)
B Ap B; [ Ar Br Fig. 6. AC si_mula‘lﬁ(i;osr};;esults with the power MOS biased in dfieregion.
“\o Cs T Ca - wCs T Ca Transfer functlonsm

It follows that the numerator transfer function is neglecte The susceptibility of the switched-off MOS transistor of

if the following conditions are satisfied: circuit in Fig. 2 and the effectiveness of rules (6), (7) a8l (
has been initially verified by mean of AC simulations which
C Co results are shown in Fig. 6. In particular thigs /Vrr transfer

Br = ARC—G; Br = A c (5) function referring to the circuit in Fig.2, obtained swiiist-off
S S the power transistor by means &, = 22Q and considering
Hence in turns out that in order to reduce as much gsge parasitic inductancepx = 2nH, are compared with
possible the RF gate-source voltage magnitude both the 9@ transfer function of the proposed circuit of Fig. 5. lie th
and source series impedances need an imaginary part (indiiisidered example the parasitic gate impedaRgars is
tive component) and a real part (resistive component). This;) and theCap /Cps ratio is 0.75; hence the values of the
solution is synthesized in Fig.5, where external induaancpassive components has been found rounding the results of
(Le and Ls) and resistor Rs) have been added to meet thgg) (7) and (8) to the nearest discrete standard valuerdbtgi
constraints (5). The inductdigp has been inserted to shuntLG = 22nH, Ly = 15nH, Ry = 15Q, and Lgp = 1uH for

the DC current avoiding it to flow through the resisfes and fos = 2.5M Hz. In the same figure, the simulation results can

the inductorLs. _ be compared with the reference level of -30dB, that comes
Applying (5), (2) and (4) the design rules for the addegyt for an input RFI with amplitude of 25V and transistor
passive components are found to be: conduction threshold of 0.75V.
Cep From such small-signal analysis comparison it turns out
Rs = (Rp + Raare) Cps (6) that, in the considered frequency band, the proposed soluti
Cep results immune to the injected RF disturbance while theudirc
Ls = (La + LPG)C—DS — Lps (7) " in Fig. 2 is susceptible in the frequency band up to 70MHz.
Lpp = 5 S Ly (8) B. Power MOS driven in the triode region
™ fps Once verified by means of the proposed small-signal anal-

where f, is the pole frequency of the impedance constitutegsis that the switched-off power transistor in Fig. 2 is sysc
by the serieskRs and Lg parallel connected witliigp. It has tible to the drain injected disturbances, and once proposed
to be noticed thaL.gp makes the proposed solution frequencgn immune circuital solution (Fig. 5), the susceptibility o
dependent and in particular applying (6), (7) and (8) thte switched-on transistor in both circuits has been aealyz
constraints (5) are satisfied in the frequency band alfjgye To this purpose AC simulations has been performed on the

1092



m 20F ] 34
=
g 40T 1 _ 3% D
E | g
ob = 30t
= )
-
2 ‘ 5 28¢
108 10‘) E 26 L N N N .|
Frequency [Hz] g —¥— —O— Circuit of Fig.2 (measurements)
. ) . . . . . @ 24} —}— —©— Circuit of Fig.2 (simulations)
Fig. 7. AC simulation results with the power MOS biased in thHede 2 —— —©~ Circuit of Fig.5 (measurements)
region. Transfer function gi EJ;; ! —©-— Circuit of Fig.5 (simulations)
20 ! \
10’ 10° 10’
considered circuits and the obtain&fs transfer functions Frequency [Hz]

with respect to the injected signbkr are compared in Fig. 7. g g susceptibility. Level (ID = 1mA) obtained by simiitats. The 0"
From such comparison it turns out that, when the LS drivefarkers point out that no failure occurred.

is biased in the triode region, a much greater gate-source

voltage fluctuation is experimented in the proposed cirofiit

Fig. 5, but the maximum magnitude of the referring transféfeasurement results of the circuit in Fig. 5 which occurs at
function is -29dB meaning that an injected disturbance dPMHz is due to the tolerance of the discrete components;
20V involves aVgg fluctuation of 700mV. Considering the in fact increasing the nominal value of the inductarigey
worst case of a driver maximum output voltage3o$V the from 1uH to 1.5uH the proposed solution results to be
0.75V conduction threshold will not be crossed by the voltaggymune in the frequency band from 10MHz to 1GHz even
fluctuations. Overall, it can be concluded that a switched-&0m experimental tests.

MOS power transistor can be difficultly switched-off by RFI, Finally similar simulations have been performed with the

even in the proposed solution. MOS biased in theleep trioderegion but no failure has been
never observed, confirming the conclusions reported in@ect
[1l. VALIDATION I-B.

The proposed small-signal analysis method applied to the IV. CONCLUSIONS
power transistor susceptibility and the circuital solatlmased

on the obtained results, which makes the power MOS tramsistoIn this Paperanew filtering technique to incrgase the immu-
immune to the drain injected RFI, have been validated ity of low-side power transistors to RFI superimposed ® th

means of time domain simulations and experimental tes gin-source port has been proposed. This filtering soiltio

Such tests have been performed referring to the schem ich inyolves the_ power transistor para_sitic elements ha
shown in Fig. 5 and the obtained susceptibility profiles a gen denvc_ad referrlr_ng to the_trar_]sferfunctlons t_hat _‘é‘”?".“
illustrated in Fig. 8, where simulation and experimentalits the small-signal equivalent circuit of the power circuitgiic

are compared with those obtained referring to the susdeptiglements' Zheheﬁecglvs n(:]ss_ of ;he proposed EMI f |Ite|r has
circuit depicted in Fig. 2. In particular simulations hasbe een proved through both time-domain computer simulation

performed using the Spectre simulator while the transist3Pd experimental test results.
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