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Abstract:  This paper deals with the monitoring of power transistorentr subjected
to radio-frequency interference. In particular, a new entrsensor with no connection
to the power transistor drain and with improved performawdé respect to the existing
current-sensing schemes is presented. The operation abthe mentioned current sensor
is discussed referring to time-domain computer simulationThe susceptibility of the
proposed circuit to radio-frequency interference is exdd through time-domain computer
simulations and the results are compared with those olatdorea conventional integrated
current sensor.

Keywords: current sensor; CMOS integrated circuit; smart power; ted@tagnetic
interference (EMI); electromagnetic compatibility (EMGEnseFET; miller effect

1. Introduction

In the last decades, the development of CMOS technologigerims of scale integration and
component performance has made the integration of fultreleic system into a single chip possible.
Such System-on-Chips (SoCs) comprise complex high-spgédldlocks, analog circuits and power
section [L,2]. The power-supply voltage of such integrated circuits Hasreased over time, leading
to lower noise margins. However, the level of disturbanadkected by the wiring harnesses of the



Sensors 2013, 13 1857

electronic systems from the surrounding environment hrasigly increased because of the widespread
use of wireless systems for radio/TV broadcasting and raatdimmunications. In this context, the
need to understand the effect of radio frequency intertex€RFI) on baseband integrated circuits has
continued to grow and several studies have tried to set @igulguidelines and new circuit topologies
for making integrated circuits immune to RRB-8]. Such disturbances superimposed onto nominal
signals are of particular concern in the design of input antgut front-end integrated circuits like those
included in smart power ICs, which cannot be protected ukihti-filters at the PCB level because
either their presence can affect the nominal circuit ojp@nair the PCB is not present since the SoC is
encapsulated inside the sensor (actuator) plastic hdfderinstance, EMI filters and capacitors cannot
be connected to the power transistor terminals becausentbeld reduce the power efficiency. As a
result, the power transistors that drive actuators thraradiles can experience high-level RFI that can
lead to unexpected transistor switching and leakage dsiras shown in9,10]. In addition to this
problem, the circuits that are connected to the transistersiinals, including circuits embedded in
smart power ICs for monitoring the operation of the powemgrstors and the actuators, are also affected
by RFI.

Within the aforementioned context, this paper investigdhe susceptibility of integrated current
sensors that are used in power circuits for control andfetysaurposes to RFI. The current of a power
transistor can be sensed by using one of the circuits predén{l1], but only a few of them are suitable
for integration on silicon. Among these integrated curmggrisors, one of the most frequently used is
that based on a small transistor namely SenseFET. The eslt@gthe terminals of the SenseFET are
kept equal to those of a power transistor in which the cuntefie detected flows. In this way, such a
current is scaled by a constalitand provided by the SenseFEA. depends only on the aspect ratios
(%) of the two transistors. In this circuit, the SenseFET is teleally connected to the terminals of
the power transistor and therefore it is affected by the REuddances collected by cables. In order to
design embedded current sensor immune to such RF intec&sgethis paper presents a new integrated
current-sensing solution conceived to be electricallyaooinected to the power transistor drain that can
be affected by disturbances. The current is sensed whedexiag its transient the power transistor and
the SenseFET both operate in saturation. Therefore, thherdufowing through the power transistor
is mirrored by the SenseFET, is not dependent on the draireswoltage and is only related with the
mirroring factor K. The paper is organized as follows. S@tf describes the operation of a common
integrated current sensor. Secti®summarizes the switching behavior of power MOSFETs. On the
basis of such a behavior, a new current sensor not eletyricahnected to the drain terminal of the
power transistor is proposed in SectibnThen, the results of computer simulations aimed at evialgiat
the susceptibility of the proposed current sensor, the Mdgbased sensor and the commonly used
current sensor to RFI are shown in Sectirinally, some concluding remarks are drawn in Secéion

2. A Conventional Current Sensor: The SenseFET

Common current sensors for integrated applications aredoas the SenseFET circuit topology,
in which the currentp (¢) that flows through an MOS Power transistor is sensed usindeaneatary
transistor of the same type that is used in the power tramsigtigurel shows the operation of the
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SenseFET current sensor, where the gate terminals of thenaémtioned transistors are connected to
each other and driven by an MOS driver, while the drain-torse voltage of the SenseFET is made
equal to that of the power transistor by means of a voltagevier. In this circuit, the relationship
between the power transistor currefit)and the sensed currentfysg) can be written as

( %) power

( % ) sense

Where(%)powelr and () __ are the aspect ratios of the power and SenseFET transistepgctively.

K is typically not lower thari03. The scaled currentgsg is then converted to a voltage, using a resistor
to be used for digital signal processing. This paper focoses low side sensing topology highlighted
in Figurel.

K = (1)

Figure 1. Current sensor based on the SenseFET technique.
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However, the same reasoning can be applied for the high sp@dgies. In this technique the
power dissipation is low and the accuracy is related to th&ehiag of the SenseFET and the Power
MOS. The two transistors are driven in the deep triode re@pprthe same gate-source voltage and
have to be kept at the same drain-source voltages. Therdfmminimize the error in the sensed
current, the amplifier needs to have a very high gain. Moredabhe amplifier should maintain the
accuracy across the large input common-mode range. Althgegeral circuit topologies of current
sensors have been proposed, all of them include an amplifirech implies stability issues, limited
bandwidth and increased design complexity. In fact, therawgments in integrated current-sensing
are basically focused on increasing amplifier performad@e19]. Furthermore, the presence of the
amplifier increases the overall susceptibility of the comipemployed SenseFET-based current sensing
to EMI. In fact, this amplifier is connected through an oveltage protection (see Figut® to the
power transistor drain, and hence to the wiring intercotmat the system level that collect EMI.
Since interference with an amplitude of hundreds of mV caukstortion in the amplifier and in the
over-voltage protection, the operation of the current gsenan be impairedq].
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For all the above mentioned reasons, a new current sensoriwgroved performance due to the
absence of any amplifier has been designed and its immunifMbis specifically addressed in
this paper.

3. Power MOSFET Switching Characteristics

The Power MOSFET is usually employed as a switch in circuits dnergy conversion and
management applications and to drive high-power loads. irtance, a Power MOSFET is used to
control the current in inductive loads such as the windifgsators. A Power MOSFET that drives an
inductive load is represented in Fig2avhere a freewheeling diode carries the load current when the
Power MOS is switched-off and a stray inductance is includextcount for package and board parasitic
elements.

Figure 2. Power MOSFET device operating in an inductive load circuit.
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The switching behavior of Power MOSFET structures is goséroy the gate drive circuit and the
nature of the load. The power transistor is switched on afialyad control or gate drive circuit, which can
be represented (Thevenin’s equivalent) as a DC voltageith a series resistande;. The load current
i1, transfers between the power MOSFET device and the freewlgesibde during each operating cycle.
The inductor is charged and its current is increased wheRtweer MOSFET is turned-on while it is
discharged when the load current flows through the diode. édew the change in the inductor current
is small during one cycle, allowing the assumption that theent I}, is constant. On the basis of
that, a new current sensor that operates during the transiéme Power MOSFET has been conceived.
To this purpose, the waveform of the transient of a Power MEISE represented in Figur@ and
described in the following. Whenever the Power MOSFET isfirstate, the load current flows through
the freewheeling diode. The initial conditions for the POWBOSFET are defined byqs(0) = 0,
in(0) = 0, vps(0) = Vps,pp- During the turn-on process, the gate bias voltage sougcstarts to
charge the capacitances of the Power MOSFET. Since no duaiant can flow through the power
MOSFET device until the gate voltage exceeds its thresholkdge, the drain voltage initially remains



Sensors 2013, 13 1860

at the drain bias voltage. The gate—drain capacitangs(Vps,,,) remains constant because the drain
voltage is constant. Consequently, the time constant fargehg the gate of the power MOSFET device
is Re - [Cas + Cap(Vbsopr )], resulting in a gate voltage given by

_ t
Ugs(t) = VGSmax . |:1 —e RG'[CGS+CGD(VDSOFF)]:| (2)

and represented in FiguBe The gate voltage reaches the threshold voltage at#time

vas(t) =, = Vru (3)

"
tl — RG * [CGS —l_ CGD(VDSOFF)] * ln (ﬁ) (4)
Vasmae — Vru

Figure 3. Waveforms for the power MOSFET during turn-on with a gaté¢age source.
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Once the gate voltage exceeds the threshold voltage, draient begins to flow.

= 7MmCLCMWCH [vas(t) = Vienl? (5)
CH
Although the drain current increases, the drain voltagearemat the drain supply voltadés, .
because the diode cannot sustain any voltage until all ofahe current is transferred to the Power
MOSFET. Since the drain voltage remains constant, the -dgaite capacitance is also invariant in the
range[t; — t»]. Consequently, the gate voltage continues to increaseatmonential rate as described

in(t)



Sensors 2013, 13 1861

by Equation 2) with the same time constant. The drain current increastgeasjuare of the gate voltage
as described by EquatioB)(with a nonlinear waveform as represented in Figire

The drain current increases until it becomes equal to thetdoarent/, = I;, anduvgs(t) reaches the
voltage platealg at the timet,.

plateau

to
= = " RaCastCap(M )|
UGS (t)|t:t2 - VGSplateau - VGSmax : |:]' —€ ares GDDSorF :| (6)

VS max
VGSmaX o \/ Mnlé?oicml/{CH o VTH
All of the load current has transferred from the diode to thes&® MOSFET device at tim& and the
diode is now able to support voltage. The drain-source geltt the Power MOSFET starts to reduce

at this time. Since the drain current is constant and equaktéoad currentl, = I, ), the gate voltage
at timet, can be also expressed as

| IpLcu
UGS(t)|t2—t3 - VGSPIateau = Vg + m (8)

The gate-source voltage remains constant at the platesageolintil the drain-source voltage has
reduced to the on-state voltage drop corresponding to it of the load current and the on-resistance
of the device at a gate bias equal to the plateau voltage.e $ivecgate voltage is constant during the
plateau phase, all the gate curreff, ... is used to charge the gate—drain or Miller capacitance. ate g
current during the plateau phase is given by

ty = Rg - [Cas + Cap(Vbsopr)] - In

(7)

o VGSmax - VGSplateau

7/-G'plateau - RG : (9)
As this current charges the gate—drain capacitance, itagembecreases at a rate given by
dUGD(t) _ ’igp(t) . (10)
dt CGD (’UDS (t))

Since the gate—source voltage is constaht.at
linearly with time:

during this time, the drain voltage also decreases

lateau

dvps(t) dvep(t)  ige(t)  Voswe = VoSsem
dt N dt N CGD (UDS (t)) N RG . CGD (UDS (t)) ’
At the end of the plateau phase at time the drain—source voltage becomes equal to the on-state
voltage drop corresponding to the plateau gate bias voltBgsed on this, the duration of the plateau
can be expressed as:

(11)

& B Vasu — Vas
dv :/ . max plateau dt 12
[ o= R 42
RG ’ CGDAVG

t3 - t2 - ’ [VDSOFF - ‘[DRDSON(VGSplateau)] (13)

VGSmax - VGSplateau
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whereCqp,, IS the gate—drain capacitance assumed to have a constaag@walue during the transient
and Rps,y (Vas, .. ) 1S the on-resistance of the power MOSFET device for a gateesovoltage equal
to the plateau voltage. Beyond the plateau, the gate vaoitageases exponentially again as shown in the
Figure 3 until it reaches the gate supply voltage. The time constanthis exponential rise is different
from the initial phase due to the large gate—drain capawitahe increasing gate voltage produces a
reduction of the on-resistance of the power MOSFET devesylting in a small reduction of the drain
voltage during this fourth phase of the turn-on process.

Considering reasonable value for the parasitics of the Ptwesistor sized in the order ofm? and
for the integrated driving resistande;, the interval time #; — ¢,) results to be larger than hundreds
of nanoseconds. On the basis of a trigger event occurringgltiis interval, a new current sensor is
proposed in Sectio4.

4. A New Current Sensor Based on the Miller Effect

In order to design a current sensor immune to EMI, a new dirgeabnceived, which is not electrically
connected with the Power MOSFET drain terminal that is prionéisturbances. To this purpose, the
current that flows through the Power MOSFET)(is mirrored and processed during thigs voltage
plateau due to the Miller effect (between points 2 and 3 iufg@). In this region, the Power MOSFET
operates in the saturation region and the mirrored cuiigff:or IS Not dependent on the drain-source
voltage and is only related with the mirroring factor K. Thaner MOSFET is driven by a PWM signal
that provides both the proper-timing driving voltage andegative pulse that generates a switching
transient with negligible reduction of the current in intlue loads.

Figure 4. Block diagram of the proposed current sensor that explogiller effect.
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The block diagram of the proposed current sensor is showiginré4. A low-pass RC filter Rr —CF)
with a cut-off frequency significantly lower than the fregag of the EMI disturbances is placed between
the Power MOSFET and SenseFET gates. In particilas= 10 £Q2 andCyr = 2 pF’, so that the cut-off
frequency is less than 10 MHZ{ur orr &= 8 M Hz). The currentl,1own IS Mirrored by a SenseFET,
processed and converted in a serial code (Analog to Digibalv€Erter in Figured, further reported in
Figureb). The SenseFET current, in turn, is mirrored 128 times. B&dhese currents is compared with
progressively scaled current references in order to peoaithermometric digital code of the SenseFET
current Iyirror- Then, a further thermometric-to-binary conversion isvided [20]. As soon as a
trigger event occurs, the binary code is written in a regisgeich a binary word provides the value of
the current to detedt,, ...own, Which is then converted to a serial code.

Figure 5. Analog to Digital Converter in Figuré.
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The trigger circuit is based on the comparison of an attextlighte-source characteristigs,,, with
the gate-source voltage after a low-pass filtering protgss. Both these two voltages are obtained from
the gate-source voltage;s by means of only passive component as represented in Fagireinverting
stage made of a high voltage inverter allows to null the curdéssipation whenever thg;s voltage
transient ends. Neglecting the drop voltage across theistanMgp, that operates in triode during the
transient, the voltag&qs_.¢; IS given by:

Ry(1+ sRCh)
Ry(1 4+ sR1Ch) + Ri(1 + sRyCy)
Setting R, C, = RyC, the voltageVgs,,, is simply the gate-source voltade,s scaled by a factor
kain_aap INdependently by the frequency components of the switctrangsient of the Power MOSFET.

Vasate = Vas (14)

R2 V . 01
Ri+ Ry & O+,

VGS_att - VGS - kdin-adp : VGS (15)
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wherekq;, q.qp 1S Set in order to not overcome the maximum voltage deliderabthe analog blocks.

R2 . Cl
Ri+ Ry, Ci+Cy

(16)

kdin_adp -

Figure 6. Trigger circuit.
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The voltageVgs ¢ is obtained by a filtering and the passive componeRts.{, Cs,.1, Rsmo and
Cqm2) are set to makes this voltage;s s lower than the attenuated voltadgs,,, during the interval
[0 — #;]. Atthe same time, the passive components are set such ¢hidtehed voltagd /s ¢ reaches the
attenuated voltage.s,,, at the timet* during the plateau, as sketched in Figidre

Vass(t) < Vasaw(t) 1fO0<t <t
VGS—f(t) > VGS_att (t> ift* <t < t3

(17)

Figure 7. Principle of the detection of the gate-source plateau.
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AssumingVs as a ramp before the voltage plateau, it can be shown thattéredi voltage/s ()
can be expressed as:

MG (s, — 5,)(1 — e7%t) MGz ¢ if0<t<ty
Vass(t) = 4 7 b syt \ mo - (18)
TF(sp — sz)e (e — 1) + mE ety iy <t <ty
where
m = YTH (19)
131
C(sml
G=—"" 20
Cts‘ml + Csm? ( )
1
= 21
° Rsml : Csml ( )
Rsm Rsm
5p = L Hem2 22)

Rsml : Rst : (Csml + Cst)
On the basis of the two considered voltadgés ; and Vs .41, it is possible to find out the time
during the voltage plateau when they are equal.

VGS_f (t*) |(t2 <t*<t3) = kdin—adeGSplateau (23)
mG st e mG's,
3—2(8p — s )e Pt (e — 1) + S “ta = Kain_adp VG5 atean (24)
> P
mGs
1 Kdin-adpVas jarean — "o to
= —— - ln | r 7| (25)
Sp o (sp—s.)(est2 — 1)
P

Firstly, a minimum value fot’,,,; = 200 fF is set and a reasonable valudf,; = 62 k2 is chosen
to set the zere, = 12.8 M Hz. Consequently, the value df,,,, = 2.5 pF andR,,,» = 19 k{2 are
set in order to place the polg = 4.05 M H =z before the zero. In this way an instaritin the range
[to — t3] according to Equatior2p) is found out and a correct trigger event can be provided.o&s ss
the mentioned two voltagés;s_..: andVs ¢ reach the same value during the gate-source plateau voltage
due to the Miller effect, a comparator finds out a trigger ¢v8uach an event enables to write the register
whenever the Power MOSFET is in saturation during its swiighransient. In the register, the digital
value of the SenseFET curreRfrror IS Stored. Such a value represents the current to SeRSEwn
scaled by the mirroring ratio K.

The proposed circuit is suitable for inductor current moitg in DC-DC converter that operates
in Continuous Conduction Mode (CCM) and whenever the detedf the current flowing in a Power
MOSFETSs operating in PWM that drive resistive and inducto&ds is needed. The current to be
monitored ranges frorh00 A to 5 A, and the mirroring factor K has been et 10*. The sensibility
of the designed sensor i® ;A (LSB). The absence of the amplifier provides an higher imtyuioi
EMI and a faster response in inductor-current monitoriramttine traditional current-sensing technique
as shown in Sectioh.
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5. Prediction of Integrated Current Sensorsto RFI

This section shows the results of the time-domain simuiatearried out to evaluate the susceptibility
of the proposed current sensor and the traditional sen$iFto

The proposed new current sensor is based on the transieatibebf the Power MOSFET in which
the current to detect flows, and such a transient stronglgrisoon the parasitics of the Power transistor
itself. For this reason, no other additional parasitic c#paces due to the test circuit have to affect the
transient behavior of the Power MOSFET. Therefore, a CW RiAlent of magnitudégrr = 200 mA
has been superimposed onto the current to déteby means of a toroidal RF transformer.

In fact, the analyses of the susceptibility to RFI have besned out referring to the schematic view
of Figure8 similarly to immunity testsZ1]. A resistorRgias Sets the value of the curreny.

Figure 8. Schematic view of the Power MOSFET considered in the timaalo

simulations.
INJECTION GLAMP T LSLOPE Reas  VPS
: N | N ! n 7#\,\/\,* j
H o |
L [ |
! o ' IRF CuLp CRrp

VRF

Figure9 shows the switching transient tracé$)§, Vgs) of a Power MOSFET in which the current
to be detectedp, flows, as well as the respective currents provided by a toadit SenseFET sensor
(Isense) and the proposed new sensdyifrror)- In such a time-domain simulations, a CW RFI current
irr = 200 mA at 100 MHz superimposed on the drain current have been cmesid The currents
provided by the traditional SenseFET sendgg(sg) and by the proposed new sensfilifkror) VErsus
current to sensé, and their minimum and maximum errors due to the aforemeatidti~1 magnitude at
10 MHz, 100 MHz and 400 MHz are shown respectively in Figui@slP. Furthermore, the minimum
and maximum errors of the two considered currents due to a EW R = 200 mA superimposed on
the drain currenfp, versus frequency are reported in Figd@ The results highlight that the immunity
of the proposed current sensor to RFI is significantly grethian that of the conventional SenseFET
circuit shown in Figurdl.
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Figure 9. Switching transient traces of a Power MOSFBRY, Vs, Ip) and the respective
currents provided by a traditional SenseFET senggiér) and the new sensor based on

the Miller effect ((niirror). CW RFI current amplitude 200 mA @ 100 MHz superimposed
on the drain current.
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Figure 10. Maximum and minimum current-sensing of the traditional S¥ET current
sensor {sgnse) and the new sensor based on the Miller effdgfitror) Versus current to

senselp. CW RFI current amplitude 200 mA @ 10 MHz.
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Figure 11. Maximum and minimum current-sensing of the traditional SS#fET current
sensor [sgnsg) and the new sensor based on the Miller effdgtifror) Versus current to
sensep. CW RFI current amplitude 200 mA @ 100 MHz.
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Figure 12. Maximum and minimum current-sensing of the traditional SS#fET current
sensor {sgnse) and the new sensor based on the Miller effdgiitror) Versus current to
sensep. CW RFI current amplitude 200 mA @ 400 MHz.
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Figure 13. Maximum and minimum current-sensing of the traditional SS#fET current
sensor {sensg) and the new sensor based on the Miller effdgtiéror) Versus frequency.
CW RFI current amplitude 200 mA superimposed on a curfgnt 1A.
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6. Conclusions

In this work, the susceptibility of common integrated seado RFI has been discussed for power
transistor current monitoring. In order to improve the immity of Power MOSFET transistor to RFI
in current sensing, a new integrated solution has been peapolt exploits the Miller effect on the
switching transient of the Power MOSFET. The detection ef glate-source voltage plateau due to
the Miller effect allows to mirror the current to be detectedenever the Power MOSFET operates
in saturation. In this way, the mirrored current is not dejei on the drain-source voltage and the
RFI that reaches the drain terminal of the Power MOSFET doéstrongly influence the operation of
the current sensor. Furthermore, there is no need to coangamplifier to the drain terminal of the
Power MOSFET, hence eliminating a barrier on the overallenirsensor performance. The operation
of the new current sensing circuit and that of a conventi@uatent sensor have been compared in
time-domain simulations. Since the novel sensor operatgagithe switching transient, it provides a
faster current detection than the traditional sensor. \@dethe amplifier usually limits the performance
of the SenseFET-technique, no such issue has to be corsiderthe new sensor. The susceptibility
of the proposed current monitoring solution has been eteduthrough time-domain simulations and
compared with that of a conventional current sensor. Thé/s@s carried out in this work have shown
a significant improvement in the immunity to RFI in the rang®lliz—1 GHz that the new proposed
solution enables.
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