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INTRODUCTION

There are many reasons for operating power MOSFETs in
parallel, either as multiple die on a common substrate or as
individually packaged devices. Compared to paralleled bipolar
junction transistors {(BJTs), paralleled MOSFETs present
fewer problems, require less derating, and provide higher
performance, Parallel operation, however, is still not trivial.
Problems can and do occur. To parallel devices successfully, the
designer must understand both the causes and the cures for the
problems. Fortunately, most of the cures are simple and are
more a matter of attention to detail than of exotic or complex

design.

This discussion attempts toidentify all the problems that users
potentially could experience and provides an explanation of
each problem. Then it will tell how to recognize these probiems

and will give practical means for eliminating them.

Although the discussion is quite extensive, the final con-
clusions will show that all of the problems may be easily
avoided and that paralleling MOSFETSs is reasonable and, in
many cases, highly desirable. However, because of the lack of
prior, in-depth discussion of paralleling MOSFETs, it is

necessary to substantiate this contention.

Throughout the discussion, the object will be t¢ maintain a
balance between simple, practical advice and reasonable,

theoretical explanations.
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Parallel Operation
of Power MOSFETs

By Rudy Severns

Many designers experienced in BJT applications have a well
merited aversion to paralleling devices unless it is absolutely
necessary. While this is certainly appropriate for BJTs, such
thinking is a distinct handicap when using MOSFETs because
useful opportunities for improved performance or reduced cost
may be missed. Itisimportant to keep an open mind and to read

carefully the following arguments.

MOTIVATION FOR PARALLELING

There are many possible reasons for paralleling multiple
devices:

» Lower RDS(on)

* Lower circuit inductance

* Improved thermal performance

¢+ Compensation for radiation effects

¢ Lower cost

« Redundancy

* HigherIp

* Derating

In switching applications, the majority of the power dis-
sipation is due to RDS(on)- If RDS(on) is made smaller, the
power loss will go down. RDS(on) for a given device is
determined by the active die area and the breakdown voltage
(BVDSS). RDS(on) decreases more or less linearly with
increasing die area and increases exponentially (factor ~ 2.5)
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with BVygg. In theory, RDS(on} may be made as small as
desired simply by increasing the die area, but the cost per unit
area of the dieincreases exponentially when the die dimensions
are greater than about (0.125" ¥ 0.125". This increase in cost
puis a practical upper limit on die size. Presently this is in the
range of 0.25” to 0.30” square. In addition, as die are made
larger, fewer and fewer package choices are available. When
Rpyg(on) must be reduced even further, paralleling is the best

alternative.

Because of the rapid increase in cost of the larger die and the
restriction on suitable packages, there are often compelling
reasons to use smaller die in cheaper packages even when a
suitably low RDS(on) device is available in a larger die. For
example, a size five die ((.25” x (.25") will have one half the
RDS(un) of a size four die (0.18” X 0.18"). However, the size five
die will not fit in a TO-220 package. [t requires a TO-3. At
current prices, the cost of two T(0-220s would be twenty to
twenty-five percent less than one TO-3. As prices drop further,
production increases and competition grows, this price dif-

ferential should grow wider.

Tt has been shown (1) that paralleling is an effective means for
reducing the junction-to-heatsink thermal impedance (Rf-)js)'

To use the previous example, R, fora size five diein a TO-3

]
package is about 1.2°C/W; for Ja size four die in a TO-220
package, R(-st =1.3°C/W; but two TO-220’s in parallel would
reduce the effective Ry.q to 0.65°C/W. For the same Ippg)
and heatsink, RDS(DII) will be lower because Tj will be lower.
This may allow a further reduction in die size or as an alternate,
the heatsink may be made smaller thus reducing its cost. The
thermal design issues are treated in detail in Reference (1). For
high power pulse applications, the limitation may be on
ID(peak) rather than RDS(on)A Again paralieling provides a
means for increasing the allowable peak current. Very oftenin
puise applications, rapidly rising (high di/dt) current wave-
forms are required. Sometimes the limiting factor on speed is
the package inductance. One means of reducing this induc-
tance is to parallel several smaller devices so that the total
effective inductanceis decreased in proportion to the number of
devices paralleled. Also smaller packages will tend to have

lower inductances.

Another problem which can arise in fast pulse applications—if
low voltage high current devices are used —is a degradationin
the external BVpygg capability caused by voltage spikes
generated by the internal connection inductance (2). Figure 1
shows a MOSFET with the internal parasitic inductances. At
turn-off, Iy is flowing. As the device is turned off, the voltage
polarities will be as indicated. The actual voltage across the
junction will be:

dl
Vps=Vpp ¢ {Lp+Lg D

dt
For example, if a 530 ampere, 100V device with 20nH of internal
parasitic inductanceis switched in 20nsec, the internal voltage

spike between the drain and source terminals (which is not

DRAIN

— |/ Vps —- Voo
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Va Lg
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Mechanism Responsible for Internal Voltage
Spiking at Turn-off
FIGURE 1

visible externally) will be 50 V! The usable value for BVpgg has
been reduced to 12 its data sheet value. Paralleling several
smaller devices, possibly in smaller, lower inductance pack-
ages, can reduce the effective value of parasitic inductance

and increase the usable operating voltage.

When MOSFETSs are subjected to large neutron fluxes (> 1013
neutrons/cm2), RDS(on) may rise dramatically. One means to

ensure that the post irradiation RDS( is not unacceptably

on}
high is to start with a low value for RDS(on) {much less than
required) in the unirradiated circuit. To achieve this, it is

usually necessary to parallel devices.

CONCERNS ABOUT PARALLELING DEVICES

When considering a design using parallel FETs, a number of
concerns and possible problems arise. Generally these con-
cerns fall into four categories:

1. Steady-state current sharing

2. Thermal stability and maximum T]-

3. Dynamic current sharing during switching

4

Parasitic oscillations

As s so often the case, many problems that exist in theory are
not significant in the actual hardware. Nevertheless, in the
following discussion, many possible problems will be ex-

plained.

STEADY-STATE CURRENT SHARING

The distribution of current among parallel devices is a concern
to the designer. With regard to the effects of asymmetrical

current sharing, three questions need to be answered:

1. What is the maximum junction temperature among the

devices?
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2. Does the asymmetry cause a significant increase in total
dissipation?

3. Is any device operating outside of its safe operating area
(S0A)?

When the current is not distributed equally, some devices may
run hotter than others. Because the operating reliability is
directly related to Tj,itis important to identify the maximum Tj
which can occur. Obviously if any deviceis operating outside of
its rated SQA, the reliability will also be greatly reduced.
Furthermore, it is important to know if the conduction asym-

metry is creating a power loss penalty.

The answers to these questions depend on the operating state of
the devices. There are two possibilities: linear or switching
operation. When the devices are used as switches, Vg will be
large (10-15V), and the devices will be fully enhanced. In this
mode the device acts like a positive temperature coefficient
resistor. Typical RDS(on) versus T]- characteristics are shown
in Figure 2. Note that RDS(on) has been normalized (RDSN) to
25°C for comparisen purposes.
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When the devices are operating in the linear mode, the behavior
is quite different. Figure 3 shows a typical transfer charac-
teristics graph (ID as a function of Vgl with Tj as a
parameter. The interesting feature of this graph is that above
4.5A, the temperature coefficient (TC) is positive, but below
4.5A, the TC is negative, For this device R(—)js: 1°C/W, and ifa
perfect heatsink is assumed such that te = 25°C then the
maximum value for Vg at 4.5A is:

Vg = T ongy
DS*‘—I— 8 (2)
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Since thisis a 400V device, itis unlikely that the device would
be used in the linear mode with such a low value of Vpg- Most
linear applications would use the device at currents well below
4.5A to exploit the BVpgg capability (400V), and therefore,
they would be operating in the negative TC region. Since thisis
exactly the opposite of the switch mode, the two types of

applications will be treated separately.

Current Sharing While Fully Enhanced

When Vogislarge (6-8V above Vin), a MOSFET is essentially
a positive TC resistor, and the current will divide among the
paralleled devices in proportion to their individual RDS(on) as
illustrated in Figure 4. As was shown in Figure 2, the TC will be

positive, so there is a tendency for a device which has a greater

than average current to heat up more than the other devices, -

increasing RDS(on)- which in turn reduces its Iy. The degree of
thermally forced current sharing present has been analyzed (3),

and an outline of the analysis is presented here.

(A)

Vbs e R4q Ra Rp

(B)

Current Sharing in Parallel MOSFETs
FIGURE 4
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(a) 8)

Thermai Models for Two Parallel MOSFETs
FIGURE §

A thermal model for two parallel devices is given in Figure 5A.
The normal thermal impedances for junction to case (R(—)jc)*
case to heatsink (Rg.q) and heatsink to ambient (Rgg,), are
present as well as the thermal coupling between the devices

(R,). Three possibilities are indicated:

1. R betweennodes T, and T grepresents diemountedona
common case or header.

2. R, between nodes Ty and Tyg represents the situation in
which separate packaged devices are paralleled on a
common heatsink.

3. The situation where there is no common coupling between

devices, i.e. separate heatsinks, is represented by R, = =.

For analytical purposes, the model in Figure 5A can be
simplified as shown in Figure 5B where the values for R, and
Ry depend on the position of R;.. For example, for devices

paralleled on a common heatsink:

Ry = Ryje * Ryes @
Ry = Rgga &)

From this network, it is possible to calculate the values of
RDS(on) for each device (R and Ro). Given the values for %
and Rz, one can then calculate the values of Ip (Il and Io),
power dissipation (P| and Py), and the junction temperatures
(le and sz). Kassakian (3) has derived the following ex-

pressions for this network.

. )
3 (Ry + Ryt——+ 114 R
-~ %R RyA 47 ta'TRy 2 Rq
17 Rodr e = | Ra TRy
(Ry + Rg)® R, ) R.
| Hy Ry
e (6)
12R,Rph Ry + RE,»(Td sl Ry Ry
By = Ry {1 + —| B + Ry
Ry + Ry Re K.
+ 2 —_—_
Rq By

Where:
Ryg= 25°C value for RDS(on) in device #1
Rgg = 25°C value for Rpgoy) in device #2
A = Temperature coefficient of resistance. This can
vary from 0.5 to 3%/°C depending on the device.
T =I;+I,

By itself, this set of equations is not generally useful since the
equations are non-linear: i.e. they contain cross products and
powers of B} and Ry (the dependent variables). Using numer-
ical methods, this type of equation is usually solved on a
computer. However, in most cases this is not necessary as the

following example solution demonstrates.

Assume for example, that 10A, 100V devices are being used

which have the following characteristics:

Ryje = 167°C/W Rig = 0.120)
R(—)CS = 1.00°C/W R20 =016 0
Rgga = 14T°C/W I =20A

T. =067%°C

Assume further that the die are mounted on the same header:

R, = 167°C/W

Rq = 247°C/W

If Equations (5} and (6) are solved for values of R from 0 to
100°C/W, the graph shown in Figure 6 results.
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FIGURE 6

Noticethat when R, is small the difference between Tj jand Tj 2
is also small (about 9°C) even though Rgg is one-third larger
than Rqp! The effect on current sharing is almost non-existent
{about 0.3A).

As long as R, is comparable to or smaller than R, the
difference in junction temperatures should remain small. In
practice this should not be difficult to achieve, For multiple die

on a common header, this requirement holds very well. For
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multiple individual packages mounted on a common heatsink,
this requirement can be met by having a reasonably heavy
common web between devices and by mounting these devices

relatively close to each other.

In the past, many people (this author included) have touted
thermally forced current sharing as a major feature of paraliel
device operation in MOSFETs. Yet thermally forced current
sharing is not prominent except in the case of very high

voltage devices with large TCs and separate heatsinks.

The most common applications for MOSFET switches involve
a load impedance that is large compared to RDS(on)' In these
applications, the total eurrent (I) through all of the devices is

determined by the load. In this case, the total power loss is:

Pp=12Rp N
where: R = the total on-resistance of the parallel devices.

In this case, the distribution of current between the devices is
- not considered; all that matters is the final value for RT* The
fact that some devices will be slightly warmer than others will

increase Rp slightly, but this is usually a second order effect.

From these analyses and other work (5), the following general

observations can be made:

1. The current sharing between parallel devices is in pro-
portion to RDS(O]’])‘

2. When the devices are well coupled thermally, the differ-
encesin Tj are small even when the differencein RDS(on} 18
substantial.

3. - For thermally coupled devices, forced current sharing is
insignificant.

4. For high voltage thermally uncoupled devices, some forced
sharing can occur, but since this is achieved at the expense
of higher Tj and RT, in most cases thermally uncoupled
parallel operation is undesirable.

5. Parallel devices should be mounted on a common heatsink
or substrate with a minimum common thermal impedance
(Ry).

6. Matching of devices for RDS(on) is usually not necessary
unless the range of variation (+20%) would allow too large a
value for Rp. Rather than matching or screening devices
for RDS(on)’ it is frequently cheaper and easier to add
another device in parallel.

7. If a limit on the maximum value for By is desired and
matching is acceptable, the matching for RDS(on) should
be done at the anticipated average current for each device
and the planned value for Vg,

8. To minimize differencesin RDS(on) and the final value for
R, itisimportant to enhance the devices fully. AV g of 10
to 15V is sufficient.

9. Therelevantissuein parallelingis notcurrent sharing, per
se, butrather the junction temperature differences and any
additional power losses. If the ATj and AP are small, the

asymmetry in the current is irrelevant.

Current Sharing During Linear Operation

In the linear mode of operation, the temperature coefficient of
ON-resistance 1s negative. This means that if one device, in a
group of parallel devices, is conducting more than its share of
current, its temperature will rise. This will further inerease this
device’s share of the total current. This process can lead
thermal runaway and is very similar in nature to the thermal
instability present in BJTs. In the case of the MOSFET, the
transconductance (g, = Alp/aVgg) is much lower, and the

tendency towards instability is correspondingly less.

Thermal regeneration of this iype combined with normal

device characterization variations can cause three problems:

1. Largedifferencesin currentsharing can occur, The current
distribution among parallel devices will vary with temper-
ature and, in some cases, with total current (I).

2. The quiescent operating or “Q” point is ill-defined and
varies with temperature,

3. Thermal runaway and subsequent device failure are

possible.

The following discussion will examine these problems and
demonstrate a simple cure. For the purposes of this discussion,
two parallel devices will be used, but the principles exposed
apply to multiple parallel devices. Figure 7shows the reference

model for the discussion.

G o—e—] Q1 Q2

Two MOSFETs in Parallel, Reference Circuit
FIGURE 7

When two non-identical devices are paralleled, a variety of
situations can arise depending on the differences between the
devices. Figures 8,9, and 10show several possibilities as well as
the resulting current imbalance. For the moment, the effect of

T]- changes will be ignored,

Figure 8illustrates the effect of differences in gy In this case,

the current differential increases as ID is increased.
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10

b® 5 |

vgs(v)

Current Difference Between Two MOSFETs where
gm is the same but Vth is different
FIGURE 8

Figure 9 illustrates the effect of a one volt difference in Vip-In
this example, all of the current flows through one device until
Vg reaches 5V. At that point, the second device begins
picking up some of the current. The current asymmetry remains
essentially constant for Vth > 6.5V, The problem here is that if
the “Q" pointis below 3A, one device will hog nearly all of the

current!

10
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Vas (V)

Current Difference Between Two MOSFETs where
gm is the same but Vth different
FIGURE ¢

Most practical applications will represent some combination of
the two previous examples. A typical combination is shown in
Figure 10. In this particular example, the device carrying the

greater portion of the current will depend on the “Q” point.

Now it is necessary to include the effect of the junction
temperature on the currentimbalance. Looking again at Figure

9, noticethat I; > I5. It isreasonable to assume that Qq will heat

10
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Current Difference Between Two
Mismatched Devices
FIGURE 10

up and Qg will cool down. An approximaticn of what will occur
is shown in Figure 11, From this figure, it can be seen that the
peak value of the difference between 11 and 12 isincreased, and
therange of Vzg over which Qy takes all or most of the current
is expanded. In most applications, the effect of differential
heating in linear operation is to make the problem worse. One
way to minimize the effect of asymmetrical currents is to
maximize the thermal coupling between the devices (make R,
as small as possible). This is the same conclusion reached for

parallel devices operating as switches!

iptay * T

¢ 1 2 3 4 5 6 7 8 9 10
Vgs (V)

Current Imbalance from Figure 8 when Heating
Eifects are taken into account
FIGURE 11
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Good thermal coupling by itself, however, is not enough to
assure good current sharing; it merely reduces the degree of
mismatch. Forlinear applications, some further means te force
sharing must be taken. One obvious solution is to match
devices. Unfortunately to get realiy good current sharing, it is
necessary to match the entire transfer characteristic. This level
of matching would rarely be practical. A useful compromise
would be to match the devices at the “Q point, Thisisfinein a
stable thermal environment, but if the ambient temperature
(T,) varies over a wide range then itis unlikely the devices will
remain matched, In any event, matching of devices can be

costly and a considerable nuisance in production.

A better solution would be to take randomly selected devices
and force them to share. This can be done most easily by using
small source resistors to provide negative feedback, as shown
in Figure 12A. As an added advantage, this will also stabilize
the “Q” point.

The effect of the source resistor can be quantified by examining
its effect on the “Q” point of a single device as indicated in
Figure 12B. It has been shown (6) that the effective g, (g,,")

will be:

! gm

= 8

gy T
1+ Rggm Rs+gi

To minimize the effect of differencesin g, “itis necessary that:

R => 1/gy, [€)]

Typical devices will have values for 1/g,, in therange of 0.1 to
1.0 ohms. '

(A)

o—ep— ;-_101 ozF;I—

Rs1 Rg2

Forced Current Sharing using Source Resistors
FIGURE 12

(B)

[ S——| 'D

= ~IpR
VGSK Vgs=VeG —~IDRs

+
Ip Rs

p[eTe]

The effect of Ry on the “Q" point stability (with fixed V3)is
shown in Figure 13. If the operating point is selected as Vg =
Vag=5.4Vand Ry =0then In=1.2A at T, butit will rise to Iy
=2.7A at To — an increase of more than 2:1! By making R, = 3
ohms (as indicated by the sloping line), the change in ID(AI)
when the temperature changes from Ty to Ty is reduced to
0.25A! Thisis a very greatimprovement. In this example, g is
approximately 2.55 so that R, ~ 8/g,,.. Even if R is reduced to
10, A Tis still enly 0.6 A.

10

Rg=10
6 Vgg =5.4V
ID (A}

1k Al=o2sa|

Vgs (V)

Cperating Point Stabilization
FIGURE 13
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For those readers not familiar with the graphic technique just
used, a few words of explanation may prove helpful. The

straight line representing Rs =3 and VGG =9V isshownina

. graph representing the values of Vg for given values of Ipy.

For example, if Iy = 1.667 A, the drop across Ry is 5V, viz. 3 X
1.667A. From Figure 12 we know that

Vgs=Vag - InRs (1o
so that Vg in this case is 4V.

What we are seeking is a simultaneous solution to Equation (10}
and the equation represented by the graph of the transfer
characteristic. This is done by graphing Equation (10) (the
straight line) on the transfer characteristic graph and by
noting the intersection of the graphs. In Figure 13, the
intersection representing the “Q” point is at Vi3g=5.4V, and
Ip=1.2A

This same technique can be applied to parallel devices since
stabilization of the “Q” point also stabilizes the current
sharing. Using the example of Figure 9, the effect on sharing
by adding a 2 ohm resistor in series with each device can be
determined. A series of parallel lines are drawn for several
different values of V3, each having a slope corresponding to 2
ohms. Each line establishes a “Q" point with a given value of
AL The values for Al corresponding to the different values for
V@i can now be plotted and compared to the values for the
original example (Figure 9). This is shown in Figure 15 whereit
canbeseenthat Alisreduced from 3.2t0 0.5A! Clearly thisisan
effective means for equalizing the current distribution as well

as stabilizing the operating point.

Ip (&)

0 1 2 3 4 5 6 7 8 9 10 M 12 13 14

Rs Load Lines Plotted on the Transfer
Characteristic Graph
FIGURE 14

Source resistors can alsoimprove thermal stability by reducing
differences between the transfer characteristics as T]- is varied.
This effect can be illustrated by regraphing the example in
Figure 13 as a function ofVGG rather than VGS' Thisisdonein
Figure 16. In effect, the thermal regenerative gain is much

lower and the stability greatly enhanced.

Note that Figure 16 is also an alternative method for deter-
mining Al between non-identical devices; however, itis usually
simpler to draw the resistive load lines for R, as was done in
previous examples (Figures 13 and 14), than to redraw the
graph in the form used in Figure 186.

AA 2 |-

"
01 2 3 4 5 & 7 8 9 10 1 12 13 14
Vag (V)

The Effect of Source Resistors on Current Sharing
FIGURE 15

Ip (A)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Vea (V) ’

The Effect of Rs on the Transfer Characteristics
over Temperature
FIGURE 16

The use of source resistors has several advantages:

The operating point is stabilized.

2. Excellent current sharing and equalization of power
dissipation is achieved,

3. Transconductance differences are minimized so that the
small signal gain is nearly the same in each device.
Thermal stability is enhanced.

The small signal linearity is improved.
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Unfortunately, these benefits are not gained without some cost.
The use of source resistors has the following disadvantages:
1. Additional components are needed: i.e. the resistors.

2. The large signal dynamic range is reduced by the voltage
drop across the resistors, but since this voltage drop is
usually small compared to Vg this is not a severe penalty.
On the other hand, the source resistors tend to extend the
lower limit of the large signal linear region (Figure 16), and
this compensates by extending the dynamic range.

3. The voltage gain of the stage is reduced. In the common
source configuration, the voltage gain (A) is:

A=g. Ry, (11}

where Bj is the load resistance.
From Equation ({6), the gain will be reduced to:

Zm Ry,
1+ Rezpy (12)

when source resistors are used.

A=

From the foregoing discussion, the following general obser-
vationsregarding parallel devices operating in the linear mode

can be made:

1. This mode of operation is very different from the switching
mode in most respects.

2. To aveid excessive current asymmetry and thermal
instability, some positive means must be provided to
stabilize the operating point and force current sharing.

3. The simplest means to achieve the above goals is to use
small resistors in series with each device’s source lead.

4. Good thermal coupling between devices will greatly im-
prove thermal stability and current sharing and heip to
minimize the size of R.

5. Matching of devices, while useful and effective, is usually
not necessary. Small source resistors are usually a cheaper
and simpler solution. The size of the resistors can be
reduced by prescreening devices to eliminate those with
larger than average characteristic deviations.

6. Multiple die devices will normally (at least at Siliconix)
have the die selected from adjacent positions on the same
wafer and will be well matched. In addition, the thermai
coupling will be very good. The user cannot, however, add
individual source resistors because the die are sealed within
the case. If the degree of intrinsic matching in multiple die
devices i5 not adequate, the single die devices can be

paralleled using individual source resistors.
Current Sharing During Switching Transitions

When parallel MOSFETs are used as switches, several ques-
tions arise concerning device behavior during the switch
transitions from OFF to ON and from ON to OFF:

1. What is the current distribution? -
2. Can current assymmetries be severe enough to damage a
device?

3. Isthe switching time affected by current asymmetries?

When a MOSFET makes a transition from one state to another,
the device must pass through the linear region, if only momen-
tarily. This means that much of what has been discussed
concerning the linear mode of operation applies to dynamic

switching. However, there are some differences:

1. The operating time in the linear region is very short
{typically 10 to 100 nsec).

2. Because of the rapid transitions, thermal heating effects
are usually negligible.

3. The use of source resistors is unacceptable because of the
substantial increase in the effective value of Epsiony

4. The external parasitic and intentional resistances, induc-
tances, and capacitances must be taken into account.

An equivalent circuit representing two parallel FETs is given
in Figure 17. Differences in current during switching can be
caused by:

1. Differences in the external circuit elements,
Differencesin capacitive or inductive device characterstics.

Differences in device characteristics during linear

operation,
T
H 7]
Lmé" ‘ Loz
Cpi \(,4 Cp2
R1 Lt L Ry w2
o— a1 2 Qz
GATE e -,
: Vst G5!
DRIVE 81 T g Cs2 Ls2
=g

Equivalent Circuit for Two Parallel MOSFETs
During Switching Transitions
FIGURE 17

If for example, @, and Qg are identical, but the drive circuit
impedances are different, Qqand Qg will not turn on simulta-
necusly. This problem, however, is under the control of the
designer. The following steps can be taken to minimize this

problem.

Minimize the values for R, Lg, L. Lp ,Cp and Cg.

2. There will be practical limits on how small the external
impedance can be. When that limit is reached, every effort
should be made to equalize the values for the remaining
impedances. Using symmetrical layouts is one way to do it.
An example of a symmetrical layout for a parallel switch
connection (push-pull) with three paralleled devices is
given in Figure 18. Many other practical symmetrical
layouts are possible.
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3. Good layout techniques are vital. The effect of LS on the

switching waveform is shown in Figure 19. Obviously Lg
should be made as small as possible. Further examples of

good layout technique are given in Figures 20 and 21.

°°

(o]

o@
o)
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CIRCUIT
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Symmetrical Layout Exampie
FIGURE 18

VYps , - WITH
L.

WITHOUT—™"

The Effect of Commen-Scource Inductance
on Switching
FIGURE 19

Differences in package inductance and inter-terminal capaci-
tance are amazingly small (=+5%) and usually can be ignored.
This is fortunate since without a complex matching procedure,

there is little that can be done anyway.

Differences in device characteristics, on the other hand, can
cause differences in current distribution during switching
transitions. To illustrate what occurs, the techniques pre-
viously used for linear operation can be applied to the example
in Figure 9. If a clamped inductive load is assumed, Figure 22
shows the switching waveforms. If Iy = I; + I = 12A then the

current during switching will assume the value shown in

Minimize Parasitic —_
Feedhack Capacnlance\_‘%f

“d

// Twisted Palr Reduces:
! * Inductance
‘ » Moise Pickup

I » Parasific Oscillation Connect Direct To MOSFET Terminal
. Ay s

Low Impedance Drive For:
# Fast Switching

* Minimize Noise Pickup
= Minimize dV/dt Turn-On

Suggested Drive Circuit Layout
FIGURE 20

1]t}

X

MINIMIZE THE AREA

High di/dT Paths in an H-Bridge
FIGURE 21A

- +

S1 S2

—J

TWISTED PAIR.
S3 COAX OR STRIPLINE
ie LOW L CONNECTION

S4

Low Inductance Connections for High di/dT Paths
FIGURE 21B
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Clamped Inductive Load Switching Waveforms
FIGURE 22

Figure 23, If Vg is alinear function of time (a ramp) then the
graphs for Iy and Iy become their current switching waveforms
as a function of time! The salient feature of these waveforms is
that even though the two devices have very different threshold
voltages, the current spike for Q1 is small (about 1.7A). In most
cases, when unmatched devices are paralleled, only relatively
small current differentials are observed. A good series of actual
oscillographs is given in Reference (5) to illustrate this point,.
Applications do exist where from 2010 50 devices are paralleled.
In these applications, it is theoretically possible (but relatively
unlikely) to generate destructive current spikes. Such spikes
can be avoided by prescreening devices fo eliminate those

devices that are radically different from the median.

Ip(A) 6 I4=l2

vgs (V)

Values for Drain Current during Changed Inductive
Switching when |, + 1, is limited 10 12A

FIGURE 23

The following observations can be made regarding switching
in parallel MOSFETSs:

1. Careful circuit layout is needed to minimize and equalize
parasitic impedances.

2. Minimizing differential gateimpedances will equalize Vas
for each device.

3. Except for large numbers of devices, the current spikes
during switching transitions will usually be well within the
limits of the device capahility.

4. If many devices are paralleled, simple prescreening which
measures Iy at a given value of V3g in the transition
region (i.e. not fully enhanced) should be sufficient. This

will eliminate the unusually different devices.

PARASITIC OSCILLATIONS IN MOSFETS

Most power MOSFETS presently available are very fast devices
with appreciable gain at frequencies up to 300 MHz, This high
frequency gain, coupled with the internal and circuit parasitic
inductances and capacitances normally present, make it pos-
sible for unwanted parasitic oscillations te oceur. The fre-

quency of oscillation can range from 1 to 300 MHz.

The oscillations oceur while the device is in the active mode
where the transconductance is large. When the deviceis off or
when Vggislarge and the deviceis fully on, oscillations do not
occur. This means that in a switching application, the oscilla-
tion will occur on a transient basis during the turn-on and
turn-off transitions. In an application where the device is
biased on to some fixed point in the linear region, the oscilla-

tions can be continuous.

Anexample of a parasitic oscillation during a turn-on transition
is given in Figure 24. Figure 24A shows the normal drain-to-
source (Vpg) and gate-to-source (Vgg) voltage waveforms
when no oscillation is present; Figure 24B shows the same
waveforms when an oscillation is present. An expanded portion
ofthe oscillation envelopeis given in Figure 25. In this case, the
oscillation frequency is approximately 85 MHz. Although the
oscillation amplitude shown is not very high, voltages of 100V

or more are possible at the peak of the envelope.

The existence of parasitic oscillations can have the following

consequences:
1. Gate rupture due to overvoltage.

2. Gate rupture due to overheating of the gate structure.

3. Increased power dissipation in the device.

4. Increased voltage and current stress in associated circuit

components.
5. HF to VHF electromagnetic interference (EMI).

None of these are normally acceptable, and, in nearly all
cases, the parasitic oscillations must be eliminated. Many so
called “mysterious” failures in MOSFETs are due to parasitic

oscillations.
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VDs

Non-Oscillating MOSFET
FIGURE 24A

FIGURE 24B

Expanded Time Base Showing Free Running
Parasitic Oscillation
FIGURE 25

A single device can oscillate by itself, Parallel devices can also

.oscillate as if they were a single device; this is referred to as a

“common mode” oscillation. In addition, paralleled devices can
oscillatein a ‘“differential mode.” The analysis for each modeis
very similar, but the parasitic circuit elements controlling the
oscillations are different.

Common Mode Oscillation

Figure 28 gives a model of the internal and external parasitic
capacitances and inductances in a typical application. To
analyze this circuit for oscillations, a simplified incremental
model {Figure 27) can be used. Figure 27 is not exact but will
still give useful answers. The following assumptions have been

made and are normally valid:

1 Lge > L 5 G = cgse + Cgsi
2. LDE == LDl 6. C?. = nge + ngl
3. Lge »> Lg; 7. C3 = Cgge + Casi

4 Rge ™ Rgi
A more complex model could, of course, be used at the cost of

greatly increased computational difficulty.

Equivalent circuit

FIGURE 26
Rg Ca Rp
v it ANV
-
Vv /=G T~ C3 ImyV

Lg 3 Lp

Incremental Model
FIGURE 27
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The characteristic equation for the incremental model is (7):

ap8? + a8 + ags? + 248 +1 -0 (13)
Where:
ap = C22 (14)

ag = CIRG(Lp + Lg) + Rp(Lg + Lg)l + gy LZCy  (15)
a3=RpRGC2 + g ColRi(Ly + Lg) + Rp(Lg +
Lg)] + Lg(Cy + Cg) + Lp(Cy + Cgi+ LC = Cg) (16)

ay = ngDRGCZ + RG(C!, + Cz) + RD(C2 + 03)

+ gL an
L% = LDLG + LDLS + LGLS (18)
CZ = ¢ Cy + C;Cq + CoCy (19)

gy, — transconductance of the MOSFET

Note that equation (13)is fourth order even though there are six
reactive elements in the model. The reason for this is that Cl,
Cg, and Cg form a ring of capacitors which means that the
voltages on any two determine the voltage across the third.
This reduces the equation from sixth to fifth order. Ly, L, and
Lg form a cut set of inductors where the current in any two
inductors determines the current in the third. This further

reduces the order from fifth to fourth.

In some applications, the model may be further simplified if
either Lpy or Lg is very small. The coefficients of the charac-

teristic equations for these cases are:

The practical question which must be answered is: “Does the
circuit oscillate or not?” The characteristic equation can an-
swer this question. If any of the roots of the polynomial are
negative (i.e. lie in the right half-plane or have the term s-o}
then the circuit will oscillate. There are several ways this can be

determined.

1. Examine the polynomial for negative coefficients. In this
particular case, all of the known quantities have positive
signs, and therefore, all of the coefficients will be positive.

2. Use a calculator or computer, with a root finding program,
to see if any negativeroots exist. For example, the HP41-CV
with a math pack can find the roots for up to fifth order
polynomial and would be very useful.

3. The Routh-Hurwitz procedure (7) can be used to determineif
negative ronts exist. This procedure can conveniently be done

on a programmable calculator.

Giadomenico (8) has suggested an alternate means for de-
termining stability by treating the incremental model as a
feedback system and then modeling the circuit using SPICE. If
the equivalent open loop gain and phase shift at 0° and a gain
of 1 coincide, the circuit will oscillate at that frequency. The
SPICE model suggested by Giadomenico is shown in Figure 28.
This approach weould be particularly useful if more complex
models were used such as the complete high frequency RF
model (9).

V1

€1
Ly o
L2 = LgLg (20)
¢ o
a; = LgLgCZ 1) T2
ag = CHLgRy + LgRp + LgRpy) + gy LalgCo (22)
_ 2
a3 = RpRGCY + amCallgRq + LgRp + LgRpy + (23) SPICE Model for Stability Analysis
Li(Cy + Cg) + Lg(Cy + Cg) FIGURE 28
ag = gmRpRECo + RG(Cy + Cg) + Rp(Cy + Cg) + (24) Whatever approach is used, appropriate values for the model
L elements must be known. The values for the internal and
Em"§ external parasitic inductances, the external parasitic capaci-
tances, and the parasitic resistances can be measured or
Lg=0 estimated from simple calculations {10). These elements do not
5 change value during the operating cycle, but g, ng, and Cyq
Lg = Lplg (25) do vary.
a; = LpLgC2 (26)
ag = CHLpRG + LgRp) + &n LpLgCo @n
a3 = RpRaCZ + g, (LpRg + LgRpICa + (28)
a, = ngDRGCQ + RG(C]. + C2) + RD(02 + C3) (29)
Siliconix 13
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Typical variations for intra-terminal capacitances are shown
in Figure 29. Clearly C44 and Cdg will change dramatically as
the device is switched. The variations in g, during switching
transitions are shown in Figures 30 and 31. g, is not very
sensitive to Vg except for low values, but it does vary as Ipy
changes. From these graphs, for the particular device being
used, the simultaneous values for ng, Cqe» and g, can be
determined from the ID/VDS load line. The stability analysis
can then be performed at several points on the load line to

determine if oscillations are possible.

1000
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-
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[=3

CAPACITANCE (pF)
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Vps VOLTS

Intraterminal Capacitance Variation
FIGURE 29

VDS=200V

gm(S)

0 1 | 1 1 1 1 L L L I\f
0 10 20 30 40 50 60 70 80 90 V500
Vps (V)

Transconductance Variation as a Function VDs
FIGURE 31

A typical example of the effect of g, L3, Lg, and Rz on

stability is shown in Figure 32. Examining this graph, several

trends can be clearly seen:

1. The larger the value of g, the smaller the region of
stability.

2. The smaller the value of L, the larger the region of
stahbility.

3. Even a very small value for Lg will greatly improve the
region of stability.

4. Small increases in Ry greatly increase the region of
stability.

5. As the I rating is increased and the BVpgg rating
decreased, g will increase. This implies that large, low
voltage devices or multiple devices in parallel will be more

prone to oscillation.

w
z
W
=
w
a
& 10 //
o
7’ Hg =50
£
5]
]
E 1
ol 1 o 1 s 141 b Lg=0
0 2 4 6 8 10 2 e om Lg — 61
ID{AMPERES}) %
Q
Transconductance as a Function of I, 204
FIGURE 30 E STABLE REGION UNSTABLE REGION
[ L
This analysis procedure is relatively complex, and unless the 3
whole business is pre-programmed into a computer, it is o N N N
unlikely that most designers would use this for solving day to 10-8 10-8 10-7 10-% 10-5
day design problems. The equations can be solved for a few GATE INDUCTANCE, Lg (HENRY}
examples, however, and from these examples, general trends
can be identified. From these, appropriate means for suppres- Transconductance as a Function of
sing oscillations and estimates of the proper values for damp- Gate Inductance
: FIGURE 32
ing elements can be found.
14 Siliconix
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A typical relationship between the maximum value of Lg
which provides stability for a given value of R is shown in
Figure 33. Again the message is clear, minimize LG and then

use a small value of R to stabilize.

10- |
|  ——THEORETICAL
I A EXPERIMENTAL
i Vi
g 1
g | UNSTABLE
z REGION
o
-
3 L
=L
]
Ewr
[¥] L
o STABLE
r REGION
10-" L L b TR ! TR
1 10 102 103

GATE RESISTANCE, Rg (OHM)

Critical Gate Inductance as a Function of Gate
Resistance
FIGURE 33

Differential Mode Oscillations

Oxner (11) has demonstrated that two or more parallel
MOSFETSs can oscillate in a differential or “push-pull” mode.
Kassakian (4} has shown how to analyze this case. The

following discussion uses his method.

When two devices are paralleled, the equivalent circuit, includ-
ing parasitics, becomes double that shown in Figure 26. The
eircuitis quite complex and more than alittleintimidating. The
circuit can, however, be greatly simplified by recognizing that
in the differential mode, the circuit can be simplified by
assuming that all of the nodes on the plane of symmetry are at
incremental ground. This means that all elements common to
both devices can be eliminated. In addition, the method of
haif-circuits can be used to further reduce the equivalent circuit
complexity. The result of these simplifications is topologically
identical to Figure 27. This means that we can use equations
(13} through {29) without modification. We cannoi, however,
make the same assumptions regarding the relative values of
the parasitic elements. The following assumptions apply:
1. All elements common to both devices are ignored.
2. Theinternalinductances (L, Lp;. Ligj) cannotbeignored.
In fact, in devices using multiple internal chips, the only
differential inductances present are the internal bond

wires!

With representative vaiues for the circuit elements, we can
again generate some informative examples as shown in
Figures 34 and 35.

10.0
5.0+ STABLE REGION d
3 c
.0 b
- 2.0 a
E
E 10
g UNSTABLE REGION
0.5 (&) LD = 5nH, LG = 5nH
0.9 (b} LD = 20nH, LG = 5nH
: ()LD = 5nH, LG = 20nH
0.2 (d} LD = 20nH, LG = 20nH
Ls =0 €3 = 300pF
0.1 Ct = 700pF RD=0
C2 = 100pF
0_05 1 | | 1 1 1 ]
0.f 0203 05 1.0 2.03.0 50 10.0 20.0
am {8)
Minimum Vaiue of Gate Resistance for Stability
FIGURE 34
100 o aBLE REGION lo= o
50 fp= 0
10 Ci = 700 pF
2.0 G2 = 100 pf
_ 1.0 C3 = 300 pF
= ']
£ c
& s UNSTABLE REGION A
* (A)Lg - 5nH,Lg- 5nH
0.3 (B)Lg= 5nH, Eg= 20nH
0.2 (C)Lg = 20nH,Lg= 20nH
0.1
Q.05 4 L L L

1
0.3 0.2 L X 1.0 2.0
gm (§)

The Effect of Changing LS and L
FIGURE 35

When Lg = 0 (Figure 34}, the following points can be made:

L -
54 100 20.0

G °" Rg(min)

1. The higher the value for g , the larger R must be.
2. The larger Lyy, the larger R(; required.

3. Increasing Lg increases RG, but this is not a strong

function.

When LD =0 (Figure 35), which is more often the case than LS =

0, the relationships change a bit:

1. Rg nolonger increases monotonically with gy Thisisin

agreement with Figure 52.

2. For values of g, above 1.58, increasing L actually

improves stability!

3. Typical values for R; needed to assume stability are small
(in the range of 0.5 to 5 chms) even in large devices (high

gm)-

Siliconix
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How to Recognize Oscillation Problems

It is important that the designer recognize when oscillation
problems might appear. Normally the first indication of this
problem is the failure of devices with gate-to-source shorts or
with high leakage (IGSS > 100nA). The best means for
detecting oscillations is to place a scope probe between the gate
and source terminals, directly on the device. The scope should
have a bandwidth of at least 200 MHz since itis very difficult to
detect VHF oscillations with an instrument that responds to
only afew MHz. A low capacitance probe should be used, and as
little stray inductance as possible should be introduced. It is
possible for the measurement process itself to alter the circuit

operation and to suppress or induce the oscillation!

Prevention of Oscillation in MOSFETs

From the theoretical and experimental work on this problem, it

is clear that preventing parasitic oscillations is not a major

problem and can be accomplished by observing the following
guidelines:

1. Minimize the parasitic inductances and capacitances. In
particular L, Lg, and ng should be made as small as
possible. Making the parasitic elements smaller raises the
resonant frequency. As the frequency is increased, the
gain of the device will decrease, and the resistive damping
present will become more effective. The net result is a
reduced likelihood of oscillation. _

2. Usesmall{1-5ochm)}differential resistorsin the gate lead of
each device. Because of the silicon gate structure of Sili-
conix devices, most of the needed resistance will already be
present. Rz should, of course, be non-inductive. Carbon
composition resistors are particularly good.

3. Any resonant circuit has a non-zero value of @. The
higher @ is, the slower the oscillation will build up. The
time constant (r) will be:

__2Q (30)

If the switch transition time is short compared to r, then
the oscillation will not appear even though the circuit is
potentially unstable.

4.- Minimize the differential values of Lg and L.

5. For the differential mode of oscillation, ferrite beads pro-
vide both Rz and increased Ly and can be very effectivein

suppressing oscillations.

CONCLUSIONS

In this discussion, a wide variety of possible problems has been
considered. In each case, the potential problems have been
shown to be either no problem at all or curable through some
simple circuit means. In particular, it has been shown that
matching of devices is rarely needed. From this discussion, itis
quite clear that paralleling MOSFETsis relatively easyif a few
simple rules are followed:

1. Provide good thermal coupling between devices.

2, Use good circuit layout practices.

3. Use small series gate resistors to suppress oscillation.

4, Otherthan the gate resistors needed for oscillation suppres-
sion, minimize the differential gate impedances.

5. In linear applications, use small differential source resis-
tors to stabilize the operating point and force current
sharing.

6. Carefully examine the cireuit waveferms for any signs of

parasitic oscillation or current spiking.

For those readers desiring more information, the articles

referenced in the bibliography should prove useful.
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