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Power MOSFETs

Reliable MHz Operation Requires Attention to

Device Characteristics

Charles Schuliz, Vicor Corporation, Andover, Massachusetts

ower MOSFET darta sheets do not always present

an accurate picture for operation at MHz fre-

quencies, particularly with regard to device capac-

itance. A recommended approach is to model the
full capacirance versus voltage curve as a fitted function
and then define an equivalent linear capacitance based on
the needs of the application. It is necessary to model the
capacitance accurately down to zero drain-to-source volt-
age and up to the device's rated voltage. In zero current
switched (ZCS) converters, output capacitance at verv low
drain-to-source voltage (near zero) and at high values of
drain-to-source voltage can be the defining difference in
the suitability of a MOSFE'T" for MHz switching. Circuit
simulators can be used for preliminary evaluation purposes,
but these still require that the device in question be accu-
ratcly modeled over the full range of drain-to-source volt-
ages.

Figures of merit used to define MOSFET quality are
not always relevant to the designer. For low frequency or
nonswitched applications, an appropriate figure of merit
may be a resistance times a die area,
which essentially eliminates die

and the latter directly proportional to it, the resulting fig-
ure of merit is generally independent of chip area (neglect-
ing inactive silicon area). Thus, figures of merit are func-
tions of the technology and processes used in
manufacturing the device.

For switching applications the resistance of interest is of
course the R . = of the MOSFET ar some specificd con-
dition, bur at higher frequencies, device capacitance
becomes increasingly more relevant. The capacitance to
use in a figure of merit will depend entirely on the appli-
cation. This capacitance may be the input capacitance C_,
the output capacitance C_, the Miller capacitance C_, or
some cquivalent capacitance that more accurately charac-
terizes how the device will work in a circuit. An example of
an equivalent capacitance appropriate to a figure of merit
is one derived from the total gate charge (e.g., Qu/10V).
Furthermore, the capacitance of a MOSFET is highly non-
linear versus drain-to-source bias voltage, so in evaluating a
device there is the additional question of which drain-ro-
source voltage is most appropriate for the capacitance.

Generally the value of capacitance
at 25V is specified in dara sheets

area by making the figure of merit
an effective resisuvity, This defini-
tion of resistance times die area is
also preferred by suppliers since
this characterization embodies both
performance (resistance) and cost
(die area). For high frequency
power conversion from hundreds of
kHz up to IMHz, a figure of merit
for the MOSFET user will general-
lv include some product of resist-
ance (on-state resistance) times a
capacitance. Because the former is
inverscly proportional to the area

Operating power
MOSFETTs consistently
and reliably in the MHz
region requires a careful

evaluation of the effect of
its circuit capacitance and
special analytical
techniques for an accurate
determination of device
performance.

bur this is inadequate for analyzing
high frequency MOSFET switch-
ing. Typical curves are often provid-
cd as a function of apphed drain-to-
source voltage, but rarely do they
extend down to zero bias or con-
versely up to the device's rated
voltage (in the case of higher volt-
age devices).

ZCS Example

Consider the resonant-mode
zero current switched (ZCS) de-de
power converter'!! indicated in Fg-



ure I. For brevity the control circuir is
not shown but cmploys variable fre-
quency control. The power MOSFET
switch is turned off once the primary
resonant current returns to zero. The
input voltage range is 200 to 400Vdc,
with an output of 5V at 200W. The
topology is single-ended forward using
a low-side MOSFET switch.

Figure 2 is an example of a typical
drain waveform in arbitrary unirts at an
arbitrary lin¢/load condition. At turn-
on, the drain voltage is pulled down to
within an Ry = drop of the input
rerurn. At turn-off, the volrage
increases to a value V. consistent with
resetting the core of T'1.

<nergy stored in the MOSFETs
output capacitance must be removed
to turn the device fully on. Because
the MOSFET’s capacitance is essen-
tially a juncrion capacitance, it is high-
ly nonlinear and depends on the
instantancous drain-to-source voltage.
In the absence of zero voltage switch-
ing (ZVS), the MOSFET’s output
capacitance C_ must be discharged
from the peak drain voltage during T'1
reset to an Ry voltage drop. This
energy is generally dissipated as heat
in the silicon. Hence, the average
power dissipation at turn-on equals
the energy removed from C_ times
the switching frequency. Next, con-
sider turn-off in the circuit of Figure 1.
The transformer’s load current has
returned to zero allowing turn-off to
be affected at essentially zero current
(ZCS). The current necessary to
recharge the MOSFET outpurt capac-
itance is extracted from the magnetiz-
ing energy stored in transformer T'1.
This current must be sufficient to
turn off the device in a reasonable
amount of time. For example, switch-
ing up to a IMHz rate will generally
require that the toral delay plus rise
time at MOSFET rturn-off be no
greater than about 200nsec. Turn-off
in this application, under true ZCS
conditions, is limited by magnetizing
current rather than the ability of the
drive circuit to sink gate current.

The two examples above illustrare

At T1 1inH 5uH
%‘—1—?\ — . :ﬁ—« 3
i . &
3 i 3 cs
036uF 0.165,F x4 300,
(0.18uF x21) (100uF x3)
H — QU
ke OUT
}_.
Qf
Av4
Figure 1. Example ZCS single-ended forward topology.

the relevance of the rtotal output
capacitance curve, At turn-on, switch
loss is proportional to the energy dis-
charged from the nonlinear output
capacitance as its drain-to source-volt-
age drops to essentially zero (an R ¢
drop). At turn-off, the risc time of the
switch is driven by the magnetizing
current. Thus, outpur capacitance C__
in this application affects switching
loss at turn-on and determines the
MOSFET rise rtime at turn-off.
Because the drain-to-source voltage is
traversing a wide voltage swing in
cither case, the full capacitance curve
must be accounted for. A typical out-
put capacitance for a 600V MOSFET
is indicated in Figure 3 - illustrating in
particular the high value at zero drain-
to-source bias. Thus, returning to the
above discussion of figures of merir,
the full capacitance curve is relevant
and in facr the value of capacitance
down at zero drain-to-source bias is
significant, particularly at turn-off. At
the beginning portion of the turn-off
cvele, the high value of output capaci-
tance (low drain-to-source voltage)
will increase the effective turn-off
delay over and above any delay intro-
duced by the gate circuit.

Calculating Losses

The primarv load current at turn-
on in the isolated single-ended for-
ward converter is initially zero. The
main contributor to switching loss is
the energy stored in the MOSFET’s

output capacitance. For higher voltage
MOSFE'Ts (>400V rated), switching
losses will approach conduction losses
as frequencies approach a MHz. One-
half times the capacitance times the
square of the voltage is satisfactory for
linear capacitors but not appropriate
in this example. To develop a useful
and accurate algorithm to handle this
scenario, a mathematical model for
MOSFET output capacitance (C)is
required. Junction capacitance is gen-
erally represented by an inverse power
law. Of course any well-behaved func-
tion can be fit to a power scries (or
inverse power series) if enough terms
are used. Experience shows that for
most MOSFETS, a good fit is provided
by the well-established inverse power
law (with coefficients (Ip, n, Vj) plus a
constant capacitance C

(1)

Gl
Cos(V) =Cpp + —E—

where:
C,»n Vand C = Constants
V = Applied voltage across the
device

The constant term is a linear
capacitance and may represent a pack-
age capacitance. In general however, it
is a term that improves the functional
fit. To calculate the energy lost in the
turn-on transition, the energy integral



must be solved:
Ve (2)
Egy =] Cu(V)x Vav
0
where:
V. = Initial drain-to-source volrage ar

urn-on

Substitution of Equation (1) into
Equation (2) vields the following
expression for switching loss at turn-
on:
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The value C is therefore an

i1
effective lincar c(t:cmsmm;) capaci-
tance which, when charged or dis-
charged to a voltage V., results in the
same amount of energy transfer as the
MOSFET’s actual nonlinear output
capacitance. In the application above
near IMHz, this effective capacitance
is necessary to determine accurately
this component of switching loss.
Because most of the energy storage on
a MOSFET is done at higher voltages,
the capacitance at high drain-to-
source voltages (near V) weighs more
heavily into C . In single-ended for-
ward converrers, switching losses at
turn-on mav be minimized, and in
some instances (e.g., ZCS) essentially
climinated, by using an appropriately
rimed active reset circuit and exploit-
ing magnetizing current reversal to
losslessly discharge the switch and cir-
cuit parasitic capacitances'”!.

Rise Time

Consider MOSFET turn-off in Fig-
wre 1. Load current is zero by design
(ZCS) leaving the magnetizing cur-
rent alone to charge the nonlinear out-
put capacitance. Other elements in

il B |
LRI}

T

g gy b

Figure 2. Drain voltage of main switch in Figure 1.

the circuit (reflected recrifier juncrion
capacitance, winding
capacitance, parasitic board capaci-

transformer

tance, etc.) must be charged up as
well, but these will be neglected here
for simplicity. Once the MOSFET
gate 1s driven down to its plateau volt-
age (threshold voltage under magnet-
izing load), the voltage across it will
begin to nise. For relatively fast rise
times, the magnetizing current in the
transformer primary winding will be
constant and equal to its peak value at
the end of the switch conduction
interval. Assuming the application is
such that the gate driver can sink
much more current then is available to
recharge C_, turn-off time is driven
by charge transfer to the nonlincar
MOSFET output capacitance C_.
The amount of charge required to
drive the MOSFET output capaci-
tance to a drain reset voltage V, is
determined by the charge integral.

v,
Qg = [ Co (V)aV
0

(5)

Rise time can then be calculated
based on:

—_— Q_S“r
rise lm

(6)

where:

I = Peak magnetizing current

The peak magnetizing current, |
occurs at the end of the MOSFET"s
conduction interval. Substituting
Equation (1) into Equation (5) and
then into Equation (6) vields:

_CarpxV, N
Lrise = 1
where:
= - (E —n) J
e C,V, [(1 + V) =1 (8)
eff2 Vr (1 _ n)
G

The value €, is therefore an
effective linear (constant) capacitance
which, when charged or discharged to
a voltage V, results in the same
amount of charge transfer as the MOS-
FET's actual nonlincar output capaci-
tance. In applications where rise time



Output Capacitance vs. DS Voltage Plot for FET A
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Figure 3. Typical MOSFET output capacitance versus drain-to-source voltage.
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Figure 4. Example of furn-off for MOSFETs A and B.

is limited by available drain current,
Equation (8) would be needed rto
accurately predict rise time. In acrual
circuit operation, other capacitances,
which equivalently would appear from
drain-to-source of Figure /, should be
taken into account to accurately pre-
dict rise rime. Because most of the
charge transfer is done at low drain-to-
source voltages, the value of output
capacitance near zero bias weighs
more heavily into Equartion (8). This
is in contrast to the equivalent capac-
itance defined by the energy integral
whereby outpur capacitance near V,
contributes more significantly to ener-

gv storage. A high output capacitance
at zero bias in this instance will cause
an addirtional delay time (measured by
the 10% point) in the MOSFET volt-
age relative to the controller off signal.
In the case of the energy integral and
the charge integral, the output capac-
itance near 25V as commonly found in
data sheers is not the most relevant.
Calculation of rise time is by no
means insignificant for operation near
IMHz in ZCS designs and can in fact
result in significant stretching of the
MOSFET’s duty cycle (versus the
controller’s dury cycle). This stretch-
ing results in higher peak voltage
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stress on the switch and increases
power loss in the transformer (higher
core loss).

Figure 4 shows an example of two
cuit illustraring the difference in turn-
off behavior. The top waveform is the
superimposed drain signal of cach
device (200V/div) at turn-off. The
bottom waveform represents a com-
mon control signal initiating the turn-
off. MOSFET A (Figure 3) 1s charac-
terized by:

n = 102974
C, = 2177.108pF
V‘I = 1.655V
C = 33pF

T;l]c effective output capacitance,
C,, .. for recharging to a final voltage
V of 440V is 754pE MOSFET B is a
slightly larger device charactenized by:
n = 14037
¢, =2711.73pF
V, = 3.2898V
C . =457pF

Its effecrive capacitance, € . 1o
40OV calculares to 89.0pE The higher
cffective ourput capacitance of device
B increases its turn-off time. More sig-
nificant differences in die size and/or
output capacitance versus the devices
in Figure 4 leads w even more pro-
nounced differences in turn-off times.
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