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Abstract—In this paper, a review of switching loss mechanisms
for synchronous buck voltage regulators (VRs) is presented. Fol-
lowing the review, a new simple and accurate analytical switching
loss model is proposed for synchronous buck VRs. The model in-
cludes the impact of common source inductance and switch para-
sitic inductances on switching loss. The proposed model uses simple
equations to calculate the rise and fall times and piecewise lin-
ear approximations of the high-side MOSFET voltage and current
waveforms to allow quick and accurate calculation of switching loss
in a synchronous buck VR. A simulation program with integrated
circuit emphasis (Spice) simulations are used to demonstrate the
accuracy of the voltage source driver model operating in a 1-MHz
synchronous buck VR at 12-V input, 1.3-V output. Switching loss
was estimated with the proposed model and compared to Spice
measurements. Experimental results are presented to demonstrate
the accuracy of the proposed model.

Index Terms—DC-DC power conversion, modeling, MOSFETs.

I. INTRODUCTION

N ORDER to optimally design a high-frequency switching
I converter, engineers and researchers begin their design by
estimating the losses in a design file that is typically created
using a spreadsheet, or other mathematical softwares. Device
datasheet values and analytical models are used to calculate
the losses. Using the loss models, many design parameters and
components are compared to achieve a design with the optimal
combination of efficiency and cost.

Analytical switching loss models use closed-form mathemat-
ical equations. Most often, piecewise linear turn-on and turn-
off waveforms are used, or simplified equivalent circuits are
used to derive switching loss equations. These methods yield
closed-form mathematical expressions that can be used easily
to produce optimization curves within a design file. The chal-
lenge with analytical modeling is to improve accuracy while
minimizing complexity.

One of the most popular analytical switching loss models
is the piecewise linear model presented in [1]. This model is
referred to as the conventional model and is later used as a
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benchmark for comparison purposes with the proposed model.
This model enables simple and rapid estimation of switching
loss; however, the main drawback is that it neglects the switching
loss dependences due to parasitic inductances. Typically, this
model predicts that turn-on and turn-off loss are nearly similar
in magnitude. However, in a real converter operating at a high
switching frequency, the model is highly inaccurate since turn-
off loss is much larger due to parasitic inductances.

A comprehensive analytical switching loss model for voltage
source drive is presented in [2] and a model for current source
drive is presented in [3]. These models are an extension of the
model presented in [4], with the advantage that they provide ac-
curate characterization of switching loss when common source
inductance is included. Common source inductance is induc-
tance in the source lead of a power MOSFET that is common
to the power train circuit and driver. The main drawback of the
models in [2]-[4] is their complexity.

The synchronous buck remains the topology of choice for
voltage regulators (VRs) in today’s computers [5]-[19]. How-
ever, in order to properly model switching loss in a buck VR, a
detailed understanding of the impact of MOSFET gate capac-
itance, common source inductance, other parasitic inductance,
and load current on switching loss is necessary. This is most
easily accomplished through careful examination of waveforms
through simulation and experiments, which are included in
Section II, following the approach presented in [5].

In Section III, a new switching loss model is proposed with
the goal of maintaining the relative simplicity of the very popu-
lar conventional model in [1], while improving the accuracy for
high-frequency synchronous buck with parasitic circuit induc-
tances, including common source inductance. In particular, the
model predicts the large decrease in turn-on loss and increase in
turn-off loss that occurs as undesired circuit parasitic inductance
increases. The proposed model is compared to the conventional
model and simulation program with integrated circuit emphasis
(Spice) simulation results in Section IV. The model validation
with experimental results are presented in Section V. The pro-
posed model is then extended to current source drivers [11]-[13]
in Section VI. The conclusions are presented in Section VII.

II. IMPACT OF PARASITIC INDUCTANCE AND LOAD CURRENT

A synchronous buck converter is illustrated in Fig. 1. In a
synchronous buck VR, it is well known that the input voltage,
load current, and high-side (HS) MOSFET gate-to-drain charge
influence switching loss in the HS MOSFET. In addition, the
inductances associated with the device packaging and printed
circuit board (PCB) traces also contribute significantly to HS
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MOSFET switching loss. It is noted that the synchronous recti-
fier (SR) switches with near zero switching loss.

The synchronous buck in Fig. 1 includes parasitic drain and
source inductances for the HS MOSFET M; and SR MOSFET
M. It can be assumed that the source inductances Ly, and
Lo are common to their respective drive signals. Any other
inductance in the source that is not common to the source is
assumed to be lumped with the drain inductances Lg; and Lgo.
These inductances have a significant impact on the switching
loss behavior in high-frequency synchronous buck VRs.

During the switching transitions, the HS MOSFET operates
in the saturation (linear) mode as a dependent current source,
simultaneously supporting the current through the device and
voltage across it. At turn-on and turn-off, the gate-source volt-
age v,y is held at the plateau voltage V1 by the feedback
mechanism provided by the voltage across the common source
inductance vy 1, i.€., neglecting the internal MOSFET gate re-
sistance ’U;]sl = Ve = vgs1 +vrs1 = Vo1 +vrs1.

Simulation waveforms for a buck VR at 12 V input, 30 A
load, 8 V drive voltage, and 1 MHz switching frequency are
illustrated in Fig. 2. The top curves are the HS MOSFET switch

current 4451 and actual drain-to-source voltage v,51. The second
set of curves are the v, (actual) and v;; (measured; v} ; =
Vgs1 + vrs1) waveforms, which are included to demonstrate
that measuring vy, in the laboratory provides an inaccurate
representation of the switching times. The bottom curve is the
power loss in the MOSFET Py;1 — vgs1%451- Typically, parasitic
inductance values for common package types are provided by
the semiconductor manufacturers in application notes [6] and
[7], and range from approximately 250 pH to 1 nH, depending
on the package type. Matched inductances of 500 pH each for
the four inductances were used in the simulation.

As can be observed from the circuit in Fig. 1 and the wave-
forms in Fig. 2, at turn-on, as the HS MOSFET current increases,
v 1 18 positive in the direction noted, so this voltage subtracts
from the V... voltage applied to the gate, enabling v,s1 = V};1
while the MOSFET operates in the saturation mode. At the same
time, the four parasitic inductances provide a current snubbing
effect, which virtually eliminates turn-on switching loss en-
abling a near zero current switching (ZCS) turn-on. During this
transition, the rise time 7, is dictated by the gate driver’s ability
to charge the MOSFET gate capacitances (Cj,, from V;y, to V1
and Cy4 to Vi), which is defined in this paper as the time for
vgs1 to fall to zero. Then, it is assumed that this time is inde-
pendent of the time it takes i4,; to rise to its final value equal
to the buck inductor current, i.e., after 7)., 7451 be less than the
buck inductor current.

At turn-off, as the HS MOSFET current decreases, vy s is
negative in the direction noted in Fig. 1, so this voltage subtracts
from the low-impedance source voltage (ideally zero volts) ap-
plied to the gate, enabling vy,1 = V};; while in the saturation
mode. During this transition, the fall time T is defined as the
time for the HS MOSFET current to fall from the buck in-
ductor current to zero. This time is dictated by both the gate
driver’s ability to discharge the MOSFET gate capacitances
(Cyq from Vi, and Cj,s from V) to V4y,) and the four parasitic
inductances, which prolong the time for ¢4, to fall to zero by
limiting dig /dt.

As alluded to in the previous two paragraphs, the MOS-
FET and trace parasitic inductances have vastly different ef-
fects at turn-on and turn-off. At turn-on, the inductances pro-
vide a current snubbing effect, which decreases turn-on switch-
ing loss. At turn-off, the inductances increase the turn-off
loss by prolonging T'. In addition, as load current increases,
Ty increases, so turn-off losses increase proportionally to
I¢ [proportional to I, and Tt (1,)]. In contrast, at turn-on, the
load current magnitude has ideally no effect on the 7).. There-
fore, in real circuits, turn-off loss is much greater than turn-on
loss, which is clearly evident in the P/, power loss waveform
in Fig. 2.

Another important point to note from Figs. 1 and 2 is that in
a real circuit, the board-mounted packaged inductances are dis-
tributed within the MOSFET devices. Therefore, when probing
in the laboratory, one only has access to the external termi-
nals g, s), and d;’ for the HS MOSFET and g2, s, and d}
for the SR. However, the actual nodes that provide waveform
information relevant to the switching loss are at the unavailable
internal nodes s; and d; for the HS MOSFET. Using the plateau



702

ldxl\ ‘
_-rﬂw-ﬂ \r"\“'ﬂ =
’hp_-_
\ e
—»! a—1,=20ns \ : CT=48ns i e
gs
OA Load -V,
20nH Common Source Inductance Y —
| PM\
| !
Ll
Fig. 3. Switching waveforms at 0 A load and 20-nH common source in-

ductance (80 ns/division; vgs1: 10 V/division; i441: 5 Afdivision; vgs1:
5 V/division; Py 1: 50 W/division).

R |
EK ds1 —--.-__M\“‘
L "r
iy -~ | W
| dsl- W
Vi ! “—
; FT=
[—» «—T,=22ns \) Fs
_j:‘ LT —— L SO Y an
Load increased to 5A,
/+ i 20nH Common Source Inductance
Py \
-
Fig. 4. Switching waveforms at 5 A load and 20-nH common source in-

ductance (80 ns/division; vgs1: 10 V/division; i441: 5 Afdivision; vgs1:
5 V/division; Py 1: 200 W/division).

portion of the measured gate—source voltage v;sl to determine
the switching loss times is misleading since the induced volt-
age across Ly is included. Probing v’gsl in the laboratory, one
would observe a negligible 7). at turn-on and a turn-off T’ less
than one-half of the actual ;. The actual v, waveform, which
cannot be measured in a real circuit, more clearly illustrates the
plateau portions in the rise and fall times.

To demonstrate the effects of load current and common source
inductance, experimental testing was done at a reduced fre-
quency of 200 kHz, with the source connection cut and a wire
inserted in the common source path to measure the MOSFET
current. Measurement waveforms are illustrated in Figs. 3 and
4, where the load current has been increased from 0 to 5 A. With
this method, the inductance of the wire (approximately 20 nH) is
much greater than the approximate total package inductance of
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approximations of these waveforms in bold.

1 nH, so the package inductance can be neglected, allowing for
measurement of v,s; and vy, . As stated previously, it is noted
that as load current increases from 0 to 5 A, T, remains nearly
unchanged from 20 to 22 ns, but T’ increases significantly from
48 to 96 ns. In addition, at a constant load current of 5 A, as
illustrated in Fig. 5, as Lg; increases to 30 nH (using a longer
3-in wire), 7). remains relatively unchanged from 22 to 26 ns,
while T’ further increases from 96 to 160 ns. It is noted that
in Figs. 3-5, the vy, rise at turn-off appears to be steep and
nearly rectangular due to the time scale; however, its actual rise
is triangular, as will be illustrated in Fig. 6.

From knowledge of the circuit operation and observation of
the experimental results presented, three important observations
and conclusions can be made.

1) In a practical synchronous buck VR, turn-off loss is much
greater than turn-on loss since the circuit inductances pro-
vide a current snubbing effect, which decreases and vir-
tually eliminates turn-on switching loss, but increases the
turn-off loss by prolonging 7. In addition, the induc-
tor ripple current decreases the current at turn-on and
increases the current at turn-off, which further reduces
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turn-on switching loss and increases turn-off switching
loss.

2) T,is dictated by the time for the voltage to fall to zero and
is independent of the final value of the current. In addition,
load current has negligible impact on 7., while common
source inductance has only a small impact, since as L
increases, the current di s /dt decreases.

3) Ty is dictated by the time for the current to fall to
zero. Load current, common source inductance, and other
circuit parasitic inductances (i.e., Lg1, L2, and Lgs) in-
crease 1.

III. PROPOSED SWITCHING LOSS MODEL

Typical switching waveforms for a synchronous buck VR are
illustrated in Fig. 6. The proposed model uses the piecewise
linear approximations (noted with thicker bold lines) of the
switching waveforms in Fig. 6. Turn-on switching loss occurs
during 7T’ and turn-off switching loss occurs during T';. The key
to the model is prediction of the turn-on current Iy, the rise
and fall times 7, and T, the reverse recovery current, I,.,., the
magnitude of the rising current slope Ai,, /At, and the current
drop Ay when vy, rises to V4, at turn-off. The goal of the
proposed model is to calculate the switching loss with respect
to load current, driver supply voltage, driver gate current, and
total circuit inductance in a simple manner.

The MOSFET parasitic capacitances are required in the
model. They are estimated using the effective values [1] as
follows in (1)-(3), using datasheet specification values for
Uds1 _spec Crssl,spec, and Cissl,spec- As in [2]-[4], the Cy;; ca-
pacitor of the synchronous buck HS MOSFET is neglected in
the proposed model since it has minimal impact on switching
loss, and inclusion greatly complicates the modeling process

Vis1 _spec
ngl = 2C7‘ssljpcc d‘l/ip (1)
Cissl = Cissl,spec (2)
Cgsl = Ois.s'l - qul- 3)

In the following three sections, derivations of the model for
the turn-on, turn-off, and the total switching loss are presented.

A. Turn-On Switching Loss Model

Piecewise linear turn-on waveforms of 44,1, v4s1, and vg,1,
and the power loss in M and P);; are provided in Fig. 7. These
waveforms and knowledge of the circuit operation are used
extensively in this section in order to derive the turn-on loss
Pox.

By definition, Fyy is derived using the simple integral in (4),
representing the average power over one switching period

T,
- 1
PON = fs / Vds1lds dt = 6‘/111[01\177!\]0' (4)
0
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Fig.7. Synchronous buck HS MOSFET waveforms at turn-on with piecewise
linear approximations.

The power loss in (4) is the product of Vi, Iox, fs, and 7.
The turn-on current, I,y is the HS MOSFET drain current when
vgs1 = 0. The two parameters that are key to accurate prediction
of P,y are the current at turn-on Iy and 7. The remainder of
this section provides a simple procedure to calculate I,y and 7.,
to enable the calculation of Py.

T, is dictated by the gate driver’s ability to charge the MOS-
FET gate capacitances, which is the time for vy, to fall to zero.
This time is assumed to be independent of the time it takes ¢4
to rise to its final value. Under this assumption, 7). consists of
two intervals 77, and T5,., which are discussed in the following
sections.

1) Rise Time Interval 77, : Charging HS MOSFET C,; and
Cya1 Gate Capacitances.

The HS MOSFET equivalent circuit during 77, is given in
Fig. 8. The gate resistance R, represents the total series resis-
tance in the gate drive path, i.e., R, = Ry; + Rexy + R, where
Ry is the resistance of the driver switch, Ry is any external
resistance, and I, represents the internal gate resistance of the
MOSFET.

During T3,, the Cy, capacitance is charged from V;; to
Vi1 on, While the gate side of Cyq; charges from Viy, to Vj,1_on
and the drain side of the Cy4; capacitance discharges from V;,
to Vi,. Therefore, the change in voltage across Cyq1 during
Ty 18 [(Vin — Vir) + (Voiow — Vin)]. Then, T3, is given by
(5), assuming an average gate charging current Iy1,. V1 on
represents the plateau voltage at turn-on and is given by (6),
where Ay, represents the buck output inductor-ripple current.
Since the peak MOSFET current at turn-on is lower than at
turn-off, the plateau voltage at turn-on differs slightly than at
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Fig. 8. Synchronous buck HS MOSFET equivalent circuit during 7.

turn-off. In (5), AVysr = Vpi_on — Vin
CgslA‘/gsr + ngl [A‘/gsr + (‘/in - ‘/1r)]
Iglr
gfs '

T, r =

&)

‘/pLON = Vth + (6)

The drain—source voltage during 77, is given by (7), where
Ligop = L1 + Lg1 + Lo + Ly

did:"l
TR (7

The rate of change of drain current in (7) is given by (8) using
the piecewise linear approximation of the gate—source voltage
waveform during 77,

Aigs

Vas1 = Vin — Lloop

_ 4955 (vgs1 = Vin) _ 955 AVgsr

= 8
At dt 11, ®)
Using (8), the intermediate voltage V), is given by (9)
sAVgs
‘/17- = ‘/;n - Lloopu- (9)

Tlr

The driver equivalent circuit during 77, is illustrated in
Fig. 9(a) and the gate—source voltage waveform is provided in
Fig. 9(b). During this time interval, it is assumed that v is the
average value of the plateau V},)_oy and threshold voltages V}y,.
In addition, in the proposed model, the slope of the drain current
is assumed constant; therefore, the voltage vy, 51 = L1 Aigs /At
is constant; so the L inductance is replaced by an ideal voltage
source in the drive circuit. The average gate current, during 77,
using the linearized v,,; waveform is given by

I = VZ:(: - 0-5(‘/1)1,0N + ‘/th) - le (Alds/At)
glr — Rr .

(10)

Solving for T3, using (5), (9), and (10) yields (11), where

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 24, NO. 3, MARCH 2009

Rr
+
+ [ . ;vgsl = O'S(Vplfon + V;h)

+
vle = L:lAids /At

(a)
Vgsl
Vpl ***** v—/_
I/th ”””” H O S(I/pl_on + I/th)
T
(b)

Fig. 9. Driver equivalent circuit during 77, .

Fig. 10.  Synchronous buck HS MOSFET equivalent circuit during 75, .

2) Rise Time Interval T5,: Charging the HS MOSFET C,g4,
Gate Capacitance.

The HS MOSFET equivalent circuit during 75, is given in
Fig. 10.

During T5,, the gate voltage of the C4; capacitance remains
constant at V},1_on, While the drain node of Cy4; is discharged
by current I, allowing 15, to be given by

Cydl ‘/17‘

T,, =
27 Ig?r

(12)

The driver equivalent circuit during 75, is illustrated in
Fig. 11(a) and the gate—source voltage waveform is provided
in Fig. 11(b). Due to the assumed constant Ai;s/At, the Lg;
inductance is replaced by an ideal voltage source. Under these
assumptions, the gate current is given by

Vgsir = 0.5(Vpi_on + Vin), (11) as shown at the bottom of this Ve = Vilon — L1 (Aigs [ At)
Loy = : (13)
page. R,
A‘/;/97(legf9 + RrCissl) + \/[A%sr (Lelgjs + chissl)]Q + 4A‘/ger (V;‘r - vaslr)RTnglLloopgfs

Tlr =

an

2‘/gslr
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(b)

Fig. 11.  Driver equivalent circuit during 7%, .

Solving for 75, using (9), (12), and (13) yields
_ R’r'Cr]dl (‘/in - Lloopgf.s’ (A‘/;]sr/Tlr))

Iy (14)
’ Vee = Voriox — L1955 (AVgsr /Thr)
The total 7, is the sum of 77, and T5,, as given by
z_;’ == Tlr + T2r- (15)

The final step to determine the turn-on loss is to estimate the
current Iy at the end of 7). Depending on the load current and
parasitic inductances, calculating I,y can require estimation of
the reverse recovery current I,.,.. An expression of [, is provided
in (16), where Ai,, /At represents the average rate of increase
of the drain current, @, spec represents the datasheet reverse
recovery specification at current I, _gec, and I, represents the
buck converter average load current. The derivation of I, is
provided in the Appendix

Air]s er _spec
At Irr _spec

1,. (16)

Since the rise time is dictated by the time for the HS MOSFET
voltage vgs1 to fall to zero, the current at the end of 7, can be
at any value equal to, or less than, the inductor current plus
the reverse recovery current (i.e., Ioy 1S not necessarily equal
to the inductor current, as in the conventional model [1], or the
inductor current plus the reverse recovery current). There are
three cases for Iy, as illustrated in Fig. 12.

The first and the most common case is illustrated in Fig. 12(a)
where I,y is less than the peak of the turn-on current waveform
at the end of T,.. This case occurs under heavy load conditions
and/or with typical or large values of parasitic inductances which
limit Aigs/At. In this case, the turn-on current is determined
by the slope of the current at turn-on multiplied by 7;., as given
by the first condition in

ST, i
ION = .
1, — 0.5Air¢ + I,,, otherwise.

Bl T, <I,—0.50i,p+1,,

t

a7

(b)
1,-0.5Ai,
Vast 1 ; 1
. é e’—FAl’dY /At
ldsl ' i :
—T
(©

Fig. 12. Three possible cases of turn-on current when V41 = 0. (a) Iox less
than I;4; peak value. (b) Ioy is equal to the I;41 peak value. (¢) Iox occurs
after the I ;51 peak value.

The first condition holds as long as the calculated value is
less than the inductor current (I, — 0.5A%L¢) plus I,,, which
leads to the second and third conditions in Fig. 12(b) and (c).

Under light load and/or conditions where the parasitic induc-
tances are small, using the current slope times 7, would yield a
turn-on current greater than the peak current and somewhere on
the dotted line extensions in Fig. 12(b) and (c). In this case, the
current is capped at maximum value of the inductor current plus
reverse recovery current, as given by the second condition in
(17). The third case, illustrated in Fig. 12(c), occurs under very
light-load conditions, and/or when the parasitic inductances are
very small. To simplify the model, this case is neglected and if
it occurs, the second case in Fig. 12(b) is used as given by the
second condition in (17).

The total turn-on switching loss can be calculated using (4),
(15), and (17).

B. Turn-Off Switching Loss Model

Piecewise linear turn-off waveforms of 4g,1, vqs1, and vy,1,
and the power loss in M; and P, are provided in Fig. 13.
These waveforms and knowledge of the circuit operation are
used extensively in this section in order to derive the turn-off
loss Pope. The turn-off transition consists of two intervals 77 ¢
and Th;.

During T; ¢, the Miller capacitor C,q4; is discharged while
Vg1 remains at V},)_opr, and 7441 is assumed to remain constant.
In a real circuit, it is noted that i45, begins to fall during 77 ¢;
however, the current slope is limited due to the discharging of
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the Cyq2 and Cgyo capacitors of the SR. During this interval,
v4s1 increases from zero to V;,. Therefore, from the geometry,
the turn-off power loss P o, during T 7, is given by
1

PloFF = 5‘/{1110FFTlffs- (18)

During Tbs,Cys is discharged from Vp o to Viy,, while
the gate node of Cy4; is also discharged from Vj o to Vin,
and the drain node of Cyq; is charged from Vi, to the peak
voltage at turn-off V,,. During this interval, ¢4, falls from Iogx
to zero, while vgy; rises from V;, to V,. Using a simple integral

following the procedure presented in Section III, the turn-off
loss during T is approximated as Paor, given by

1 1
PQOFF = (6(% - %n"_)IOFF + 2‘/;11]01:1:) T2ffs~ (19)

The total turn-off loss Py is the sum of P o and Poogp

POFF = PIOFF + PZOFF- (20)

The key parameters to accurate prediction of the turn-off loss
are the HS MOSFET current at turn-off Iop, the intervals T7 ¢
and 75, and the peak overshoot voltage of v4s1, V},. The turn-
off current is the load current I, plus half of the filter inductor
peak-to-peak ripple current Ay, , as given by

1. .
Togr = 1, + iAlLf' 2D

The plateau voltage at turn-off V},j o is given by (23). It
differs slightly from V},; oy at turn-on due to the larger switch
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Fig. 14.  Synchronous buck HS MOSFET equivalent circuit during 7' .

Fig. 15.  Driver equivalent circuit during 77 .

current during the transition

I, 4+ 0.5 Aiyy

VpLOFF = Wh +
gfs

(22)

The turn-off loss estimated using (20) is a function of 7.
During T}, the current falls from Ioe to zero and vg,p rises
from zero to V,,. It is a function of the driver’s capability to
discharge Cyq1 and Cj,,1, but in addition, it is a function of
circuit parasitic inductances that limit the current falling slope,
and therefore, the falling time.

1) Fall Time Interval Ty (Discharging the HS MOSFET
Cya, Gate Capacitance): The HS MOSFET equivalent circuit
during 7'y is given in Fig. 14. Since 745, remains constant at Jogr
(also illustrated in Fig. 13 during interval T3 ), Aigs /At =0,
so the parasitic inductors can be neglected. The variable T7
is the time required to discharge the C,4; capacitance by gate
current I, 7, as given by

ngl V;n

T =
H Iglf

(23)

The driver equivalent circuit during Ti; is illustrated in
Fig. 15(a) and the gate—source voltage waveform is provided
in Fig. 15(b). During this time interval, it is assumed that
Ugs1 remains constant at the plateau V1 op. With this assump-
tion, the gate current is easily derived as given by (24), where
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Fig. 16.  Synchronous buck HS MOSFET equivalent circuit during Ty ¢ .

Ry = R), + Rexi + Ry, and V) _opr s given by (22)

Vi 1_OFF
Iy = ~2=0, (24)
gl Rf
Using (23) and (24), T} is given by
Coa1Vin R
Tip = St (25)
pl_OFF

2) Fall Time Interval T5y (Current Falling and Discharging
the HS MOSFET Cy,1 and Cyq1 Gate Capacitances): The HS
MOSFET equivalent circuit during 75 is given in Fig. 16. Dur-
ing Ty, the Cy,1 capacitance is discharged from V},)_ore voltage
to Vin, while the voltage at the drain side of the C'; 41 capacitance
charges from Vi, to V},, and the voltage at the gate side of Cy41
discharges from V},1_ogr to V;y,. Therefore, the change in voltage
across Cyq1 during To ¢ is [(V, — Vin) + (Vpi_oee — Vin)]. Then,
Ty is given by (26), where AV gsf = Vyi_ow — Vi

Cys1AVyst + Coar[(Vy — Vin) + AV ¢]
Ig?f .

Ty = (26)

The drain—source voltage during 75 is given by (27), where
Lloop = le + Ldl + Ls? + Ld2

dldsl
dt -
Following the approach of the approximations made in (8),
the peak overshoot voltage V), is given by

grs AVysy
Ty;

Vds = V;n + Lluop (27)

‘/p = V;n + Lloop (28)

The driver equivalent circuit during 75 is illustrated in
Fig. 17(a) and the gate—source voltage waveform is provided
in Fig. 17(b). During this time interval, it is assumed that v is
the average value of the plateau V},)_orr and threshold voltages
Vin. Asbefore, the L, inductance is replaced by an ideal voltage
source, where diq, /dt is assumed constant at grs AV /Toy.

=0.5(V,, ,, +V,)

pl_off

+
gsl
:[ AVs\f

ki T,

2f
(a)

O'S(Vplf()ff + I/th )_"%

>

(b)

Fig. 17.  Driver equivalent circuit during T s .

With these assumptions, the average gate current during T,
using the linearized v,,1 waveform, is given by

(1/2)(Vol + Vin) — L1 (975 AVyss /Tos)

I!]2f Rf

(29)

Solving for T5; using (26), (28), and (29) yields (30), given
at the bottom of this page, where Vo5 = 0.5(Vy1_om + Vin).

Ty is the sum of T1; and T5y, as given by (31). The total
turn-off switching loss can be calculated using (18)—(22), (25),
(28), (30), and (31)

Tf = Tlf + Tgf. 3D

C. Total Switching Loss Model

The total switching loss, given by (32), is the sum of the
turn-on loss Poy, given by (4), and turn-off loss Pygr, given by
(20)

PtotJW = PON + POFF~ (32)

IV. MODEL VERIFICATION

The analytical switching loss model with voltage source
drive was compared to SIMetrix Spice simulation and the
conventional model in [1]. Simulation results were conducted
at 12-V input, 1 MHz switching frequency, and 10-A peak-
to-peak buck output inductor ripple (100 nH), Rp; =2 €,
Ro=2Q, Ry =1 Q, Rexy =0 Q. MOSFET parameters:
My : Si7860DP, grs =60 S, Vi = 2V, Ciss1_spec = 1800 pF
(at Vdsl,spec =15 V), Cossl,spec = 600 pF (at Vdsl,spec =
15 V), Cprss1_spec = 200 PF (at Vg _spec = 15 V), and My:
Si7336ADP SR, @,y _spec = 30 1C, L _spec = 25 A.

Ty =

A‘/anf( s19fs + Rfctssl + \/A gs?f slgfs + R,fcissl]Q +4AV}].SQfK/sQfRfC’,r]dlLloupg,fs

2Vysay

(30)
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Fig. 18.  Total switching loss at 1 MHz, 12-V input as a function of (a) load

current (V.. =8 V, Lg1 = 250 pH); (b) driver supply voltage (I, = 30 A,
Lg1 = 250 pH); and (c) common source inductance (V.. = 8 V, I, = 30 A).

Curves of total switching loss as a function of: 1) load current;
2) driver supply voltage; and 3) common source inductance
(assuming matched inductances, i.e., Ls; = Lg; = Lso = Lyg2)
for the proposed model, Spice simulation, and conventional
model are given in Fig. 18(a)—(c). The proposed model follows
the trends of the Spice simulation results very well. The accuracy
of the proposed model total switching loss is within 0.5 W
for all conditions. In Fig. 18, it is noted that the conventional
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model does a very poor job predicting the total switching loss
in all three cases, but in particular as total circuit inductance
increases. Specifically, at 1000 pH in Fig. 18(c), the conventional
model predicts 2.0 W loss, while the Spice results indicate total
switching loss of 6.3 W—a difference of 4.3 W. The results also
show that the total switching loss can be reduced by increasing
V... However, for V.. > 8 V, the reduction is not significant.

Curves of the turn-on and turn-off switching loss components
loss as a function of: 1) load current; 2) driver supply voltage;
and 3) common source inductance for the proposed model, Spice
simulation, and conventional model are given in Fig. 19(a)—(c)
and Fig. 20(a)—(c), respectively. The proposed model follows the
trends of the Spice simulation results. In particular, the proposed
model correctly predicts that the turn-off loss increases with
common source inductance since 7' increases significantly with
L. In the conventional model, turn-off switching loss remains
constant with common source inductance leading to an error in
predicted loss of over 4.6 W at 1000 pH in Fig. 20(c). The results
also show that turn-on loss decreases with V.., as expected,
since increasing V.. provides increasing driver source current.
In contrast, the turn-off loss remains constant with V.., since
the driver sink current is determined by V},1_ops.

V. EXPERIMENTAL RESULTS

Experimental results were presented in Section II to aid in
demonstrating the switching loss characteristics as load and
common source inductance change. These results were pre-
sented at low frequency with a large inductance wire introduced
in series between the source and common point on the driver
in order to measure the HS MOSFET current and demonstrate
the trends. However, since probing the MOSFET current is im-
practical in a real VR with good layout, therefore, the actual
switching loss in the prototype cannot be measured; so a di-
rect comparison between the modeled switching loss and actual
switching loss cannot be made.

Given the constraints on measuring actual switching loss,
another method to gauge the accuracy of the proposed model
is to use it in a loss analysis file that estimates the switching
loss, other losses and total loss for a synchronous buck VR, and
compare it to the total loss in the real circuit. This analysis has
been completed, and the total loss in the design file has been
compared to the total measured loss of the circuit by subtracting
the load power from the input power.

Circuit parameters: 1 MHz switching frequency; 12-
V input; 1.3-V output; 330-nH buck inductor; V.. =
10 V; IRF6617 HS MOSFET : g;, =39S, Vi, =185V,
Crssl,spec =160 pF (at V;lsl,spec =15V), Coss,specl = 450 pF
(at V;lsl,spec =15V), Ci,ssl,spec:lSOO pF (at‘/;isl,spec =
15 V), and IRF6691 SR MOSFET; L,y = Lg1 = Lgo = Lys =
500 pH (model). Driver parameters: UCC27222 driver (ex-
perimental); Ry = 1.8, R, = 1.8Q, Ry = 1Q, Reyxy =09
(model).

The estimated synchronous buck VR losses and model pre-
dicted switching loss as a function of load current is compared
to the experimentally measured loss in Fig. 21 for the voltage
source driver. Good agreement is achieved between the loss
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Fig. 19. Turn-on switching loss at 1 MHz, 12-V input as a function of
(a) load current (V.. =8 V, Lg1 = 250 pH); (b) driver supply voltage
(I, =30 A, Lg; = 250 pH); and (c) common source inductance (V.. = 8 V,
I, =30 A).

predicted by the model and the actual loss of the VR, with the
accuracy within 0.7 W over the entire load range.

A loss breakdown of the estimated losses used to generate the
model-predicted loss in Fig. 21 is given in Fig. 22 for 25 A load
current. The only losses that can be experimentally measured are
the gate and driving power and the input power, which includes
the remaining losses (i.e., all except gate and driving).
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Fig.20. Turn-off switching loss at 1 MHz, 12-V input as a function of (a) load
current (V.. = 8 V, Lg1 = 250 pH); (b) driver supply voltage (I, = 30 A,
Lg1 = 250 pH); and (c) common source inductance (V.. = 8 V, I, = 30 A).

VI. CURRENT SOURCE DRIVE MODEL
A. Current Source Drive Derivation

The proposed model can be extended to the current source
drivers presented in [8], [9], and [11]-[13]. These drivers are
designed to operate with nearly constant current supplied to the
power MOSFET gate. The advantage of this class of drivers
is that they eliminate the back voltage vy in the gate circuit
that reduces the gate current in conventional voltage source gate
drivers.
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sured gate and total losses for voltage source drive (UCC27222, fs = 1 MHz,
Vin =12 V,and V, = 1.3 V).

With current source drive, determining the rise and fall time
intervals is very simple. In this case, the gate current expressions
141, 1n(10), Io, in (13), 1,1 ¢ in (24) and (29) can all be replaced
by a constant gate current with magnitude I,. At turn-on, 77,
in (11) becomes (33) and 75, in (14) becomes (34)

Cissl + \/(A‘/gsrcissl)z + 4Ig A‘/gsrcgdlLloopgfs
21,

Tlr -

(33)

T,2 _ ngl (V;n - Lloopgfs (AVGST/TIT))
r Ig .

(34)

At turn-off, T7 ; in (25) becomes (35) and 75, in (30) becomes
(36)

Tlf _ ngl‘/{n (35)
]g
Toy
_ A‘/gsfczsel +\/(Avvgsfcissl)2+4IgAvastgd1Lloopgfs
B 21, '
(36)
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The total turn-on switching loss can be calculated using (4),
(15), (17), (33), and (34). The total turn-off switching loss can
be calculated using (18)-(22), (28), (31), (35), and (36). The
total switching loss, given by (32), is the sum of the turn-on loss
Pox, given by (4), and turn-off loss Py, given by (20).

B. Current Source Drive Verification

Curves of total switching loss as a function of: 1) load current;
2) driver supply current; and 3) common source inductance
(assuming matched inductances, i.e., Ls; = Lq; = Lso = Lg2)
for the proposed model, Spice simulation, and the conventional
model are given in Fig. 23(a)—(c). The proposed model follows
the trends of the Spice simulation results very well. The accuracy
of the proposed model total switching loss is within 0.5 W under
all conditions. In Fig. 23, it is noted that the conventional model
does a poor job predicting the total switching loss in all three
cases, but in particular as total circuit inductance increases.
The simulation parameters are the same as those provided in
Section IV.

C. Current Source Drive Experimental Validation

The estimated synchronous buck VR losses and model-
predicted switching loss as a function of load current is com-
pared to the experimentally measured loss in Fig. 24 for the
current source driver. Good agreement is achieved between the
loss predicted by the model and the actual loss of the VR, with
the accuracy within 1 W over the entire load range.

Current source driver parameters: 3 A gate current, 68 nH
inductor for the HS MOSFET, 1.3 A gate current, 307 nH in-
ductor for the SR, NDS351AN driver switches with all other
parameters the same as those stated in Section V.

A loss breakdown of the estimated losses used to generate the
model predicted loss in Fig. 24 is given in Fig. 25 for 25 A load
current.

VII. CONCLUSION

The switching loss characteristics and behavior in a high-
frequency synchronous buck VR have been reviewed. The key
points to note are: 1) the rise time 7, is dictated by the voltage
falling time, which is dictated by the MOSFET parasitic capac-
itances and current driving capability of the driver; 2) the fall
time 7 is dictated by the current falling time, which is dictated
by the MOSFET parasitic capacitances and current driving ca-
pability of the driver and by the circuit parasitic inductances;
and 3) The parasitic inductances act as a current snubber at turn-
on to reduce turn-on loss, but prolong T to increase turn-off
loss.

Following the demonstrated switching loss characteristics, a
new practical analytical switching loss model has been proposed
for voltage source drivers and current source drivers. The model
can accurately predict the switching loss in a high-frequency
synchronous buck VR using relatively simple closed-form equa-
tions. This enables engineers to use a spreadsheet design file to
estimate losses in their designs. The proposed model uses piece-
wise linear approximations of the actual v4s; and 7451 Switching
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Fig. 23.  Total switching loss at 1 MHz, 12-V input as a function of (a) load
current (I, = 3 A, Lg1 = 250 pH); (b) driver supply current (I, = 30 A,
Lg1 = 250 pH); and (c) common source inductance (I, = 3 A, I, = 30 A).

waveforms. The linearized vy and 4451 switching waveforms
are then used to provide simple expressions for the turn-on and
turn-off loss. Neglected in other models, the reverse recovery
current is included in the turn-on switching loss calculation. Cir-
cuit parasitic inductances are included in the rise and fall time
calculations.

To verify the proposed model, the voltage source drive and
current source drive versions were compared to Spice simulation
results. It was demonstrated that the proposed model follows
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Fig. 24. Comparison of total loss predicted and measured for current source

drive (fs = 1 MHz, Vi, = 12 V,and V, = 1.3 V).
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Fig. 25. Loss breakdown of the losses predicted and comparison to the mea-

sured gate and total losses for current source drive (fs = 1 MHz, V;, = 12V,
and V, = 1.3 V).

the trends in turn-on and turn-off switching loss for variations
in load current, driver supply voltage, driver supply current, and
total circuit inductance. The accuracy of the proposed models
was demonstrated to be within 0.5 W between the calculated
and simulated values for the voltage source driver and within
0.5 W for the current source driver. Following the simulation
results, the proposed model was used in a loss analysis file to
accurately predict the total circuit loss for both the voltage and
current source drivers. The total predicted circuit loss was within
0.7 W of the measured loss for the voltage source driver and
within 1.0 W of the measured loss for the current source driver
operating in a synchronous buck VR at 12 V input, 1.3 V output,
and 1 MHz switching frequency.

APPENDIX

The waveform in Fig. 26 is used to estimate [,.. When the
HS MOSFET turns on, the SR body diode cannot reverse block;
so the SR current goes negative and the HS current spikes by
the same magnitude. The total reverse recovery time is 7,.,.. The
rising slope magnitude is Aigs /At and the reverse recovery
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Fig. 26.  Synchronous buck HS MOSFET current waveform approximation
during reverse recovery at turn-on.

charge is (), which represents the shaded area as given by (37).
Using the geometry, the reverse recovery current as a function
of T, is given by (38). Then, eliminating 7}, from (37) and
(38), (40) is derived, which represents I, as a function of @, ,
and the known slope. In addition, since reverse recovery charge
increases with load current, @), is approximated using (39),
where Q) _spec and I, _spec are the datasheet specification values

1
Qr'r = §I’I'7‘1—’1I'7‘ (37)
Al 1
I’rr - - 71—;'7' 38
At 2 (38)
Qr'r = QT'T‘ipeG Io (39)
Irr,spcc
Alys
Ly =\ 57 Q- (40)
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