APPENDIX A

Estimating MOSFET Parameters from the Data Sheet
(Equivalent Capacitances, Gate Charge, Gate Threshold Voltage,
Miller Plateau Voltage, Internal Gate Resistance, Maximum Dv/Dt)

In this example, the equivalent Cgs, Cgp, and Cps capacitances, total gate charge, the gate threshold
voltage and Miller plateau voltage, approximate internal gate resistance, and dv/dt limits of an IRFP450
MOSFET will be calculated. A representative diagrath of the device in a ground referenced gate drive
application is pictured below.
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The following application information are given to carry out the necessary calculations:
Vs orr=380V the nominal drain-to-source off state voltage of the device.
Ip=5A the maximum drain current at full load.
T=100°C the operating junction temperature.
Vprv=13V the amplitude of the gate drive waveform.
Rgate=5Q the external gate resistance.
Rio=Ru=5Q the output resistances of the gate driver circuit.
Al. Capacitances
The data sheet of the IRFP450 gives the following capacitance values:
[ | I Lulitact S
Ciss Input Capacitance — | 2600 | — Vas=0V
Coss Qutput Capacitance — | 720 | — pF | Vpg= 25V
Crss Reverse Transfer Capacitance — 340 — [ f=1.0MHz See Figure 5

Using these values as a starting point, the average capacitances for the actual application can be
estimated as:
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Equations:

C RSS,ave

COSS,ave = 2 |]:OSS,spec D

= 2 mRSS,spec D

Numerical Example:

25V
C =2340pF ] —— =174pF
RSS,ave p 380V p

25V
C =2[720pF O] —— =369pF
OSS,ave p 380V p

The physical capacitor values can be obtained from the basic relationships:

C GD = C RSS,ave

CGS = CISS I CRSS

CDS = COSS,ave - CRSS,ave

Cyp =174pF
Cys = 2600pF —340pF = 2260pF
Cps = 369pF —174pF =195pF

Notice that Cgg is calculated from the original data sheet values. Within one equation, it is important to
use capacitor values which are measured under the same test conditions. Also keep in mind that Cgg is
constant, it is not voltage dependent. On the other hand, Cgp and Cpg capacitors are strongly non-linear
and voltage dependent. Their highest value is at or near OV and rapidly decreasing as the voltage
increases across the gate-to-drain and drain-to-source terminals respectively.

A2.  Gate charge

The worst case gate charge numbers for a particular gate drive amplitude, drain current level, and drain
off state voltage are given in the IRFP450 data sheet.

n

estimated from the curve on the left, only the correct
Miller plateau level must be known. The Miller

Qq - Total Gate Charge — | — | 150 '|D=14A .

Qgs Gate-to-Source Charge — — 20 nC | Vpg=400V

Qga Gate-to-Drain ("Miller") Charge — — 80 [ Vas=10V See Fig. 6 and 13 @
Correcting for a different gate drive amplitude is

. 20 Ip = 14a 111 simple using the typical Total Gate Charge curve as

a zcs : ggg‘é — illustrated on the left.

s 6 Vs - 100v = Starting from the 13V gate-to-source voltage on the

e [ left hand side, find the corresponding drain-to-

8 / source voltage curve (interpolate if not given

2 13'12 exactly), then read the total gate charge value on the

] / horizontal axes.

§ / If a more accurate value is required, the different

‘g 8 v/ gate charge components must be determined

:‘5 y individually. The gate-to-source charge can be

3

1]

>

FOR TEST CIRCU[T
SEE FIGURE 13

20 40 80 80 100 13 140
Qg, Total Gate Charge (nC) 122n¢

charge can be calculated from the Cgrssave value
obtained in Al. Finally, the over drive charge
component — raising the gate-to-source voltage from
the Miller plateau to the final amplitude — should be
estimated from the graph on the left again.
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A3.  Gate threshold and Miller plateau voltages

As it was already shown in A2, and will be demonstrated later, several MOSFET switching
characteristic are influenced by the actual value of the gate threshold and Miller plateau voltages. In
order to calculate the Miller plateau voltage, one possibility would be to use the gate-to-source threshold
voltage (V) and transconductance (gg) of the MOSFET as listed in the data sheet.

Vasih) Gate Threshold Voitage 20 | — | 4.0 V | Vps=Vas, lo=250pA
Ots Forward Transconductance 9.3 — — S | Vps=50V, [p=8.4A @

Unfortunately, the threshold is not very well defined and the listed gy is a small signal quantity. A more
accurate method to obtain the actual Vg and Miller plateau voltages is to use the Typical Transfer
Characteristics curves of the data sheet.

From the same temperature curve, pick two easy to
read points and note the corresponding drain <
currents and gate-to-source voltages. Select the
drain current values to correspond to vertical grid
lines of the graph, that way the currents can be read
accurately. Then follow the intersections to the
horizontal axes and read the gate-to-source voltages.
Starting with the drain currents will result in higher
accuracy because the gate-to-source voltage is on a
linear scale as opposed to the logarithmic scale in
drain current. It is easier to estimate Vgsl and Vgs2
on the linear scale therefore the potential errors are
much smaller.

-
L=
res

2590¢

9_

I, Drain Current (Amps)
™~
I~

—
[=]
[=)]

VDS = 50\/
20us PULSE WIDTH
4" 5 VV 6 7 8 9 10

Vesi Vas, Gate to-Source Voltage (volts)
Vg =4.13V Typical Transfer Characteristics

I,, =20A

V., =5.67V

For this example, using the 150°C curve:
I,, =3A

The gate threshold and Miller Plateau voltages can be calculated as:
Dl = K I:GVGSI TH )2

Iy, :KEGVGSZ - )2
v = Vi @, = Ve, A1, v :4.13V {/20A -5.67VE/3A ~3157V
TH TH .
M, -1, V20A —BA

K= lo K = A - =3.169
(Vg -V (4.13v -3.157v)
v _v 4+ |loan Veossine Z3.15TV + |2 =4.413V
GS Miller GS, Miller 3.169
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These values correspond to 150°C junction temperature, because the 150°C curve from the Typical
Transfer Characteristics was used. Due to the substantial temperature coefficient of the threshold
voltage, the results have to be corrected for the 100°C operating junction temperature in this application.
The gate threshold voltage and the Miller plateau voltage level must be adjusted by:

AV,,, =(T, -150°C)CTC AV,,, =(100°C - 150°C)[€—0.007%} = +0.35V

A4. Internal gate resistance

Another interesting parameter is the internal gate mesh resistance (Rg ), which is not defined in the data
sheet. This resistance is an equivalent value of a distributed resistor network connecting the gates of the
individual MOSFET transistor cells in the device. Consequently, the gate signal distribution within a
device looks and behaves very similar to a transmission line. This results in different switching times of
the individual MOSFET cells within a device depending on the cells distance from the bound pad of the
gate connection.

The most reliable method to determine Rg is to measure it with an impedance bridge. The measurement
is identical to the ESR measurement of capacitors which is routinely carried out in the lab. For this
measurement the source and drain terminals of the MOSFET are shorted together. The impedance
analyzer should be set to Rs-Cg or if it is available Rs-Cs-Lg equivalent circuit to yield the component
values of the equivalent gate resistor, Rg 1, the MOSFET’s input capacitance, Ciss and the series parasitic
inductance of the device, all connected in series.

For this example, the equivalent component values of an IRFP450 were measured by an HP4194
impedance analyzer. The internal gate resistance of the device was determined as Rg=1.6Q. The
equivalent inductance was measured at 12.9nH and the input capacitance was 5.85nF.

AS.  dv/dt limit

MOSFET transistors are susceptible to dv/dt induced turn-on only when their drain-to-source voltage
rises rapidly. Fundamentally, the turn-on is caused by the current flowing through the gate-drain
capacitor of the device and generating a positive gate-to-source voltage. When the amplitude of this
voltage exceeds the gate-to-source turn-on threshold of the device, the MOSFET starts to turn-on. There
are three different scenarios to consider.

First, look at the capacitive divider formed by the

Cgp and Cgs capacitors. Based on these capacitor IRFP450
values the gate-to-source voltage can be calculated r————————— D-———-
as:

C
Vas = Vps v

| |
| |
| C |
-v, g Coo__ | Ry, +Cop |
Cos +Con & ijom;

If Vgs<Vmu, the MOSFET stays off. The L3 : dv/dt
: |
| |
| |

maximum drain-to-source voltage to ensure this
can be estimated by:

as T CGD __________ Sf————=
CGD

This mechanism provides full protection against

dv/dt induced turn-on in low voltage applications,

independent of the internal gate resistor and the

external drive impedances.

VDS,MAX = VTH
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For higher voltage applications, it is desirable
to determine the natural dv/dt limit of the IRFP450
MOSFET. This characteristic corresponds to F————————— D-———-
the maximum dv/dt the device can withstand
without turning on in an ideal situation where

!

| !

| |

the external drive impedance is zero. This is | RG,| GD C__|

signified by the shorted gate-source G DS:
connection in the schematic diagram on the | | dv/dt

I

| !

| J

right. CGS

The turn-on is initiated by the voltage drop @
across Rg due to the charge current of Cgp. |  ————————— St—-——-
Accordingly, the natural dv/dt limit can be l

calculated by:

dv _ Vi

dt numr - Ry, [Cgp

This number is significant in evaluating the suitability of a device for a specific application where the
turn-off dv/dt is forced by other components in the circuit. These applications include synchronous
rectifiers, resonant mode and soft-switching power converters.

dv/dt limit of the drain-to-source voltage

The third calculation describes the resulting
IRFP450 H]
r D

waveform based on the parasitic
components of the MOSFET device and

\ |

|
Reate Ra. GD :T C | the characteristics of the gate drive circuit.
I—J DS To avoid turn-on, the gate-to-source

' | dv/dt
| C | V. voltage must stay below the turn-on
§ R | GS ¢ : g threshold voltage:
LO L ~| |_____! d_V — Vi

dt e (RGJ +Rame + RLO)EDGD

It is important to emphasize again that the threshold voltage of the MOSFET transistor changes
significantly with temperature. Therefore, the effect of high junction temperature must be taken into
effect. For the particular example using the IRFP450 type transistor at 100°C operating junction
temperature the calculations yield the following limitations:

Case 1. No dv/dt induced turn-on takes place below the drain-to-source voltage of:

+
Visaax = (Vi +AVADJ)M Viosaax = (3.157V +0.35V) 000PE _ 56 82v
’ Cep ’ 340pF
Case 2. The natural dv/dt limit of the IRFP450 is:
dv _ Vo tAV,,, dv _3.157V+0.35V _ 6 4k_V
dt numr Ry [Cgp dt n-Livar 1.6Q [340pF " us
Case 3. The in-circuit dv/dt limit including the effect of the driver’s output impedance is:
dv _ Vou +AV,, dv _ 3.157V +0.35V —889X
dt Livir (RG,I +R e +RLO)EDGD dt Livir (1.6Q +5Q +SQ)B40pF s
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APPENDIX B

Calculating Driver Bypass Capacitor Value

MOSFET drivers must be operated from a low impedance voltage source to achieve high switching
speed and reliable operation. To provide this virtual voltage source, the bias line of the drivers must be
locally bypassed by very good quality, high frequency capacitors. In most applications this capacitance
is realized by low impedance, high frequency, multilayer ceramic capacitors. Half of the success in
bypassing can be ensured by the proper location of the bypass capacitors and the driver itself. Some of
the most important rules of proper gate drive design are highlighted in the example below:

. The driver should be close to the device it is
driving. Significant distance can be tolerated
between the PWM controller and the MOSFET
DRV driver with careful layout design. Even though there
——————— | is no high current between the output of the PWM

VCC IC and the input of the driver, relatively wide printed
PWM circuit board traces can reduce the parasitic
controller interconnection inductance, thus providing lower

ouT GATE | / loop impedance and better noise immunity.
distance! / . It is also important to separately bypass the
individual noise sources, i.e. the power stage, the
PWM controller and the driver both have their own

" ° 4 respective bypass capacitors. The three shaded loop
' Ground plane! areas must be minimized.

/1

GND

During turn-on the gate current flows through the bypass capacitor of the driver, while during turn-off
the high frequency bypass capacitor of the power stage must provide a path to charge the Cgp capacitor
of the MOSFET.

In this numerical example an IRFP350 MOSFET is driven by a Micrel MIC4423 driver. The driver’s
quiescent current Igmr with a high input, is 2.5mA. When the input is low the quiescent current is
negligible. The switching frequency is 100kHz and the maximum duty ratio of the PWM signal is 0.7.
The gate is driven by a 12V signal, and the off state voltage of the device is approximately 300V.

From these operating conditions the total gate charge can be estimated as 115nC. A 5% percent ripple
voltage across the bypass capacitor is acceptable, and a 12V bias would allow 0.6V ripple voltage. The
equation to calculate the minimum bypass capacitor value is:

Lom B?“ﬂ’fQG 2.5mAE|1%+115nC
Chypass = Xl;\; Chypass = 0 6VZ =221nF

The effect of switching frequency on the bypass capacitor 05
value is depicted in the figure on the right. At high frequency,
the gate charge determines the minimum bypass capacitor,
thus the curve approaches an asymptotic minimum value. At
low operating frequencies the quiescent current of the driver
commands the minimum capacitor size. Note that this ripple
component depends on the duty ratio of the PWM signal.
For this calculation, the worst case situation (D=0.7) was
considered.

0.4

Minimum Bypass Capacitor [LF]

T~

10 100
Switching Frequency [kHz]
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APPENDIX C

Bootstrap Bypass Capacitor Example

In this example an IR2125 high voltage integrated gate driver is employed to drive an IRF1310N
transistor in a 48V input buck converter. The corresponding schematic diagram is given below.

Vaias Vorv Vin
Q Desr O
_______ | 22 — P
vee vce VB
PWM | Cory c
controller | ;:CBIAS T ouT LN
ouT EJ S TV VS .
| High Side O Vour
!
I GND Driver :: Cour
L 4

Let’s assume the following application parameters:

Vinmax=65V the maximum steady state input voltage.

Vpryv=12V the bias voltage for the high side driver and the gate drive amplitude.

AVpst=0.5V the steady state ripple voltage across Cgsr.

AVpstmax=3V the maximum voltage droop across Cgst before the driver goes to under voltage
lockout or the gate drive amplitude becomes insufficient.

forv=100kHz the switching frequency.

Dmax=0.9 the maximum steady state duty ratio at minimum input voltage — the controller
does not limit the maximum duty cycle in this example.

torr,TR=400s transient off-time — at sudden removal of the load, the MOSFET stays off for this
time interval.

ton, TR=200Us transient on-time — at sudden increase of the load current, the controller keeps

the MOSFET on for this time interval to build up the output inductor current.

The circuit components are characterized by:

Qg=85nC the total gate charge of the IRF1310 @ Vpry=12V and Vpg=65V.
Rgs=5.1kQ the gate-to-source pull down resistor value.

[R=10pA leakage current of Dpst (@ Vinmax and T)=80°C.

V=0.6V forward voltage drop of Dgsr @ 0.1A and T; =80°C.

I x=0.13mA leakage current of the level shifter @ Vinmax and Ty =100°C.
Iops=1mA quiescent current of the floating driver.
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First, consider the steady state operation of the driver. Based on the ripple budget of 0.5V and the
amount of charge consumed from the bootstrap capacitor, a minimum capacitance value can be
established:

Viry ~ V.
(IR I g + 20 FJd?MAX +Q,
— GS DRV

C =
BST,1 AVBST

Substituting the numerical values yields the minimum bootstrap capacitor value for steady state
operation:

10pA +0.13mA +1mA +12Y ~00VH 09 es e
_ 51kQ ) 100kHz _
Cpsry = v =231nF

For the transient conditions calculate the capacitor values based on the maximum voltage droop. When
the switch has to stay off for an extended period of time, the output inductor current decays to zero and
the source of the main switch settles at the output voltage. The bootstrap diode is reverse biased and the
bootstrap capacitor has to keep the floating driver alive. Moreover, at the end of the idle period, Cgsr
still has to provide the gate charge to turn-on the MOSFET. Accordingly, the required capacitor value is:

Viy =V
(IR +ILK +IQBS +DIKFJ EOFF,TR +QG
GS

C =
o A\]BST,MAX
Using the actual application parameters:
(muA +013mA +1mA + WJ [300us +85nC
C = =478nF
BST,2 3V

The last calculation is carried out to check whether the switch can be turned on continuously for the
desired 200 microseconds transient on time. The long on period will be followed by a guaranteed
off-time when the bootstrap capacitor can be replenished. The bootstrap capacitor must hold enough
energy to support the quiescent and leakage currents only as indicated in the expression below:

Viw =V
(IR + ILK + IQBS +MVF] HON,TR

R
C — GS
e A\]BST,MAX
With the given numerical values:
10pA +013mA +1mA +12Y %OV 1 o0,
- 51kQ _
Chgsrs = Y =225nF

To fulfill all three requirements, the highest capacitor value (Cgsy=470nF) should be selected.

The high side driver IC must be bypassed not only by the bootstrap capacitor, but also by another
ground referenced capacitor as indicated in the schematic diagram. Cpry provides the high peak charge
current to replenish the energy taken from Cggst during the preceding on-time of the main MOSFET. If
Cpbrv >> Cgsr, the bootstrap capacitor can be recharged to the full Vpry level. Usually, Cpry 1s an order
of magnitude larger capacitance than Cggy. When selecting the value of the low side bypass capacitor,
primarily the steady state operation should be considered. Accordingly, C,,, =10LC s, which requires

Cprvy = 22lJ.F
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APPENDIX D

Coupling Capacitor and Transient Settling Time Calculation

In this example the coupling capacitor and gate-to-source resistor value of an AC coupled gate drive
circuit will be calculated. The design goal is to provide a 3V negative bias for the MOSFET during its
off time. The application circuit is shown below:

DRV IN
——————— |
F>W|\/|VCC | H+VDRV [l Ver H%
I ov _VCL
controller | { \
Ce =
OUT[‘J rog =
= Ve \
: Cory /'VCL Res
GND[::I—O ®
_______ !

The following application information is given:

dVn/dt=200V/ms  the maximum dv/dt of the input voltage during power up, limited by the combined
effect of the inrush current limiting circuit and the input energy storage capacitor.

Capo=InF the maximum gate-to-drain capacitance of the MOSFET read from the data sheet
at OV drain-to-source voltage (worst case start-up condition).

Vu=2.7V the gate-to-source turn-on threshold @ Ta max.

Vprv=15V the supply voltage of the PWM controller, i.e. the gate driver’s bias voltage.

fory=100kHz the switching frequency.

Dumax=0.8 maximum duty ratio, limited by the PWM controller to reset the transformer.

Ve =3V the negative bias amplitude.

AV=1.5V maximum allowable ripple of the coupling capacitor.

Qs=80nC total gate charge of the MOSFET .

T=100ps transient time constant for the coupling capacitor voltage (V). This is the start-up

time constant as well to establish the initial value of V.

The design starts by determining the maximum value of the gate pull down resistor. During power-up,
Rgs must be low enough to keep the MOSFET off. When the voltage rises across the drain-source
terminal, the Cgp capacitor is charged and a current proportional to dVn/dt flows through Rgs. The
MOSFET stays off if the voltage drop across Rgs remains below the gate threshold. Therefore, the
maximum allowable Rgg value is:

V. 2.7V
RGS,MAX :% RGS,MAX = vV =13.5kQ
Cano Vi 1nF 200000 —

dt S
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The next step is to find the common solution for the required time constant and ripple voltage. The two
equations are:
T=C. R
C — QG I——-[ |E‘DRV
¢ AV, O ppy = Vigy D+ V(D) D

where V(D) is the coupling capacitor voltage as a function of the duty ratio. The second equation can
be evaluated right away since all parameters are defined. In general, V(D)=DI[Vpry if the clamp circuit
is not used, and the expression has a local maximum at D=0.5, which gives the minimum coupling
capacitor value. In this application, the coupling capacitor voltage is limited to 3V by the zener clamp.
Thus for D>0.2, the coupling capacitor voltage is constant, and Vc=3V. Consequently, the maximum
value of the second equation is not at D=0.5, but rather at the maximum duty cycle, Dyax.

Before calculating Cc, another important limitation should be pointed out. In order to arrive at a
meaningful positive capacitor value, the denominator of the second equation must be positive which sets
a limit on the transient time constant. This limit is:

— D [GVDRV ~ Ve (D))
AV, By

T MIN

This function has a maximum value at D=0.5 if the clamp circuit is not used. With the clamp circuit,
D=Dmax will define the fastest possible transient response of the coupling capacitor voltage.
Substituting the application parameters and using the appropriate equation for the clamp case yields the
following values:

T... = D yax EGVDRV — VCL) T = 0.8 Eﬂl 5V - 3V) _
i AV, Doy MN T 5V 100kHz
_ Qg O Wpry _ 80nC 000ps 100kHz _
C.= C.= = 148nF
AV, T, —Dysx AVpry = Ver ) 1.5V 000us 100kHz —0.8 ({1 5V —3V)
Rs :i Ry = 100us =675Q
C. 148nF

These results are acceptable because Tyin<T and Rgsmax>Ras, therefore all conditions are met. The
worst case power dissipation of Rgg is 173mW at the maximum duty ratio of 0.8. If this value is not
acceptable, selecting a longer time constant will increase the pull down resistor value. At the same time
the power dissipation and the coupling capacitor value will decrease.

The last calculation is to compute the bypass capacitor value. Assuming a maximum of 1V ripple on the
bias rail (AVpry=1V) the following minimum bypass capacitance value will result:

_ Qg " Viorv = Va D _80nC + 15V -3V

Cpopy = = [0.8 =222nF
PYUAVLy AV R My 0% PV IV IIB75Q000kHZ
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APPENDIX E

Gate Drive Transformer Design Example

The gate drive transformers for a phase shifted full-bridge converter will be designed according to the
schematic diagram below:

_________ |
vee ﬁ]—?
TDRV

OUTA EI|—§ s

Phase Shift | A1
PWM controller :

OouTC | |— Tory

OuUTD |$|— ?

|
OUTB[ ]

VDRV

TiT

—o

Hﬁ % L o<
TIQ TAT

In this example, the PWM controller has four high current output drivers on-board. The gate drive
transformer design is based on the following application information:

fCLOCK:4OOkHZ
fDRVZZOOkHZ
DM AXZO S
VDRV: 15V

the clock frequency.

the operating frequency of the gate drive transformers.

maximum duty ratio of the gate drive transformer.

the bias voltage of the controller, which is also used to power the output drivers.

The first task is to choose the core size. A seasoned designer can pick the right core for the first try
based on previous experience. But even then, like all magnetics problem solving, the gate drive
transformer design might require a couple of iterations. For this application a Ferroxcube RM5/I core
was selected with no airgap. The preferred choice of material is 3C94 because it has the highest
permeability and lowest loss at 200kHz from the available selection.

Ae=24.8mm”>
Ve=574mm’
Bs AT:O-3 5T
Ar=2pH/turns’
BPE AKZO. 1T

AB=0.2T

effective cross section area of the core.

effective volume of the core.

saturation flux density of the ferrite material @ 100°C.

equivalent inductance per turns square.

peak flux density in steady state operation. Remember, that during transient
operation the transformer’s flux can walk due to uneven duty cycles. Usually, a
3:1 margin is desirable.

peak-to-peak flux density in steady state operation.
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Check the core loss under these conditions from the data sheet.

PV=2OOkW/m3 effective volumetric power dissipation of 3C94 @ Bpgax=0.1T and 200kHz.
(it is more meaningful to convert to 0.2mW/mm’.)

Poo =Py OV P =02 ™Y 574mm’ =115mw

e mm3
The power dissipation of the RMS5/I core is 115mW which is acceptable. Next, calculate the primary

number of turns according to:

_ Virv Dyax _ 15V 0.5

p = N, = > =7.56 turns
AB[A, 0.2T 24.8mm~ [200kHz

The next higher full turn is selected, Np=8 turns. Since voltage scaling is not required in this gate drive
transformer, the two secondary windings have 8 turns as well. In order to minimize leakage inductance
and AC winding resistance, each winding should occupy a single layer only. The following data is
needed to execute the winding design:

Ww=4.7mm the winding width from the data sheet of the coil former.
MLT=24.9mm the average length of turn also from the coil former data sheet.

Considering that at the termination N+1 wires are side by side, the corresponding wire diameter is:

— WW
N, +1

_ 4. 7mm

dy = =0.52mm = 20.5mils

w

The closest smaller diameter wire size according to the American Wire Gauge table is #25 and its
characteristic data is:

dw=0.0199mils heavy built (double isolated) nominal diameter. (0.0199mils=0.506mm)
pPw=32.37Q/1000ft. normalized wire resistance. (32.37Q/1000ft =0.1062mQ/mm)

The DC winding resistance is:

Ry pe =N, IMLT B, Ry pe =8[24.9mm 0.1062™2 =21 2m0

mm

Next, check the AC resistance based on Dowell’s curves according to the following steps:

7.6 7.6
Dppy = Dy =——==0017cm
\ory /200000
Q= 0.830d,, Q= 0.83[0.506mm 547
Dpen 0.17mm

Entering Dowell’s graph at Q=2.5, the single layer curve gives an Rac/Rpc=3 ratio, thus the AC
resistance of the winding is Ryc=3121.2mQ=63.6mQ, which is quite acceptable.
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The last step is to calculate the magnetizing inductance and current values:

L,=A, [N L, =2 3 =pogum
turns
IMP:AIM :lDVDRV D yax I, :lD 15V 0S5 146mA
’ 2 2 Ly,Uny © 2 128uH[200kHz
D 0.
Ly rms = Dup ";AX Iy rms =146mA % =60mA
Based on the RMS value of the magnetizing current, the wire loss is:
Py, =1t rus (R e P, =(60mA)’ [63.6mQ = 0.2mW

This result demonstrates that power dissipation in the winding is not an issue in the gate drive
transformer. The high magnetizing inductance and low winding resistance are the most critical design
parameters to achieve low droop in the gate drive waveform. Also notice that copper loss is based purely
on AC resistance, because in an ideal, steady state operation there is no DC current in the windings.

Finally, the winding arrangement of the transformer is shown below. The primary is near the center post,
then the low side, and the high side windings. All windings are in a single layer. The low side winding is
utilized as a natural shield against parasitic capacitive currents between signal ground and the floating
circuitry.

G
High Side 1 1
A S OCKAhEde X»)
pamary % OOLWSKeC (9 =y
B G .
g Low Side DAE! °
e 's
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APPENDIX F

A Step by Step Design Example of a Ground Referenced and a
Floating High Side Gate Driver for an Active Clamp Flyback Converter

The gate drive design process begins AFTER the power stage is designed and the power components are
selected. The simplified final schematic diagram of the active clamp flyback converter is shown below.

_ +l Cclamp
Va1 29ch_I o
D2
O V_.=130VbDcC
V,=156VbC | MUREE0 °
OT b2 '3 Rload
o 1\ 850hms
OUT2 |:} Q2
¥ ™ High Side [ "] ] IRF740
2 Gate Drive Lr
% ) S
O OUT1 'D1¢ '\@
S
L‘ AI' Low Side F} Q1 4 D1
PGND
NG v v

The relevant operating parameters are:

Vps1.0f=VDs2,0=285V the off state drain-to-source voltage of Q1 and Q2. Both transistors are

switching between ground (0V) and VintVepame.

Ipi=2.7A the peak drain current of Q1 at turn-off.
T=100°C the operating junction temperature of the devices.
Lr=14uH the resonant inductor of the active clamp flyback power stage.

The specified driver output impedances and gate drive parameters of the UCC3580-4 are:

OUT1 ouT2
VDRV: 15V VDRV: 15V
DMAX1:0-7 DMsz:095
fDRV=250kHz fDRV=250kHz
RHIlzon RH12:33 Q
RL()]: 1 OQ RL02:33Q

The estimated MOSFET parameters according to the operating junction temperature and based on the

methods demonstrated in the previous Appendix’s are:
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IRFP350 IRF740

Qg1=135nC Qg2=60nC
Cap1=148pF Copa=71pF
C0551:391pF C0552:195pF
RGI,IZI.ZQ RG2’1:1.63Q
VTH1:3 2V VTH2:3 SV
Vasimitler=4.2V Ves2 mitler=4.8V

Next, establish the dv/dt of the external resonant circuit and the dv/dt of the devices. At node A, the
resonant inductor, Lg, charges and discharges the effective node capacitance. The inductor current
barely changes during the short switching action, therefore it can be looked at as a DC current source.
The node capacitance and the resulting dv/dt of the power stage are:

Cr =Cossi T Cossa C, =391pF +195pF = 586pF
v Ly dv _27A kv
dtres  Cp dtres S586pF  ps

The turn-on dv/dt of the MOSFET and the dv/dtipnur to prevent dv/dt induced turn-on assuming
Rgate=0Q are:

dv  _ Vorv ~ Vas vitter dv _ 15V -4.2V _2 4 KV
dtox (R +Rpy ) dtqron  (1.2Q+20Q)48pF  ~ ps
dv. _ 15V-48V  _ __kV
= = =4.15—
dt on  (1.63Q +33Q)T1pF is
dv Vo dv _ 3.2V L orkV
dtimr (R, +Ryo)Cp dtouumr (1.2Q+10Q)048pF ps
dv _ 3.5V kv
= = =142
dt 2.t (1 .63Q + 33Q) (71pF us

Since the resonant dv/dt is higher than the dv/dt; vt calculated for both Q1 and Q2 transistors, a turn-
off speed-up circuit must be used in both drive circuits. The selected low side and high side gate drive

circuits are presented below:
IRFP350 (Low Side Drive) IRF740 (High Side Drive)
iE
y—r] T IRF740

A

1:1

s 5 — | -

o o I Ll

2 2 of

8 D 2 c2 | R,

8 (] LH g gy

3 4 H ® IRFP350 3 ' Quer S10k
i I-‘ i o )

PGND

Reateq '
1N5819 QOFF
v Reare2 \®

Now, the dv/dt;pr numbers must be re-calculated assuming that the drivers’ output impedance is
shunted out. Also, pay attention to the 0.7V voltage drop across the pn junction of the Qogr transistors.
dv _32V-0.7V _ 14k_V dv _3.5V-0.7V _ 241(_\/

EQLLIMIT 120 [148pF - us an,LlMIT T 1.63Q [ 1pF - us
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The next step is to calculate the gate resistor values. The gate resistor sets the turn-on dv/dt of the device
which must be lower than the dv/dt; jvir. Slowing down the turn-on dv/dt might be beneficial to reduce
EMI and to decrease reverse recovery problems in the rectifier diodes. For this design the turn-on dv/dt
of both transistors is limited below 2.3kV/us. This value was selected to be half of the resonant dv/dt
calculated before under full load conditions. Accordingly:

dV V _V iller V _V iller
av. _ DRV~ VGs,Mill . Ry = DRV — VGSMiller _ (R +RGI)
dt ox (RHI +Rare +RG,I)|]:GD dl
dton "

and
R garer = —151:/\/_4'2\’ -(200+1.2Q)=105Q R =—1SZ\; 28V _(330+1.60)=270

2.3— 48pF 23— O1pF

us us

At this point the low side driver is fully defined. The procedure continues with the gate drive
transformer design. The details of this calculation are omitted here. A step by step example is given in
Appendix E. The gate drive transformer’s relevant characteristics for further calculations are:

Ly=100uH the magnetizing inductance of the transformer.
Imp=75mA the maximum peak value of the magnetizing current at D=0.5.

There are two coupling capacitors in the high side driver circuitry, and their values are calculated next.
Assume AV¢;=0.65V and AV,=0.65V. The sum of these two ripple components will be present at the
gate of Q2 (AVgare=1.3V).

_ Qo . (Vory = Virw ) Dy 60nC  (15V-0.7V)[0.95
Cy, = + ’ Cy, = =100nF
AV, AV, R BfDRV 0.65V O 65V 00kQ [250kHz
C. = QGz + (VDRV _VD FW DD VDRV [ﬁD DS)
clr -
A\]Cl A\]Cl |:IRGS |]\DRV A\]Cl BI' |:ILM Eﬂ‘]§RV
where D=0.68, corresponding to the maximum of the C¢; equation above.
_60nC , (15V-07v)m6s |, 15vi06s’-068") .. o
T 065V | 065V I0kQ 250kHz 0,65V (3 00uH [{250kHz)’
Verify the start-up time constant of the AC coupling network:
2., L, R [T, I= 2 (M [250kHz O00uH O00kQ [235nF _ 3611
2N, (L, +Ryy 211 [250kHz (100H +10kQ !
Check the gate power loss and the power dissipation of the UCC3850 output drivers:
Posrs = Vv MQ0; + Qg ) Ty Py e =15V [{135nC +60nC) 250kHz = 731mW
1 R 0.5220Q O35nC OS5V [250kHZ
POUTl == D = IZDGI |3/DRV Ij‘DRV POUTl = D: 162mW
2 Ry, +Rgam ¥Ry 20Q+10Q +1.2Q
1 R I;
Por, == 03 e Vory Doy +— R
OouT2 2 Rle + I{GATE2 + l{GZ’1 |])GZ DRV DRV 3 HI2
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_0.533Q60nC 5V 250kHz , (75mA)’

P .. = 33Q =122mW
ouT2 33Q0+27Q+1.2Q

The UCC3580 dissipates 284mW of the total 731mW gate drive power loss.

Lastly, the bypass capacitor value is calculated. The bypass capacitor supplies the gate charge for both
MOSFETs, the currents through the two gate pull down resistors, Rgs; and Rgs;, and the magnetizing
current of the gate drive transformer. Its value can be estimated by:

C ~ Qo1 +Qq, + Vorv Dyiaxi + (VDRV _VD,FW)DDMAXI + Viory [ﬁDi/IAXI _Di/IAXI)
DRV
AViry AVigy R g1 By AVigy R g, Mgy AV By HSRV

_135nC +60nC 15V 0.7 (15V-0.7v) .7 15v 0.7 -0.7°)
+ + +

Copy = _=291nF
v 1V 10kQ [250kHz 1V 10kQ [250kHz 1V @ D00uH {250kHz)
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and services at any time and to discontinue
any product or service without notice. Customers should obtain the latest relevant information before placing
orders and should verify that such information is current and complete. All products are sold subjectto TI's terms
and conditions of sale supplied at the time of order acknowledgment.

TI warrants performance of its hardware products to the specifications applicable at the time of sale in
accordance with TI's standard warranty. Testing and other quality control techniques are used to the extent Tl
deems necessary to support this warranty. Except where mandated by government requirements, testing of all
parameters of each product is not necessarily performed.

Tl assumes no liability for applications assistance or customer product design. Customers are responsible for
their products and applications using Tl components. To minimize the risks associated with customer products
and applications, customers should provide adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any Tl patent right,
copyright, mask work right, or other Tl intellectual property right relating to any combination, machine, or process
in which TI products or services are used. Information published by Tl regarding third—party products or services
does not constitute a license from Tl to use such products or services or a warranty or endorsement thereof.
Use of such information may require a license from a third party under the patents or other intellectual property
of the third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of information in Tl data books or data sheets is permissible only if reproduction is without
alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Reproduction
of this information with alteration is an unfair and deceptive business practice. Tl is not responsible or liable for
such altered documentation.

Resale of Tl products or services with statements different from or beyond the parameters stated by Tl for that
product or service voids all express and any implied warranties for the associated TI product or service and
is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.
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