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1. Introduction

The TEAL1795T is a dual synchronous rectifier driver IC for a resonant converter. Using
this IC the gates of two separated MOSFETSs, configured as diodes on the secondary side
of a resonant converter, can be controlled. Figure 1 shows the basic configuration of a
resonant converter with two SR MOSFETs on the secondary side. The MOSFETSs are
placed in the ground path of the circuit, making the supply of the driver IC easier.
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Fig 1. Basic schematic of aresonant converter

2. Quick start-up

AN10954

This section describes how to start the device quickly. The IC is suitable in a resonant
converter and can drive two SR MOSFETs on secondary side (see Figure 1). The
MOSFETs have to be placed with their source at ground level. The IC can drive two
MOSFETS independently because there are two drivers in the package.

The drain-source voltage (Vps) is measured separately for each driver to determine what
the status of the MOSFET should be (on or off). When a negative current is flowing
through the MOSFET or, in other words, the anti-parallel diode is conducting, the
MOSFET is turned on. The negative current is detected by a voltage drop over the
MOSFET of at least —0.6 V. A comparator with a threshold level of —220 mV becomes
HIGH and causes the MOSFET to turn on.

A timer is triggered, which stops the output from changing for a period of 520 ns in order
to prevent any form of oscillation. After the blanking time the MOSFET can either be
turned off or stay turned on, depending on the value of Vps.

The drain-source voltage must be higher than —12 mV for the MOSFET to turn off. After
the MOSFET has been turned off a second timer is triggered and the MOSFET status
does not change for a period of 400 ns. Then the MOSFET can be turned on again.

In addition to the levels of -12 mV and —220 mV, a third level is used which regulates the
drain-source voltage to —25 mV. This third level is active when Vpg is between —25 mV
and —12 mV. It was added to speed up the turn-off of the MOSFET (see Section 7.1.1).
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Figure 2 shows the pinning diagram of the TEA1795T. The DSA and SSA pins or the DSB
and SSB pins must be connected to the drain and the source of the MOSFET to measure
the drain-source voltage. The SSA and SSB pins must be connected as close as possible
to the source pins. The DSA and DSB pins must be connected as close as possible to the
drain pins. This prevents wrong measurement values being obtained because of the
voltage drop over the tracks and the layout of the Printed-Circuit Board (PCB). The
outputs of the drivers are pins GDA and GDB, which have to be connected to the gates of
the MOSFETs.

The supply pin of the IC is V. It can be connected to an output voltage of the resonant
converter because of its wide supply voltage range (8.5 V to 38 V).

ssA [1] [ 8] ssB

GND [2] [ 7] vee

con [3] TEA1795T 1 coe

DSA [ 4] [ 5] DsB

014aaa976
Fig 2. Pinning diagram

Table 1.  Pin descriptions
Symbol Pin Description
SSA 1 source sense input MOSFET A
GND 2 ground
GDA 3 gate driver output MOSFET A
DSA 4 drain sense input for synchronous timing MOSFET A
DSB 5 drain sense input for synchronous timing MOSFET B
GDB 6 gate driver output MOSFET B
Vee 7 supply voltage
SSB 8 source sense input MOSFET B

Careful attention must be paid to the layout of the PCB to get the best possible results.
Tracks from drain to DSA (or DSB) and from source to SSA (or SSB) form a loop which
must be as short as possible. This can be achieved by routing them as closely as possible
and parallel to each other. Alternatively, they can be put above each other in a dual-layer
PCB (see Figure 23). A filter can be added to the system to improve the design,
depending on the MOSFET used and the mode of operation (CCM or DCM)

(see Section 7.1.2 and Section 7.2.1).
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3. Resonant converter versus flyback

The TEA1795T has been developed for a resonant converter supply. It is derived from the
TEA1761, a MOSFET driver IC for flyback SR. The main difference is the blanking time
after turn-on.

The differences between a resonant converter supply and a flyback supply are:

The secondary current does not have to start at the beginning of a primary switching
transition

The current increases and decreases (sinusoidally)
The switching frequency can be much higher
The dl/dt of the current is much higher

In a flyback converter the secondary phase starts when the current through the switch
(diode, MOSFET) is at its maximum. This is not the case in a resonant converter, where
the current starts at 0 A and rises until it has reached its maximum. Then it decreases
again. The overall shape of the current is more or less sinusoidal (see Figure 3).

start secondary current coincide with a primary switching transition

flyback —

timing primary MOSFET

\1‘ start with maximum current
secondary current

— T

resonant

timing primary MOSFETS

/\ secondary current

|

start secondary current doesn't have to coincide with a primary switching transition 019aaa729

Fig 3. The difference between the secondary current in a flyback and a resonant converter

t—»

start at zero current

Dl/dt

primary switching transitions

The current does not have to start at the beginning of a primary switching transition. This
makes the timing more vulnerable to incorrect sensing, causing the SR-MOSFET to
switch at the wrong moment.

AN10954
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4. Diodes as rectifiers

AN10954

In older designs, Schottky diodes were used to rectify the current on the secondary side.

The advantages of Schottky diodes compared to PN-diodes are:

* Lower voltage drop
* Less reverse recovery

The Schottky diodes also have a few disadvantages:

* Higher parasitic capacitance
* Reverse leakage current
* Not available for higher output voltages

Two modes can be distinguished in a resonant converter:

¢ Continuous Conduction Mode (CCM)
¢ Discontinuous Conduction Mode (DCM)

For DCM the secondary current can be modeled using Equation 1:

k+l)xn/\keN
®

. kxm
Lamp X [SiN(@ x (t=t,))| A o <<t )

sec

_ O/\(k+1)XTl',<t<(k+l)><ﬂ:+
®, o @y

t

sec no

Where:

* lamp is amplitude of the current

* ®, is the radial frequency

* lsec is the secondary current

* t,o is the time that the secondary current is zero (see Figure 4)
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Fig 4. Approximation of the secondary current of the resonant converter in DCM

For lamp Equation 2 and Equation 3 can also be written:

t

pr
2
_ 1 :
Pg = VO><t X j Iampx sin(wq x 1)
Ha+t, o
2 no (2)
:%xvoxlampx 1 I
1+2x-2
pr
or
tno I PO
= + —_ = x —
lamp (1 2 x tpr) X 5% Ve ©)
Where:

i tpr = 2 X T / 0)]_
* Pgis the output power
* Vo is the output voltage

The voltage drop of a Schottky diode can be calculated with Equation 4:

Vi(lg) = Vg +Ryx Iy 4)
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Finally, the total dissipation in the secondary rectifiers taking the current as shown in
Figure 4 can be calculated with Equation 5:

2 1 2 1
Piot = (EXVFXIamp"'EXRdXIamp)X n (5)
1+2x 2
pr
By replacing lamp with Equation 3 the power dissipation changes to Equation 6:
Po 2 2 t
Ptot:(VFx—O+n—><Rd><plz><(l+2><ﬂ))J (6)
Vo 8 Vo b

Equations for the CCM case can be created as equivalents of the DCM case equations. In
Section 11.2 the CCM case is presented in detail. Here only the results are shown.

Example:
* tho =500 ns
* tyip = 500 ns
* Pp=240W
* V=12V
* Rg=5mQ
* V=280 mV

For CCM the dissipation in the diodes equals: 7.925 W. For DCM the dissipation equals:
8.314 W.

5. MOSFETs as rectifiers

AN10954

Ideally if the diodes are replaced by SR-MOSFETs the dissipation in the DCM case is
reduced to:

2 2
1 2 1 TC PO t
Ptot:—XRDSonXIampX——:—><RDSonX"'—ZX(l+2><-m (7
? 1+2 tno 8 VO tp
« o
pr

Example for DCM mode:

* Vp=280 mV
* Rg=5mQ

* Po=240W
* th =500 ns

* tor = 10 pus (keeping in mind that ty, is not the period time but ty + 2 x ty, iS)
* Vpo=12V
° RDSon = 4 mQ
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With Schottky diodes, the dissipation will be 8.314 W and with MOSFETS 2.171 W.
Compared to the 240 W output power this is an improvement of approximately 2.6 %
(going from 3.5 % to 0.91 %). For CCM mode with tg,o = 500 ns and tg,, = 10 ps, the
values are respectively 7.925 W (3.3 %) and 1.86 W (0.78 %). This is an improvement of
2.5 %.

Remark: An additional control IC is needed to turn on and turn off the MOSFET at the
right time (see Section 6).

Remark: When the MOSFET is not conducting, it behaves like a diode, so losses are

higher (see Equation 28).

6. Basic functionality of the TEA1795T

AN10954

6.1

6.2

When using MOSFETSs instead of diodes, the MOSFET has to be turned on when current
is flowing through it. It has to be turned off when there is no current flowing through it. The
TEA1795T IC has been developed to realize these functions. Section 6.1 describes the
turn-on function. Section 6.2 describes the turn-off function.

The turn-on function

It is easy to detect if current is flowing through the MOSFET. A MOSFET that is not
conducting (turned on) behaves like a diode. When current is flowing through the diode
the voltage drop is above 0.5 V. A level of —220 mV has been built in in the IC to which this
voltage can be compared. When this level is exceeded the TEA1795 charges the gate of
the MOSFET and turns it on. Depending on the current flowing through the diode, the

voltage drops to Vpg = Ipg x Rpgon -

The turn-off function

A second level has been built in to turn the MOSFET off again. When the drain-source
voltage drop is less than 12 mV, meaning that the current through the MOSFET is below a
certain level (see Equation 8, the MOSFET is turned off again.

12 mV
lps ot <7 ®)
DSon

Example: if the current is behaving as described in Equation 2 and Rpson = 4 mQ, then
IDS_off =3 A

Summary: The MOSFET is turned on at Vpg < -220 mV. The MOSFET is turned off at
Vps > -12 mV.

The pin connections are shown in Figure 2. The voltage drop over the MOSFET is
measured differentially (driver A: DSA (pin 4) — SSA (pin 1); driver B

DSB (pin 5) — SSB (pin 8)). The outputs of the drivers are GDA for driver A and GDB for
driver B. Finally, two pins are left, the GND (pin 2) and the positive connection of the
power supply (Vcc, pin 7). In Table 1 the pinning information is listed.
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7. Improving the system

The following improvements have to do with the turn-on and turn-off moments of the
MOSFETSs:

* Turn-on:
— Immediate turn-off after turn-on
— false turn-on
— parasitic turn-on
* Turn-off:
— premature turn-off
— turn-off is too late
— false turn-off

7.1 Turn-on

7.1.1 Immediate turn-off after turn-on

A blanking time has been built in to prevent the MOSFET from turning off immediately
after it has been turned on, because the drain-source voltage is still above the turn-off
level (-12 mV). This blanking time is typically 520 ns. If, after 520 ns the value is above
the regulation level (—25 mV) or the turn-off level, the gate is discharged until the
regulation level is reached or the MOSFET is turned off.

The disadvantage of the blanking time feature is that if the current becomes zero during
this blanking time it reverses and causes additional losses. If, after the blanking time, the
drain-source voltage is still below the regulation level, the gate voltage is lowered until the
drain-source voltage equals regulation level.

The regulation level mentioned above is added to the IC. When the input voltage is higher
than this regulation level but lower than the turn-off level the IC regulates the drain-source
voltage to —25 mV by controlling the gate voltage of the MOSFET. The MOSFET is
normally used in its linear region, but by lowering the gate voltage to just above the
threshold level the MOSFET enters its saturation region. This prevents the MOSFET
turning off too late when the turn-off level is reached. To turn off the MOSFET, the gate
voltage only needs to decrease slightly, instead of requiring a discharge from a high gate
voltage to the threshold voltage. Figure 5 shows the decision levels of the TEA1795T.
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c. TEAL1795T state diagraml3!

(1) Three levels are built in: turn-on level (-220 mV), turn-off level (-12 mV) and regulation level (-25 mV).

(2) If the drain-source voltage is lower than —25 mV the gate is totally charged (Linear mode). As soon as the drain-source voltage
increases to above —25 mV the gate is discharged until the drain-source voltage is —25 mV again (Saturation mode). Above —12
mV the gate is fully discharged (off mode)

(3) 000, 001, 010, 011, and 101 are the five states.
Fig 5. The decision matrix of the TEA1795

The regulation level means that between this level (—25 mV) and the turn-off level

(-12 mV) the IC stabilizes Vps to —25 mV by charging or discharging the gate. When the
current becomes too low to keep Vps at —25 mV the drain voltage exceeds —12 mV and
the MOSFET is turned off very quickly. If current is still present, the MOSFET behaves like
a diode again and the voltage decreases to below —-0.5 V.
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7.1.2 False turn-on

Ideally, the MOSFET is turned on and off at the zero crossing of the current. However,
some parasitic components have a negative impact on the behavior of the synchronous
rectifier. The secondary inductance and the drain-source capacitance form a resonant
network which causes some oscillation of the drain-source voltage during the switching of
one of the MOSFETSs (primary or secondary). Figure 6 shows the schematic.

= Cout

Vout

_|fqQ ==cps1_|fqQ2 ==Cbs2
T T

019aaa453

Fig 6. Parasitic components causing oscillation

Figure 7 shows examples of oscillations. When the voltage of the drain-source decreases
below —220 mV false triggering of the MOSFET occurs, causing unstable behavior.

T MainE20k o>

2010-05-/10 14:06:47 Normal 2010-05-10 14:05:27 Hormal
YOKOGAWR 4 (] 1658 Zrsiliv YOKOGAWRY 4 8889 165/ 1usidiv
T ] ] f: 44 Mainz10k >> :

fug (C4)
Tl 1220830

Aug (Cd)
V| 13,2262V

CHZ 1671 tHa 131 A5 10A CHZ 1671 THT 161 CH5 10AT1U 6 10A:10  Edge CAZ T
0.100kUAdiv 5.00 Uadiv  20.0 A3 0.100kUAdiv 5.00 Udiv  20.0 Asdiv fdiv Auto
DC Full  DC Full  IC Full  OC Full  ©.920ky

Full IC  Full

BC  Full I

oscillation by zero half bridge switching oscillation by half
crossing secondary bridge switching
current 019aaa730

(1) Half-bridge point

(2) Vps of one of the SR MOSFETs
(3) Secundary current

(4) Primary current

Fig 7. Example of oscillation

An RC-filter is placed in front of the input of the driver IC to filter out the high frequency
component in the drain-source voltage (see Figure 11). This prevents false triggering of
the MOSFET.
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The voltage difference between pin 1 and pin 4 (and also between pin 5 and pin 8) for a
step from V| to 0 V can be calculated with Equation 9:

Vey () =V, x exp(—ﬁ) ©)

Where:

* Vci () =0.1V, (= 10 % of the end value)
* t=100ns
* R=3.9kQ

The result is a capacitor value (C) of 10 pF.

Parasitic turn-on

When the drain-source voltage (Figure 8, line 3) rapidly increases, the gate voltage
(Figure 8, line 1) is lifted to the threshold level of the MOSFET, causing it to turn on. This is
caused by the weak sinking capability of the driver output during the transition from
Regulation mode to the Off mode of the IC (see Figure 5). During the regulation mode the
sinking capability is taken care by a 24 Q MOSFET. The 1 Q MOSFET is only available in
the off-mode. It takes time to turn on this 1 Q MOSFET, because of the internal delay.
When this MOSFET is conducting, the gate of the SR MOSFET is discharged again.
Therefore a spike is visible on the gate during the transition.

2010,10/05 14:01:45 [———=—f=———=———y=a Normal

Normal
163,85 500n5#iv

2010,16,05 14:02:15
2548 q

2540 1685 500ns4tiy YOKOGAWA 4

YOKOGAWA 4

Ves

4

T Mainisk b << mainsfp >y

Iprim :

(1)

identical

Vps

CH1 18:1
5.00 Usdiv
IC  20MHZ

The gate voltage of one of the SR MOSFETs (left). It shows a small pulse after the MOSFET is turned off. The small pulse is

Edge CHd & CHT 10°1 THZ 10°1
Normal 5.00 Uiy 5.00 Usdiv
0.238KU DC  26MHz DC  Full

Edge CAd ¥
Nornal
0.238kV

THS 10710
0.500 Adiv
0C Full

019aaa885

(1)

(2

(3)
Fig 8.

caused by fast rising of the drain-source voltage (right).
Gate source voltage.

Primary current.

Drain-source voltage over the primary MOSFET.

Parasitic turn-on

AN10954
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7.2 Turn-off

7.2.1 Premature turn-off

The drain-source voltage is measured between two points of the PCB. The impedance
between these points incorporates the resistance of the track, the MOSFET and
inductance Lpar. Lpar2 is also part of the parasitic inductance, but it does not have any
impact on the measurement (see Figure 9).

1 TRy 3
;? gL
2
+
= cCo1
6
Lpar2
Lpar Vo
L+
RDSON + Rtrack VDs_sense
Lpar
Lpar2
019aaa886
Fig 9. Parasitic inductance
Equation 10 calculates the voltage over the inductance:
dlye
VL) = Lpar X g (10)

If the secondary current can be modeled using Equation 11:
Ips(t) = [lamp x sin(wy x t)| (11)
Then the induced voltage equals:

V(1) = Lparx%(lampx sin(w, x 1)) (12)

Combined with the resistance between the measuring points the voltage drop equals:

Vps(t) = Iamp X Lpar X My % COS(wq x t) + Rpgon ¥ Iamp x sin(mq x 1)
=1 XJ(L 2% 0,2 +R 2)><COS( xt—0)
= lamp par X @1 DSon ®q ¢ (13)
R
@ = atan (———L D3on )
par X 0y
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Application note Rev. 1 — 14 December 2010 14 of 41



NXP Semiconductors

AN10954

GreenChip SR TEA1795T dual synchronous rectification driver IC

Figure 10 shows an example, where:

® Lpar=10nH
* Rpson =4 mQ
* Ipg(t) = 34.558 x sin(wy x t)

\% Vps

Rpson x Ips

O ‘
0 2x10°6

4x10°6
019aaa454

Fig 10. Example of phase shift caused by parasitic inductance of 10 nH. Rpson = 4 mQ;
fs =100 kHz (=2 x t/ w1 + 2 X tpo); Ips = 34.558 sin(wy x t)

The time (t1) of the early turn-off of the MOSFET can be calculated with Equation 14:

t

\
21_t, = acos th +0
2 1t J 2 2 2
Iamp X I-palr X Wy + RDSon

(14)

In this case it is approximately 1.627 s, giving an additional loss of

3.686 W — 2.171 W = 1.515 W. The result of this inductance is that the losses are almost
doubled. Therefore a solution to decrease these losses is required. One solution is to use
an RC filter as a compensation network (see Figure 11).

two different clamping network

Fig 11. RC-filter as compensation network

TR1 ~—lsec
1 3
2 4
5
CTTTTTR 6 R3 [
' R1 1 1 R2 -—IRc
P o HE L e
1 - ! p=d
1 : : 1 Ips
. 1 DSA MOSFET 1 ' DSB
v Lo Q1 =c L Q2
S% PL T issa ’ JE: T2 1ssB IC1-2 E
T TEA1795 . — ! . TEAL795
' GND — ! :
: - :
1 1
1
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The associated equations are:

Isec(s) = IDS (S) + IRC (S)

— ds
Ry xlre * Vo1 = Lpar X g7 + Roson * lps (15)
lo~ = _
rc = Cy1x dt

The solution for this system in the time domain is given in Section 11. In the s-domain the
system can be written as:

[sec(s) = Ips (8) + Ipc ()~ Ips (5)
Isec (8)= IDS (s)
1 Loar xS
(Ri*z ><S)><|RC=(5x|_par><RD80n+1)><|DS: (-Rf:“—u) a9
_ DSon
Ver = (Rlxcl><s+1)XRDSonX DS
ke
_VCl T Cyxs
If:
Lgar =R
=R xCy a7
RDSOH

the last part of Equation 16 changes to:

Ve1 = Rpson X Ips (18)

Example:

* Lpar =10 nH

* Rpson =4 mQ

* R;=3.9kQ
Results in: C1 = 641 pF.

Figure 12 shows the result of the compensation. Ideally, the capacitor voltage follows the
drain-source voltage very accurately. In reality, however, this is very often not the case.
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0.2 — —]

Rpson X Ips

Ve
(= Vps compensation)

‘ |
0 2x10°6 4x1076
t 019aaa456

(1) The ideal voltage drop over the MOSFET.
(2) The voltage drop over the MOSFET including the inductance.
(3) The compensated voltage.

Fig 12. Compensation of the voltage drop over the MOSFET

When one of the secondary MOSFET is conducting, the other MOSFET has a voltage
drop of approximately twice the output voltage. The compensation capacitor C; is also
charged to this voltage. When the voltage drops to below zero because the voltage over
the transformer reverses, the capacitor is also discharged to —220 mV. If the built-in diode
of the MOSFET conducts this is approximately —0.6 V. Figure 13 shows the voltage of the
capacitor as a function of time. It takes 10.3 us to discharge the capacitor.
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0 5x106 1x107°
019aaa457

a. The discharge time of the compensation capacitor equals 10.3 us. This time can also be
calculated with Equation 9 (R; = 3.9 kQ; C1 = 641 pF; Vc1 =-0.2V, Vi, =24 V).

\Yeil

019aaab11

b. The capacitor voltage is clamped down to O V:
The discharge time compensation capacitor equals 1.02 ps

Fig 13. The discharge time of the compensation capacitor from 24 V to -0.22 V when the
MOSFET is turned on

Without further adaptations this compensation circuit does not work. The first one is to
clamp the voltage to 0 V (MOSFET) or 250 mV (RF Schottky diode). This reduces the
discharge time (from 0 V to —220 mV) to 1.02 us. The second one to compromise
between the delay caused by capacitor C; and to what extent the induction (Lpay) is
compensated, expressed by the function "Early” (see Figure 14). A larger compensation
capacitor results in a larger turn-on delay, which again results in a better compensation.
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turn-on level reached turn-off level reached
v v
\
Ips
-0.22 \
\% Vei
0
\ \
0 2x106 4x10°6
t
— |-— —| |-
t_delay = delay (C1) t_tillo = early (Cy)
Cy =100 pF Cy =100 pF
019aaa458
a. Presentation of tgeay and to-labels in diagram
1
S
tdelay
510 x 109
(@)
ttillo
0
0 322 pF
C1
019aaa512
b. Minimal dissipation when tgejay = tilg
Fig 14. The compromise between delay in turn-on time (tgeiay) and premature turn-off
time (tyio)

The calculation of the function tgo = Early(C,) is explained in Section 11. Here only the
result for an amplitude of a current of 34.6 A and a parasitic inductance of 10 nH is given.
Figure 15 shows how the total dissipation (Py,) depends on the C; value of 322 pF. The
minimum dissipation approximately coincides with a C; value of 322 pF, where tgejay = tiilo
is valid (see Figure 14). The delay time and the early time are around 510 ns.
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SN

P Ptot (C1)
(W)

1 3 Pdiode (C1)

|5 X 10-10

0 F
C1

minimum dissipation for Cq is 322 pF
019aaa459

The dissipation can be divided in the diode phase (MOSFET off) and the Rpson phase
(MOSFET on). The chosen value is not exactly the minimum dissipation because of the different
derivatives of the delay function and the early function. (see Figure 14).

Fig 15. The total dissipation in the MOSFETs as a function of the capacitor value (line 1)

In Figure 15 the minimum dissipation does not coincide with the chosen value. This is
caused by different values with which the delay function increases and the early function
decreases.

The dissipation is increased from 2.171 W (optimal switching) to 2.751 W (with
compensation R; = 3.9 kQ, and C, = 322 pF). These values are calculated without taking
into account the delay in the IC and with a MOSFET used to clamp the filter capacitor
voltage to 0 V. If instead of a MOSFET a diode is used, the voltage is clamped to 250 mV.

The new optimal value of C; changes to 247.14 pF; tgelay = tiilo = 726.5 ns);
PtOt =3.316 W.

R is dimensioned as R; = 3.9 kQ2 because the maximum current coming out of the DSA
and DSB pins is 1 pA, giving a voltage drop of approximately 4 mV. In the worst case the
turn-off threshold level is lowered to -8 mV instead of -12 mV.

The dissipation in the resistor cannot be ignored, because of the relatively low value of Ry
(3.9 k). E.g., when the output voltage is 12 V one of the two resistors will always have a
24 V voltage drop, while the other resistor is at approximately ground level. 24 V means a
dissipation of around 150 mW. This can be a problem for very low load specifications. Two
options are possible to improve the low load dissipation.

* A switch Qg is added in series with Ry (see Figure 16). The sense is connected to the
source of Q3
* In the second option the source (Q3) is not connected to the sense input, but the drain

(Qs) is.
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TR3 ~—lsec

-—IRc

Ips

EQl

DSB
4

GDA Q =c3 T
SSA E [lfgQs TC1gsp

GND TEA1795

IC2-2
TEA1795

Q3 and Q5 placed on two different positions
to decrease the low load losses 019aaa460

Two options: Q3 and Qs

Fig 16. Additional switches to decrease the low power losses by adding a circuit

It is important to know how large the compensation capacitor has to be, so the correct
MOSFET (Q3 or Qs) can be selected. The drain-source capacitance of Q4 and Qg are
placed parallel to the compensation capacitance.

Table 2.  Compensation capacitance

Vbs
100 mV (Typical) ‘10 V (Typical) ‘ 10 V (Maximum)
Ciss
2N7002 41 pF 31 pF 50 pF
BSN20 21 pF 17 pF 27 pF
BSS123 110 pF 55 pF -
C:OSS
2N7002 25 pF 6.8 pF 30 pF
BSN20 17 pF 7 pF 15 pF
BSS123 100 pF 12 pF -

The timing of the switches (Qs, Q4, Qs, and Qg) is set in the following way: When the
voltage of Q is low, Qs has to be off and Qg has to be on. On the other hand when the
voltage of Qq is high Qs has to be on and Qg has to be off. The same can be said about
the state of Q3 and Q4 (see Table 3).

Table 3.  The states of Qz, Q4, Qs, and Qg

State Qs Q4 Qs Qe
Q1 =LOW; off on on off
Q2 = HIGH
Q1 = HIGH,; on off off on
Q, =LOW

The next step is to find the right driver signals to meet the states in Table 3. There are two
options:
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¢ To derive the signal from the transformer winding
(see Figure 17, Q3 — Q4 configuration)
* To derive the signal from the driver output (see Figure 17, Qs — Qg configuration)

If transformer winding is used the gate of Q3 is connected via a resistance division to the
drain of Q. Q4 is connected to the drain of Q1. The gate of Qs is connected to the drain of
Q1 (see Figure 17). The gate of Qg is connected to the drain of Q..

AN10954 All information provided in this document is subject to legal disclaimers. © NXP B.V. 2010. All rights reserved.

Application note Rev. 1 — 14 December 2010 22 of 41




NXP Semiconductors AN10954

GreenChip SR TEA1795T dual synchronous rectification driver IC

o

1C2-2
TEA1795

H]Rs

019aaa461

a. Q3 — Q4 configuration

R2
| —
T
| 25Ye
DSB
Qs ==C2 JE Q1
SSB IC1-2 IC1-1
TEA1795 TEA1795
019aaa513
b. Qs — Qg configuration
Fig 17. The drive of MOSFETs Q3, Q4, Qs and Qg
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Figure 18 to Figure 20 show the measurement results for the first schematic
(Qz — Qg4 configuration).

2016,04-14 14:45:04 |————jan Normal 2010-04/14 14:46:00 [—0—"rrr—=—o—— Hormal
71 21

YOKOGAWR, 4

—
168/5  1M5Akiv YOKOGAWR 4 168/5  1usitiv
<< Maim 10k >¥ : 3 Nnm_}lﬂk > :

57908
[LrdX
1.727116MHz

259Ins
A%
3.861604MHZ

1 1
387 .500U 400 .60V
[¥

4
395.833V 395.833V
Hy ay

8.33333V -4 .16667V

)
?
©)
)
®)

Fig 18.

AN10954

Az [8] [ [*1 CHZ T3 CHa A5
0.166kV 5.00 U 5.00 U ©0.500 A 0.100kV 5.00 U 5.00 U 0.500 A
pcime  DCime  DCiMe  DCihe 019aaa733 DCiMe  DCIMR  DCiMe  DCIMe 019aaa734

Cy1 =33 pF; Ry =3.9kQ; ligag =15 A

Voltage on the DSA pin

Half-bridge point

Drain-source voltage on MOSFET

Gate source voltage

Primary transformer current

The total delay before MOSFET is turned on b. The delay caused by the charge of the
(C1 =33 pF) compensation capacitor (C1 = 33 pF)

Measurement results of the TEA1795 with compensation network

The delay between the current starting to flow through the MOSFET and the turn-on of the
MOSFET is 597 ns. 259 ns is caused by charging the capacitor and 338 ns by the delay
of switching Q3 and Q4. The premature turn-off is approximately 1 us.
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2010,04/14 14:54:33 |—=——==——o———yn  Normal 2010,04/14 14:53:05 [=———o———————"=n  Nornal
YOKOGAWR. 4 121 165/s 1us/div YOKOGAWR 4 121 165/3 1ussdiv
: <« Mnm_;iﬂ ) : : << Mainil0k >> :
(@]
138 X1
4.461us 431ns
¥4 ¥4
5.220us 796ns
px px
759ns 359ns
I L ax 14X
ey 1.317523MHz 2.785515MHz
Y . 1 1
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e [¥Z [v2
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By 4 i |y
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DCiMe DCiMe DCiHe  DCiMe 019aaa769 DCiMe DCiMe DCiMe DCiMe 019aaar774
C; =100 pF; Ry =3.9kQ; ljpag =15 A
(1) Voltage on the DSA pin
(2) Half-bridge point
(3) Drain-source voltage on MOSFET
(4) Gate source voltage
(5) Primary transformer current
a. The capacitance is increased to 100 pF. The delay b. Increasing the compensation capacitor from 33 pF
is increased with 100 ns (see Figure 18) to 100 pF prematurely causes switching to
decrease from 1 ps to 759 ns
Fig 19. Measurement results of the TEA1795 with compensation network

The delay between the current starting to flowing through MOSFET and the turn-on the
MOSFET is 697 ns. 359 ns is caused by charging the capacitor and 338 ns is caused by
the delay of switching Q3 and Q4. The premature turn-off is approximately 759 ns.
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8. DCM versus CCM

It does not matter whether the converter is working in CCM mode or DCM mode. There is,
however, one exception: the dimensioning of the RC filter is different for DCM and CCM.
The MOSFETSs have to turn off at the right time to prevent current flowing in the wrong
direction (see Figure 20). In Continuous Conductance Mode (CCM) the dI/dt during
commutation (going to zero) is much higher than the dl/dt in Discontinuous Conduction
Mode (DCM). Therefore, in CCM, the input filter of the IC has to be dimensioned in such a
way that only the high frequency oscillation is filtered out and compensation for parasitic
inductance is not necessary.

YOKOGAWA 4

2009,12,18 15:10:13

Normal 2009-12-18 15:26:35 Normal

303

3 1GS/s 200nsitin YOKOGAWA 4 440 ] 1655 200ns4tiv
% : << Maini2k >> S

i

1] H | ). ; ;
i BT

.. [Freq(ci)

P

[Freq(Ci)
B =] E: £
vy (c4) ug (C4)
126.283V A 132.954V

CHZ

]

CH4

o5 - Tz [ci3 o o5
5.00 U 0.500 U 0.100kU[ 1.00 A 5.00 U |0.500 U 6.100kV 1.00 A
ICiMe ICimg DCiHe | ICiMg 019aaar70 DCiMe | DCiMe | DCIMe  DCiMe 019aaa771

Capacitance = 100 pF; Resistance = 3.9 kQ; ljpag = 15 A
(1) Voltage on the DSA pin
(2) Half-bridge point
(3) Drain-source voltage on MOSFET
(4) Gate source voltage
(5) Primary transformer current

a. High reverse current causes a lot of ringing

Fig 20. Measurement results of the TEA1795 with compensation network

b. Low reverse current causes much less ringing

9. Issues

AN10954

9.1 Unstable behavior of the control voltage at low output power

The TEA1795 only turns on the MOSFET if the voltage drop over of the MOSFET is at
least 220 mV (see Section 6.1). When the MOSFET is conducting the voltage drops to a
few millivolts. This difference in voltage causes a high current dump which again causes a
large power transfer per cycle. The transfer can only be changed by changing the control
signal. When the voltage drop over of the MOSFET is less than 220 mV no power is
delivered to the output. Therefore a small change in the control signal leads to a major
difference in power transfer, which causes an oscillation.

All information provided in this document is subject to legal disclaimers. © NXP B.V. 2010. All rights reserved.

Application note

Rev. 1 — 14 December 2010 26 of 41



NXP Semiconductors

AN10954

GreenChip SR TEA1795T dual synchronous rectification driver IC

9.2 Fast discharging of the gate in Regulation mode

When the blanking time following the turn-on of the SR-MOSFET is passed, the IC
changes from On mode to Regulation mode. When the measured drain-source voltage is
higher than —25 mV the IC regulates the drain-source voltage to —25 mV. The gate is fully
discharged, because the turn-off circuit is also active at that moment. The IC
compensates this behavior again by charging the gate voltage. This charge current is only
5 mA so that the charging is very slow. Figure 21 shows the result of this behavior.

(1)
(2)
(3)
(4)
(%)
Fig 21.

2010/01/21 11:53:06 [=———==———————"yn  Normal
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Avg (C4)

1.31491V
CHZ CH3 CHY CHS
9.0V |(190.0V 12.06V 1.00A
ICiMe | ICiMe DCiMe ICiMe 019aaa772

Midpoint half-bridge

Gate source voltage on MOSFET A
Drain-source voltage of MOSFET A
Gate source voltage on MOSFET B
Primary transformer current

Fast discharging in Regulation mode

9.3 Power supply in Off mode

If the power supply is in the Off mode, the IC gets no supply. Despite the absence of

power the output of the driver is low ohmic. This is caused by an internal charge on a gate
of the output MOSFET of the driver. This charge cannot flow away and causes the output
of the IC to stay low ohmic. This is important to know when testing the output of the driver.

AN10954
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9.4 Double pulses

It is possible that double pulses on the gate voltage occur. because of the way the
SR MOSFETSs are controlled (see Figure 22).

2010/08/03 14:26:33 [—=—=——=—=—xysox Normal
YOKOGAWR 4 38 1GS/s 500ns4liv

T¢ Mairisk 55

Vbs

VGS

CHZ 1071 CH3 101 - - Edge CHd 5
5.00 Usdiv  10.0 Usdiv Auto
oC Full  DC Full 0.160KkU

019aaa773

Fig 22. Double pulses

10. Layout of the IC

When designing the layout the following things are important for getting the lowest
possible inductance:

* The sense connections must be as close as possible to the pins of the MOSFET

* The loop between the drain sense wire and the source sense wire must be as short as

possible
|
—
ing close to the pi IJEDSB |
sensing close to the pins
127 i lepe |
qdo o i
e Clvee |
D T loop as small as 8*’§SB :
possible
]
|
019aaa462
(1) DSB = Drain Sense (part) B
(2) SSB = Source Sense (part) B
(3) GDB = Gate Driver (part) B
Fig 23. Layout recommendations
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11. Overview calculations

11.1 DCM mode calculations

Simple presentation of the secondary current:

lec = Iampx|Sin(wlx(t_kxtno))|/\kxnﬁtﬁ(k-‘-l)xn/\k eN
0)1 0)1 (19)
ly, = 0a&EDxm  (ktDxm,
0)1 0)1
The switching period can be calculated with Equation 20:
te, =t +2xt :2Xn+2><t (20)
Sw pr no ® no

1

Po the output power, Vg the output voltage, and I the output current are related in the
following way:

Po = Vo xlo (21)
A combination of the all equations above results in:

i

o 2XT
1 . 2 !
PO:VOXTc _[IameS|n(°)1Xt):EXVOXIampxzxn
5‘+tn00 ® i, (22)
1 1
2 1
= =xVsyxI X
(0]
T amp 1+(’31th0
b8

The amplitude (lamp in Equation 22) can be calculated with Equation 23:

t n_Po
Iamp:(1+2><t—r;9)><§><\7(; (23)

The average current (la,g) on the secondary side equals the load current, but the RMS
current (Irms) equals:

t

7
P t
lonts = [ [ lamp X Sin(y x 7 = Zx 0 [1 410 (24)
tor P 2 Vo N2ty
+1,,0
2 no
The voltage drop over the rectifier diode can be calculated with Equation 25:
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The dissipation in the two diodes together equals:

_ (2 1 2 1
P_(7Tc><\/f0><Iamp"'EXRdxIamp)>< t
1+2x 2
, pr (26)
I:)O 7t2 I:’O tno
= Vfox—+—XRd><—'—><(1+2X—)
( Vo 8 VO2 tp

When MOSFETs are used instead of diodes the power dissipation is calculated with
Equation 27:
1 2 1
P = > x Rpgon X Iamp X —
1+2x22
T (27)

2
T

2
t
= EXRDSonXp—OzX(l'FZX—n'Q)
Vo )

If the MOSFETSs are switched on too late (tgelay) Or switched off prematurely (teany), the
dissipation can be calculated with Equation 28:

[2 x V¢ x Iamp x [2-[cos(wq x tdelay) +Cos(mq x )11 +
2
Iamp X g X (tdelay + ttiIIO) x (Rd - RDSon) -

1 2 . .
5% (Rag=Rpson) X lamp * (SIN(2 x @1 X tgejqy) + SIN(2 x 01 X Lijjyo)) +

Ploss = (28)
Rpeon | 2% (1)
L' *DSon amp _
1
X
U ton X @1
-~ gy /2 ———————»
tor/ 2
tno — -—
— <—tdelay tillo —| -
1.0 I
sin(mg X t
05 (1 % 1) B
0 | |
0 2x106  4x10°6
t 019aaa464
Fig 24. Definition of ty;, tsw, tho, tdelay, and tgiio
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In case of CCM the secondary current has a slightly different shape. Figure 25 shows

three examples:

-5

400 ‘
Vbridge
40 -
Iprim
20 —
|sec
0 [ —
\ \ 0 \ \ \ \
0 2%x106  4x10°6 0 2x10% 4x10°6 0 2%x106  4x10°6
t1 t1 t1
019aaa450
a. Example 1: fg, = 200 kHz; V, =380 V; Po = 103 W
\ 400 ;
Vbridge

Iprim 40 - N

200 —
v
_| |Sec Cr

20 —

0 [ —
\ \ 0 \ \ \ \

0 2%x106 4x106

53

0

2%x106 4x106
t1

b. Example 2: fq, =167 kHz; V, =380 V; Po = 176 W

0 2x10% 4x10°6
1
019aaa507

s}

c. Example 3: g, = 143 kHz; V, =380 V; Po =328 W

Fig 25. Examples of current shapes (Iprim (l€ft), Isec (Middle)) and of V¢, (right; Cr = resonance capacity) for

different output powers

400
Isec Vbridge
40 _
lorim 200 — —
1 \Y
20 Cr
0
\ 0 \ \
0 5x10-6 0 5x 106 0 5x10°6

fy
019aaa508
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The secondary current can be approximated with Equation 29:

sec
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loo = Iampx|Sin((olx(t+k><tti”0))|/\kxmllst<(k+1)x(c%l—tti”0)/\ke N

(29)
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tor /2
tilo = |-
tsw / 2
1.0
sin (w1 X t)
0.5
0 \ \
0 2x108  4x106
U 019aaa451
Fig 26. Definition of ty,, tsy and tyo

See Figure 26 for the definition of the variables tsy, tyr and to.

The equivalent to the DCM case Pg can be written as Equation 30:

tr
(J;__ttillo)
Po = Voxt#x -[ Lamp % Sin(oq x t) x dt
L1, 0
2 tillo

2 xt.

) 1—cos(nx(1—-t—“”—°))
_Z pr
= ><VO>< Iampx > Xttillo)

tor

2><(1—

(30)

For a given Pg and Vo this expression can be rewritten as Equation 31:

9 x (1_ 2x ttiIIO)
Po tpr

Iamp:T—CX X
2V 2 xt.
© 1—C08(7t><(1—m))

tor

Equation 31 is the expression for the effective current.

2 xt.
2><(1— t|||o)
lams(ting) = 1,0, 1, for
RMS\MHillo 2 VO 2 2Xtti||

1—cos[nx(1—t—°ﬂ )

pr

2 xt.
Sin|:2 X T X (l— —-“—”0)]
tpr
2 Xttillo)

t

2><7T,><(1—
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The voltage drop over the rectifier diode can be calculated with Equation 33:
Vi(lg) = Vig+ Ry xly (33)

The dissipation in the two diodes together equals:

, RZX(l_ZXttiIIO)
_ Po 1 Po tpr
P—Vf0><V—O+§><Rd><V—2x 2 %t 5 X
o (l - cos(n X (1 S D)
pr
(34)
- 2 x Lo
5|n(2 X T X (1 - —))
_ fpr
2 X T X (1 - 2——X ttillo)
tpr

Example:

® tpr=1lps

® tino = 500 ns

* Pp=240W

e V=12V

* Rg=5mQ

* Vi =280 mV
The dissipation in the diodes equals: 7.925 W.

11.3 Input filter
R1
— ’ +
\ l
C) Vi ct ¥Wb1 o v
o 1
-VFd _
. .
019aaa988

Fig 27. Schematic of input filter
The output voltage of the input filter shown in Figure 27 can be calculated with
Equation 35:
Veq(t) = Ve x exp(——t—) +V, x (1 - exp(— ¢ )) (35)

c1 C10 R, x C, I R, x C,
Where:

* V1 = voltage on capacitor C,
* Vc10 = boundary condition of the capacitor voltage
* V, =input voltage
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With Equation 35 tgejay Can be calculated.
When:

* Vcio = Vipy) (forward voltage of diode D;)

* V| = Viwmosre) (diode of MOSFET Q; or Q) (see Figure 11)
e t=ty

* Vi1 = Vi (=220 mV)

Equation 35 changes to Equation 36:

Ly ty
Ve (ty) = VF(Dl) x exp(——Rl » Cl) +VEMosFeT) X (1 - exp(—Rl » Cl)): Vin (36)

Then tgelay can be calculated with Equation 37

V., -V
ty = —R, x C, x In(— (Vin — VemoseeT)) ))

(VF(Dl)_VF(MOSFET)
11.4 Parasitic inductance

dig
VL) = Lygex

If the secondary current can be calculated with Equation 39:
Ipg(t) = Iamp x sin(wq x t)
then the induced voltage becomes:

d(l
VL) = Logy % (Tamp

x sin(my x t))
dt = lamp ¥ I-par X 7 X COS(®1 X ¢)

The total voltage measured equals:

Vps(t) = lamp X Lpar X ©1 X €0S(01 X ) + Rpgon X Iymp * sin(mq x t)

p

2 2 2
= IameA/(Lpar X +RDSon ) X COS((let—(p)

R
¢ = atan(—L DSon )

par X O

Finally, the premature turn-off time equals t; in:

t \
r th
£ t, = acos + ¢
2 | JL 2 24R 2
amp X par X My DSon
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11.5 Compensation filter

Isec(s) = Ids(s) + IRC(S)

di,
Ry xlgct Ve = Lpar X d_ts +Rpson * Ips (43)
duc,
lrc = Cq dt
L
L (44)

RDSon

VC1 = RDSon X Ids (45)

The voltage drop over the measuring points caused by the parasitic inductance equals:

_ disec
VDS(t) - I-par X dt + RDSon X Isec (46)

C1 VDs_sense

019aaa465
Vps_sense = DSA -~ SSA/ DSB - SSB
Fig 28. Voltage drop over measuring points
Nsec = Ips*Ire
dids
Ry xlgc+ Ve = Lpar % at | Rpson X lgs
q =
u
— Cl
lge = Cy x It
_VC1 = VDS_sense
(47)
r d(le..— o)
_ sec RC
Rl X IRC + VDS_sense - Lpar X dt + RDSon X (Isec - IRC)
d =
u
_ ds sense
lgc = Cy x —-—dt
r du d(l,.—Ire) du
ds_sense _ sec RC ds_sense
Ry xCy x dt + VDS_sense = I-par x dt + Rpgon * (Isec -Cyx dt )

Laplace transformation
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duds sense d(lsec_ IRC)

(Rl + RDSon) X Cl X dt + VDS_sense = Lpar X dt + RDSon x| =

sec

(Rl + RDSon) x C1 xS X VDS_sense + VDS_sense =L ar XS X IDS_S x IRC + RDSon x Is =

p ec

L (48)
—Par o g+1
_ DSon §xIpc
Vps = lgoe X Rpgon X -
-sese e "1 (Ry+Rpgen) xCyxs+ 1| (Ry+Rpgpy) xCyxs+1

If the first term:

L
_&XS‘I':L

DSon
=1 49
(Ry+Rpgon) xCyxs+1 )

and the second term:

sx Igc
(Ry+Rpgon) x Gy xs+1

(50)

are negligible, then:
VDS_sense = Isec X RDSon (51)

The first term equals 1 if Equation 52 is valid:

L
_&Xs+l

L
DSon _ par _
=1l= =(R;+R )xCy =
(R +Rpgon) X Cy xs+1 Rpson 1" "DSon 1 (52)

C. = I-par
' Rpson * (Ry * Rpson)

The second term is small because Igc is small.

11.6 Dimensioning of filter

C1 VDS_sense

019aaa465

Vbs_sense = DSA — SSA/ DSB - SSB

Fig 29. Dimensioning of filter
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S

. . . S
oc = Axsin(mg xt+@)=Ax(cos(e)x sin(mq xt)+sin(e) x cos(w, x t)) R

Cos(@) x ¢ * sin(g) x s (53)
A x > 5
S tm,
_Isec = IDS+ IRC di
L 15 — _(Ryeo +Ry)x Ioc 4 Ry x |
_ lg par * 4t ~ ~\"DSon 1 DS 17" 'sec
Ryxlge+Ver = Lparxa_s"'RDSonxlDS dt
= | tUgq
duc,
lgc = Cy x dt C ducy _
1% dt - Isec_IDS
_VC1 = Vds_sense
digs . L (64
dt _ [Lpar 0] o (_(RDSOH + Rl) +1) [IDSJ N [Lpar OJ
dug;| L0 ¢ -1 o/ e Lo ¢
dt
digg
R | at | |
X( ' O)X(Sec)ij o :AmatX(DSjJ“BmatX(sec)
1 0 0 ducy Vel 0
dt
L 0\l Ry +R -1
A = par X( DSon T ™1 0) (55)
0 C, -1
L 0Nt R
par 1
Brmat = [ ] X( 0) (56)
0 C, 1 0
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with Laplace transformation and T-matrix with eigenvectors.

|

X=A_ . xx+B x(sec) I
mat mat 0 :>Txy:AmatXTxy+BmatX(?:c):>
X =Txy
_ 1 -1 lsec
Yy =T " xApaxTxy+T meatx(O)}:
A=T_lemat><T:>
s—domain (57)

|
_ -1 sec
y = Axy+T XBmatX( )

0 -

| (S
<sxI—A)xy=yo+T‘1meatx(seZ( ))2

cos x ®q + Sin xS  _ |
(¢) 1 () XTlXBmat (sec)2

y = (sx1-A) " xyp+(sx1-A)"x s
"+ o 0
_ - _1 Ccos(@)x w,+sin xS |
K= T (s l=A) e T kg + (s 1= Ay hx SO X 2 TIN@) X2, "B ()
"+ 0
= _ _1 Cos X ®, + Sin XS
X = T (st =AY e Tty 4 Tox (51 - A) e 202X 1 N(O)
< Ty B x (A) timedomain (58)
0 -
_ -1 1 A
X(t) = Txexp(t)xT " xXg+ T xexp2(t) x T~ x B ¥ 0
Where:
* Xg = The boundary conditions
* p; and p, = The poles of the system
¢ T = the eigenvectors of the system
* | = the identity matrix
exp(p, x 1) 0
exp(t) = (59)
0 exp(p, x t)
(1) 0
exp2(t) = 60
p2(t) 0 (0) (60)
® % €0S(() + Py x Sin(p)
fi(t) = > 5 x (exp(pq x t) = cos(mq x t)) +
©; +tPg
in(¢) (¢) D
®, x sin(p) —p, x COS
1 (P2 p22 ® xsin(wy xt)yxT
®; +tPg
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®; x Cos(¢) + P, x sin(e)

fo(t) = > 5 x (exp(py x t) — cos(wq x t)) +
o, +P,
. (62)

®q x Sin(@)—P, x cos(p)

> 5 x sin(m, x t)

o, +P,
. Vin=Vi

With tye,y = “RC x 1nx (————) ¢ can be calculated: ¢ = ®q x tyq)ay -

Y Vbso— Vi y

If ty is the time V¢ (t1) = Vi, and ty, is the period time of secondary current then
tino = tor — ta.

The best choice for the capacitor value is when tgejay = tiiio
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12. Legal information

12.1 Definitions

Draft — The document is a draft version only. The content is still under
internal review and subject to formal approval, which may result in
modifications or additions. NXP Semiconductors does not give any
representations or warranties as to the accuracy or completeness of
information included herein and shall have no liability for the consequences of
use of such information.

12.2 Disclaimers

Limited warranty and liability — Information in this document is believed to
be accurate and reliable. However, NXP Semiconductors does not give any
representations or warranties, expressed or implied, as to the accuracy or
completeness of such information and shall have no liability for the
consequences of use of such information.

In no event shall NXP Semiconductors be liable for any indirect, incidental,
punitive, special or consequential damages (including - without limitation - lost
profits, lost savings, business interruption, costs related to the removal or
replacement of any products or rework charges) whether or not such
damages are based on tort (including negligence), warranty, breach of
contract or any other legal theory.

Notwithstanding any damages that customer might incur for any reason
whatsoever, NXP Semiconductors’ aggregate and cumulative liability towards
customer for the products described herein shall be limited in accordance
with the Terms and conditions of commercial sale of NXP Semiconductors.

Right to make changes — NXP Semiconductors reserves the right to make
changes to information published in this document, including without
limitation specifications and product descriptions, at any time and without
notice. This document supersedes and replaces all information supplied prior
to the publication hereof.

Suitability for use — NXP Semiconductors products are not designed,
authorized or warranted to be suitable for use in life support, life-critical or
safety-critical systems or equipment, nor in applications where failure or
malfunction of an NXP Semiconductors product can reasonably be expected

AN10954

All information provided in this document is subject to legal disclaimers.

to result in personal injury, death or severe property or environmental
damage. NXP Semiconductors accepts no liability for inclusion and/or use of
NXP Semiconductors products in such equipment or applications and
therefore such inclusion and/or use is at the customer’s own risk.

Applications — Applications that are described herein for any of these
products are for illustrative purposes only. NXP Semiconductors makes no
representation or warranty that such applications will be suitable for the
specified use without further testing or modification.

Customers are responsible for the design and operation of their applications
and products using NXP Semiconductors products, and NXP Semiconductors
accepts no liability for any assistance with applications or customer product
design. It is customer’s sole responsibility to determine whether the NXP
Semiconductors product is suitable and fit for the customer’s applications and
products planned, as well as for the planned application and use of
customer’s third party customer(s). Customers should provide appropriate
design and operating safeguards to minimize the risks associated with their
applications and products.

NXP Semiconductors does not accept any liability related to any default,
damage, costs or problem which is based on any weakness or default in the
customer’s applications or products, or the application or use by customer’s
third party customer(s). Customer is responsible for doing all necessary
testing for the customer’s applications and products using NXP
Semiconductors products in order to avoid a default of the applications and
the products or of the application or use by customer’s third party
customer(s). NXP does not accept any liability in this respect.

Export control — This document as well as the item(s) described herein
may be subject to export control regulations. Export might require a prior
authorization from national authorities.

12.3 Trademarks

Notice: All referenced brands, product names, service names and trademarks
are the property of their respective owners.

GreenChip —is a trademark of NXP B.V.
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