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OPTIREG™ switcher TLS412xDOEPVxx operating
modes

About this document

Scope and purpose

The scope of this Application Note is limited to the OPTIREG™ Switcher TLS412x family of synchronous buck
DC/DC converters. The purpose is to provide a description of the four operating modes of the TLS412x
converter - Pulse Width Modulation Continuous Conduction, Pulse Width Modulation Discontinuous
Conduction, Pulse Frequency Modulation Continuous Conduction and Pulse Frequency Modulation
Discontinuous Conduction.

Intended audience

This Application Note is intended for users of Infineon’s TLS412x family of synchronous buck DC/DC converters.
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Parameter definitions

1 Parameter definitions

o
I

Input voltage

n:
)
I

Output voltage

[.c = Output current

fosc = TLS412x clocked (fixed) switching frequency in PWM mode
form = Variable switching frequency in PFM mode

Lout = Outputinductance

Cout = Output capacitance

V4 = Synchronous rectifier (SW2) diode voltage

Al;, = Outputinductor ripple current

I}, = I.c + Al;, Outputinductor current

ton,min = High side power switch (SW1) minimum ON time

T= 1/f Switching period in PWM

osc

D1="tl/ ONtime duty cycle of the high side switch (SW1)

D2 = t2/T OFF time duty cycle of the synchronous rectifier (SW2)

D3 = t3/T =1—-(D1+D2) Deadtime duty cycle (zero inductor current)

30f34
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TLS412x synchronous buck converter

2 TLS412x synchronous buck converter

The TLS412x is a synchronous buck converter. A simplified schematic of a synchronous buck converter is shown
in Figure 1. The power switches (SW1 & SW2) are integrated into the TLS412x. The high side switch (SW1) is p-
channel MOSFET and low side synchronous rectifier (SW2) is an n-channel MOSFET. The output filter (Loyt

and C,,:) and load are external to the device.

The TLS412x is available in multiple variants with six different part numbers as shown in Table 1. In this
Application Note, the “x” in the part number indicates that the device is available in two current ratings (2A and
2.5A). The TLS4120 is the 2A part and the TLS4125 is the 2.5A part. There are three output voltage variants -
3.3V, 5V and adjustable. Each output voltage variant has its own part number. The TLS412x can operate in low
frequency switching (typical 440 kHz) or high frequency switching (typical 2.2MHz). Unless specified otherwise,
this Application Note applies to all current, voltage and switching frequency variants.

Table1 TLS412x Part Numbers

Part Number Output Current Output Voltage
TLS4120D0OEPV33 2A 3.3V
TLS4120DOEPV50 2A 5V
TLS4120DOEPV 2A Adjustable
TLS4125D0EPV33 2.5A 3.3V
TLS4125D0OEPV50 2.5A 5V
TLS4125DOEPV 2.5A Adjustable

The TLS412x operates in continuous conduction mode (CCM) and discontinuous conduction mode (DCM). The
TLS412x has two different modulation methods - pulse width modulation (PWM) and pulse frequency
modulation (PFM). The four TLS412x operating modes are PWM CCM, PWM DCM, PFM CCM and PFM DCM. The
purpose of this Application Note is to describe these operating modes.

The TLS412x incorporates both peak current mode control (CMC) and voltage mode control (VMC). The control
method used depends on the operating mode. CMC is used in PWM CCM and PWM DCM while VMC is used in
PFM CCM and PFM DCM. The TLS412x automatically applies the correct control method for the given operating
mode. A discussion of CMC and VMC is beyond the scope of this Application Note.

Swi Lour lec
m SW m Vee
Al .
- I S
- C Load
F Vd ouT 3
Vis©) - } +
SW2
A4
Figure 1 Synchronous Buck Converter
40f34 V1.1
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Conduction modes

3 Conduction modes

The conduction mode is a description of the current in the output inductor (L,,;). There are two conduction
modes - continuous and discontinuous.

3.1 Continuous conduction mode

In Continuous Conduction Mode (CCM), current is flowing through the inductor during the entire switching
period. The inductor current is usually always positive, but can be negative. However, it cannot remain at zero
for any portion of the switching period. CCM generally occurs at heavier loads where the synchronous rectifier
(SW2) is enabled. Figure 2 shows the CCM inductor current.

I
- —~£L = D x ———<£L£ = ———<£L£— A
SW1 SW2 SW1 SW2 SW1
ON ON ON ON ON
> t
t1 T t2 T T
Figure 2 CCM Inductor Current

Forced CCM is an operating mode where the inductor current remains continuous even at light loads. This is
accomplished by allowing the inductor current to go negative. This negative current occurs by forcing the
synchronous rectifier (SW2) ON throughout the entire OFF time (t2). The TLS412x does not allow forced CCM
mode because the synchronous rectifier is disabled prior to the current going negative. The body drain diode
then blocks negative current flow. By not allowing forced CCM, the TLS412x will instead operate in DCM (see
paragraph 3.2) at light loads. Figure 3 shows the forced CCM inductor current.

T 2T
lec [---- A\ T N > 1 Al
!

)

Swi SwW2
ON ON
Figure 3 Forced CCM Inductor Current
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Conduction modes

3.2 Discontinuous conduction mode

In Discontinuous Conduction Mode (DCM), the inductor current is zero (but not negative) for a portion of the
switching period.

At lighter loads, the TLS412x disables the synchronous rectifier preventing forced CCM mode. The body drain
diode is conducting during the t2 interval (positive inductor current) and reversed biased during the t3 dead
time interval (zero inductor current). Figure 4 shows the DCM inductor current.

4
Al -
lec
> t
t1 T
Figure 4 DCM Inductor Current
3.3 CCM - DCM boundary

The CCM - DCM boundary is the point at which the inductor current reaches zero exactly at the end of the
switching period. At this boundary point the dead time (t3) is zero. Figure 5 shows the inductor current at the
CCM - DCM boundary.

Figure 5 CCM - DCM Boundary Buck Inductor Current

6 of 34 V11l
2020-04-09



o _.
OPTIREG™ switcher TLS412xDOEPVxx operating modes ‘ | n f| neon

Modulation methods

4 Modulation methods

In switching converters, there are two basic types of modulation used to regulate the output voltage - pulse
width modulation (PWM) and pulse frequency modulation (PFM). The TLS412x operates in both PWM and PFM
modes, and handles the transition between these modes automatically.

4.1 Pulse width modulation

Pulse width modulation (PWM) is a method to control the ON time duty cycle (D1) of the high side power switch
(SW1) using a fixed switching frequency (f,sc). The ON time (t1) is adjusted to regulate the output voltage (V..).
Because the switching frequency is constant, the sum of the SW1 ON and OFF time (t2 + t3) is equal to the
switching period T. PWM operation is possible in both CCM and DCM conduction.

The TLS412x uses trailing edge modulation of the t1 ON time. The high side switch (SW1) turn onis initiated by
the internal clock oscillator. Turn off (trailing edge) is determined by control loop error signal. APWM
comparator is used to generate the ON time duty cycle. The method by which this is accomplished is different
in current mode and voltage mode control. A brief overview of each is provided below. However, a detailed
discussion of control methods is beyond the scope of this Application Note.

4.1.1 Voltage mode PWM

A simplified voltage mode controlled buck converter is shown in Figure 6. Figure 7 shows the inputs to the PWM
comparator and the resulting ON time duty cycle using trailing edge modulation. Vyamp is generated directly
from the internal clock oscillator. Vgpror is the output of the control loop error amplifier. The error signal

amplitude will change as needed to keep the output voltage in regulation.

SW]. LOUT V
s ™ . cc
1 |
Vvs@ I Gate Cour == § Load
: Drive | \ sw2 )
L = —
PWM
Comparator v
Vramp
Error
Amplifier
Verror /
\ Vref
Figure 6 Simplified Voltage Mode Buck Converter
7Tof34 V1.1
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Iy PWM Comparator Inputs

Vramp

Ve rror Vramp

Ve rror /

PWM SW1i SW1i SWwWi1i SW1 SW1 SW1 SWi1i
ON OFF ON OFF ON OFF ON
Comparator
Output
» t
Clocked Modulated
(Leading) (Trailing)
Edge Edge

Figure 7 Voltage Mode PWM Comparator

4.1.2 Current mode control PWM

A simplified peak current mode controlled buck converter is shown in Figure 8. Figure 9 shows the inputs to the
PWM comparator and the resulting ON time duty cycle using trailing edge modulation. Vg oy is the output of

the control loop error amplifier. The error signal will change as needed to keep the output voltage in regulation.
Instead of a ramp signal directly from the clock oscillator, a scaled representation of the SW1 current is used.
The frequency of this current ramp signal is equal to the internal clock oscillator (SW1 turn on synchronized to
the internal clock).

80of 34 V11l
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SW1 I-OUT
~ ARS! . Vee
¢/ T
Vs G | Gate ! Cour == é Load
=Q | Drive | SW2 o )
L= —
:D_ PWM Error %
Comparator Amplifier
Verror r
\ Vref
Figure 8 Simplified Peak Current Mode Buck Converter
N PWM Comparator Inputs / Verror
Swi
Current
! ! >t
e 1 e t2 S 7T
l | |
| | |
R | | |
| I I
PWM Swi Swi1 SwWi Swi SwWi1 SwWi1 Swi
Comparator ON OFF ON OFF ON OFF ON
Output
> t
Clocked Modulated
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Edge Edge
Figure 9 Current Mode PWM Comparator
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4.2 Pulse frequency modulation

PFM mode is required when the PWM ON time needed to regulate the output voltage is less the TLS412x
minimum on time (t,n min) Specification. The PFM mode switching frequency is variable, load and input
voltage dependent, and always less than the constant PWM mode switching frequency (fysc). The TLS412x
provides an efficiency improvement in PFM mode due to the reduced switching frequency.

PFM operation is possible in both CCM and DCM conduction, but must use voltage mode control, as current
mode control is not possible.

There are two types of PFM control, constant ON time and current limiting. The TLS412x incorporates constant
ON time PFM control. Current limiting PFM control will not be discussed in this Application Note.

4.2.1 Constant ON time PFM

In constant ON time PFM, the high side power switch (SW1) switch ON time is fixed at tp, min. The switching
frequency (fprm) is modulated to keep the output in regulation. Like PWM, a control loop error amplifier
generates an error signal for regulation. This error signal is used to modulate the switching frequency.

The switching frequency (fpfy) varies with load current and input voltage. The switching frequency decreases
with decreasing load (constant input voltage) and increasing input voltage (constant load). This is the result of
the control loop increasing the t3 dead time while the ON time is fixed at to; min-

The peak inductor current is dependent on the inductance. Increasing the inductance and/or decreasing input
voltage causes the peak current to decrease. Decreasing the inductance and/or increasing the input voltage
causes the peak current to increase.

Increasing the inductance causes the output ripple voltage to decrease. Decreasing the inductance causes the
output ripple voltage to increase.

Figure 10 shows the effect of increased loading on the inductor current when the input voltage and inductance
are held constant. Notice that the inductor ripple current, the ON time, and the OFF time (t2) do not change as
the load is increased (I¢¢3 > lcc2 > lcc1)- However, the switching frequency increases (T3 < Ty <Tjp). As the load

continues to increase, the dead time (t3) decreases until it reaches zero and converter moves into PFM CCM
operation, as shown in graph with 3. For this scenario, it is assumed that the input voltage is high enough to

prevent PWM operation.

10of 34 V11l
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T3
—ttt——+—+—+—+—+>t
— ton,min 2T3 3T3 4T3 5T3
t2
I
A
Al 1
|MJZ\_______7Z__\ —————— -——= —————/
' . ' . ' ! = t
% ton min Tz ZTZ 3T2
t n,min
t2 j ° ﬁ‘ ton,min ﬁ‘ ton,min
Increased t3
Loading I,
A
Al 4
| ! | | | > t
— ton,min T1 2Tl
t2 ton,mi
t3 ﬁ! on,min ton,min <
Figure 10 Constant ON Time PFM
11 of 34 V11

2020-04-09



o _.
OPTIREG™ switcher TLS412xDOEPVxx operating modes | n f| neon

Boundary definitions
5 Boundary definitions
5.1 DCM - CCM boundary conflict

e The General Case:
The PWM CCM — PWM DCM and PFM CCM — PFM DCM boundaries both separate a DCM region from a
CCM region. The synchronous rectifier is enabled in CCM where the body drain diode does not conduct
during the OFF time. In DCM, generally the synchronous rectifier is disabled and the body drain diode
conducts during the OFF time. Obviously, we cannot have both be true and must select one. In this
analysis, it is assumed that the synchronous rectifier is disabled at a DCM — CCM boundary. Because the
CCM requirement is not satisfied (diode not conducting), this will result in discontinuities between
adjacent boundaries. This mathematical conflict can be eliminated by making the diode voltage zero as
shown in paragraph 8.

e TLS412x Operation:
The TLS412x manages DCM operation somewhat differently than the description of the general case
above. The synchronous rectifier is only disabled at very light loads to reduce losses and improve
efficiency. Otherwise, the synchronous rectifier remains enabled, but is turned off prior the inductor
current going negative. Therefore, the boundary conflict is eliminated as synchronous rectifier is enabled
at all the boundaries. The mathematical equations in this Application Note describe the general case
where the body drain diode conducts in DCM and at the DCM — CCM boundaries. The equations can easily
be modified to describe TLS412x operation by simply setting V4 equal to zero.

5.2 PWM CCM - PWM DCM boundary

The PWM CCM - PWM DCM boundary requirements and assumptions:
e The switching frequency (f,sc) is constant during PWM operation.
e The synchronous rectifier is disabled as described in paragraph 5.1. During the OFF time (t2), the body
drain diode is conducting the inductor current. For TLS412x applications, set V4 equal to zero.
e The inductor current is similar to that shown in Figure 5.

The duty cycle (D1 & D2) at the boundary:

b = Vee + Va
Vys + Vg
D1 (Vys — V,
D2= (VS CC)=1_D1

Va + Vee
The inductor ripple current (Al}):

(Vvs - Vcc) D1 _ (Vcc + Vd) D2

Lout * fosc Lout * fosc

AIL =

Note that the inductor ripple current is a function of the input voltage.

The minimum load (I..) at the boundary:

120f 34 V11l
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_ ﬁ _ (Vvs - Vcc) D1 _ (Vcc + Vd) D2
ce 2 2 Lout ' fosc 2 Lout ' I:OSC

For a given input voltage, as the load decreases below I, the converter moves into DCM and as the load
increases above I, the converter moves into CCM. Note that the minimum load at this boundary is a function
of the input voltage.

Solving for V,,¢ provides an equation describing the input voltage at the boundary:

_ Vee s (Vcc + Vd) +2-Iec  Loue - Va - fosc

V.
v Va+ Vee = 2 Iee " Loyt 1:osc

The maximum input voltage at the PWM CCM - PWM DCM boundary occurs when the high side switch (SW1) ON
time is equal to the TLS412x specified minimum ON time (top min)-

Vee + Vg
Vvs_max + Vd

D1 = ton,min ° fosc =

Solving for Vys max, the maximum input voltage at the boundary is:

Vq + Vee
Vvs_max = t o f — Vd
on,min " losc

The minimum input voltage (Vys min ) at the boundary is limited by the maximum available duty cycle. For the
TLS412x, the maximum duty cycle is 100%. In addition, the TLS412x has a minimum input specification of 3.7
volt (Vvs,dec)-

Vvs_min = Vys,dec = 3.7 - volt
The minimum and maximum loads (I¢¢ min and I¢c max) and inductor ripple currents (Al yin and Aly ax) are:

(Vvs_min - Vcc) " Vee _ AIL_min

I =
cemn 2. Lout * fosc * Vis_min 2

(Vvs_max - Vcc) Ve _ AIL_max

I =
ce-max 2. Lout fosc ) Vvs_max 2

(Vvs_min - Vcc) " Vee

Aly, pmin = Lout * fosc * Vvs_min
— (Vys.max — Vee) " Vee
Al max = Lout * fosc * Vys_max
5.3 PWM DCM - PFM DCM boundary

The PWM DCM - PFM DCM boundary requirements and assumptions:
e AtaPWM - PFM mode boundary, the switching frequency (f,sc) is constant with t1 =ty min.
e The synchronous rectifier is disabled during DCM operation. During the OFF time (t2), the body drain
diode is conducting the inductor current. For TLS412x applications, set V4 equal to zero.

130f 34 V11l
2020-04-09



o _.
OPTIREG™ switcher TLS412xDOEPVxx operating modes ‘ |n f| neon

Boundary definitions

e The inductor current is similar to that shown in Figure 4.

The duty cycle (D1, D2 & D3) at the boundary:
D1 = ton,min fosc

ton,min ' fosc ' (Vvs - Vcc)

D2 =
Va + Vec

D3 =1-(D1+ D2)
The output voltage ( V) is a function of D1 and D2:

v _D1-V,q—D2-V4
ce D1+ D2

The inductor ripple current (Al}):

_ (Vys — Vo) - D1 _ (Vee +Vyg) - D2
Al = =

Lout * fosc Lout * fosc
Note that the inductor ripple current is a function of the input voltage.

The minimum load (I..) at the boundary is:

(Vys = Vee) - D1+ (D1 + D2) _ fosc - tczm,min “ (Vs — Vo) - (Vg + Vis)
2+ Loyt - fosc 2 Loyt- (Vd + Vcc)

1
lec =5 Al - (D1 +D2) =
For a given input voltage, as the load decreases below I, the converter moves into PFM DCM and as the load
increases above I, the converter moves into PWM DCM. Note that the minimum load at this boundary is a

function of the input voltage.

Solving for V,,¢ provides an equation describing the input voltage at the boundary:

Vis =

Vee =Va Vg + Ve . Ip12 + 8 Icc * Lout * fosc
2 2-D1 Vg + Ve
As the input voltage increases while on the boundary, the ON time will decrease to the point where it will
equal top min- This is the input voltage where the PWM DCM - PFM DCM and PWM CCM - PWM DCM boundaries
will intersect. Therefore, the maximum input voltage on the PWM DCM - PFM DCM boundary should be the same
as that defined for the PWM CCM - PWM DCM boundary.
Vq + Ve

Vvs_max - —Vd

ton,min fosc
The minimum input voltage (Vys min) at the boundary is limited by the maximum available duty cycle. For the
TLS412x, the maximum duty cycle is 100%. In addition, the TLS412x has a minimum input specification of 3.7
volt (Vvs,dec)-

14 0f 34 V11l
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VVS_min = Vysdec — 3.7 - volt
The minimum and maximum loads (I¢¢ min @and Icc max) and inductor ripple currents (Al i and Al pax) are:

fosc ’ tcz)n,min ’ (Vrs_min - Vcc) ' (Vd + Vvs_min)

I in =
cemin 2 Loyt - (Va + Vo)
I _ fosc ’ tgn,min ’ (Vrs_max - Vcc) ' (Vd + Vvs_max)
ce-max 2+ Loyt - (Vg + Vo)
_ (Vvs_min - Vcc) ' ton,min
AIL_min - L
out
_ (Vvs_max —Veo) - ton,min
AIL_max - L
out
5.4 PWM CCM - PFM CCM boundary

The PWM CCM - PFM CCM boundary requirements and assumptions:
e The switching frequency (f,s) is constant with t1 =t i, at the PWM CCM - PFM CCM boundary.
e The synchronous rectifier is enabled during CCM. During the OFF time (t2), the body drain diode is not
conducting the inductor current.
e The inductor current is similar to that shown in Figure 2.

The duty cycle (D1 & D2) at the boundary:
D1 = tonmin * fosc

D2=1-D1

D3 =0

The input voltage at the PWM CCM - PFM CCM boundary is reached when the ON time (t1) equals to; min-

ton,min ' fosc = V.
Vs

Solving for Vy4:

V
VVS — ccC

fosc - ton,min
This result is constant across the boundary as all parameters in the equation are constant.

The boundary minimum load (I min) 0ccurs at the boundary between PWM CCM and PWM DCM and is equal to
one half of the inductor ripple current.

I o (Vvs - Vcc) & _ (1 - fosc ' ton,min) Ve
cemin 2. Lout * fosc  Vus 2+ Loyt * fosc
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There is no theoretical maximum load at the boundary as the converter is pushed further into CCM as the load
isincreased. Therefore, the maximum load is (I mayx) defined by the specified maximum rated current of the
TLS412x.

Icc_max = Icc_rated_max

The inductor ripple current (Al}):

(Vvs - Vcc) D1 _ Vec - D2

Al =
L Lout - fosc Lout - fosc

Note that the inductor ripple current is constant at the boundary as Vyg, Ve, tonmin @and Loy, are all constant.

5.4.1 Effective minimum ON time

The discussion in paragraph 5.4 is based upon the theoretical minimum ON time as specified in the TLS412x
datasheet (to, min). However, the actual or effective minimum ON time in an application differs slightly from
the theoretical. The effective minimum ON time is somewhat dependent on the output load current (I..) as it
increases with decreasing load. This leads to a decrease in the PWM CCM - PFM CCM input voltage boundary as
defined in paragraph 5.4. Figure 11 shows this typical relationship for the TLS4120D0OEPV33 at both 440 kHz
and 2.2 MHz switching frequencies (f,sc)-

There is a parasitic capacitance (Cp;,) at the switch node (SW) as shown in Figure 12. This capacitance is a
parallel combination of the SW2 output capacitance and the printed circuit board (PCB) capacitance. It is the
time needed to discharge this capacitance which accounts for the TLS412x t,, minload dependency.

During the SW1 ON time, the switch node parasitic capacitance is charged up to the input voltage (V). After
the control loop turns off SW1 and before the synchronous rectifier (SW2) is turned on, the output inductor
(Lout) acts as a current source discharging the switch node capacitance to ground. The average current in the
output inductor during CCM is equal to the load current (I..) as shown in Figure 2. Therefore, the discharge
time is determined by the load current and the parasitic capacitance. Reducing the load current and/or
increasing the parasitic capacitance will increase the discharge time and the minimum ON time. The discharge
time is also slightly depenent on the input voltage. It is more noticable at higher input voltages if the switching
frequency (fysc) is something other than the typical (440 kHz or 2.2 MHz).

The effective minimum ON time with respect to the theoretical is shown in Figure 13.

For a theoretical analysis related to the PFM mode, it is reasonable to use typical datasheet minimum ON time
(ton,min)- However, the user should consider the actual behavior in the application taking into account
tolerances, output loading and the PCB layout.
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Boundary definitions

5.5 PFM CCM - PFM DCM boundary

The PFM CCM - PFM DCM boundary requirements and assumptions:

e The switching frequency (fpfy) is variable with t1 =ty mi, at the PFM DCM - PFM CCM boundary. At the
minimum input voltage, the switching frequency is maximum and equal to f,¢.. As the input voltage is
increased, the switching frequency decreases and is minimum at the maximum input voltage.

e The synchronous rectifier is disabled as described in paragraph 5.1. During the OFF time (t2), the body
drain diode is conducting the inductor current. For TLS412x applications, set V4 equal to zero.

e The inductor current is similar to that shown in Figure 5.

The minimum input voltage at the boundary where the ON time (t1) = t,, min and the switching frequency is at
maximum (fysc):

Vee + Vg
Vvs,min + Vd

fosc 'ton,min =

Solving for Vi min:

Vq + Ve

Vvs_min = ot
osc ‘on,min

There is no theoretical maximum limit to the input voltage at the boundary. However, it is limited by the
TLS412x maximum specified rated input voltage of 42 volt (Vys qyn)-

VVs_max = Vys,dyn = 472 - volt

The duty cycle (D1, D2 & D3) at the boundary:

D1=VCC+Vd
Vs + Vg
D1- (Vi —V

D2 = Vs CC)=1—D1 and D3 =0

Vg + Ve

The inductor ripple current (Al}):

(Vvs - Vcc) ' ton_min _ (Vcc + Vd) D2 _ (Vvs_max - Vcc) D1

AIL =
Lout Lout * fpfm Lout * fpl’m

Note that the inductor ripple current is a function of the input voltage.

(Vvs_min - Vcc) * ton_min

AIL_min -

LOU.t

(Vvs_max - Vcc) * ton_min

AIL_max -

Lout
The load current (I.) on the boundary is described as the boundary current between CCM and DCM. Note that

this current is a function of input voltage.
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_ ﬂ _ (Vvs - Vcc) ' ton,min
« 2 2 Lout

I o (Vvs_min - Vcc) ' ton,min
cc_min —
- 2+ Loyt

(Vvs_max - Vcc) ' ton,min

ICC_maX - 2 . L
out

Knowing Aly, the switching frequency at the boundary ()

£ D2 - (Vq+ Vo) Vaq + Ve
f = =
pim ton,min (Vvs - Vcc) ton,min (Vd + Vvs)

Note that the switching frequency decreases as the input voltage increases.

Vq + Ve
fofm_max = = fosc
pHm- Lon,min ° (Vd + Vvs_min)

f B Va + Vee
f i o=
pim_min ton,min . (Vd + Vvs_maX)

Knowing Aly, the input voltage (Vi) at the boundary:

21 L
VVS=VCC+ cc out

ton,min
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6 Operating regions
6.1 PWM CCM region

The synchronous rectifier is enabled in CCM (body diode is not conducting during the t2 OFF time). For TLS412x
applications, set V4 equal to zero (paragraph 5.1).

6.1.1 Criteria for PWM CCM operation

e Theinputvoltage must be less than Vys oy to prevent PFM operation.

Vee
Vys < VVs_max =

ton,min ' fosc

o Foraspecified input voltage, the load current must be greater than I 1, to prevent DCM operation.

Lo>T o (Vd + Vcc) ' (Vvs - Vcc)
“ cemin g Lout * fosc * (Va + Vys)

e Decreasing the input voltage while in PFM CCM causes an increase in the ON time (t1). When the ON time
needed to maintain PFM operation is greater than t,, min, the converter enters PWM CCM operation. As a
result, the switching frequency (f,s.) is constant and is determined from the TLS412x clock oscillator.

t1 > ton,min

t < Vee
on,min \V/
vs fOSC

6.1.2 PWM CCM equations

_ D1- (Vvs - Vcc) _

D2 v 1—-D1=12"fyq
cc
_ (Vys — V) - D1 _ Vee - D2
Al = =
Lout * fosc Lout " fosc
6.2 PFM CCM region

The synchronous rectifier is enabled in CCM (body diode is not conducting during the t2 OFF time). For TLS412x
applications, set V4 equal to zero (paragraph 5.1).

6.2.1 Criteria for PFM CCM operation
e Theinputvoltage must be greater than V¢ i, to prevent PWM operation.

V,

cc

Vvs > Vvs_min - t . f
on,min losc
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» Foraspecified input voltage, the load current (I..) must be greater than I i, to prevent DCM operation.
Vq +V,
If Vyg > —0——<¢ v,

on,min fosc

(Vvs - Vcc) “tonmin Al
Then I.. > 1 i = - =—
cc cc_min 2 Lout 2

V, Vq+V,
f —€ <y, <—3" € vy,
ton,min ' fosc ton,min ' fosc

fosc tgn,min *(Vys — Vo) - (Vg + Vis)
2+ Loyt - (Vd + Vcc)

Then I > Iee min >

e Increasing the input voltage while in PWM CCM causes a reduction in the ON time (t1). When the ON time
needed to maintain PWM operation is less than typ, min, the converter enters PFM CCM operation. As a result,
the switching frequency (fpfy) is not constant, less than 5. and a function of the input voltage.

tl = Lon,min

fosc > fpfm

t > Vee
on,min
Vs - 1:osc

6.2.2 PFM CCM equations

£ _ Vcc
pfm — .
Vvs ton,min

VC C

Dl=—=tl- fpfm = ton,min 1:pfm
Vs

_ D1- (Vvs - Vcc)

D2 Veo =1—-D1=1t2- fpfm

Al = (Vvs - Vcc) D1 _ ton,min ' (Vvs - Vcc) _ Vee D2
- Lout * fpfm Lout Lout * fpfm

6.3 PFM DCM region

The synchronous rectifier is disabled in DCM (body diode is conducting during the t2 OFF time). For TLS412x
applications, set V4 equal to zero (paragraph 5.1).

6.3.1 Criteria for PFM DCM operation

e Thetl ONtimeisequalto tyn min during PFM mode operation. As a result, the switching frequency (fpm) is
not constant, is less than f,sc and is a function of the input voltage. DCM operation also causes a load
dependency on the switching frequency.

tl = ton,min
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fosc > 1:pfm

(infineon

o Foraspecified input voltage, the load current must be less than I nax to prevent PWM DCM or PFM CCM

operation.

Vq+V,
If Vyg > —9 €€y,

on,min ° fosc
Al

Then Icc_max = T

Vq +V,
If Vyg < — <€y,

on,min fosc

fosc ' tgn,min ' (Vvs - Vcc) ’ (Vd + Vvs)

Th I =
o1 Tec_max 2 Lout - (Va + Veo)

e In DCM, the D3 duty cycle is greater than zero.

6.3.2 PFM DCM equations
£ _ 2 Loyt " lec " (Ve + Vi)
pim t(Z)n,min ’ (Vvs + Vd) ’ (Vvs - Vcc)

D1=tl- fpfm = ton,min ° fpfm

DZ = t2 ) fpfm - fpfm ) ton!min ’ (VVS - VCC)
Vq + Ve

D3 = t3 fyrm = 1 — (D1 + D2)

(Vvs - Vcc) ' ton,min _ (Vcc + Vd) D2

Al =
- Lout Lout * fpfm
1 1 (Vys—V.o)-D1
Iec == Al - (D1 + D2) =L s 7 Veo) -(D1+D2) =
2 2 Lout * 1:pfm
_— D1-Vys—D2-Vy4
cc D1+ D2
6.4 PWM DCM region

fpfm ’ t(2)n,min *(Vys = Vee) - (Vg + Viys)

2+ Loyt - (Vd + Vcc)

The synchronous rectifier is disabled in DCM (body diode is conducting during the t2 OFF time). For TLS412x

applications, set V4 equal to zero (paragraph 5.1).

6.4.1 Criteria for PWM DCM operation

e Thetl ON time s greater than t,, in and the switching frequency (f,5c) is constant (determined from the

TLS412x clock oscillator) during PWM operation.
e InDCM, the D3 duty cycle is greater than zero.
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o Foraspecified input voltage, the load current must be less than I . in order to avoid PWM CCM
operation.

L. <1 _ (Vd + Vcc) ’ (Vvs - Vcc)
“ cemax 2. Lout * fosc (Vd + Vvs)

» Foraspecified input voltage, the load current must be greater than I i, in order to avoid PFM DCM
operation.

fosc tcz)n,min " (Vs — Vo) - (Vg + Vis)

I..>1 =
“ ce-min 2 Loyt~ (Vd + Vcc)

e Theinputvoltage must be less than Vs max in order to avoid PFM mode operation.
Vq + Ve

Vis < Vysmax = ot — — Vd
osc " lon,min

6.4.2 PWM DCM equations

I _\/2 " Lout fosc ) (Vvs — Vccl:) ) (Vd + Vcc) ) (Vd + Vvs)
cc
cc

Dl1=tl-f,.. =
os¢ (Vvs - Vcc) ' (Vd + Vvs)

D1- (Vvs - Vcc)
Vq + Ve

D2 =1t2-f,, =

D3 =t3-f,,.=1—(D1+D2)

(Vvs - Vcc) D1 _ (Vcc + Vd) D2

Al =
k Lout - I:osc Lout - fosc

_D1-V,s—D2-Vq4
ce ™ D1+ D2

L = (Vvs - Vcc) D1
“ 2 Loyt - fosc

- (D1 +D2)
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7 Transition from PFM DCM to PWM CCM

Figure 14 shows the output inductor current during the transition from PFM DCM at light loading to PWM CCM
at heavy loading.

As the load increases from light to heavy, the operating mode transitions from PFM DCM » PWM DCM » PWM
CCM. As the load decreases from heavy to light, the operating mode transitions from PWM CCM > PWM DCM >
PFM DCM.

For this scenario, it is assumed that the input voltage is low enough (less than L) to prevent PFM CCM

fosc'ton,min

operation.
IL
Heavy Load
PWM CCM
- t
I A
CCM-DCM
Boundary \/\/\/\/\
- t
I A
Medium-Light Load
PWM DCM
t
I A
Light load
PFM DCM
W a Vo »
t
Figure 14 Inductor Current Transition PFM DCM <> PWM CCM
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8 Example

Vysdec = 3.7 - volt TLS412x minimum operating voltage

Vysdyn = 42 - volt TLS412x maximum operating voltage

Vee = 3.3 volt Output voltage

fosc = 2.2 - MHz TLS412x oscillator frequency

Lout = 2.2 uH Output inductance

tonmin = 78 ns Typical TLS412x minimum ON time (high frequency mode)
V4 = 0-volt TLS412x synchronous rectifier body drain diode voltage

The results shown in this example are for a typical situation using nominal parameter values. Component
tolerances have not been considered.

As discussed in paragraph 5.1, the synchronous rectifier body drain diode voltage is zero volts in TLS412x
applications.

8.1 PWM CCM - PWM DCM boundary

At the boundary, the input voltage as a function of load current is described below and in Figure 15.

Vee (Vcc + Vd) +2-Iec  Lout " Va- fosc
Va+ Vee =2 Iee " Loyt fosc

Vvs(lcc) =
With Vis = Vvs_min:
Vvs_min = Vys,dec = 3.7 - volt

Vee + V4
Dl=——"——=89.19-%
Vvs_min + Vd

_ D1- (Vvs_min - Vcc)

D2
Vg + Ve

=10.81-%

D1+D2=100-%

_ (Vvs_min - Vcc) D1 _ (Vcc + Vd) D2

Al min = =73.71-mA
bmin Lout * fosc Lout * fosc
V.. +Vy) D2 V. o —V..) D1 Al
Icc_min — ( c.c d.)f — ( vs_rr.nn ;c) — L_min — 36.86 - mA
2+ Loyt " fosc 2+ Loyt * fosc
With Vys = Vs max:
Vq+V,
Vs max = ———<— — V4 = 19.23 - volt
- ton,min ' fosc
250f 34 V11
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Vee +V,
Dl=—%"9 _——1716-%
Vvs_max + Vd

_ D1- (Vvs_max - Vcc)

D2 = = 82.84- %
Vg + Voo 0

D1+D2=100-%

_ (Vvs_max - Vcc) D1 _ (Vcc + Vd) D2

Al = = 564.82 - mA
bmax Lout * fosc Lout * fosc
V.. +Vy) D2 V. —V..)-D1 Al
Icc_max = (ZC_CL d_)f = ( Vsén_ht( ;C) — —Lmax _ 282.41-mA
out " losc out " losc
PWM CCM - PWM DCM Boundary
25
28241, 1923
20
v
...
1 )
1 @
=1 | | o
g PWM DCM
:? 10 4
36.86, 3.70 PWM CCM
5 1 |
0 { .' 4 i
O 50 100 150 200 250 300
lcc (mA)

Figure 15 PWM CCM - PWM DCM Boundary Example

8.2 PWM DCM - PFM DCM boundary

At the boundary, the input voltage as a function of load current is described below and in Figure 16.

Vee =Va Vg + Ve 8- I¢c " Lout fosc
V(1 = - |D12 +
VS( CC) 2 2:-D1 Vq + Ve

With Vys = Vig min:
vvs_min = Vys,dec = 3.7 - volt

D1 = tonmin * fosc = 17.16+ %
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D2 = fosc * ton,min * (Vvs_min - Vcc) =208 %
Va + Ve
D3 =1-(D1+D2)=80.76-%
D1- Vvs_min —D2-Vy
cc = D1+ D2 = 3.3 -volt
AIL_min _ (Vvs_min _chc) * ton,min _ (Vvs_rEin _ ;/cc) D1 _ (VCE + V(}) D2 — 1418 -mA
out out " losc out " losc

I . fosc - tczm,min ) (Vvs_min - Vcc) ) (Vd + Vvs_min) _ (Vvs_min - VCC) -D1-(D1+D2)
cc_min 2 Loyt - (Vg + Vo) 2+ Loyt * fosc

1
= 5" Ali_in - (D1+D2) = 136 mA

With Vys = Vi max

Vq + Vec

Vvs_max = t

— V4 = 19.23 - volt

on,min fosc

D1 = topmin * fosc = 17.16 * %

D2 = fosc " tonmin ° (Vvs_max _ VCC) =82.84-%
Va + Vec

D3=1-(D1+4+D2)=0-%

_ D1 Vyg max — D2+ Vg

= = 3.3 -volt
ce D1 + D2 Vo
(Vvs max Vcc) * ton,min (Vvs max — Vcc) D1 (Vcc + Vd) D2
Al max = —— — = = = 564.82 - mA
- Lout Lout * fosc Lout * fosc
I _ fosc ' tgn,min ’ (Vvs_max - Vcc) ' (Vd + Vvs_max) _ (Vvs_max - Vcc) -D1- (Dl + DZ)
cemax 2 Loyt - (Vg + Vo) 2+ Loyt * fosc

1
= =" Al max * (D1 + D2) = 282.41 - mA
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Figure 16 PWM DCM - PFM DCM Boundary Example

8.3 PWM CCM - PFM CCM boundary

At the boundary, the input voltage is described below and shown in Figure 17.

_ Vec

Vi =19.23 - volt

fosc " Lon,min

D1 = ton min * fosc = 17.16 - %
D2=1-D1=8284-%

(Vys = Veo) - D1 _ Vee - D2

Al = = 564.82 - mA
Lout - I:osc Lout - I:osc
Icc L= (1 - I:osc * ton,min) 'Vcc — (Vvs - Vcc) k — 28241 - mA
B 2 Lout * fosc 2 Lout * fosc Vys
Icc_max = Icc_rated_max
28 of 34
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PWM CCM - PFM CCM Boundary
30 ::
1 | | |
282.41, 19.23 pFM CCM 2,500.00, 1923
20
= PWM CCM

10 ~— |

5 .-

0 +— ok —t——t——t——t b .

0 500 1000 1500 2000 2500 3000
lec(mA)

Figure 17 PWM CCM - PFM CCM Boundary Example

8.4 PFM CCM - PFM DCM boundary

At the boundary, the input voltage as a function of load current is described below and shown in Figure 18.

21..'L
VVs (Icc) = Vcc + M
on,min
With Vis = Vvs_min:
Vg4V,
Vs min = ———— — Vg = 19.23 - volt
fosc ' ton,min
V..+V
D1=—5"""_—1716-%
VVs_min + Vd

D1 - (Vys min — Vi
D2 = (Vo min CC)=1—D1=82.84-%
Vg + Vee

D2- (Vg +V Va+V
f _ (d cc) _ d cc =f,o. = 2.2 MHz

pfm_max — -
ton,min ' (Vvs_min - Vcc) ton,min ' (Vd + VVs_min)

AIL in = (Vvs_min - Vcc) ' ton_min _ (Vvs_min - Vcc) D1 _ (Vcc + Vd) D2 — 564.82-mA
B Lout Lout * fosc Lout * fosc
Icc L= (Vvs_min - Vcc) ' ton,min _ AIL_min — 28241 -mA
- 2 Lout 2
With Vg = Vig max:
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Vis max = vs,dyn = 42 -volt

Vee + Vg
Dl=—————=786"%
Vvs_max + Vd

_ D1- (Vvs_max - Vcc)

D2 = =1—-—D1=92.14-9
V4 + Vee o
D2-(Vg+V Vq+V
fofim min = VatVed) _ d 7 “cc = 1.007 - MHz
ton,min ' (Vvs_max - Vcc) ton,min ' (Vd + Vvs_max)
AIL g = (Vvs_max - Vcc) ' ton_min _ (Vvs_max - Vcc) ‘D1 _ (Vcc + Vd) D2 —1372.09 - mA
- Lout Lout - fpfm Lout - fpfm
Icc rax = (Vvs_max - Vcc) ' ton,min _ AIL_max — 686.05 - mA
- 2 Loyt 2
PFM CCM - PFM DCM Boundary
15 ' -
686.05, 42.00
40
35 1
PFM DCM
= 30
g
= % CCM
= 25
20
28241, 19.23
15 § 1 T
T R e ———— - --],{
200 300 400 500 600 700 200
lee (MA)

Figure 18 PFM CCM - PFM DCM Boundary Example

8.5 Operating mode map

The example composite operating mode map showing all four regions and boundaries is shown in Figure 19.
Notice that all four regions are adjacent to each other (with no discontinuities) at a common point (282.41maA,
19.23V). This is because the DCM - CCM boundary conflict described in paragraph 5.1 was eliminated by making
the synchronous rectifier body drain voltage (V) equal to zero.
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TLS412x Operating Mode Map
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Figure 19

Operating Mode Map Example
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9 Summary of the TLS412x boundary equations

The general operating mode boundary map is shown in Figure 20 (logarithmic x-axis). The TLS412x boundary
equations follow where the synchronous rectifier body drain diode voltage is set to zero volts (paragraph 5.1).

General Operating Mode Map
PFM DCM PFM CCM
g
>
Transition Point
PWM CCM
0o®® @
. « *° ot Q®
lec
Figure 20 General Operating Mode Map
Transition Point:
_ Vee _ (1 —fosc " tonmin) * Vec
Vvs -7 .+ Icc -
fosc ' ton,min 2 Lout 1:osc
PWM CCM - PFM CCM Boundary (Brown):
V,
Vis = . tcc .
osc ~ ‘on,min
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