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High-voltage SEPIC controllers have many automotive applications. They commonly are used as front-end regulators to
regulate the main system voltage during a cold or warm crank when the battery voltage falls. They also are used during a
load dump when the battery voltage rises.

Related

SEPIC-Fed Buck Converter's Lowered Losses Elevate Efficiency

Automotive Electronics Drive The Need For Circuit Protection

In fact, an automotive high-voltage SEPIC dc-dc power supply can be implemented using a 36-V, automotive boost SEPIC
controller (Fig. I). Designers can select the right external components to achieve the best system performance.
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First, designers must define the basic parameters before they can select these components. Four principal design input

RFSET

WA IH

Component Selection

parameters will influence the choice: switching frequency (fgyw), output voltage (VouT), output current range (IoutMmIN

and IouTMAX), and input voltage range (VinmiN and VINMAX)-

The operating range of the controller used in the design will determine the switching frequency. The MAX16990, for
example, has a switching frequency range of 100 kHz to 1 MHz, and the MAX16992 has a switching frequency range of 1
MHz to 2.5 MHz. Choose the controller and switching frequency best suited to your application. Using the principal design
input parameters, we estimate the average input current range with:

I _ Vour X Tourmin (1)
IN(AVG MIN) =
Viamax X Eff

I _ Vour X lourmax 2)
INAVGMAX) = Ty Eff
INMIN X
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where Eff is the estimated efficiency of the SEPIC regulator.

We assume an initial efficiency of 85% for 400-kHz operation and an efficiency of 80% for 2.2-MHz operation. Now
specify all the external power components (nMOS, inductors, series capacitance, sense resistor, and rectifier diode), and
then review and refine your design with a new useful calculator specifically created for the MAX16990 and MAX16992.

Next, we evaluate the duty-cycle range (Dyn and Dpax) in which the regulator operates. This can be determined with:

D _ V(n rt Vn (3)
MIN Ty V.. +V. —[(R R I I
INMAX + our + D - [( DS(on) + SENSE ) X ( INCAVGMIN) + OUTMIN )]
D - V()l T + Vl) (4)
MAX Ty V.. +V.—[(R R I I
nviN T Your T Vp — [( ps(on) ¥ R sensE ) X ( iIncavamax) T lourmax )]
where:

Vp is the forward voltage of the rectifier diode
Rps(oN) is the drain-source resistance of the nMOS when turned on
RsENSE is the sense resistor

You can ignore RggnsE in the equations for now. We will make a more accurate estimate of the duty-cycle range later.

Nonetheless, ensure that the estimated duty-cycle range is within the specification of the selected device, in this case 4% to
93% for the MAX16990 and 24% to 85% for the MAX16992.

Inductors

Calculate the critical inductance for Lp and Ls with:

(Vorr +V|)) X (l - DMI.\' )

Lp=Lp. = ~ )
( 2xfg,, x lm,\vmrum
Vour +Vp ) % (1 =Dy
Ls=Ls. = ( mzrlx f n):l( ) (6)
SW OUTMIN

Choose a commercial value that is always higher than the critical inductance. This way, you guarantee continuous-
conduction mode (CCM) operation throughout the application. Note that Lpc and Ls¢ halve their values if coupled

inductors are used.
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There is another parameter to remember when choosing proper inductors: the inductor current ripple ratio, or LIR. This

parameter is defined as the ratio of the peak-to-peak inductor current and the average input current:

IL, ,
IL

LIR = (7)

AVG

The relationship between the inductors (Lp and Ls) and the LIR is shown in:

(V()lrr +V|))x(l B D)

fow x L x IIN(A\"(H

Lp g = (8)

(Volrr + VI))x(l — D)

fow X Lx Iy

LSI.IR =

9)

Lpy r and Lsg 1r halve their values if coupled inductors are used.

To reduce losses, choose an inductor that guarantees an LIR between 0.3 and 0.5 (Figures 2 and 3).
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With L equal to L, the LIR is 2. By increasing L further, you reduce the LIR. The selected inductors need to have a

saturation current higher than their respective peak current, which is:

L
ILppeak = IIN(AVG)(] *‘%) (10)

Ls
ILspeax = lour(l "'%) (1)

nMOS And Rectifier Diode

The peak nMOS drain current is the sum of the peak current of the two inductors:

InMOSpgak = ILppeaAK + ILSPEAK (12)
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The maximum drain-source voltage is equal to:
VnMOSpsmax = Vinmax + Vb + Vout (13)

The average current that flows through the rectifier diode coincides with the output current, while the maximum reverse
voltage is equal to:

VDrREVMAX = VINMAX + VouT (14)
Choose the rating of the two power components according to the above formulas.
Sense Resistor

Now that the peak nMOS current has been calculated, the sense resistor (RggNsg) can be selected. The

MAX16990/MAX16992 trigger the current limit when the voltage on the ISNS pin reaches 212 mV (min). This voltage is
due both to the drop on the sense resistor and to the drop on the slope resistor (Rs1 opg), the latter of which is used for

slope compensation. To leave 100 mV of room for slope compensation, it is initially recommended that RggNSE generate a
voltage drop of 112 mV at the current-limit threshold. RggNsE is calculated with a current-limit threshold 20% higher than

the peak inductor current:

SENSE 1.2 x lnMOSmaAK

Series Capacitor

The series capacitor is charged at a dc voltage equal to the input voltage. It must carry the primary inductor current during
the off-time and the secondary inductor current during the on-time. This makes this capacitor selection challenging, even
somewhat tricky.

As the first requirement, the voltage rating of the series capacitor has to be higher than the maximum input voltage
(VINMAX)- The RMS current flowing through the capacitor is given by:

DM.‘\X

—==— (l6)
l—DMAX

ICs s = Ioummax X

The capacitor value and its equivalent series resistance (ESR) determine the ripple across the series capacitor. Assuming a
1% voltage ripple across the series capacitor due to the ESR, the series capacitor ESR has to be lower than:

0.01% Viguin 001 % Viguun

ESR . < MIN ,
ILppeak ILS pak

(17)
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Finally, the series capacitor value has to be high enough to guarantee a voltage ripple lower than 5%:

Cs>

Lourmax X Dmax (18)
0.05 x Vun X fo

Output Capacitor

Selecting the correct output capacitor (CoyT) and its related ESR is very important for minimizing output voltage ripple.
Assume that the output voltage ripple (VouT rippLE) is equally distributed between the voltage drop, which is due to the

capacitor discharging during off-time, and the ESR voltage drop. To find the minimum capacitance and the maximum ESR
for the output capacitor, use:

Loumasx X Dy
C()m‘ > outMax X MYmax - (19)
0.5x V()l’l'_RII’Pl EX tsw
ESR < 0.5x Vo 'T_RIPPLE 20)

lel’EAK + ILSI’EAK - l()l T

Compensation

After reviewing these external components, we need to consider the external compensation components needed for the
SEPIC regulator. Unfortunately, the equations describing the closed-loop response of the SEPIC regulator are not easy to
manage. That’s why we urge you to use the electronic calculator with the link above for selecting the compensation
components Rs; opg, Rcomp, Ccomps and C2comp. Once you have entered all your application conditions and power

components, select a slope resistor (Rgy opg) higher than the one estimated by the calculator.

Now complete the compensation section by inserting the input voltage, the output current, the selected output capacitor
(both capacitance and ESR), the selected series resistor, and, finally, the desired crossover frequency. The calculator will
estimate the Rcopmp and Ccopmp values. Refine those values until a reasonable phase margin has been obtained. Once the

selected Ccomp and Rcomp component values are entered in the calculator, it will plot the bode diagram.

SEPIC Regulator Reference Design

We now can examine a reference design for an automotive SEPIC regulator. For example, the SEPIC regulator could be
used as a main 5-V/2-A rail regulated directly from the battery voltage. Thanks to the SEPIC architecture, the 5-V rail also
will be regulated during cold-crank and load-dump conditions.

For higher efficiency, in this reference design the MAX16990 is used at a 440-kHz switching frequency (see the table).
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BASIC INPUT PARAMETERS FOR THE SEPIC

REGULATOR IN THIS REFERENCE DESIGN
o 440 kHz

ViN 3 V1o 42V (minimum startup voltage is 5 V)

Vour oV

Vout RIPPLE S0 mV

Suppose an efficiency (Eff) of 85% and calculate the input current range that is equivalent to the primary inductor current
range:

VOer X l()ll'r.\llN - 5x1.8
Vieuax X Eff - 42x0.85

=0252A (21)

lleva.\nm = ll.p( AVGMIN) =

V,

our X lornmax _ 9%2.2

=4314A (22)
Vi X Eff  3x0.85

llMAvoM,\x) = lun AVGMAX) =

The secondary inductor average current range coincides with the output current range:
ILscaveminy = Ioutmin = 1.8 A (23)
ILsavemax) = loutmax =22 A (24)

Now calculate the duty-cycle range. To do this, choose the external nMOS. To determine the nMOS ratings requirement,
calculate the peak drain current that corresponds to the peak inductor current. Assuming a maximum LIR of 0.5 when the
input and output currents are at their maximum, then:

LIR LIR
InMOSm\Kq.\mx.r_s;'n.wx'n-:l)) = IIN(»\\'(E.\IAX)(I + T)"‘ l(xrrMAx (l + T) =8.143A (25)

Based on this information, a Fairchild FDS5670 nMOS rated for a drain current of 10 A was chosen for Q. The typical
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Rps(on) of this transistor is 15 m&2 with a Vgg =5V (i.e., the gate-source voltage provided by the MAX16990). The

rated drain-source voltage for this component is 60 V, higher than the maximum drain-source voltage calculated by:

VnMOSpsmax = Vinmax + Vp + Vour =475V (26)

Assume that the forward voltage of the rectifier diode (a Diodes Incorporated B350-13-F) is equal to 0.5 V. The maximum
reverse voltage for this component is 50 V, higher than the maximum reverse voltage required in this application:

VDREVMAX = VINmMaX + VouT =47 V (27)

Once we have this information, we can calculate the duty-cycle range and ignore Rggnsg for now:

Dy = Vour + Vo =0.116 (28)
Vinwax + Vour + Vp — [(Rnsm.\') +Rpnse ) X (]m avaminy  louran )]
Dyax = Vour + ¥ =0.655 (29)

Visuns + Your + Vp = [(Rnsum +Rgpnse ) X (le(,\wm,\x; +Lourax )]
This duty-cycle range is compatible with the MAX16990. To guarantee continuous-conduction mode:

(V()lrr + Vn)x (l - D.\ux)

2x A, x1

Lp=Lp. = =219uH (30)

INCAVGMIN)

(err + Vn)x(l - Dxux )
2 x £y X Lo

Ls=Ls. = =3.07uH (31)

Based on this information, a Wiirth Elektronik 22-puH inductor 7443551221 was selected for Lp (IR =6 A, IgaT=6.5 A),
and a Wiirth Elektronik 4.7-uH inductor 744311470 was selected for Ls (Ir = 15 A, IgaT = 19 A). Using these inductors,

when the input voltage is at its minimum and the output current at its maximum, therefore:

(V()l’l + Vl))x (l - DMA.\‘ )

Lpug =" =0.045 (32)
fow X Lp X L avamax)
LSI,IR - (V()lrr + Vl))x(l - D.\h\x) -0418 (33)

fow X Ls X Lo rax

This results in inductors and nMOS peak current of:
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ILppesk = llxmvom»:.(' + %’) =4411A (34)

LsI.IR

—_

ILSpeak = lovrmax (l + ) =2.660A (35)

InMOSpgak = ILPPEAK + [Lsppax =7.071 A (36)

The nMOS drain-current rating and the inductors’ current rating comply with the values given by Equations 34, 35, and 36.
Now calculate the series capacitor with the following formula, and then choose a commercial value higher than that:

Cs> Loummax X DMA:\ =21.8uF (37)
0.05 x Vm.\n.\' X t.\‘\\'

The ESR of the series capacitor must be lower than the one calculated with:

0.01% Vi 0:01% Vi | _ 0:01% Vi
lePI-'AK ILSI’F.'\K ]LPH-)\K

ESR . < MIN =68mQ  (38)

The voltage rate has to be higher than 42 V, and the capacitor current rate has to be higher than:

ICspus = loumax X

So,a TDK C5750Y5V1H226ZT 22-uF ceramic capacitor was selected. Now it is possible to calculate the sense resistor:

R 0.112
SESE T 2% InMOS

=]3.ImQ (40)

PEAK(MAX)

A 15-mQ resistor was chosen for RggnsEg. In accordance with the design specification on the output voltage ripple, the

constraints on Cqyr are:

ot > l()lfl’.\‘!:\x X DM:\X - = 655“F (4 l )
()5 X \/()UI;RII’I’I.I: X t
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0.5% V1 _RIPPLE

ESR <
“"‘pPF_AK + ”—‘svmx - lotrr.\mx

=102mQ (42)

Consequently, two Murata 47-uF GRM32ER61C476K ceramic capacitors with an ESR of 5 m€2 at the switching
frequency 440 kHz were chosen. Using the electronic calculator, it is now possible to extrapolate the following component
values for compensation so we can obtain a crossover frequency of 3 kHz with a phase margin of 60 degrees:

Rsr.opE = 2 kQ (43)
Ccomp =33 nF (44)
Rcomp =3 kL 45)

Figure 4 shows a schematic of this reference design and the selected external components.

V|N= _ ’J[‘ VOLiT
cuw—L " DI
47 pF
CSUP 1 pF
:_E P
PGND EN S
RTOP g
CPVL e 12k
2.2 pFL —— cout
R1 MAX16990 2 x 47 pF
10k
PGOOD PGOOD
FSET/
SYNC  comp i} RBOT§
RFSET EP GND CCOMP RCOMP 3k
62k 330F 3k
- =V - AGND= W/

Figure 5 shows the design in a three-dimensional view.
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Lab Test Results

Figure 6 shows the efficiency of the SEPIC regulator at full load versus input voltage (VIN).
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Figures 7 and 8 show the SEPIC regulator’s behavior during an automotive cold-crank event, where the battery voltage
goes down to 3 V. In this reference design, the dual-diode D2 is used to supply the input voltage to the MAX16990 from

the converter’s output when the battery voltage falls below the minimum input voltage of the controller IC.

()
M 3

a1 LOAD

Conclusion

We learned how best to select the external components and compensation to optimize the performance of an automotive
SEPIC dc-dc regulator. Using the MAX16990/MAX16922 as example SEPIC converters, we demonstrated a SEPIC dc-dc
regulator reference design for automotive applications. Test data illustrate the excellent performance of the reference

http://electronicdesign.com/print/power/select-external-components-automotive-sepic-dc-dc-regulator Page 14 of 15



Select The External Components For An Automotive SEPIC DC-DC Regulator 5/12/14 3:29 PM

design.
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