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Introduction

The MAXREFDES1194 is a no-opto flyback DC-DC power
supply that delivers five outputs from a 6V to 60V supply volt-
age. It is designed for equipment that needs multichannel,
isolated power supplies with a wide input voltage range.

The MAXREFDES1194 employs the no-opto flyback
control technique of the MAX17690. This document
explains how the MAX17690 peak current-mode PWM
converter can be used to generate five isolated outputs
from a 6V to 60V input voltage. An overview of the design
specification is shown in Table 1.

Due to its simplicity and low cost, the flyback converter is
the preferred choice for low-to-medium isolated DC-DC
power-conversion applications. However, the use of an opto-
coupler or an auxiliary winding on the flyback transformer
for voltage feedback across the isolation barrier increases
the number of components and design complexity. The
MAX17690 eliminates the need for an optocoupler or aux-
iliary transformer winding and achieves +5% output voltage
regulation over line, load, and temperature variations.

The MAX17690 implements an innovative algorithm to accu-
rately determine the output voltage by sensing the reflected
voltage across the primary winding during the flyback time
interval. By sampling and regulating this reflected voltage
when the secondary current is close to zero, the effects of
secondary-side DC losses in the transformer winding, the
PCB tracks, and the rectifying diode on output voltage regu-
lation can be minimized. The MAX17690 also compensates
for the negative temperature coefficient of the rectifying diode.

Other features include the following:
e 4.5V to 60V Input Voltage Range

e Programmable Switching Frequency from 50kHz to
250kHz

e Programmable Input Enable/UVLO Feature

e Programmable Input Overvoltage Protection

e Adjustable Soft-Start

e 2A/4A Peak Source/Sink Gate Drive Capability

e Hiccup Mode Short-Circuit Protection

e Fast Cycle-by-Cycle Peak Current Limit

e Thermal Shutdown Protection

e Space-Saving, 16-Pin, 3mm x 3mm TQFN Package
e -40°C to +125°C Operating Temperature Range
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Five-Output, No-Opto Flyback DC-DC Converter

Using the MAX17690
MAXREFDES1194

Hardware Specification

An isolated no-opto flyback DC-DC converter using the
MAX17690 is demonstrated for a five-output application.
Table 1 shows an overview of the design specification.

Table 1. Design Specification

PARAMETER | SYMBOL | MIN | TYP | MAX
Input Voltage Vin 6V 24V 60V
Frequency faw 200kHz
Maximum Efficiency Nwax 65.28%

Duty Cycle d 0.04 0.25 0.65
Output Voltage 1 Voutt 3V 3.3V 3.6V
Output Current 1 louT OmA — 50mA
Output Voltage 2 Vourz 10V % 12v
Output Current 2 louT2 20mA — 50mA
Output Voltage 3 Vours 9V 10V 1V
Output Current 3 louts 0.2mA — 0.3mA
Output Voltage 4 Vouta 10V 1V 12v
Output Current 4 louTa 28mA — 33mA
Output Voltage 5 Vours 9V 10V 1MV
Output Current 5 louts 0.2mA — 0.3mA

Designed—Built-Tested

This document describes the hardware shown in Figure 1.
It provides a detailed systematic technical guide to design-
ing an isolated no-opto flyback DC-DC converter using the
MAX17690 controller. The power supply has been built
and tested.

Figure 1. MAXREFDES 1194 hardware.
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The Isolated No-Opto Flyback Converter

One of the drawbacks encountered in most isolated
DC-DC converter topologies is that information relating to
the output voltage on the isolated secondary side of the
transformer must be communicated back to the primary
side to maintain output voltage regulation. In a regular
isolated flyback converter, this is normally achieved using
an optocoupler feedback circuit or an additional auxiliary
winding on the flyback transformer. Optocoupler feedback
circuits reduce overall power-supply efficiency, and the
extra components increase the cost and physical size
of the power supply. In addition, optocoupler feedback
circuits are difficult to design reliably due to their limited
bandwidth, nonlinearity, high current transfer ratio (CTR)
variation, and aging effects. Feedback circuits employing
auxiliary transformer windings also exhibit deficiencies.
Using an extra winding adds to the flyback transformer’s
complexity, physical size, and cost, while load regulation
and dynamic response are often poor.

The MAX17690 is a peak current-mode controller
designed specifically to eliminate the need for optocoupler
or auxiliary transformer winding feedback in the traditional
isolated flyback topology, thereby reducing size, cost,
and design complexity. It derives information about the

isolated output voltage by examining the voltage on the
primary-side winding of the flyback transformer.

Other than this uniquely innovative method for regulating
the output voltage, the no-opto isolated flyback converter
using the MAX17690 follows the same general design
process as a traditional flyback converter. To understand
the operation and benefits of the no-opto flyback con-
verter, it is useful to review the schematic and typical
waveforms of the traditional flyback converter (using the
MAX17595) shown in Figure 2.

The simplified schematic in Figure 2 illustrates how infor-
mation about the output voltage is obtained across the
isolation barrier in traditional isolated flyback converters.
The optocoupler feedback mechanism requires at least
10 components, including an optocoupler and a shunt
regulator, in addition to a primary-side bias voltage (Vgas)
to drive the phototransistor. The error voltage FB2 con-
nects to the FB pin of the flyback controller.

The transformer feedback method requires an additional
winding on the primary side of the flyback transformer,
a diode, a capacitor, and two resistors to generate a
voltage proportional to the output voltage. This voltage is
compared to an internal reference in a traditional flyback
controller to generate the error voltage.
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Figure 2. Isolated flyback converter topology with typical waveforms.
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By including additional innovative features internally in the
MAX17690 no-opto flyback controller, Maxim has enabled
power-supply designers to eliminate the additional com-
ponents, board area, complexity, and cost associated with
both the optocoupler and transformer feedback methods.
Figure 3 illustrates a simplified schematic and typical
waveforms for an isolated no-opto flyback DC-DC con-
verter using the MAX17690.

By comparing Figure 3 with Figure 2, it is evident that
there is no difference in the voltage and current wave-
forms in the traditional and no-opto flyback topologies.
The difference is in the control method used to maintain
Vo at its target value over the required load, line, and
temperature range. The MAX17690 achieves this with
minimum components by forcing the voltage Vg yeack
during the conduction period of DFR to be precisely the
voltage required to maintain a constant Vo. When Qp
turns off, DFR conducts and the drain voltage of Qp rises
to a voltage Vg vgack above V. After initial ringing due to
transformer leakage inductance, and the junction capac-
itance of DFR and output capacitance of Qp, the voltage

VELyeack is given by:

(Vo + Vprr(T) +ILs(t)xRs(T))

VELYBACK = VIN +

where:

VrLveack is the Qp drain voltage relative to primary ground.
Vper(T) is the forward voltage drop of DFR, which has a
negative temperature coefficient.

I_s(t) is the instantaneous secondary transformer current
Rs(T) is the total DC resistance of the secondary circuit,
which has a positive temperature coefficient.

ngp is the secondary to primary turns ratio of the flyback
transformer.

The voltage of interest is (Vrysack - Vin), Since this is a
measure of V. An internal voltage to current amplifier
generates a current proportional to (Vg ygack - Vin)- This
current then flows through Rggr to generate a ground
referenced voltage (Vget) proportional to (Veyeack - Vin)-
This requires that:

VELYBACK —VIN _ VsET
RrB RseT

Combining this equation with the previous equation for
VELyBack, We have:

R
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SET

Nsp
IN ILp ILs DFR o
\C\NL TRANSFORMER FEEDBACK
T on v, . lp Ls NDRV
VIN — AUX
- = RO D
GNDP | FBI Caux

GNDS GND!

OPTOCOUPLER FEEDBACK

»

| VIN(MAX) X dMAX
| Altpax) = ———
R Lp x fsw

Alp

VBiAs

<~
Vi FB Qr o L
P FB2
VoI NDRV [— i
CONVERTER ) —
P GNDP

- TOEA CS

SAMPLING —
o CIRCUIT Res GNDP
SET
MAX17690

GND

‘ GNDP
\—\ GNDS

Vo

2xlomax)

3 AlLSMAX) =

1 /\ (1-dumax)

H

Als

V. Vo + VDFR + (8lLs X Rs)

Veiveack | | | M -
fffffffffffffff N

S
RrC % § RRIN % Rvem
GNDP GNDP

GNDP

)

Figure 3. Isolated no-opto flyback converter topology with typical waveforms.
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Temperature Compensation

We need to consider the effect of the temperature depen-
dence of Vper and the time dependence of I g on the
control system. If Vg ygack IS sampled at a time when
I.s is very close to zero, then the term I g(t) x Rg(T) is
negligible and can be assumed to be zero in the previous
expression. This is the case when the flyback converter
is operating in, or close to, discontinuous conduction
mode. It is very important to sample the Vg vgack Voltage
before the secondary current reaches zero, since there
is a very large oscillation on Vg ygack due to the reso-
nance between the primary magnetizing inductance of
the flyback transformer and the output capacitance of Qp
as soon as the current reaches zero in the secondary,
as shown in Figure 2 and Figure 3. The time at which
VEeLveack IS sampled is set by resistor Rycy.

The Vper term has a significant negative temperature
coefficient that must be compensated to ensure accept-
able output voltage regulation over the required tem-
perature range. This is achieved by internally connecting
a positive temperature coefficient current source to the
Vser pin. The current is set by resistor Ryc connected to
ground. The simplest way to understand the temperature
compensation mechanism is to think about what needs to
happen in the control system when temperature increases.
In an uncompensated system, as the temperature
increases, Vper decreases due to its negative tempera-
ture coefficient. Since Vper decreases, Vg increases by
the same amount, therefore Vg ygack remains unchanged.
Since Vggr is proportional to Vg ygack: Vser also remains
unchanged. Since there is no change in Vggr, there is no
change in duty cycle demand to bring Vo back down to
its target value.

What needs to happen in the temperature compensated
case is, when Vg increases due to the negative tempera-
ture coefficient of Vprr, Vser Needs to increase by an
amount just sufficient to bring Vg back to its target value.
This is achieved by designing Vet with a positive tem-
perature coefficient. This is expressed mathematically as:

Vprr, 1, &1c ReB _|
8 nsp 31 Ric

where:

dVper/0T is the diode’s forward temperature coefficient
8V+1c/8T = 1.85mV/°C

Vic = 0.55V is the voltage at the TC pin at +25°C.
Rearranging the above expression gives:

5T 8V1c

Rtc =-Rpp xngp x

The effect of adding the positive temperature coefficient
current (TC) to the current in Rgg is equivalent to adding
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a positive temperature coefficient voltage in series with
Vper On the secondary side of value:

V1c
Rtc

xRFg xngp

Substituting from the previous expression, this becomes:

-V1e x
TCOT8T Tovre

We can now substitute this expression into the expression
for Vg as follows:

5T Vg

R
Vo = VseT X(R F8 ]X”sp - Vprr — Ve X
SET
and finally solve for Rgg:

RseT
nsp x VsgT

R =
FB 5T oV1o

X{VO"'VDFR +V1e me 8T }

Values for Rget, Vset, and 8V1¢/8T can be obtained from
the MAX17690 data sheet as follows:

Reer = 10kQ
Vser = 1V
8V1c/dT = 1.85mV/°C

Values for Vprr and 8Vper/0T can be obtained from the
output diode data sheet, and ngp is calculated when the
flyback transformer is designed.

The value of Ry¢ can then be calculated using the expres-
sion from earlier, restated below:

ST N NTc
SVDER ST

R1c =-RFg xngp x

The calculated resistor values for Rgg and RT¢ should
always be verified experimentally and adjusted, if neces-
sary, to achieve optimum performance over the required
temperature range. Note that the reference design
described in this document has only been verified at room
temperature.

Finally, the internal temperature compensation circuitry
requires a current proportional to Vy. Rgn should be cho-
sen as approximately:

RRlN =0.6 x RFB

Setting the VFLYBACK Sampling Instant

The MAX17690 generates an internal voltage propor-
tional to the on-time, volt-second product. This enables
the device to determine the correct sampling instant for
Veveack during the Qp off-time. The Ry resistor is used
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to scale this internal voltage to an acceptable internal
voltage limit in the device. Selection of this resistor is
described in detail in the MAX17690 data sheet.

Design Procedure for the No-Opto
Flyback Converter MAX17690

Now that the principle difference between a traditional
isolated flyback converter using optocoupler or auxiliary
transformer winding feedback and the isolated no-opto
flyback converter using the MAX17690 is understood, a
practical design example can be illustrated. The converter
design process can be divided into three parts: the power
stage design, the setup of the MAX17690 no-opto flyback
controller, and closing the control loop. This document is
intended to complement the information contained in the
MAX17690 data sheet.

The following design parameters are used throughout this
document:

SYMBOL | FUNCTION
Vin Input voltage
Vivio Undervoltage turn-on threshold
Vo Overvoltage turn-off threshold
tss Soft-start time
Vo Output voltage
AViss) Steady-state output ripple voltage
lo Output current
loc Maximum current-limit threshold
Po Nominal output power
Nimax) Target efficiency at maximum load
NMIN) Target efficiency at minimum load
P Input power
faw Switching frequency
d Duty cycle
Ngp Secondary-primary turns ratio

These symbols are sometimes followed by parentheses
to indicate whether minimum or maximum values of the
parameters are intended, for example, the symbol Vg
is the minimum input voltage. In addition, throughout the
design procedure, reference is made to the schematic.

Step 1: Choose a Maximum Duty Cycle

The maximum duty cycle (dyax) occurs at maximum out-
put power (Poguax)) @and minimum input voltage (Vingainy)
The MAX17690 no-opto flyback controller uses peak
current-mode control. Switching power converters using
peak current-mode control exhibit subharmonic oscil-
lations at duty cycles greater than 50% unless slope
compensation is added to the sensed primary MOSFET
current. Slope compensation is added internally in the
MAX17690 to allow stable operation up to duty cycles of
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66%, as specified in the data sheet. Choosing the max-
imum allowable duty cycle ensures the highest energy
density for the power converter. For the current design,
we have chosen:

dMAX =0.65

Step 2: Calculate the Minimum Duty Cycle

The MAX17690 derives the current (Al p) in the primary
magnetizing inductance by measuring the voltage (AVgcs)
across the current-sense resistor (Rqg) during the on-time
of the MOSFET. So:

Al p is @ maximum at dyax and Viyguny @and is @ minimum
at dMIN and VIN(MAX) SO:

VINMIN) _ AVRcs(max) * fsw
Lp Rcs xdmax

and

VINMAX) _ [nMAx y AVRCS(MIN)J fsw
Lp NMIN Rcs dmIN

Solving the two equations above, we have:

Mvax  VINMIN)  AVRCS(MIN)
nMIN - VIN(MAX)  AVRCS(MAX)

duiNn =dmax

where AVgcgminy @nd AVgegmax) correspond to the min-
imum current-limit threshold (20mV) and the maximum
current-limit threshold (100mV) of the MAX17690, respec-
tively. So, for Viyoiny = BV, Vinax) = 60V, and dyax = 0.65,
we have:

dy = 0.04

Step 3: Calculate the Maximum Allowable
Switching Frequency

The isolated no-opto flyback topology requires the primary
side MOSFET to constantly maintain switching, otherwise
there is no way to sense the reflected secondary-side
voltage at the drain of the primary-side MOSFET. The
MAX17690 achieves this by having a critical minimum
on-time (toncrm) for which it drives the MOSFET. At a
given switching frequency, tonginy COrresponds to dyy.
From the data sheet, toycrim) for the MOSFET drive
output NDRV is 235ns. We can therefore calculate the
maximum switching frequency (fswmax)) as follows:

_IMIN_ _170,200Hz
toN(cRIT)

Since dy is fixed by AVrcgming AVresmax), Amaxs Vingings
and Vygax), We can choose a tonminy, Which is arbitrarily

fsw (max) =
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larger than toncrim) to allow a reasonable design margin.
So, if we choose tonginy = 400ns, we obtain a new switch-
ing frequency as follows:

foy = —IMIN_ L 100,000Hz

toN(MIN)

Note that the MAX17690 should always be operated in
the switching frequency range from 50kHz to 250kHz and
tonviny Must be chosen accordingly to ensure that this
constraint is met.

Step 4: Calculate Primary Magnetizing Inductance
Maximum input power (Piymax)) is given by:

Pomax) Voxlo(cy)
PiIN(MAX) = =
MMAX MMAX

For the discontinuous flyback converter, all of the energy
stored in the primary magnetizing inductance (Lp) during
the MOSFET on-time is transferred to the output during
the MOSFET off-time (i.e., the full power transfer occurs
during one switching cycle). Therefore, because E = P x t,
we have:

Vo xlo(cv)
E =P, = T\
IN(MAX) =PiNmax) X Tsw == S5

The maximum input energy must be stored in Lp during
the on-time of the MOSFET, so:

1 2
Einmax) =5 *LpxAlLpvax)
We also know that the peak current in Lp (Al pgyax)) OCCUrs

at input voltage V\yiny and MOSFET on-time tonmax). So:

AlLp(MAX)
VINMIN) =Lp X ——=
ON(MAX)
Rearranging this equation and squaring, we have:
2 2

2 VINMIN)” X tON(MAX)

= 3

P

Al p(MAX)

and substituting:

2 2
VINMMINY X tON(MAX)
2% Lp

EinvAX) =
we now have:

2 2
VINMIN)© * toNMAX)” Voxlo(cy
2xLp nMax * fsw
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Finally, by rearranging, we have an expression for Lp:

2 2
_ mAX X VINMIN)~ * dmax

Lp 2x Vx| f
xVoxlo(cL) *Tsw

If we estimate the power converter efficiency nyax = 0.65,
thenwith Viyminy =6V, dpuax=0.65,V1=3.3V, Igqc)=60mA,
Vo2 =11V, logc)=60mA, Vo3 =10V, logcy = TMA, Vo, =11V,
loacLy =40mA, Vs =10V, loscr) = 1TmMA, and fgy, = 100kHz,
we have:

Lpmax) = 49uH

This primary inductance represents the maximum primary
inductance since it sets the current-limit threshold.
Choosing a larger inductance will set the current-limit
threshold at a lower value which would be undesirable.
Assuming a +10% tolerance for the primary inductance
gives:

Lp = 40uH+10%

Step 5: Calculate the Secondary to Primary Turns
Ratio for the Flyback Transformer

Assume we are operating at the border between dis-
continuous and continuous conduction modes at Vymin)
and Pguax) Under this condition, the primary-side
MOSFET is conducting for (dyax X tsw) and the second-
ary-side synchronous rectifier (or diode) is conducting for
(1 - dyax) X tsw- Ideally, the primary volt-seconds per turn
must balance with the secondary volt-seconds per turn.
However, in practice, the primary to secondary coupling
of the transformer is not perfect (giving rise to uncoupled
leakage inductance) and both windings have series resis-
tance. Effectively, this means that to obtain the required
volt-seconds per turn on the secondary winding we need
more volt-seconds per turn on the primary winding. We
introduce a transformer efficiency factor (ny) so that:

VINMIN) X IMAX X TSW (Vo + VE) x (1- dax) X Tsw
nTxNp Ns

and

nsp :N_S: nrt X(VO +V|:)><(1—C|MAx)
Np Vin(miN) < dMAX

Assuming nr = 0.9 and Vg = 0.5V (for a synchronous recti-
fier), then with Vo, = 3.3V, Vg, = 11V, Vg3 = 10V, Vg, = 11V,
Vo5 = 10V, dMAX = 065, and VIN(MlN) = 6\/, we have:

ngip = 0.31
neop = 0.93
nesp = 0.85
Nesp = 0.93
Ngsp = 0.85
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Typical values of n; range from 0.65 for an inefficient
transformer design to 0.95 for a very efficient transformer
design.

Step 6: Calculate Peak and RMS Currents in the
Primary Winding of the Flyback Transformer

The peak primary winding current occurs at VN and
dyax according to the following equation:

ViN(viN) * dMAX

Lp XfSW

The RMS primary winding current can be calculated from
Al pgvax) @and dyax as follows:

[dmax

Step 7: Calculate Peak and RMS Currents in the
Secondary Winding of the Flyback Transformer
Again, assuming we are operating at the border between
discontinuous and continuous conduction modes at
Vineiny @nd Powax), the peak secondary winding current
is related to lomax)and dyax as follows:

2xl
_“Xlo1(MAX)

2x1
_“XlogmAx)

2x|
O3(MAX)
2x|
O4(MAX)
2x|
_ 2xlosmax)

The RMS secondary winding current can be calculated
from Al spvax) @and dyax as follows:

(1-dmax)
Is1RMS) = AlLstmax) <= =

ls2(RMs) = AlLs2(mAx) *
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(1-dmax)
Is3RMs) = AlLsamax) <5 ~0-59mA

(1-dmax)
saRMs) = AlLsamax) 5 ~65MA

(1-dwmax)
Iss(RMS) = AlLss(Max) X~ ~0.59mA

Step 8: Calculate Design Parameters for a
Secondary Diode

In a flyback converter, because the secondary diode is
reverse biased when the primary MOSFET is conducting,
the voltage stress on the diode is the sum of the output
voltage and the reflected primary voltage. Choosing the
diode with enough margin for the reverse blocking voltage,
as indicated in the following equation, should preclude the
use of a snubber.

Vsec,piope1 = 1.5 X (Ng1p X Viymax) + Voi) = 33V
Vsecpiopez = 1.5 X (Nggp X Vinmax) + Voz) = 100V
Vsec piopes = 1.5 X (Ngzp X Vinwax) + Vo3) = 92V
Vsecpiopes = 1.5 X (Ngsp X Vinwax) + Vos) = 100V
Vsecpiopes = 1.5 X (Ngsp X Vinwax) + Vos) = 92V

Select a diode with low forward-voltage drop to minimize
the power loss (given as the product of forward-voltage
drop and the average output current) in the diode. Select
fast-recovery diodes with a recovery time of less than
50ns or Schottky diodes with low junction capacitance for
this purpose.

Step 9: Calculate Design Parameters for
Primary-Side MOSFET

The important parameters to consider for the primary-side
MOSFET (Qp) are peak instantaneous current, RMS cur-
rent, voltage stress, and power losses. Because Qp and
Lp are in series, they experience the same peak and RMS
currents, so from Step 6:

lapouax) = ILpuax) = 0.-975A
and

IQP(RMS) = ILP(RMS) = 0.454A

When Qp turns off, Vg is reflected to the primary side of
the flyback transformer plus V ywuax) is applied across the
drain-source of Qp. In addition, until Qg starts to conduct,
there is no path for the leakage inductance energy to flow
through. This causes the drain-source voltage of Qp to rise
even further. The factor of 1.5 in the following equation
represents this additional voltage rise; however, this factor
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can be higher or lower depending on the transformer and
PCB leakage inductances:

Vo1+Vps

Allowing for a reasonable design margin, the ON
Semiconductor FDMA86251 was chosen for this design
with the following specifications:

PARAMETER | VALUE
Maximum D-S Voltage 150V
Continuous Drain Current 2.4A
Pulsed Drain Current 12A
D-S Resistance at Vgg = 7.5V, Ip = 2A 237mQ
Minimum Vgg Threshold VggTh 2.0V
Typical Vgg 6V
Maximum QgT) 3.8nC
Typical Qgp 1.0nC
Total Output Capacitance Cpgg 34pF

The power losses in Qp can be approximated as follows:
Pror = Pcon + Pcps + Psw = 60mW
where:

Pcon is the loss due to lgprms) flowing through the drain-
source on-resistance of Qp:

Pcon = lQP(RMS)2 X Rps(on) = 49mW

Pcps is the loss due to the energy in the drain-source out-
put capacitance being dissipated in Qp at turn-on:

L 2
Pcps = EX fsw xCoss x VQP(MAX) ~11mW

And Pgyy is the turn-on voltage-current transition loss that
occurs as the drain-source voltage decreases and the
drain current increases during the turn-on transition:

1
Psw = xfsw xlqp(t-oN) *

Ves(pL) ~Ves(tH) [Q o(m) +QaD

~ 0mW
Vas(pL) IpRv ]

where Ipry is the maximum drive current capability of
the NDRV output of the MAX17690 and Igp.on) is the
instantaneous current in Qp at turn-on. Since the flyback
converter is operating in discontinuous conduction mode,
lapg-on) iS zero and therefore Pgy is also zero.

Step 10: Select the RCD Snubber Components

Referring to Figure 4, when Qp turns off, I charges
the output capacitance (Cpgs) of Qp. When the voltage
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MAX17690 :
§ Rcs

across Cpgg exceeds the input voltage plus the reflected
secondary to primary voltage, the secondary-side diode
(or synchronous switch) turns on. Since the diode (or
synchronous switch) is now on, the energy stored in
the primary magnetizing inductance is transferred to the
secondary. However, the energy stored in the leakage
inductance will continue to charge Cpgs since there is
nowhere else for it to go. Since the voltage across Cggg
is the same as the voltage across Qp, if the energy stored
in the leakage inductance charges Cngs to a voltage level
greater than the maximum allowable drain-source voltage
of Qp, the MOSFET fails.

One way to avoid this situation is to add a suitable RCD
snubber across the primary winding of the transformer. In
Figure 4, the snubber is labelled Rgy, Cgy, and Dgy.

CS

‘W‘

Figure 4. RCD snubber circuit.

In this situation, when Qp turns off, the voltage at Node A is:

VNopea = Vesn *+ Vin
When the secondary-side diode (or synchronous switch)
turns on, the voltage at Node B is:

Vo+V|:

VNODEB =VIN + nap

So, the voltage across the leakage inductance is:

nsp

Vo +V,
=VesN —[%j =Lk

Vo +V
Vitk =Vesn+ViIN- (VIN + Mj

o AlgN
Atgn
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So:
L, k x Al
Atgy = LK SN
v _ VO + VF
CSN T heo
SP

The average power dissipated in the snubber network is:

Algn x Atgn

Psn =Vesn x >
XTSW

Substituting Atgy into this expression, we have:

PSN :%XLLK XA'SNz X

The leakage inductance energy is dissipated in Rgy, so from:

2
_Vesn
RsN

PsN

we can calculate the required Rgy as follows:

2
Ran = VesN
1 2 V
EXLLKXAISN X C\S/N +\/ XfSW
veoi (60"

Over one switching cycle we must have:

Vesn AVgN
Isn = R T CsN *
SN TSW

So, we can calculate the required Cgy as follows:

Con = Vesn
AVesn xRgn xfsw

Generally, AVsgy should be kept to approximately 10%
to 30% of Vggn. Figure 5 illustrates Vigy, Algy, and Atgy.
The voltage across the snubber capacitor (Vcgy) should
be selected so that:

Vesn < Qppsmax) = Vingvax)

Choosing too large a value for Vgy causes the voltage
on the drain of Qp to get too close its maximum allowable
drain-source voltage, while choosing too small a value
results in higher power losses in the snubber resistor.
A reasonable value should result in a maximum drain
voltage on Qp that is approximately 75% of its maximum
allowable value. The worst-case condition for the snubber
circuit occurs at maximum output power when:

Algy = I pmax)

www.maximintegrated.com

Assuming the leakage inductance is 5% of the primary
inductance, then choosing Vegy = 50V and AVgy = 2.5V,
we get the following approximate values:

PSN =125mW
RSN = 20kQ
CSN =10nF

Finally, we consider the snubber diode (Dgy). This diode
should have at least the same voltage rating as the
MOSFET (Qp). Although the average forward current is
very low, it must have a peak repetitive current rating
greater than I ppax)-

Step 11: Calculate the Required Current-Sense
Resistor
From Step 4, we have the maximum input power given by:

Pomax) Vo xlomax)
PiN(max) == — = .

For the discontinuous flyback converter all the energy
stored in Lp during the MOSFET on-time is transferred to
the output during the MOSFET off-time (i.e., the full power
transfer occurs during one switching cycle). Therefore,
since E = P x t, we have:

Vo xlo(max)
nxfsw

The maximum input energy must be stored in Lp during
the on-time of the MOSFET, so:

Einvax) =PiNvax) X Tsw =

1 2
Ein(max) =5 *Lp x AlLpgvax)

AILP(MAX)

Allp

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Alsn

\/

Al

Vbs

Figure 5. RCD snubber circuit waveforms.

Maxim Integrated | 9



Therefore:

Vo xlomax)

1
—xLp xAl =
5 *LpxAlLpvax) nxfaw

and

2xVo xlg(max)
nxLp xfgy

From Step 2 we have:

AV,
Al p RRCS
cs

SO

[ nxLpxfsw

Rcs =AVRes x

Substituting values for AVges, N, Lp, fsw, Vo, and lowmax)
we have:

Rgs = 103mQ

where AVires = 100mV, the maximum CS current-limit
threshold of the MAX17690. We can choose a standard
80mQ resistor for Res.

Step 12: Calculate and Select the Input Capacitors

Figure 6 shows a simplified schematic of the primary
side of the flyback converter and the associated current
waveforms. In steady-state operation, the converter draws
a pulsed high-frequency current from the input capacitor
(Civ)- This current leads to a high-frequency ripple voltage
across the capacitor according to the following expression:

AV¢IN
| =CNn %
CIN =CIN*—¢

It is the ripple voltage arising from the amp second prod-
uct through the input capacitor.

During the Qp on-time interval from t, to t,, the capacitor
is supplying current to the primary inductance Lp of the
flyback transformer and its voltage is decreasing. During
the Qp off-time time interval from t, to t,, no current is flow-
ing in Lp, and current is being supplied to capacitor from
the input voltage source. According to the charge balance
law, the decrease in capacitor voltage during time t, to t;
must equal the increase in capacitor voltage during time
t; to t,. So:

AVCIN VO xlpg
I = =
CIN[tqtots] CINX(tZ_t1) Vi
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And finally, since:

we have:

_Voxlg, 1 (1-d)
nxViN AVeN  fsw

CiN

For maximum high-frequency ripple voltage requirement
AV¢n, we can now calculate the required minimum Cy.

An additional high-frequency ripple voltage occurs at the
input due to the ESR of the input capacitor. This ripple
voltage is generally much smaller than the amp second
product voltage ripple and can be minimized by choosing
a capacitor with low ESR.

3

VIN FB ‘
NDRV [———] =
MAX17690 :
cs

Res

VIN(MAX) X dMAX
' 1 AlLpvAX) = ——————
”1 ”””””” - F’”””””‘ ””” Lp x fsw

ILp

1IN _ Vo x lo(mAx)

nx VN

N | | | Vo + lomax)

- nxViN

\

T T T
to t t2

Figure 6. Primary-side circuit and currents.
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There is high-frequency AC current flowing in C,y, as
shown in the center waveform of Figure 7. The selected
capacitor must be specified to tolerate this maximum
RMS current (Igingrms))- From the simplified schematic:

Ip = Iin + loin
Therefore:

| =\/| 2_ 2
CIN(RMS) = {ILP(RMS)” ~lIN(RMS)

where:

Voxlo
nxV|N

lIN(RMS) =

and from Step 6:

d
ILp(RMs) = AlLp X \/;

2 Vo2xlp?
) 2
n°xViN

So:

d
lciNRMS) = \/g xAlp

ILs DrR ILo

_ 2xlomax)

(1 - dmAx)

ILs

~J

\/

to t1 t2 t3

Figure 7. Secondary-side circuit and currents.
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The maximum RMS current in the input capacitor occurs
at dyax, Al pgvax): lomax)y: @and Vinming:
leingus) = 0.38Arus

An additional high-frequency ripple voltage is present
due to the RMS current flowing through the ESR of the
capacitor. Ceramic capacitors are generally used for
limiting high-frequency ripple due to their high AC current
capability and low ESR.

In addition to using a ceramic capacitor for high-frequency
input ripple-voltage control as described above, an elec-
trolytic capacitor is sometimes inserted at the input of a
flyback converter to limit the input voltage deviation when
there is a rapid output load change. A 100% load change
gives rise to an input current transient of:
Al Vo xlomax)
IN(MAX) =
(MAX) X VIN(MIN)

During this transient, there is a voltage drop across any
series stray inductance (L ysTray)) that exists between the
input voltage source and the input capacitor of the power
supply. So from:

1 2_1 2
5 X CINXAVEINT =2 xLiN(sTRAY) X AlciN
2 2

we have:

2
AliN(MAX)

CIN =LiN(STRAY) *
2
AVeIN

We now have two values for C,y. One for input high-fre-
quency ripple-voltage control:

Voxlop 1 X(1—d)
nxViN AVen  fsw

CiN(CER) =
and a second for transient input voltage control:

2
AliN(MAX)

C =L x

IN(ELE) = “IN(STRAY) AV
If Cinerey > Cincer): both ceramic and electrolytic capac-
itors must be used at the input of the power supply and
AVy should be limited to approximately 75mV to keep
the AC current in the ESR of the electrolytic capaci-
tor within acceptable limits. Otherwise, CigLg) is not
required. In this case, the value of Cyeg) can be signifi-
cantly reduced since there is no longer any requirement
to limit AV¢y to less than 60mV. Based on the current
design specification, we have:

Maxim Integrated | 11



and:

CiN(ELE) ~ 23uH

Since CiyieLe) > Cincer) @n electrolytic capacitor is not
required. We can now recalculate Cjycer) based on
AV¢ny = 300mV:

Cincer) = 3MF

Step 13: Calculate and Select the Output Capacitor

High-frequency ripple voltage requirements are also used
to determine the value of the output capacitor in a flyback
converter.

Figure 7 shows a simplified schematic of the secondary
side of the flyback converter and the associated current
waveforms.

In steady-state operation, the load draws a DC current
from the secondary side of the flyback converter. By
examining the secondary current waveforms, we see
that Cq is supplying the full output current (Ip) to the load
during the time interval from t, to t;. During this time inter-
val, the voltage across Cq decreases. At time t;, Qp has
just turned off and the secondary rectifying diode DFR (or
the secondary synchronous switch, Qg) starts to conduct
supplying current to the load and to Cy. The charging and
discharging of Cq leads to a high-frequency ripple voltage
at the output according to the following expression:

AVCO
At

ICO =Co><

Again, as with the input capacitor, this is the ripple voltage
arising from the amp second product through the output
capacitor.

By the capacitor charge balance law, the decrease in
capacitor voltage during time t, to t; must equal the
increase in capacitor voltage during time t; to t,. When the
capacitor is discharging, we have:

_ AVco
lcolt, totg] _Cox(ts—tz)
=lp
Finally, since:
1 _fsw
(t3—-tp) d
we have:
Co=lgx——x_3
AVeo  fsw
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At maximum output current, the discontinuous flyback
converter should ideally operate on the border between
discontinuous and continuous conduction modes and so
dyax should be substituted in the above equation.

For maximum high-frequency ripple voltage requirement
AVco, we can now calculate the required minimum Cg:

Co1 = 20|JF

Coz = 1OHF

Co3 = 1HF

Co4 = 10HF

Cos = 1uF
As with the input capacitor, an additional high-frequency
ripple voltage occurs at the output due to the output
capacitor's ESR and can be minimized by choosing a
capacitor with low ESR.
Step 14: Setting Up the Switching Frequency

The MAX17690 can operate at switching frequencies
between 50kHz and 250kHz (subject to the consider-
ations in Step 3). A lower switching frequency optimizes
the design for efficiency, whereas increasing the switching
frequency allows for smaller inductive and capacitive com-
ponents sizes and costs. A switching frequency of 128kHz
was chosen in Step 3. Resistor R15 sets the switching
frequency according to the following expression:

5x10°
fsw

R15 = ~ 50kQ

where R15 is in kQ and fgy is in Hz.

Step 15: Setting Up the Soft-Start Time

Capacitor C6 connected between the SS pin and SGND
programs the soft-start time. A precision internal S5pA
current source charges the soft-start capacitor C6. During
the soft-start time, the voltage at the SS pin is used as
a reference for the internal error amplifier during start-
up. The soft-start feature reduces inrush current during
startup. Since the reference voltage for the internal error
amplifier is ramping up linearly, so too is the output volt-
age during soft-start. The soft-start capacitor is chosen
based on the required soft-start time (10ms) as follows:

C8=5x tSS = 50nF
where C8 is in nF and tgg is in ms. A standard 47nF
capacitor was chosen.
Step 16: Setting Up the UVLO and OVI Resistors

A resistor-divider network of R5, R6, and R7 from V)
to SGND sets the input undervoltage lockout thresh-
old and the output overvoltage inhibit threshold. The
MAX17690 does not commence its startup operation
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until the voltage on the EN/UVLO pin (R7/R6 node)
exceeds 1.215V (typ). When the voltage on the OVI
pin (R6/R5 node) exceeds 1.215V (typ), the MAX17690
will stop switching, thus inhibiting the output. Both pins
have built-in hysteresis to avoid unstable turn-on/turn-off
at the UVLO/EN and OVI thresholds. After the device
is enabled, if the voltage on the UVLO/EN pin drops
below 1.1V (typ), the controller will turn off, and after
the device is OVI inhibited, it will turn back on when the
voltage at the OVI pin drops below 1.1V (typ). Whenever
the controller turns on, it will go through the soft-start
sequence. For the current design, resistors R5 = 10kQ,
R6 = 105kQ, and R7 = 392kQ give rise to an UVLO/EN
threshold of 5.36V and an OVI threshold of 61.6V.

Step 17: Placing Decoupling Capacitors on VN
and INTVCC

As previously discussed, the MAX17690 no-opto flyback
controller compares the voltage Vg yeack to V|n- This volt-
age difference is converted to a proportional current that
flows in R5. The voltage across R5 is sampled and com-
pared to an internal reference by the error amplifier. The
output of the error amplifier is used to regulate the output
voltage. The V)y pin should be directly connected to the
input voltage supply. For robust and accurate operation, a
ceramic capacitor (C6 = 1uF) should be placed between
V\ny and SGND as close as possible to the IC.

V\y powers the internal low dropout regulator of the
MAX17690. The regulated output of the LDO is connected
to the INTVCC pin. A ceramic capacitor (C7 = 2.2uF, min)
should be connected between the INTVCC and PGND
pins for the stable operation over the full temperature
range. Place this capacitor as close as possible to the IC.

Step 18: Setting Up the Feedback Components

Rset, Rra: Rrin: Rvem, and Ryc are all critically important
to achieving optimum output voltage regulation across all
specified line, load, and temperature ranges.

Rget resistor: This resistor value is optimized based on
the IC’s internal voltage to current amplifier and should
not be changed.

R10 = Rggr = 10kQ

Rrg resistor: The feedback resistor is calculated accord-
ing to the following equation:

Reg zﬁx{vo +Vp + V1¢ +6\/ﬂxi}
ngp x VSET 8T 8Vrc
=125kQ

From the MAX17690 data sheet, Vger = 1V. The two
resistors R8 = 100kQ and R9 = 27kQ form Rgg. Using one
high-value resistor and one low-value resistor in series
allows slight adjustment to the series resistance combi-
nation so that the output voltage can be fine-tuned to its
required value, if necessary.
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Rgriy resistor: The internal temperature compensation
circuitry requires a current proportional to V|y. Rgyn is
calculated according to the following equation:

RRIN ~0.6x RFB

Rycm resistor: The MAX17690 generates an internal
voltage proportional to the on-time volt-second product.
This enables the device to determine the correct sampling
instant for Vi ygack during the Qp off-time. Resistor R6 is
used to scale this internal voltage to an acceptable internal
voltage limit in the device. To calculate the resistor, we
must first calculate a scaling constant as follows:

8
1-d 10
KC:( MAX)>< =120
3xfsw

where dyax = 0.65 and fgy, = 100,000Hz. After K is calcu-
lated, the R12 value can be selected from the table below
by choosing the resistance value that corresponds to the
next largest Kc.

Kc | R12
640 0Q
320 75kQ
160 121kQ
80 2200
40 Open

In the present case, R12 = 121kQ.

Rqc resistor: The value of Ryc can then be calculated
using the previous expression, restated below:

oT N NVtc
3VDER 8T

R1c =-RfB xngp x

This completes the setup of the MAX17690 no-opto fly-
back controller.

Design Resources

Download the complete set of Design Resources
including the schematics, bill of materials, PCB layout,
and test files.
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