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ABSTRACT

In many applications, simple, low part-count, isolated power supplies working from an input voltage are needed.
A popular solution to these requirements is an isolated buck power supply. This application report presents a
simple and low-cost flybuck solution using the TPS62933F device. The basic operating principles of a flybuck
converter are discussed, operating current and voltage waveforms are shown, and key design equations are
derived. Lastly, a step-by-step design example is presented.
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1 Introduction

Isolated bias rails are common in many systems or subsystems, such as telecommunication equipment, medical
equipment, and industrial factory automation. It is mandatory by safety standards to protect users from the
hazardous voltage of a power supply, or the isolation is installed to break the ground loop interference for
noise-sensitive applications.

In many cases, simple, low part count, isolated power supplies working from an input voltage are needed. This
design solution is for when regulation may not be as important, but cost and board area are. A popular solution
to these requirements is an isolated buck power supply, which is a synchronous buck converter, with the inductor
replaced by a coupled inductor or flyback-type transformer. There is no need for an optocoupler or auxiliary
winding because the secondary output closely tracks the primary voltage, resulting in smaller solution size and
cost. The flybuck can support a simple, small, and cost effective power solution making it suitable as a flyback
alternative.

This application report presents the basic operating principles of a flybuck converter, shows some typical
operating current and voltage waveforms, and the key design equations are derived. The design example shows
a step-by-step procedure for designing one nonisolated and two isolated outputs with the synchronous buck
regulator TPS62933F.

The TPS62933F device is a 3.8-V to 30-V input voltage range, 3-A switching regulator, that has two integrated
switching FETs and internal loop compensation. By integrating the MOSFETs and employing the SOT-5x3
package, the TPS63933F achieves high-power density and offers a small footprint on the PCB.
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2 Flybuck Converter Device Overview
2.1 Operation Description

An isolated buck converter is a synchronous buck converter with the inductor replaced by a coupled inductor
or flyback-type transformer. The primary output is still regulated as in a sync buck. The secondary output is
generated by a diode rectifying the secondary winding. Figure 2-1 shows an isolated buck converter with two
outputs.

Vout2

louT2

V|N O RZ
CIN -1
— Voutt
Q
“ Coutt —— |:| R
Figure 2-1. Isolated Buck Converter With Two Outputs
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Figure 2-2 shows typical isolated buck operating waveforms, where V,y is the input voltage of the converter,
Vourt1 is the primary output voltage and Vo2 is the secondary output voltage. During Toy, the high-side
MOSFET Q4 is on and the voltage stress of the low side FET Q5 is the input voltage, V|n. The rectifier diode

D4 is turned off, because the reflected voltage across the secondary winding is negative and its voltage stress

is Nx(V\N-VouT1)+VouTe- The isolated output capacitor Coyry is discharged, supplying the load current, and the
primary side behaves identical to a buck regulator. During Torg, the low-side MOSFET is on, and the reflected
voltage on the secondary winding turns positive, forcing the diode forward conducting. The current in the primary
winding splits into two parts: one part continues to supply the primary output (the magnetizing current, i, similar
to a buck converter inductor current), the other part starts to flow to the secondary output. The secondary current
waveform is determined by the load, leakage inductance, and output capacitance.

A

Vin-Vours

Vori

v
-

-Vour

Vourz +(V\NN_ Vour) N2
1

Vo

ipri

Isec

Figure 2-2. Simplified Isolated Buck Operating Waveforms

The primary output voltage is the same as a buck converter and is given by Equation 1:

T
Vour1 = ﬁ‘/m =DxVy (1)
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The secondary output voltage is given by Equation 2:

N3
Vourz =Vour1 X 5y —VF (2)

where

* Ny and N, are the turns of the primary winding and secondary winding
* Vg is the forward voltage drop of the secondary rectifier diode

2.2 Equations for Maximum Output Current

In practice, the transformer has more or less leakage inductance, which determines the ramp rate of the current
in the secondary winding to charge the output capacitor. The simplified current waveforms in Figure 2-3 shows
its relationship with leakage inductance. With lower leakage inductance, the current ramps up quickly to a high
value, charging the output capacitor quickly. With the leakage inductance increasing, the current rises slowly,
which can result in less energy being supplied to the output capacitance and less output voltage. The higher
leakage inductance is the higher peak charging current obtained in secondary winding under the same output
power rate. A high negative current is reflected in the primary winding at the same time. Leakage inductance
along with duty cycle impacts not only the output voltage regulation, but also limits the output power resulting
from the minimum low-side sink current limit. Therefore, the leakage inductance must be minimized and the
maximum duty cycle must be chosen carefully to mitigate their impacts.

—_— Normal leakage @~ ~ ====== Higher leakage =~ =e=eeeeee Lower leakage

| + IOUTZ NZ
ouT1
N

Tpri

N AN Iori_negpk

lsec_pk

Isec

Figure 2-3. Current Waveforms Affected by Leakage Inductance

The winding and output currents have a relationship as shown in Equation 3 and Equation 4 on one cycle
average basis.

Ipri = louT1 (3)
Isec = IoyT2 4)

The magnetizing current in the transformer that combines the two windings current is identical to a buck
converter. Therefore, the magnetizing current ripple can be derived as in Equation 5.

_ in=Vour1) Your1 _ (Vin—Vour1) b

Ai = 5
m Lprixfsw  VIN Lyri fsw ®)

The positive primary winding and switching peak current during Ty is given by Equation 6.
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. . -7 N I Aty 6
LSw_pospk = tpri_pospk = louT1 + Np'ouT2 +— (6)

Implementing the principle of charge balance to the secondary output capacitor, the secondary winding peak
current can be approximately derived as Equation 7 for a higher leakage case.

Considering the worst case, the following equation is derived based on having higher leakage.

! 2
isec_pk = T=plouT2 (7)

Then the negative primary winding peak current can be derived as Equation 8.

; N2 - . Na 1+D\ Aim
lpri_negpk = — N_llsec_pk + ipri_pospk — Dim = — N_110UT2(1 - D) -—— +tlour1 (8)

In fact, we must ensure that during Ty the positive primary winding peak current does not exceed the minimum
high-side source current limit, ILIMyg(min), and that during Torr, the negative primary winding peak current does
not exceed the minimum low-side sink current limit, ILIM_ssocmin)- Therefore the positive and negative primary

winding peak current should meet that of Equation 9.

Ipri_pospk < THS_LIMIT (min) ©)

|ipri_negpk| = ILS_NOC(min)
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3 Design Flybuck With TPS62933F

Figure 3-1 shows the design example with the typical flybuck circuit, using the synchronous buck regulator
TPS62933F from TI.

Figure 3-1. TPS62933F Two Output Isolated Buck Solution

Table 3-1 lists the design specification.
Table 3-1. Design Parameters

Design Parameter Example Value
Input voltage range (V|y) 10Vto24V
Primary output voltage (VouTt1) 5V

Positive isolated output voltage (Vouto) 12V

Negative isolated output voltage (Vouts) -12V

Primary load current (loyt4) 1A

Positive isolated load current (IoyTo) 02A

Negative isolated load current (IoyTs) 0.2A
Switching frequency (fsy,) 500 kHz

In this example, one primary output and two isolated outputs are obtained. We will begin with the buck converter
component calculations and qualify the steps for the isolated configuration.

3.1 Primary Voltage and Turns Ratio

The primary-side, nonisolated output is set to 5 V for several considerations. First, the setting is below the
minimum input voltage, 10 V, and the theoretical duty cycle varies from 20 to 50 percent at the full V| range,
which is a balanced duty cycle during normal operation. Because the isolated outputs only have the off-time
window to transfer energy, for a duty cycle that is too high, the secondary winding current will have a huge spike,
which leads to poor regulation. Next, the turns ratio of the transformer is not too high to handle for the 5 V
voltage level steps up to 12 V. Last, 5 V is one of the most common voltage levels in many applications. In this
design, a transformer turns ratio (N4:N5:N3) of 1:2.5:2.5 is selected (see Equation 10 and Equation 11).

Ny
Vourz =Vour1 X iy —VrF =12V (10)

N3
\Voursl = Vour1 gy —Vr =12V (11)

In this design, the Vg is targeted at 0.5 V.
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3.2 Feedback Resistor

With the expected primary voltage set point at 5V, and Vgg = 0.8 V (typical), Vout1 is calculated to be as in
Equation 12:

R
Vour = Vesx (1+72) (12)
Start with 10 kQ for the lower resistor divider, R8 = 10.2 kQ (see Equation 13).

Vout1 —VFB
R =WTR8 (13)

Next choose R7 = 53.6 kQ. The 49.9-Q resistor, R5, is provided as a convenient location to break the control
loop for stability testing.
3.3 Rectifier Diode

The rectifier diode D4 and D,, must meet the blocking voltage and maximum current requirements (see Equation
14, Equation 15, Equation 16, and Equation 17).

Vp1 = (VIN(max) - VOUTl) X x—i +Vour2 = 57.6V (14)
Vp2 = (VIN(max) - V0UT1) X x—f +Vours =57.6V (15)
ip1_pk = ﬁwlowz =084 (16)
ip2_pk = %IOUB =0.84 (17)

Considering the voltage spike and keeping some margin, as well as the less forward voltage drop, a schottky
diode of 70 V or higher reverse voltage rating is required. A 70-V, 2-A diode is selected for each rectifier diode in
this design.

3.4 Primary Inductance

For the TPS62933F, the minimum high-side current is 4.2A, and therefore the maximum magnetizing current
ripple that can be tolerated is given by Equation 18:

. N» N3
Al =2X (IHS_LIMIT(min) - (IOUTl +wlovrz + N_110UT3>) = 4.484 (18)

Using Equation 18 for the maximum magnetizing current ripple calculation, the minimum primary inductance is
given by Equation 19.

Lo (Vin(max) ~Vour1) Vour
pri(min) = Ny X sy VIN(max)

=1.77uH (19)

Too much high Ai, may not be good for the efficiency and output voltage ripple. Assuming the 40% ripple of the
rate output current of the device, then the optimized minimum primary inductance is given by Equation 20:

L= (VIN(max) - V0UT1) Vour:  _
pri 04x3xfsw  VIN(max)

6.6uH (20)

We chose 6.8 pH for the primary inductor, therefore Aimmax) = 1.16 A. When all the outputs are with full loading,
the positive and negative primary winding peak current is the highest and check the peak value not be over the
high side FET over current limit (see Equation 21).
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. N» Alm(max)
isw_pospk(max) = lovr1 + glovr2a + ——7 = 2.544 (21)

The primary output side is not always loaded, and without the primary load, the negative current is more obvious.
So consider the worst case, oyt = 0 A, and the secondary output side with full loading, check the negative
primary winding peak current, as given by Equation 22.

. N3 N3 1+D) _ Al
ISW_negpk(max) = — (N—llourz + N—110UT3)(ﬁ) -t +Igyr1 = — 124 (22)

For the TPS62933F, the minimum high-side source current limit, ILIMys(min), is 4.2 A and the minimum low-side
sink current limit, ILIM_ssoc(min), is 1.2 A. Therefore the positive and negative primary winding peak current can
meet the current requirements with the normal leakage of a transformer.

3.5 Primary Turns

A coupled inductor or a flyback-type transformer is required for flybuck topology. Calculate the minimum primary
turns for a flyback-type transformer using Equation 23.

_ Lpri X isw_pospk(max)

Ny Bmax X Ae

(23)

where

*  Bpmax is the maximum flux density.
* A is the effective core area of the chosen transformer.

In this design, the 750345248 inductor from Wiirth is selected for the transformer. Wurth offers many other
flyback-type transformers and ready-made coupled inductors, in a variety of standard values, saturation currents,
and sizes.

3.6 Input and Output Capacitor

The TPS62933F device requires an input decoupling capacitor and, depending on the application, a bulk input
capacitor. The typical recommended value for the decoupling capacitor is 10 yF, and an additional 0.1-uF
capacitor from the VIN pin to ground is recommended to provide high frequency filtering.

The value of a ceramic capacitor varies significantly over temperature and the amount of DC bias applied to the
capacitor. X5R and X7R ceramic dielectrics are recommended because they have a high capacitance-to-volume
ratio and are fairly stable over temperature. The capacitor must also be selected with the DC bias taken into
account. The effective capacitance value decreases as the DC bias increases. The capacitor voltage rating
needs to be greater than the maximum input voltage. The input capacitor must be large enough to limit the input
voltage ripple, see Equation 24.

Ny N3
lour1 + w7 lour2 + Jlours

Civ 2 4X fow X AVN

(24)

Choosing AV|y= 0.2 V gives a minimum of C;y= 4.9 uF. Considering derating, two standard value 10-uF, 50-V
capacitors are selected for better input ripple performance. Another 0.1uF capacitor has been added as a
bypass capacitor to clear high-frequency noise.

Energy is transferred from primary to secondary when the synchronous switch of the buck converter is on. The
primary output capacitance is given by Equation 25.

Np N3
N_110UT2 + N—110UT3 X Dy
fswx AVoyri

Cour1 2 (25)

Choosing AVoyt1= 0.05 V gives a minimum of Coyt1= 19.2 yF. Considering derating, two standard value 22-pF,
35-V capacitors are selected.
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The secondary output current is sourced by Coyto during Ton. Ignoring the current transitions time in the
secondary winding, the value of the secondary output capacitor can be calculated using Equation 26.

louT2Pmax

fswx AVour2 (26)

Cout2 2

Choosing AVgyTo= 0.05 V gives a minimum of Coyto= 4 pF. Considering derating, two standard value 10-pF,
50-V capacitors are selected, the same as the Coyrs.

3.7 Pre-Load

Pre-load is necessary to prevent Voyto and Voyts from going too high at light load. The required pre-load
current is usually set around 5 mA as a starting point, but it should be adjusted based on the circuit test and
application requirements. In this design, the pre-load resistor is selected as 2.2 kQ for £12-V outputs. Users can
use a Zener diode instead of the pre-load resistor to increase the transfer efficiency.

3.8 Factors Affecting Voltage Regulation

A flybuck converter regulates the primary output voltage with a closed-loop controller. The isolated output
is achieved by rectifying the secondary winding of the coupled inductor when the low side MOSFET is

on. Therefore the isolated output regulation is passive, affected by the winding leakage inductance, winding
resistances, diode drop, and low-side MOSFET, Rpson.

3.9 Avoiding Low-Side Sink Current Limit

In a flybuck application, the isolated output power rate may be limited by the low-side sink current limit.
Therefore, users must select design parameters elaborately to promote the isolated power rate. The key factors
affecting the negative primary winding peak current are Dp,ax, N2/N4, N3/N4, and the output current. The following
tips are for trying to keep the margin:

1. Select a reasonable range of duty cycle. TI recommends a duty cycle ranging from 20% to 50% in most
cases. Users can reduce D, by setting a lower primary voltage or increasing the minimum input voltage to
increase the negative current margin.

2. Minimize the leakage inductance. Leakage inductance is a crucial factor determining the ramp rate of the
current in the secondary winding which charges the output capacitor. A nominal amount of leakage is within
1% of primary inductance.

3. Pick the correct turns ratio. A lower turns ratio (isolated side to non-isolated side) results in a lower reflected
current in the primary winding.

4. Raise the non-isolated output power, which will reduce the negative winding peak current.

5. Reduce the isolated output power. This is the most direct way to lower the level of the negative current.
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4 Experimental Results

Steady State Waveforms (V\y = 10V, loyt1 =1 A, lout2 = 0.2 A, and lpyTs = 0.2 A) through x show the
experimental test results of Figure 3-1.
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Figure 4-1. Steady State Waveforms (V;y =10V, Figure 4-2. Steady State Waveforms (V|y =10V,
IOUT1 =1 A, IOUTZ =0.2 A, and IOUT3 =0.2 A) IOUT1 =0 A, IOUTZ =0.2 A, and IOUT3 =0.2 A)
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Figure 4-3. Ripple Voltage Waveforms (V\y =10V, Figure 4-4. Load Step Response 50 mA to 200 mA
IOUT1 =1 A, IOUTZ =0.2 A, and IOUT3 =0.2 A) (VIN =10 V, IOUT1 =0 A, and IOUT3 =0 A)
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5 Conclusion

This application note presented the operating principles of a flybuck converter, showed typical operating current
and voltage waveforms, and provided a detailed, step-by-step design example which explained how to select
the external components. Data and waveforms tested based on the example design show that the flybuck can
support a simple, small, and cost effective power solution, making it suitable as a flyback alternative, and the
TPS62933F makes the advantage more obvious.
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