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ABSTRACT

The Texas Instruments LM3481 boost controller is a versatile low-side N-FET high-performance controller
for switching regulators. The device has wide range of applications such as automotive start-stop
application, one-cell or two-cell Li-ion battery-powered portable Bluetooth audio system, industrial system
isolated supplies, and so forth, and supports topologies like boost, SEPIC, and flyback. This application
note describes the design principles of the flyback converter with the circuit operation based on LM3481.

The report is broadly divided into three parts:

1. Principle of flyback converter and features of LM3481

2. Step-by-step calculation followed by simulation (on Simplis)
3. Test bench results
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1 LM3481 Description

The LM3481 is a versatile low-side N-FET controller which has a wide input supply voltage range of 2.97
V to 48 V and can easily configured in topologies like boost, SEPIC, and flyback. Current mode control
provides superior bandwidth and transient response in addition to cycle-by-cycle current limiting. Figure 1
shows the pin configuration of LM3481.

ISEN _1 [ ] & VIN
uvLo —34 2 Voo
comp —3§ LM3481 8 bR
FB —4 7 pGND
5 6
AGND —2 ©  FASYNC/SD

Figure 1. LM3481 Pin Configuration

2 Principle of Flyback Converter

The basic operation of the flyback is illustrated through circuit shown in Figure 2. The flyback topology is
essentially the buck-boost topology that is isolated by using a transformer as the storage inductor. The
transformer not only provides isolation, but by varying the turn ratio, the output voltage can be adjusted.

The flyback converter operation is divided into two steps. In the first step, the switch Q is turned on and
energy is stored (from the input) in the primary winding of the flyback transformer. On the secondary side,
diode D is reverse biased and the load RL is supplied through energy stored in output capacitor Cout. In
the second step, the switch Q is turned off and the energy stored in primary winding is transferred to
secondary. The diode D is forward-biased and the energy is delivered to charge the output capacitor Cout
as well as supply to the Load RL.

There are three basic modes of operations in flyback: that is, CCM (continuous conduction mode), DCM
(discontinuous conduction mode) and CRM (critical conduction mode). The differentiation is based on
energy-transfer of the primary winding of the flyback transformer. In CCM flyback, part of the energy
stored in the flyback transformer remains in the transformer when the next ON period begins. Because the
energy transfer is not complete, that is, all the stored energy is not transferred when switch Q is OFF, the
primary current starts from a value greater than zero at the beginning of each cycle. The main waveforms
are shown in Figure 3.

In DCM flyback, all the stored energy from the secondary of the transformer is transferred to the output (to
charge output capacitor as well as to supply the load) in the OFF time of switch Q. As a result input - or
primary - current starts from zero at the beginning of each switching cycle.

The CRM flyback (also called transition mode (TM)), is just at the boundary between DCM and CCM,
occurring when the stored energy just reaches zero at the end of the switching period.
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In CCM mode (see Figure 3), the amount that the inductor current increases can be calculated by using a
version of the familiar relationship:

dip . AT
VL =L—5Ai =V —
L dt 'L L7
where
* V_is the voltage across the Inductor (1)

The inductor current increase during the ON period can be approximated as:

DxT,
Al ) =VINX{ 1 _Sj
pri

where
* L, is the primary inductance of the transformer
« D is the duty cycle of flyback converter
* T, is the switching time of the flyback converter (2)

The inductor current decrease during the OFF state is given by:
~ Vour xNps x(1-D)T
I-pri (3

In steady-state conditions, the current increase, Al,,, during the ON time and the current decrease during
the OFF time, Al ,, must be equal. Otherwise, the inductor current would have a net increase or decrease
from cycle-to-cycle which would not be a steady-state condition. Then the relationship of V, Vour and
duty cycle could be derived in Equation 4.

Al

V, D
Vour = 15
ps ——
where
* N is the turn ratio of primary windings to secondary windings 4)
Vi, Nps:1 N D Vout
! g
l Cin Lm = _Eoui R
I I | [
= — —|I Q
Figure 2. Topology of Flyback
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Figure 3. Flyback Main Waveform in CCM

3 Flyback Parameters Design

This section introduces flyback circuit design with details on transformer turns ratio, magnetizing
inductance calculation, MOSFET/Diode voltage stress, flyback small signal modeling, and loop
compensation.

3.1 Transformer Design

Flyback can be designed in CCM, DCM, or CRM mode based on the application requirements. CCM has
smaller ripple as well as RMS current, lower MOSFET conduction and turnoff losses, better full load
efficiency, and so forth. While DCM has no diode reverse recovery loss, lower inductance value which
may result into smaller transformer, better no load efficiency, and so forth. For the DC-DC application,
where the input voltage is low, CCM is an attractive option to minimize the primary RMS current
particularly in higher power systems even though the system's dynamic behavior is considerably difficult to
maintain. CCM is taken as an example in this report for a lower input voltage design application. The
transformer turn ratio N, could be derived as shown in Equation 5.

VIN_min « Dmax

N =
PS
VOUT 1- Dmax
where
e D, is the maximum duty cycle allowed in the design at lowest input voltage. (5)
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Suppose the efficiency of the flyback converter is n, the input power and output power relationship could

be derived as shown in Equation 6.
Vin Xy xDxn =Py

where

* | is the average current flowing in the transformer primary winding, which is also equals to the input

average current

Setting the magnetizing inductor current as:
Al =K Ly

where
e K is the fraction chosen

(6)

@)

According to Equation 2, Equation 4, Equation 6, and Equation 7, L,, function could be derived as shown

in Equation 8.
2 2
B Vf\l | Vourt *Nps
LM(VlN)—K <Py x f X >
L7707 Js (VIN +VOUT><Nps)
where

e P, is output power
» f,is flyback converter frequency

From this equation, it also could be observed that L,, has positive correlation with V. That means the
magnetizing inductor should be designed at highest input voltage to ensure the converter could run at

CCM during all the input voltage range.
The peak current flowing in the primary winding can be calculated as:

| _(1+KLJXPOX(VIN+VOUTXNps>
k_L=|1+—
P- 2 VIN X Vout xNxNpg

The calculated turns ratio, primary winding inductance and peak current can be used to determine the
magnetic core of the transformer, number of turns on primary and secondary windings, as well as wire

thickness.

3.2 MOSFET and Diode Selection

(8)

©

As shown in Figure 3, the voltage across the MOSFET during off time is V,y + Vour X N,s and across the

diode when it is reversed biased is Vo7 + Viy / N,. The voltage rating of the MOSFET and the diode

needs to be chosen with appropriate margin as both of them suffers from high voltage spike. In case of

MOSFET, the primary leakage inductance resonates with output capacitance of MOSFET and similarly in

case of diode, secondary leakage inductance resonates with diode capacitance and results into high
voltage spikes. Considering the spike voltage, usually choose 1.5~2 times of the voltage stage as the
voltage rating to ensure sufficient margin.

The voltage rating of MOSFET and Diode could be derived as shown in Equation 10.
Vgs_mos =(1.5~2)x (VIN_MAX +Vour % Nps)

\/|N MAX
VR_diode = (1-2 -~ 1'5)X[VOUT +N——

ps (10)
The current RMS rating of MOSFET and Diode could be derived as shown in Equation 11.
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2 2
| - IDx Vout *lour + (K xIv)
dsRMS Vi <D 3
2
K; xI v xN
2, (KUxhy <Nps )
Ik_diode = ,|(1-D)x| lour + 3
11)

The current rating of MOSFET and Diode should at least be I, . and loyr respectively.

3.3 CCM Flyback Small Signal Modeling

Figure 4 is LM3481 functional block diagram and Figure 5 is the Peak Current mode overall control
implementation. The I, (inductor current) disturbance includes two parts: V,, and duty cycle, which is
generated by the comparison of a current sampling RAMP and output of the EA (Error Amplifier). As the
current waveform is in conjunction with external ramp, the modulator gain of the circuit F,, is:

1
Fn=—=—"—"-=—
(Sh+Se)Ts (12)
The meaning of PCM control implementation parameters are shown in Table 1.

Table 1. The Meaning of PCM Overall Control Implementation Parameters

Ts Switching period Hvoi(s) I, to output voltage transfer function
On-time slope of the sensed-current . . -
S, waveform Hea(s) Gain function of the error amplifier
Se External ramp Hdiv(s) Gain of the divided resistor network
Ri Current sample resistor He(s) Sample-and-hold system gain function
Hdi(s) Duty cycle to |, transfer function Hvi(s) Input voltage to |, transfer function

Figure 6 is the average small signal model of flyback converter. According to the KCL and KVL principle,
use Equation 13 and Equation 14:

Dx ¥y, (s)+ (V|N +Nys X Vour ) xd(S) = Ly X L (S) +Nys x Vo (S) (13)

s Vout A ~ Vout (S
(1_ D) x Nps Xkm (S) = %d(s) +5Cout X Vout (S) + %()
Ld L (14)

To separate the small signal disturbance, the gain function from duty cycle to inductor current could be
calculated as shown in Equation 15.

V, 1 V,
- sC ><|N+><(|N+V xDxN j
B PIE P e v
i =
d(s) (VleDT Lin

+ ™ s+8%L, Cout

RL (15)
Considering the practical crossover frequency is much higher than the corner frequency with PCM control,
simplify Equation 15 to Equation 16:

Vour

Vin
EJ’_\/IN XDXNps

Lm (S)
Hoi(s)= ="~ T
d(s) m XS (16)
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Figure 5. The Overall Control Implementation
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Figure 6. The Small Signal Model of CCM Flyback Converter
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The gain function from magnetizing inductor current to output voltage could be calculated as shown in

Equation 17.
A Ny X 1—st
Hyo (S) = Vo(s) _ i Vin xR
VO -2 -
km(s)  $*Cout +i>< L +DxNpg
1-D R, -D (17)
The sample-and-hold system gain function is as shown in Equation 18.
To xS s s?
He (s) = =2 ~1-
e (S) elsss _1 7 * 2
()
Ts (18)

Ignore the disturbance of VIN, the control block for current regulation loop could be found in Figure 5 as
below:

Y

—C’C":)_—>| Fm I—d’|Hdi(S)|—iLm—’
——{ He(9J¢— R |«

Figure 7. Control Block For Current Regulation Loop

The gain function from comp voltage to inductor current is shown in Equation 19.
in(s FxHg (s
H(s) = () a(s)

The gain function from comp voltage to output voltage is shown in Equation 20.
\70 (S) _ Fm XHdi(S)XHiVO (S)
\7C (S) 1+ He (S)XRi XFm XHdi(S) (20)

PS(s) =

3.4 LMA431 and Optocoupler Modeling

For the best output voltage accuracy, this design uses secondary-side regulation with a shunt regulator
driving an optocoupler to control the COMP pin voltage of the LM3481. The FB pin of the LM3481 is
grounded.

Note that the compensation shown around LM431 consists of a resistor R1 and a capacitor C1, which
provide a zero in the compensation network. The C,,, represents the output capacitance of the
optocoupler. R2, C2 usually are the compensation circuit connected to the IC comp pin.

The gain function from comp voltage to inductor current is shown in Equation 21.

Hea (S) = Veomp (S) _ KoptoRup (Ry +Rfpy ) xCy xs+1 R,C, xs+1
EA =T ==
Vo(8) Ropto Rip1Cy1 xS RoR,sCoCopto ¥ 8° + (CzRup +CoptoRup +R2Co ) xs+1
(21)
Usually C2>>C,,,, the Hga(S) could be simplified as shown in Equation 22.
H (S) _ Vcomp (S) _ KoptoRup (Rl + bel) x Cl XS+ 1>< R2C2 xs+1
EALS) = ==
Vo (s R R Cy xS [ ]
o(s) opto 1C1 (Ry +Ryp)Cyxs+1 @2
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Figure 8. Typical LM431 Configuration With Output Bias and Optocoupler

4 LM3481 Flyback Parameters Design

Table 2 gives the performance specification of the example design presented. A CCM flyback was
selected for this application.

Table 2. Design Specifications

PARAMETER EXAMPLE VALUE
Vin min 5VvDC
Vin max 32VDC
Vout 12 vDC
lout 2 max
Target switching frequency 130 kHz

4.1 LM3481 Flyback Transformer Design

Maximum duty cycle of LM3481 is 0.85. Considering the tradeoff between Vs yos and Vg gioges S€t Doy =
0.7. The N, could be calculated as shown in Equation 23.

Setting f, = 130 kHz, K, = 0.2 and n = 0.85, the curve of L, and V,, relationship could be derived as shown

in Figure 9. Choose L, = 12 pH.

N _Vm_manX Dimx  5x07
ps - =
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12.0

/

Lm(uH)

4.0 /
e

5 14 23 32
Vi n(V)

Figure 9. The Curve of Lm and Vin Relationship

Peak Primary Winding current can be calculated as shown below:

[ = (1+ ﬁjx Po ><(VlN_min +Vour % Nps)

bk_Lm ~9.13A

ViN_min X VouTt XM xNpg (24)

Use 30% to 40% headroom on the Peak primary current to calculate the current sense resistor.

The limit on the ISEN pin of LM3481 is 100 mV so the current sense resistance can be chosen as
100 mV /12 A = 8.33 mQ. A current sense resistance of 6 mQ was chosen for this application.

4.2 LM3481 Flyback MOSFET and Diode Selection
According to Equation 6, the voltage stress of MOSFET and Diode is:
Vds_MOS = Vin_max + Vg x Nps =44V
Vds_diode =V, + Vin_max /Nps =44V (25)
2 2
V, I K, xI
lysrms =, [D x| | =2 “our +( L) =10.86 A
Viy xD 3
2
K xl v xN
2 ( L *M ps)
IR diode = (1- D)x IBuT +f =0.31A
(26)
To get good thermal performance, reasonable package for diode and MOSFET are needed to be chosen
beside ensuring required voltage/current rating. Here MOSFET CSD19502Q5B (80V/100A, DNKOOO8A)
and diode V10P-M3/86A (100V/10A, TO-227) are chosen.
4.3 LM3481 Flyback CCM Flyback Transfer Function
Figure 10 shows the final application schematic of the flyback solution based on LM3481.
LM3481 has an internal V (90 mV) slope compensation to avoid sub-harmonic oscillation when duty
cycle is larger than 0.5. In 12Vin and 12-V, 2-A output condition, the modulator gain of the circuit Fm could
be derived as shown in Equation 27.
- V xD
S, =thi =6x10°; Se A Nl =5.85x10°%; F,= 1 =10.97
Ly, T (Sn +S; )Ts 7)
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Figure 10. LM3481-Flyback Schematic
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According to Equation 11 to Equation 16, Hdi(s), Hivo(s), He(s) and H(s) transfer function could be
derived. Figure 11 shows the Mathcad calculated Bode plot of LM3481 flyback converter, and Figure 12
shows the simplis simulation schematic and results. It could be observed that the right half plane zero of
flyback converter is at 33.2 kHz. The calculated results match the simulation results very well.

60
% 40 g
@ 20 %
j %
g O o
3 =
c?l -20 £
= I =300
T 40 3
© &
-60
1 10 10* 10® 10* 10° 10° 1 10 10° 10° 10* 10° 1¢°
Frequency(Hz) Frequency(Hz)
Figure 11. Calculated LM3481-Flyback Bode Plot — Gain- Figure 12. Calculated LM3481-Flyback Bode Plot —
Frequency Phase-Frequency
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Figure 13. LM3481 Simplis Simulation Schematic
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Figure 14. LM3481 Simplis Simulation Results

4.4 LM431 Compensation Circuit Design
Equation 18 provides a two-zero two pole compensation function. This section will introduce a step by
step method to design the compensation circuit.
44.1 Step 1: Determine the Feedback Resister
Rfb1 and Rfb2 determine the output voltage. The reference voltage of LM431 and output voltage are
V=25V andV,, =12V respectively. Choose Rfb2 = 1 kQ, Rfb1 could be calculated as shown in
Equation 28.
V, -V,
bel = be2 X o—ref =3.8 kQ,
Vref (28)
4.4.2 Step 2: Determine the Rup and Ropto, Kopto
As shown in Equation 22, the ratio of the pullup resistance R, and R, has an impact on Mid gain of
compensator. Setting the collector current of 1mA on the opto coupler gives the pull resistance of 4.7k
(pullup voltage V /1 mA). Now the CTR (K, -current transfer ratio) is close to 1 for the chosen
optocoupler. This results in the optocoupler LED current of 1 mA which is used to determine maximum
allowed Ryy. NoW Ry = (VourVierVien) / 1 mA where Vigp = 1V and Vi =2.5 V. This gives maximum
value of R,,, as 8.5k. A 3K-Q resistor is used for this application.
443 Step 3: Calculate the value of R1, R2
Before designing the RC network, usually need to determine the crossover frequency first. In this case we
set fc = 3 kHz. Figure 11 shows that the current loop DC gain at 3 kHz is about 16.2 dB. That means, the
compensation circuit need to provide a —16.2-dB gain at 3-kHz frequency to get a 3-kHz crossover
frequency. Meanwhile the gain-frequency must pass across 0 db with —20 dB/dec to ensure enough phase
margins.
The Mid-frequency gain of Hga(S) is Koo X Ryp X R1/(Ryy X Rfb1), so R1 could be calculated as shown in
Equation 29.
10(-162/20) b
Rl _ fbl opto —374 0
Kopto x Rup (29)
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To reduce the variables and simplify the design, setting R2=R1=374 Q. Then the compensation transfer
function could be considered as one-pole one-zero system.

4.4.4 Step 4: Calculate the Value of C1, C2

The RC network (R1C1 and R2C2) is used to provide a zero to boost the phase and are placed below the

crossover frequency. In this application zero were set at f,,,, = 400 Hz. C1 and C2 could be calculated as
shown in Equation 29.

C,=C, = L
1 2_2n><R1

=1uF
(30)
Figure 15 shows the Mathcad calculated Bode plot of compensation circuit, and Figure 17 shows the

simplis simulation schematic and results. It could be observed that the calculated results and simulation
results matched well.
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Figure 15. Compensation Circuit Bode Plot Calculated Figure 16. Compensation Circuit Bode Plot Calculated
Results — Gain-Frequency Results — Phase-Frequency
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Figure 17. Compensation Simplis Simulation Results

45 LM3481 Flyback Loop Response Performance

Figure 18 and Figure 20 show the calculated and simulation results of LM3481 flyback after
compensation. It could be observed that the crossover frequency Fc is exactly at 3 kHz and there is about
77° of phase margin. The calculated results and simulation results matched well.
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Figure 18. LM3481 Flyback Bode Plot Calculated Figure 19. LM3481 Flyback Bode Plot Calculated
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Figure 20. LM3481 Flyback Bode Plot Simulation Results

5 Bench Verification

Figure 21 and Figure 22 show the output voltage ripple and rectifier diode switching waveform (anode to
ISO GND) for the LM3481-FlybackEVM. The output current is the rated full load of 2 A and at of V,y = 5.5
V and 28 V respectively. It can be observed that the design works in CCM mode over wide input range.

16 LM3481, LM3488, and LM3478 — How to Design Flyback Converter With SNVA761A-September 2016—Revised April 2019

LM3481 Boost Controller Submit Documentation Feedback
Copyright © 2016-2019, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SNVA761A

13 TEXAS

INSTRUMENTS
www.ti.com Conclusion
— 1AARAA.
™ fr ™ M a ™
Figure 21. Maximum Output Ripple at Different Input Figure 22. Maximum Output Ripple at Different Input
Voltage - V,y,=5.5V Voltage - V,, =28V

Figure 23 shows the LM3481-Flyback load transients performance. The current step is from 50% to 100%
of maximum rated load at V, = 12 V with 70-mA/us slew rate. Figure 24 shows the loop-response
characteristics. Gain and phase plots are shown for V voltage of 12 V with load current of 2 A, which is
verified with the previous theory analysis.

I R

Figure 23. Load Transient Response at 12 VIN
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Figure 24. LM3481 Flyback EVM Bode Plot Tested Results

6 Conclusion

The LM3481 device is a versatile low-side N-FET high-performance controller which can support Wide Vin
of 2.97 V to 48 V and can easily be configured in flyback topology in various isolated as well as non-
isolated single or multiple output applications.
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