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Calculating External
Components
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Scope

This document describes how to calculate external
component values for the NCP1080, NCP1081, NCP1082
and NCP1083 integrated POE-PD and DC-DC converter
controller and elaborates on implementation details, without
delving into theoretical details. Examples are illustrated
with the use of the supplied calculation scripts.

Introduction

The NCP108x are robust, flexible and highly integrated
solutions targeting demanding medium—- and high—power
Ethernet terminals. The combination of an enhanced
PoE-PD fully compliant with the IEEE 802.3af and IEEE
802.3at specifications for the NCP1081 with a highly
efficient SMPS, in a single device, offer new opportunities
for the design of products directly supplied over Ethernet
lines. Elimination of the need for any local power adaptor or
power supply drastically reduces the overall installation and
maintenance cost.

ON Semiconductor’s unique process and design
enhancements allow the NCP1081 to power PoE systems
with up to 40 W. The NCP1080 is designed to support power
levels up to 15.4 W, according to the IEEE 802.3af
specification.

The hot swap PD switch and programmable current limit
are designed for high power applications. The handshaking
for power requirements for the IEEE 802.3at standard
supports Type 1 and Type 2 classification with Layer 1
single and dual events as well as Layer 2 classification.
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APPLICATION NOTE

Additional proprietary handshaking is implemented as a
fifth class to program with an external resistor.

The ON Semiconductor vertical N-channel DMOS
device is inherently robust for fast transients. This results in
cable ESD levels of 2 kV (on the RJ45 connector) and HBM
ESD levels of 2 kV.

The PWM controller facilitates single—ended SMPS
power supply topologies such as fly-back and forward
converters. The control scheme is based on peak current
control. This control allows line feed—forward,
cycle-by—cycle current limitation and simple feedback
compensation.

The inrush current limit, operational current limit,
operating frequency and soft start time are programmable,
depending on the requirements of the application.

This application note attempts to give a step—by-step
approach to the implementation of a stable power supply. All
aspects of the process from converter architecture to the
PCB layout guidelines are explained, while trying to
minimize the mathematics necessary to perform the steps.
Converter transfer functions are not deduced as literature on
these topics is widely available.

An isolated fly—back topology is described in this
document. Other topologies are discussed in separate
application notes.

Although the document mostly references the NCP1081,
the discussed principles and calculations for the external
components are equally valid for the NCP1080, NCP1082
and NCP1083.

Publication Order Number:
AND8332/D
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CURRENT MODE CONTROL, ISOLATED FLY-BACK CONVERTER
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Figure 1. Isolated Fly-back Converter with Bias Winding and Diode Bridge
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Figure 2. Primary Circuitry of the Flyback Converter Using Active Rectification for Better Overall Efficiency
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The Isolated Fly—back Converter with Bias Winding and
diode bridge is shown in Figure 1. The primary circuitry can
use also the active rectification bridge for better overall
converter efficiency(Figure 2).

We will calculate or decide on the values for the
components listed in Table 1.

Table 1. LIST OF COMPONENTS

PoE-PD SIDE DESIGN

Detection and UVLO Setting

During the detection phase the input impedance of the PD
device is measured by the PSE and should, according to
IEEE 802.3af/at, be included between 23.75 kQ and
26.25 kQ. The NCP108x can either use its internal under
voltage lockout setting of 37.5 V, or an external resistor
divider can be used to tune the UVLO. The NCP108x will

Name Description not allow operation of the power converter unless the sensed
Cout1,2 DC-DC output capacitor line voltage is above the UVLO pin limit (internal or
external). or the sum of Ryet1 and should hence be
Cpai2s | DC-DC input capacitor )- Raet - det1 and Ryery .
< 25.5 k€. The UVLO limit, Vyyio_on, should be configured to
Res Ressistor for current sensing the low-line design parameter of the converter. In most
Rg Resistor for extra slope compensation (optional) cases this will be 36 V. Use Equation 1 to calculate Rqei and
Rclass Resistor setting the classification current level Reet-
- - - — \Y,
. uvlo_ref
Rinrush Resistor setting the inrush current limitation level Rdet2 _ " _ o5 5KkQ (eq. 1)
Rilim1 Resistor setting the operational current limit level Vuvlo_on
Ciine Input line capacitor and
Zline Tranzorb (transient voltage suppression diode) Rdetz + Rden = 255 kQ
Rdet1 Detection signature and external UVLO pro- _
grammable resistor 1 where Vyyio ref=1.2V
Reto Detection signature and external UVLO pro- Classification
grammable resistor 2 IEEE 802.3af/at specifies five power classes (0 — 4).
Csni Snubber capacitor for the switching transistor During classification the PSE equipment will sense the
Rsn1 Snubber resistor for the switching transistor current th?t flows through RCI“?S to determine what power
' . consumption class the PD equipment belongs to. Table 2
Csn2 Snubber capacitor for the power diode indicates what resistor value to use for R, for the different
Rsn2 Snubber resistor for the power diode classes. Note that a fifth non—standard high—power class is
Rib1 Resistor for the voltage feedback system defined to enable the NCP1081 high power capabilities.
Rp2 Resistor for the voltage feedback system
- Table 2. IEEE 802.3AF/AT POWER CLASSES
Rtz Resistor for the voltage feedback system
. . R Rclass
Rbias1 Resistor for extra biasing current in the opto-
coupler (optional) © Power Class
Rpias2 Resistor for extra biasing current in the TL431 10k Class 0:15.4 W
shunt regulator (optional) 130 Class 1: 4 W
Ctp1 Capacitor for the voltage feedback system 69.8 Class 2: 7W
Ctp2 Capacitor for the voltage feedback system 442 Class 3: 15.4 W
Row Current limiting resistor for bias winding usage 30.9 Class 4: IEEE 802.3at device class
Ried Current limiting resistor for n"CLASS_AT LED 221 Class 5: NCP1081 class, power levels exceed-
ing IEEE 802.3at level
Cia Capacitors for noise reduction on the Ethernet n9 802.3at levels
magnetics The IEEE 802.3at specification describes a second
Cuad Decoupling capacitor for VDDL low voltage reg- classification event to let the application know if higher
ulator power (higher than IEEE 802.3af power levels) can be
Cuddh Decoupling capacitor for VDDH high voltage switched on. This second classification is either supported
regulator by hardware (NCP1081, not NCP1080) or by software on a
Row Resistor setting the PWM switching frequency network processor, powered by the NCP1081. The PSE
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decides which classification will be executed. When the
hardware classification is complete the nClassAT pin is low.
When the hardware classification is not executed, meaning
that either the PSE is IEEE 802.3af compliant or that the
high power capabilities will be exchanged by the network
protocols, the nClassAT will remain high. The LED
connected to nClassAT will only light when the second
event hardware classification has completed.

Programmable Current Limitation

Inrush Current Limit
Table 3 lists the typical values for Rijnrysh.

Table 3. PROGRAMMABLE INRUSH CURRENT

Rinrush (K) Min Typ Max Unit
150 95 125 155 mA
57.6 260 310 360 mA
Operational Current Limit
Table 4 lists the typical values for Rjjim1.
Table 4. USEFUL VALUES FOR Rijim1
Rilim1 (KQ) Min Typ Max Unit
84.5 450 510 570 mA
66.5 600 645 690 mA
56.0 720 770 820 mA
36.5 970 1100 1230 mA

Note that non—standard compliant current can be achieved
by lowering Riliml. Keep in mind that the absolute
maximum rating for the current through the NCP1081 is
1.23 A. Note that the board layout should allow proper
thermal conductivity to avoid exceeding the maximum
junction temperature.

Diode Bridge and Cjjne

Cline should be a 100nF ceramic with low ESR (< 0.1 €2)
and 20% tolerance. The diode bridge should be dimensioned
to allow the maximum current that is chosen for the design.

Power Stage Design

Decide on the System Parameters and Transformer to
Use

Table 5. INPUT PARAMETERS

Parameter Description
Vin Ethernet input voltage. Take into account the
drop over the diode bridge.
Vout The desired output voltage
Lorim The inductance of the primary of the trans-
former
N The transformer turns ratio
Pout The desired output power
Viipple The desired output ripple
fs The desired PWM switching frequency

The switching frequency (fs) supported by the NCP108x
ranges up to 500 kHz. Higher frequencies reduce the size of
the transformer but may have adverse effects on other
parameters such as switching loss. The designer will have to
find an optimum between power consumption and material
cost.

Note that this entire design guideline is focused on the
implementation of a current measurement feedback loop on
top of voltage feedback.

Configure the Switching Frequency
The PWM switching frequency is configured by an
external resistor Rygc. Rosc is calculated using Equation 2,
below.
38600
fs

Rosc = kQ (eq. 2)

Where f (kHz) the desired switching frequency

Continuos Conduction Mode (CCM) or Discontinuos
Conduction Mode (DCM)

Note that the NCP108x is designed to operate in
continuous conduction mode (CCM) and discontinuous
conduction mode (DCM). Pros and cons exist for both
modes of operation. In CCM, the ripple current is smaller
and possibly a smaller output capacitance can be used. In
DCM, the conduction losses are higher (because the currents
are higher) but the switching loss is smaller (due to current
being zero when switch opens). Also in DCM, a smaller
inductor or transformer can be used, leading to lower
leakage inductance. On the other hand, the AC losses in the
DCM transformer may become dominant. Due to the higher
currents in DCM, the DCM converter creates more EMI.

http://onsemi.com
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Figure 3. CCM/DCM

Switching frequency, transformer induction and load are
parameters that make the converter run in one or the other
mode. The transition from one to the other mode depends on
these three values. The point where the system transitions
from DCM to CCM is called the critical conduction mode.
Correspondingly, we can define the critical load, frequency
and induction.

2L fg-n2 Rc - (1 — D)2
Re=——— Lo=—"—
(1—D)2 2'fs'n2
.3
R.(1 — D)? (eq.3)
Fo=———
2:Lg-n

The design procedure described in the following sections
focuses on CCM operation. Equation 3 can be used to find
out how far the design is from running in one or the other
mode.

Calculate the Duty Cycle

First calculate the converter duty—cycle D from the
assumption that in one full cycle the secondary voltage
should be zero and thus equal the shaded areas of Figure 4
where T is the period.

VA
Vin.n

(1-D)T

DT

V()Ut

Figure 4. Determining the Duty-Cycle

V
out _ n D (eq. 4)
V, 1-D
or
D = Vout
Vout + r]Vin

The NCP108x supports duty cycles up to 0.80. Use
Equations 5 and 6 and the data of the chosen transformer to
calculate whether or not the maximum duty cycle can be
met. Note that the duty cycle is at a maximum when the input
voltage is at its lowest (low line), therefore we use Vi, min-

Also take into account the forward voltage drop of the diode
(typically 0.5 V).
Vi TonN; = VouToiNo

out' o
N1 Dmax Vin_min (ea. )
=
N, 1 — Dmax Vou
h
Np
= Dmax = N v (eq. 6)
M n in_min
N2 Vout

Calculate the Various Currents

I peak_pri
Iavg_pri
t
>
> {4 ,l
Ton To " S———YoT--| g1 T]
t
»

Figure 5. Primary and Secondary Currents (ccm)

Average currents, during Top:

Ia\vg pri = POU‘
N Vin * D Nyanstormer (eq.7)
Iavg_sec = %
out
Magnetizing currents:
Lo YmP
mag_pri Lpri s
(eq. 8)
|mag o = (Vout + Vdiode) -(1-D)
B Lsec - fs
Peak currents:
Imag_pri
Ipeak_pri = Iavg_pri + T
(eq.9)
Imalg_pri
Ipeak_sec = lavg_sec +

2
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RMS currents:

| _ Pout
rms_pri —
Vi © /D - Niransformer (eqg. 10)
Pout
Iavg_sec =
Vout - V(1 = D)

Output Capacitance and Filter
Use the duty—cycle D to obtain a value for Cgy.

G low 2D
fV

= (eq. 11)
out Vout ripple

The parasitic effective series resistance (Regy) of the
capacitor Gy affects the output voltage ripple the most. The
ripple caused by Reg; is an order of magnitude larger than the
ripple caused by having a small output capacitance. The
required output ripple specification will not be met by using
an output capacitor only.

Take the closest standard value for the capacitor with the
lowest Reg. It is better to deviate from the calculated
capacitance value when there’s another capacitor value with
lower ESR. Equally important is to measure the chosen
capacitor or parallel capacitors on an impedance analyzer to
make sure the ESR is correct.

Cout /l\
/ LSCC\A
Y Y\
Coutl ~ -~ Cfl sz;; T~ Coutl

Figure 6. Adding an Additional Ripple Filter

An additional L-C filter should be added to meet the
ripple specification. A large capacitor should remain at the
side of the load to cope with load changes and to make sure
no stability issues arise from capacitive loading (due to shift
of the filter resonance frequency). Therefore, split the output
capacitance in two, or take an additional one (depending on
the ESR which should not increase) and place an inductor in
between to create an L—-C filter.

The damping of the L-C filter is given by Equation 12.
This equation can be rewritten into Equation 13 which gives
the product of L and C.

\ Z
[
roee = c (eq. 12)
Vripple_esr ZC + ZL
with
Z; = 1
2nfC

and
Z = 2nfsl
or
Vripple_esr - Vripple
LC = > (eq. 13)
Vripple(zufs)

Viipple 18 the desired output voltage ripple and Vijpple esr
is the voltage ripple that is generated over the ESR of the
output capacitor. The approximate current that flows
through the ESR resistor is the secondary peak current of the
converter, leading to Equation 14.

Vripple = Ipeak_sec Resr (eq. 14)

Choose a value for L and calculate the value for C. Next,
make sure the resonance frequency (Equation 15) is at least
two or three times higher than the cross—over frequency of
the closed loop converter (to make sure the resonant peak
stays well below 0 dB), but still lower than the switching
frequency of the regulator (to make sure switching noise is
filtered).

;
flc = (9. 15)

n/L2C
Stability Analysis of the Converter in CCM
Equation 16 shows the transfer function of the fly-back
converter in current controlled mode of operation. Note that
adding current measurement in the feedback loop has
advantages on top of implementing only voltage
measurement feedback:
— The feedback is immediate, current can be limited in
the same cycle,
— The order of the transfer function is reduced, leading to
a system that is easier to stabilize,
— The phase margin is better.

(1 ’ szsr) . (1 - ‘”z?hp) (eq. 16)
T (s) =K '
power_ccm S
1+ op
where
(D S (eq. 17)
zesr — eq.
Resr = Cout

(Wzegr 1S @ zero originating from the output capacitor and its
equivalent series resistor.

(eq. 18)

Wzrhp is a right half plane zero can be explained by the
phenomenon that when there’s a sudden load increase, the
duty cycle will increase instantaneously, building up higher
current but the voltage will drop temporarily until the
required current is present. Since this zero is located in the

http://onsemi.com
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right half plane, this leads to a gain boost and a phase lag
(which is not desirable and can lead to an unstable system).

_1+D

wp = (eq. 19)

RloadCout
wp , a dominant pole originates from the load and output
capacitor.

F{Ioad(1 - D)

= (eq. 20)
chsAv(1 + D)

where Ay = 2 for NCP108x

To investigate and improve the stability of the DC-DC
converter, the technique of frequency response
compensation is used.

This technique is based on the fact that any linear system
in steady state will show at its output a sine wave with
amplitude and phase when it is excited at its input with a sine
wave of given frequency, amplitude and phase. The
amplitude and phase of the output signal may be different
than those of the input signal, however the input and output
frequency will be the same.

This technique uses a Bode plot to assess the stability
criteria. A Bode plot consists of two drawings. One drawing
plots the magnitude of the output signal over the input
signal, using logarithmic scale. The other drawing plots the
phase of the output minus the phase of the input, using
logarithmic scale.

M(dB)

0 T >
\@1 meran Frequency

>
>

(log)

Phase (degrees )

A

Frequency (log)

Phase marginN

Figure 7. Phase and Gain Margin

-180]

A closed loop system is stable if the open loop frequency
response shows a gain of less than 0 dB at the frequency
where the phase shift is 180°. Gain margin is the value by
which the gain of the system can be increased, while keeping
the phase at —180° (Note 1), before the system becomes
unstable. Phase margin is the value by which the phase of the
system can be increased, keeping the gain at 1, before the
system becomes unstable.

A bigger phase margin lowers the peaking on transitions
and a higher system bandwidth increases the speed of the
system. The DC error (or static, or steady state error) is
reduced when the low frequency gain is increased.

Use Equation 16 to plot a Bode diagram and inspect where
stability issues may arise.

/

Magnitude
S S A S A 1 S .
0
s
o
B
3 \
20— <
10 "

i

Figure 8. Bode Plot of the Power Sate of a 30 W 3.3 V
Fly-back Converter (note the poor gain at DC)

DC Gain Boosting and Phase Margin Insurance

When we translate the stability requirements to our
fly—back converter design, we should have a system with
high phase margin (around 60°), high bandwidth (unity gain
or cross—over frequency as high as possible but still far
enough from the switching frequency), a high gain at DC,
and a high attenuation at high frequency.

This is achieved by adding a control and compensation
network which uses an opto-coupler for isolation,
introduces an extra zero, two poles (one at DC) and has
following transfer function:

CTR - (5K//Ryjas1)

Teomp(s) =
be3

(1 +)

Rt * Cppr = 8- (1 +wip>

The goal of the compensation network is to set the gain
criteria while affecting the phase margin as least as possible.
(Proportional-integral (PI) plus high—frequency pole
compensation)

(eq. 21)

1. Note that the systems discussed here, all have negative feedback like most feedback systems, hence the -180° of the negative feedback
together with an additional 180° shift would yield 360° overall shift, a positive feedback, unstable system.

http://onsemi.com
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Step 1: Define the Compensation Circuit Cross-Over
Frequency

Rule of thumb: The converter should have a cross—over
frequency

) fzrhp fs
feross < min T!g’fZeSf’fODtocoupler (eq. 22)

where:

= funp is the frequency of the right hand plan zero of the
open loop fly—back converter derived from Equation 18

— {5 is the converter’s switching frequency

— f,eqr 1S the frequency of the zero introduced by the
output capacitor’s series resistance, given by
Equation 17

= foptocoupler is the frequency indicating the bandwidth of
the chosen opto—coupler

Step 2: Phase Margin Insurance, Define the Pole and
Zero Frequency of the Compensation Circuit

Instead of using a Type II or Type III compensation
network with operational amplifier, often an equivalent but
cheaper network with TL431 voltage reference is used as an
error amplifier in combination with an opto—coupler for
isolation.

Integrator gain

Opto-coupler gain

Overall gain(thick ling

Figure 9. Compensation Network Gain
Approximation

At low frequencies Cyg,1 and Ry act like an integrator.
The overall gain of the integrator is the product of the
integrator gain and the opto—coupler gain. The
compensation zero is located at the point where the
integrator crosses over.

At mid-range frequencies, the opto—coupler becomes
dominant because the integrator with the TL431 has crossed
unity gain. The gain is determined by the opto—coupler gain,
R¢p3 and the NCP108x 5 k2 internal pull-up in parallel with
Rpjas1-

At high frequencies the pole of the opto—coupler becomes
dominant. Make sure that the bandwidth of the opto—coupler
is as high as possible. Rp;as1 in parallel with the 5 k€2 internal
resistor should be tuned such that the opto—coupler is
sufficiently biased. We want to configure a known
compensation pole by inserting Cgyp,

We make sure that between the zero and the pole of the
compensation network we have a unity gain of the closed
loop system with the desired phase margin. Use the Bode

plot of the open loop system to find the phase margin at the
cross—over frequency. The pole of the compensation
network needs to be K times larger and its zero needs to be
K times smaller than the cross—over frequency. With K given
by:

boost

K= tan( + 45) (eq. 23)
boost = desired phase margin — actual phase margin + 90
Now, choose a value for Rg,; and use Equations 24 and 25

to calculate Cgyq and Cgpp.

1 1

fp=——————— =Cp =

21 - Ry + Gy 2mR 1 T2

(eq. 24)
1

fp =

2 - (5K//Ryast ) - Cpoz

_ 1

= Cppp = (eq. 25)

2n(5K//Rbias1) fo

Step 3: Gain Adjustment

First we need to find out, using the Bode plot, what the
gain (Ag) is of the open loop system at f,,gs. The gain of the
compensation network is given by:

5K//R

bias1

CTR R (eq. 26)
3

where CTR is equal to the current transfer ratio of the
opto—coupler. The Rbias2 and Rfb3 resistors connected to
the opto—coupler and the TL431 shunt regulator should be
carefully tuned to guarantee a sufficient operating current
for the TL431 (typical TL431 require minimum 1 mA as
bias current). The gain of this network needs to be
sufficiently high to react abruptly on reaching the output
voltage. It is good practice to measure the performance of
this network prior to switching on the NCP1081.

Now equalize the compensation network gain to the
inverse of the open loop gain at cross—over frequency and
calculate Reps.

5 kQ//Rypjast 1

ClR—mMm —— = = eq. 27,
Ribs Ao fea- 27
Step 4: Set the TL431 DC Regulation Voltage
The shunt regulator compares the output voltage divider
to an internal Vy431 reference and generates an error voltage
which is applied to the cathode of the opto—coupler. The
output resistor divider made of Rg,; and Rgyp should be
calculated to provide exactly Vi3 to the reference pin of
the TL431 when the power converter output voltage equals
the desired regulated Voutl voltage. Since Rg,; was already
chosen before, Ry, can be calculated easily.
Viazt * Rt

R, = eq. 28
2 = (eq. 28)

out — th431

http://onsemi.com
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Step 5: Check the Compensation Network

e Performance

} H v
10 0 w0 0 0

e

Compensatio

Figure 10. Bode Plot for a 30 W 3.3 V Converter
Compensation Network

Measure the Full Loop Frequency Response, Including the Compensation Network

Frequency response analyser

Out

ChA

3 The theoretically derived component values need to be
= checked on the real design. Two separate measurement
E techniques are proposed to measure the frequency response
- - : : of the entire loop and that of the converter without the
- compensation network. Most probably, more than one
iteration will be required to get it right.
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Figure 11. Closed Loop Measurement

The proposed technique measures the entire loop
frequency response without breaking the loop. The standard

http://onsemi.com
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way of measuring this would be to break the loop and inject
and measure the signal at impedance matched cutting points.
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Measure the Frequency Response of the Power Converter Only, Without the Compensation Network
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Figure 12. Open Loop Measurement

This measurement technique measures the loop without
having to break it, but at the same time, the network between
measurement point A and B is eliminated. In this case we
measure the frequency response of the power converter,
without the compensation network.

Slope Compensation

To overcome sub—harmonic oscillations and instability
problems that exist with constant frequency current mode
control converters running in continuous conduction mode
(CCM) and when the duty cycle is close or above 50%, the
NCP108x integrates a current slope compensation circuit.

This sub—harmonic oscillation phenomenon can be
understood by looking at Figure 13. The current in the
primary transformer is illustrated for two different duty
cycle cases, assuming a current mode PWM controller
without slope compensation. When D > 0.5, a small
disturbance on the primary current causes a duty cycle
asymmetry between consecutive pulse cycles. This error
increases with every cycle (due to the fixed frequency
operation) and will lead to oscillation in the regulation loop
at fg /2. When D < 0.5 this disturbance diminishes cycle by
cycle.

Fixed f;, T constant

Trip level

Trip Level

Figure 13. Current Control Instability at D > 0.5, for
PWM Controller not using Slope Compensation

These possible oscillations are modeled by another
transfer function which will be multiplied with the transfer
function of the power stage, listed in Equation 16.

1
Th®) = 2 (eq. 29)
1+ =+ == :
u)nQp on 2
where
f Q 1
O =7 =
n s P~ a(me(1 — D) — 0.5)
- Se Vsiope —pp Von A
m = — S - —_— = e—
(o] Sn e TS n L sense

Se is the compensation ramp slope, given by the
compensation voltage over the switching period.

S, is the slope of the sensed current waveform, given by
the voltage over the coil when the switch is on, times the
current measurement gain, divided by the inductance. When
only the current sense resistor is used, Agenge = Res.

The transfer function shows a peak at fy/2. This peaking
could cause the gain to go above 0 dB again, even after
we’ve done all the compensation (setting the cross—over
frequency and phase margin improvement), rendering the
system unstable once more. The height of the peak is
determined by Qp. The lower Qp, the bigger the damping is
and the lower the peak is.

This damping is achieved by adding a slope to the
comparator trip level. Figure 15 shows that, now even with
D > 0.5, the error reduces every cycle.

The necessary Slope compensation can be calculated
using the following formula:

VOUT

av = nR¢g dt

slope > (eq. 30)

prin
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Figure 14. Same Converter as in Figure 7, but Now
Including the High Frequency Effect of Current
Control

Fixed f; T, constant

Figure 15. How Slope Compensation Helps

where
1
dt = — (eq. 31)
fs
and
0.36
RCS -5 .~
lpripeakt -2
where
| _ Vin D
PriPeak — | £
rre Lpn fs

0.36 V Is the threshold voltage of the current comparator,
factor 1.2 adds margin to the measurable current. This
margin is required because there’s an additional voltage
drop over Rg.

Since the NCP1081 integrated a slope compensation of
110 mV over 1 period, the remaining necessary slope can be
obtained by adding an external Rsl resistor between the CS
pin and Rcs resistor.

dv - 110 mV
RS| _ slope (eq. 32)
10 pA
(10 wA corresponds to the internal sawtooth current

amplitude)
To make sure the damping of the peak at f5 / 2 in the
frequency response is not an issue (gain at f5 / 2 < 0), the

overall Bode plot needs to be drawn. The closed loop
transfer function is given by Equation 33, product of
Equations 16, 21 and 29.

TclosedLoop = Tpower_cem(S) * Tcomp * (S)T1(S) (eq. 33)

Stability Analysis in Discontinuous Conduction Mode
(DCM)

We use the values of the components as they were
designed for CCM operation in the equation of the transfer
function of the converter running in DCM mode. We check
by drawing a Bode diagram if the stability requirements are
met for the closed loop system, including the compensation
network and the high frequency effect of the current mode
control.

Note that if one started the design procedure for a power
converter in DCM mode, a similar approach can be used to
check the stability in CCM mode.

Step 1: Calculate the Duty Cycle, D, Based on the
Voltage Transformation Ratio
R Vout pri

Vout _ D= 34
V. oL f V. R (eq. 34)

in pri-S in

oL_f,

Step 2: Frequency Response Analysis
The transfer function of the power stage in DCM is given
by Equation 35.

s

Ozesr
Tpower_dem(s) = K1+—i
“p
where
R V
_ load _ out (eq. 35)
2lsecfsw  Vip
© ¢ 1 (eq. 36)
zesr = o~ lzesr T T
Resr = Cout 27Resr * Cout
2 2
Wp = ————=f=—""— (eq.37)
RIoadcout 2JTRIoadCou'(
Plot the total closed loop frequency response

(Equation 38) and check the stability requirements.

TclosedLoop = Tpower_dcm(s) “ Teomp * (8)T(S)  (eq. 38)
Switch Drain-Source Voltage Considerations
Special attention to the switch drain-source reverse
voltage is required since in fly—back design, this voltage will
be the sum of the input voltage and the weighted output
voltage, as indicated in Equation 39.
Ny
VDS = Vin + N_Vout
2
Note the forward diode drop needs to be taken into
account. Also note the leakage inductance will add a voltage
spike. Sufficient margin needs to be built in when choosing
the switch transistor.

(eq. 39)

http://onsemi.com
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Snubber Design

To avoid destruction of the switching transistor due to the
voltage spikes originating from the leakage inductance,
these transient spikes at the drain of the power switch need
to be reduced. To size the snubber, measure the ringing
frequency and calculate Ry, and Cgy,.

Rsm = 2JT’fringLIeak (eq. 40)

1
2nf. R

ring’ "sn1

Cont = (eq. 41)
The snubber design for the diode at the secondary side of
the transformer is handled in the same way.
To measure the oscillation frequency in a safe way, use a
low Vj, and do not apply any load to the converter to make
sure that the peak voltage is not exceeding the switching

transistor Vpg rating.

Soft Start
To eliminate possible voltage overshoots on the output
during start up, the NCP1081 provides a soft start function

P

which increases progressively the duty cycle limit during the
soft start time. This soft start is programmable by Css and
defined by Equation 42.

TeotistarlMS] = 0.23Cgs[NF] (eq. 42)
VDDL and VDDH

Cyvdl and Cyqgqp are noise decoupling capacitors (20%)
with low ESR (< 0.1 €). Cyqq; may range from 330 to
470 nF. Cygqp may range from 1 to 2.2 uF. For application
using the auxiliary bias winding to supply the VDDH
regulator, the designer has to make sure that the bias winding
does not force VDDH above 16 V for the maximum load

condition. Use 50 Q for Ry as initial value.

Converter Efficiency
The overall efficiency of the flyback power converter is
given by Equation 43.

out

’n:

(eq. 43)

l::'ou'( + l:'MOdenamic + PMOSStatic + Pdiode + Pesr + PMagConductive + Poore + l:'NCP108x

Each of the power losses in Equation 43 are calculated in
following sections.

Dynamic Power Switch Losses

Dynamic switch losses are created during the toggling of
the switch. Parasitic capacitances in the switch are charged
and discharged.

PMOdenamic = Vgsmax ° Ipeak_pri fs - tow
(eq. 44)
Cowout * Vasmax * fs
+ 5 + s ogtot ’ Vgatedrive
where
_ (Vout + Vdiode)
Vasmax = 115 | Vin + > (eq. 45)
the maximum drain-source voltage.
di ’ Rgatedrive ) )
tew = —  , the switch-ontime (eq. 46)
Vgatedrive ’ VGSth

Vastn is the gate to source threshold voltage from the data
sheet

Qgg is the gate to drain Miller charge from the data sheet
Qgtot is the total gate charge from the switch data sheet
Ipeakpri 1S the peak current at the primary

Vatedrive 1S the gate drive voltage of the NCP1081, or 9 V
Vdiode is the forward voltage drop of the diode at secondary
side

Cswout 1 the switching transistor output capacitance

Static Power Switch Losses

Static losses are the conductive losses of the power switch
and calculated using the Rysoy, resistance coming from the
data sheet and the RMS current.

- . 2.,

Pmosstatic = (RDS(on) + Rcs) lims pri =D (€9.47)

With Rpg(on) the on resistance of the switch, from the data
sheet and R is the calculated current sense resistance.

Secondary Diode Losses
The secondary diode has a forward voltage drop, affecting
the overall efficiency.

_ Pout
diode
\Y,
out

P (eq. 48)

" Vdiode

Capacitor Losses
One of the biggest loss contributors is the parasitic
equivalent series resistor of the output smoothing and the
input bulk capacitors.
Pesr = Resr cout |2rms_sec + R 12

esr cpd ' rms_pri

(eq. 49)
It is important to use low ESR capacitors.

Conductive Losses in Magnetics

Conductive losses are those originating from the DC and
AC resistance of the transformer wire. DC resistance of
primary and secondary windings are listed by the
transformer manufacturer. When the switching frequency

http://onsemi.com
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increases, additional phenomena such as skin effect and
proximity effect increase the losses even further.

PMagConductive = F{dc_pri 12 rms_pri T I:{dc_sec -2 rms_sec
(eq. 50)

To make calculations simpler, we discard the AC
resistance of the copper wire. But note that the AC losses
become substantial with high switching frequencies.

Core losses originate from the energy that is dissipated in
the core of the transformer and can be found from graphs for
the specific core material used and the physical dimensions
of the core.

NCP1081 Losses
First calculate the current consumed on the VPORTP pin
in Power Mode:

IVportP (MA) = lgyiescent (MA)

(eq. 51)
+ Iportpriver (MA) + lpyyy (MA)
With
lquiescent (MA) = 1.4 (eq. 52)
Core Losses
Core Loss
miv o
3 , =T ”
cm -1 pdVid
R material /
°. /// 15
a /
2 ST A
AP AV,
g 7 &5 AL
k¢ VAR 6
. pd P /AW v
PARr 7.
7 A i V
- A ,/ P 4
B // 7/ .ze'/ /
s 7 ACAW S
X 7 7
a p s
N4 v
V1V 1/
o F 71 7
. // ///
/1
ol 4 c g e
e s B 2.

Figure 16. Core Losses

1 1
| or(MA) = 0.1 + 1 oo (MA x[—+—]
PortDrlver( ) PassSW|tch( ) 385 2300
(eq. 53)

fo(kHz)

| mA) = 1.175 +
pwm(MA) 250

(eq. 54)

Cgate(nF)
X | 0.725 + 4.35 X T

With Cgye the equivalent input capacitance of the external

switching MOSFET
Then calculate the internal power dissipation.
PNCP108x(mW) = PQuiescent(mW) + PPortDriver(mW)
+ Ppyyp(mW) (9. 55)

With
PQuiescent(mW) = IQuiescent(mA) X VportP(V) (eq. 56)
l:'PortDriver(mW) = IPortDriver(mA) X VportP(V)
(eq. 57)

2
+ IPortDriver (MA) X F{on_PassSwitch

Powm(mMW) = lppym(mA) X Vooie(V)  (eq. 58)
if the auxiliary winding of transformer is not used, or
Pewm(MW) = Ippm(mA) X Vpu(V) (eq. 59)

if VDDH is supplied by the auxiliary winding of transformer

The internal junction temperature can be evaluated.
TJ(degC) = Tambient(degc) + F)DissTo'faI(mW)
R, (W/ deg C)
1000

With Rth the junction to ambient thermal resistance

(eq. 60)

Secondary Diode Maximum Rating

A rule of thumb for the maximum reverse voltage of the
secondary rectifying diode is

Vv Ns

. *
in_max

Np

Vieverse = (eq. 61)

The maximum current through the diode is given by
Equation 9.

Design Example 1: 30 W Single Output 12 V Supply

A Microsoft Excel® file (NCP108X DESIGN TOOL
FLYBACK CCM.xls) with calculation sheets is provided by
ON Semiconductor, with the presented expressions
incorporated to design a stable and reliable flyback
converter. In Figure 17 all the input data needed for the
design is shown. As a result, the output calculated data is
shown in Figure 18.

The frequency and phase response of the system as well
as the poles and zeroes are calculated by the Excel VBA
macros and shown in logarithmic charts for the power stage,
compensation and close loop networks in Figure 20.

The Excel VBA script calculates also the efficiency for
various output power, gives the final summary of all the
designed components, according to a certain
scematics(shown in Figure 1). In addition there is a
convenient tool to calculate the output divider resistor
values, when the output voltage and the reference voltage of
the shunt feedback regulator are given.

http://onsemi.com
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Frequency response plots Rdet1(Ohm) 2.37E+H4
Minimurm frequency{Hz) 1.00E+12 Rdet(Ohrn) 1.78E+13
Maximum frequency(Hz) 1.00E+5
DC/DC system parameters Estimated efficiency(%a) | 8517232143 |
Paut() 1l Figure 18. Output Data Calculated by the Flyback
Youtlv] 12 . .
ANt s DeS|g_n Excfel Calculatlo_n Sheet - Values o_f the
ypr— 05 Detection Signature Resistors and the Maximum
rinn] K Power Estimated Efficiency
tipple .
shunt requlator reference valtage() 2.5 Outputs:
Ehias1{Ohm 5. 10E+13 Frross(Hzl 8.00E+03
Efb1(Ohm} 1.G0E+H14 T powsr_stage gain at Foross(dB) 5.01E+HI0
Desired phase margin{Deg) 7.00E-+H1 o 4.63E-01
T _softstartis) 1.00E-02
T rendement d.00E-01 Parameter extraction:
Rib2(0hm) 4.78EHI3
Optocoupler parameters Rth3({0hrn 1.13EH12
Fopto(Hz) 5.00E+13 Rbias2(Ohrn) 1.00E+12
Optocoupler CTR 2 850E-02 Rload{Thrm) 4.70EH0
Resr(Ohrm) 1.07E-02
Transformer parameters{from datasheet) RosciOhm) 3.83E+05
Lpri(H) 127604 Rsl{Ohrm) 6.06E+03
I 2 90E-01 Brs(Ohrm) 1.17E-01
DCR_pri(Ohrn) 4.50E-01 Cib1(F) 1.00E-03
DCR_sec(Ohm) 5.00E02 Cib2(F) £.20E-10
Cout(F) 2. 20E04
MOSFET parameters{from datasheet) Css(f) 4.70E03
Rdson(Ohrr) 4 B0E-D LsecH) LOEEDS
Cewout(F) 920811 Figure 19. Output Data Calculated by the Flyback
Qswetot(C) 1.20E-08 Design Excel Calculation Sheet - Parameter
QewmilliC) 1.20E-08 Extraction of the External Components Values
swigsth(v] SlE ] According to Figure 1
NCP108x parameters
Ay 2.00EH1D
Fs(Hz) 1.00E+H15
Yoatedrive (V] 9.00E-+00
Roate(Chrn) 1.80E+H1

Figure 17. Input Data for the Flyback Design Excel

Calculation Sheet
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Magnitude vs Frequency, (dB)
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Figure 20. Output Data Calculated by the Flyback
Design Excel Calculation Sheet - Frequency and
Phase Response of the Designed Flyback Converter

Design Example 2: 20W Single Output 3.3V Supply

Scilab scripts are also provided to aid the design
calculation. Scilab is an open—source numeric computation
program that is available free of charge at www.scilab.org.
The input data is shown in Table 6.

Table 6. DESIGN PARAMETERS

Parameter Value
Vin 36 V (minimal PD input voltage)
Vout 33V
Lorim 42 uH, according to Coilcraft POE300F-33L
data sheet
N 0.09, according to Coilcraft POE300F-33L
data sheet
Pout 20W
Viipple 33 mV
fs 250 kHz

The output of the Scilab script summarizes the design
parameters and the closest standard values of the calculated
component values for the feedback loop.

The Bode plot of the converter without compensator
network and with compensator network is plotted in
Figure 21.
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Figure 21. Gain and Phase Plot of the Compensated
Converter

Note: If Scilab or Excel software is not available, using
asymptotic approximation to generate a Bode plot and
computing the values manually will lead to similar results.

Company or Product Inquiries

For more information about ON Semiconductor’s Power
over Ethernet products visit our Web site at
http://www.onsemi.com
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