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Introduction:

Isolated converters are required to provide electrical isolation between two interrelated
systems. Isolation between the power source and the load is required in certain
applications in order to meet safety specifications such as UL1459, which necessitates
500V of isolation for telecom applications.

Isolation must be provided between all the input and output stages of the power converter.
Thus, isolation must be provided in the power stage and the control loop. Power stage
isolation is generally provided using transformer. Isolation in the feedback/control loop
is often provided through an opto-coupler (also known as opto-isolator).

Transformers are well suited for power stage isolation, since they are known for
providing good dielectric barrier between two systems, with the ability to have multiple
outputs. Transformers also allow stepping up or stepping down of the input voltage.

In isolated switching power supplies, opto-couplers are very widely used to provide
isolation in the feedback loop. Opto-couplers do an excellent job of isolation,
minimizing circuit complexity and reducing cost. One of the disadvantages of using an
opto-coupler is its low bandwidth. The bandwidth of the converter is reduced by the
introduction of an extra pole in the control loop gain of the converter. This is not a
problem in conventional low frequency converters. However, in modern high-frequency
converters, the opto-coupler imposes severe restrictions on control loop bandwidth/speed.

Another disadvantage of using opto-isolator is the large unit-to-unit variation in the
current transfer ratio(CTR). CTR or the coupling efficiency is defined as the ratio of
opto-isolator transistor collector current to the diode current. The loop gain is directly
proportional to CTR gain. Hence, high variation in CTR imposes constraints on control
loop design.



Part |: Design of Opto-lsolated Power Supply

Design Approach:

With the advent of Simple switchers™, and the associated “Switchers Made Simple”
software (SMS4.2.1, SMS3.3), the non-isolated converter design has become very simple.
However, the non-isolated converters can be modified to isolated converters very easily.
The procedure for design of opto-isolated converter is as follows:

Sep 1: Design the power stage components for a flyback converter using SMS4.2.1/3.3.
The “Switchers Made Simple” software can be used to design the transformer,
input/output capacitors, output rectifier, clamping network, etc.

Sep 2: Modify the feedback/control loop by introducing a secondary side controller (such

as LM3411) and an opto-isolator for feedback isolation. Also, disable the internal

reference in the Simple Switcher.

Design of Power Stage Components:

The first step in the design process is to enter the converter specifications (shown in
Table 1) in the input menu of the “Switchers Made Simple” software. Using these
specifications, the software will design the power stage components. The following
example will be based on Switchers Made Simple 4.2.1 (SMS4.2.1) and the associated
LM258X flyback converters.

If the input specifications are entered as shown in Figure 1, SMS4.2 will design a buck
converter instead of flyback. In order to design a flyback converter when the output
voltage is lower than input voltage levels, it is necessary to enter initially a fictitious
output voltage value which is greater thap(min). The software will then design a
flyback.  Now, go to the main menu and change input requirements. Change the
fictitious output voltage value to the required value. If the output voltage is greater than
the minimum input voltage, these extra steps are not necessary.

Input voltage 10V to 30V
Output voltage 5V
Load (maximum) 2A
Operating temp. range °0 to 70C

Table 1: Isolated power converter specifications (Example)



Input Menu

NumOutputs = 1

Vin Min = 10.00 V
Vin Max = 30.00 V
Voutl = 5.00V
loutl Max = 2.00 A
Vripplel = 0.10V
Ta Min = 0.00 °C
Ta Max = 70.00°C

Figure 1. Enter the converter specificationsin the input menu of SMS4.2.1

Modify the component values, input specs, etc. to suit the requirements. The software
will design al the power stage components and give a list of vendors. In the example
shown in Figure 2, the component values were entered manually to produce a surface
mount design.

The isolation voltage of the transformer is not listed in the software. The isolation
voltage is generally mentioned in the transformer manufacturer's catalog. Select a
transformer taking into consideration the isolation voltage. Any of the transformers listed
in the LM258X Simple Switcher data sheets meet UL1459 spec, and are suitable for
telecom applications.



Input Parameters

Operating Values

Component Values

Vin Min =10.00V Mode = Cont Pri L = 22.00uH
Vin Max =30.00V Frequency =100.00 kHz Leakage L = 470.00 nH
Voutl = 5.00V Duty Cycle = 38.68 % N1 sec/pri = 1.00
loutl Max = 2.00 A IClpk Max = 5.00A Vz = 20.00V
Vripplel = 0.10V IC Ipk = 4.04A Cin = 560.00 uF
Ta Min = 0.00°C L Ipp = 156A Cin ESR = 40.00 mohm
Ta Max =70.00°C Efficiency = 72.88% Cc = 1.00uF
IC Pd = 171W Rc = 1.00 kohm
ICTj =106.21°C IC Heatsnk = 19.23 °C/W
Diodel Pd = 1.00W Pri DCR = 35.84 mohm
Xformer Pd = 0.32 W Coutl = 660.00 uF
ZenerPd = 049W Coutl ESR = 24.00 mohm
lin Avg = 137A
Cross Freq = 2.40 kHz
Phase Marg= 89.78 Deg
Voutl p-p = 96.61 mV
Figure2: Main screen of SM$4.2.1 summarizes the design
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Figure 3: Circuit designed using SM$4.2.1




The software will also produce a schematic of the non-isolated converter as shown in
Figure 3. This concludes the first step of the design process.

Modification of Control Loop for |solated Design

The second step in designing an opto-isolated converter is to modify the feedback 1oop by
using a secondary controller such as LM3411 and to use an opto-isolator for feedback
isolation. To do this, connect an opto-coupler between the secondary controller and the
compensation pin for feedback isolation. Power stage isolation is provided by the
transformer.
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Figure 4: Modification of Non-I1solated Flyback to Isolated Flyback

The reference and the error amplifier internal to LM 2587 have to be disabled in order to
avoid interaction with the reference in secondary controller and to avoid excessive gain in
the feedback loop. Figure 5 shows the internal block diagram of LM2587. By connecting
the feedback pin to ground and by connecting the opto-coupler output to the
compensation pin, the error-amp is by-passed. For this reason, any voltage option of the
LM2587 can be used. This completes the design of the isolated converter.
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Figure5: LM2587 block diagram; Grounding feedback pin disables error amplifier, opto-coupler delivers
feedback to compensation pin instead

Figure 6 shows the circuit diagram of an LM2587 based opto-isolated flyback power
supply. With the LM 2587 error amplifier disabled, the feedback control now consists of
LM3411-5.0 secondary side controller and the opto-isolator. Resistors R, and R, are
required for biasing the opto-isolator. Capacitor C, isrequired for soft-start.

A note on short circuit protection

In LM258X switchers, the soft-start comparator and the short-circuit protection are both
controlled by the feedback pin voltage. At start-up, when the output voltage is zero, the
soft-start comparator will be activated and the output will gradually increase to the
nomina value. After this, the soft-start comparator gets disabled and the short-circuit
protection gets enabled. Now if the output is shorted, the frequency will change to 25%
of normal operating frequency.



The short-circuit protection is activated only after the soft-start is disabled. In the isolated
converter, the feedback pin is grounded. The converter never comes out of soft-start
mode. So the short-circuit protection (which changes the frequency to 25kHz under short
circuit conditions) never gets activated. To prevent current limit run away situations, an
external protection circuit should be used. This circuit should sense the current and pulls
the compensation pin to less than 0.3V under over-current conditions.
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Figure 6: 10Watt Opto-Isolated Flyback Converter

Selection of Compensation Components

The compensation circuit design involves selection of the opto-coupler output resistance,
R,, the opto-coupler input resistance, Ry, and the feedback capacitance, C;. The
compensator transfer function is the small-signa transfer function from the output
voltage, V,, to the control voltage, V.. The transfer function, A(s) is given by:

_ CTRxR, 1 H
A(S) =
© Ry Er+9CfRf H

Thus, the compensator is a two pole, one zero compensator. In the above equation, CTR
Is the opto-coupler current transfer ratio or coupling-efficiency. The power stage transfer
function is a one pole, one zero (esr) compensator (in the frequency range of interest).




Choose R0 and Rd such that voltage Vc is aways more than 0.3V. Also, the maximum

voltage on the compensation pin should be no more than 2V.

Choose C; to place a zero to cancel the power stage pole, as shown in Figure 7. If the
compensator is designed as shown above, the loop gain should have very good phase
margin and gain margin. In Figure 7,
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where f; is the frequency of the power stage pole in current mode converter, f, is the
compensator zero, and f isthe esr zero. f; is the loop cross over frequency. f, isthe

pole(s) created due to current mode control (located at high frequencies close to half the
switching frequency).
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Figure 7: The Estimated Loop Response

The loop gain measured on the experimental converter shown in Figure 6, is shown in
Figure 8. The bandwidth and phase margin are very much lower than expected.
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Figure 8: Measured Loop Gain of the Experimental Converter (Bandwidth = 3kHz and Phase Margin =

20 degrees)

Since the bandwidth and phase margin are very low, atransient step of 0to 1A produces a

very poor transient response, as shown in Figure 9. This also indicates poor stability in
the control loop.

Figure9: Transient 'Resp(')nse for a étep changé in load from 0 to 1A



Part I1: Improving Transient Response of Opto-Isolated Converters

What causes the diver gence between estimated and measured results?

The converter shown in Figure 6 uses an opto-isolator CNY 17-3 for feedback isolation
and LM3411 for secondary side control. Since this converter is operated at 100kHz
switching frequency, then it is desired to have its loop cross-over at around 10-20kHz for
superior transient performance. However, the opto-coupler CNY17-3 used in this
configuration has a -3dB frequency of 5-10kHz depending on the resistance Ro shown in
Figure 6. The opto-coupler pole will introduce a phase-shift of more than 45° at around
10kHz as shown in Figure 10. Because this fact was not taken into consideration while
designing the compensator or loop gain, the measured phase margin and the bandwidth
are lower than what was estimated.
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Figure 10 Opto-coupler CNY17-3adds more than 45° of phase shift at the
desired loop bandwidth of10kHz



What limitsthe bandwidth of the opto-coupler?

The severe bandwidth limitations of the opto-coupler is due entirely to the characteristics
of the opto-coupler photo-transistor. When forward current is passed through the opto-
coupler diode, it emits infra-red radiation. This radiant energy is transmitted through an
optical coupling medium and falls on the surface of the photo-transistor. In order to make
the photo-transistor base region sensitive to light, and to minimize the losses in radiant
energy transfer, the photo-transistors are designed to have a very large base-collector
junction area and a very thick base region. This results in a very large base capacitance,
Cob. This capacitance is typically in the order of several pico farads. However, this gets
effectively multiplied due to the Miller effect, resulting in a very large Miller capacitance
Com. The Miller capacitance isin the order of several nano farads.
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Figure 11 Opto-coupler transmission delay adds phase change at high frequencies (as the frequency of the
input sinusoid increases, the phase shift between the input and output increases linearly)

The Miller capacitance Com, coupled with the resistance Ro, will produce a pole in its
transfer function. This pole should be taken into consideration while designing the
compensation circuit.

It can also be observed from the opto-isolator characteristics that the phase changes very
dramatically at very high frequencies. Thisis due to the inherent delay in transmission of
radiant energy through the optical medium. If the input signal to the opto-coupler, as
shown in Figure 11, isasinusoid, the output signal is also a sinusoid, but phase shifted
due to the delay. As the frequency of this sinusoid increases, the phase shift increases,
amost linearly. The phase shift will increase linearly only if this shift is due to time
delay.

How to solve the opto-coupler bandwidth problems?

The control loop bandwidth can be improved in three ways :

a) The phase margin can be improved by reducing the system cross-over frequency.
However, the transient performance of the converter is sacrificed.



b) Opto-isolators with better frequency characteristics (such as MOC8101) can be used.
However, these opto-couplers are more expensive.

¢) The opto-isolator pole can be compensated by introducing an additional zero in the
control loop. Thisrequires proper prediction of opto-coupler pole.

Estimation of the opto-coupler pole

The opto-coupler pole can be estimated in a number of ways. One method is to

characterize the pole by actual bench measurements. Figure 12 shows the bench

measurement setup for characterization of an opto-coupler using a network analyzer. A

signal is injected at the opto-coupler input and frequency of this signal is swept over the

frequency range of interest. The input signal is measured with probe A and the output

signal with probe B. By taking the ratio of the input signal to the output signal, the
frequency characteristics are obtained.
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Figure 12: Bench measurement setup for frequency characterization of opto-coupler pole using a network
analyzer

Figure 13 shows the typical performance curve obtained by actual measurements for the
opto-coupler CNY17-3. In this figure, the opto-coupler bandwidth (pole) has been
plotted versus the resistance Ro. The opto-coupler pole can be very easily predicted from
thiscurve. Asan example, let us predict the pole for CNY 17-3 when the resistance, Ro =
5kQ. Draw aline parallel to Y-axis at Ro=5 kQ. From the point of intersection on the
curve, read the corresponding value on Y-axis. The opto-coupler pole would be at 4kHz.
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Figure 13 Opto-coupler CNY17-3 Bandwidth versusresistance Ro

From the results of Part I, it is very obvious that the opto-isolator pole imposes severe
restrictions on the control loop bandwidth. This pole can be compensated in two ways:

» If the base connection is available, then by connecting a large resistor between the
base and emitter of the opto-coupler photo-transistor, the bandwidth can be improved.
However, the opto-coupler gain will reduce by doing so.

* The bandwidth can also be improved by introducing an additional zero in the
compensation circuit.

Implementation of the opto-coupler pole compensation:

For the circuit shown in Figure 6, the opto-coupler pole can be estimated as discussed in
previous sections. However, the soft-start capacitor appears in parallel with opto-coupler
device capacitances and influences the position of the opto-coupler pole. The additional
zero required to compensate the opto-coupler pole can be obtained by connecting a a
capacitor in paralel with Rdl as shown in Figure 14. In the process, this creates an
additional pole due to Ry and Cq. To obtain sufficient gain margin and attenuation of
high frequency switching noise, this pole can be placed at a high frequency above the
cross-over frequency.
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Figure 14: Compensating the opto-coupler pole to improve the bandwidth limitations

The modified compensator transfer function is:

CTRx Ry ESCcRy +1L0sCyRyy + 10 .
] (assuming Ry>>>Ry
Ry1+ Ra2 1 SCRy de2+1D( 9 Raz>>Ra)

A(s) =

where:

CTR = Opto-coupler current transfer ratio or coupling efficiency

Rs = feedback resistor internal to LM 3411 (92K for LM3411-5.0)

Cc = Compensation capacitor

An additional zero can also be obtained by connecting a resistor in series with capacitor
Cs. the additiona zero required to compensate the opto-coupler pole can be placed at a
frequency equal to f:

f

1
= A [ [ h | h h - ler Mill
2RCe (Assuming Cs is very much larger than the opto-coupler Miller

capacitance)

Notice that the compensator transfer function is directly dependent on the opto-coupler
CTR, which varies from unit-to-unit, so it is important to take this factor into
consideration. This means that an opto-coupler with low CTR variation and guaranteed
limits should be used.



Figure 15 shows the loop gain with modified compensator. Significant improvement in
bandwidth and phase margin are observed. The loop gain is as expected and shows

excellent stability. As expected, the transient response is also improved, as shown in
Figure 16.
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Figure 15: Sgnificant improvement in bandwidth and phase margin is observed with opto-coupler pole
compensation (Bandwidht = 10khz and Phase Margin = 60 degress)

24

300mvG Ch2 T0.0mvG W T00ps Cha4 0V

Figure 16: Transient response with opto-coupler pole compensation (0 to 1A step-change
in load)



