Closing the Loop with o
Popular Shunt Regulator

By Robert Kollman and John Betten, Texas Instruments,

Using a popular adjustable shunt regulator to drive
an optocoupler, this method optimizes the use of
an optocoupler to couple an analog error signal

across the boundary.

ost offline and telecom power supplies need
a method to isolate the relatively high in-
put voltage from lower voltage outputs to
provide safety, isolate from lighting-
induced voltage surges, and mitigate
ground loop issues. Various methods are used to transfer a
signal across this isolation boundary, with the most com-

Dallas

mon using pulse transformers or optocouplers. These de-
vices provide a means to couple a secondary side error sig-
nal, timing signal, or gate drive signal across this bound-
ary back to the primary side.

Fig.1 shows a typical flyback power supply using a power

transformer and optocoupler to provide high-voltage iso-
lation. A UCC3809 controller provides current mode con-
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Fig 1. The TL431 provides a feedback error signal and optocoupler drive.
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trol to the power stage primary. This
is accomplished by combining the
voltage generated by the primary cur-
rent sense resistor and the
optocoupler output transistor. The
combined signal contains current and
output voltage error information, and
serves to set the power switch primary
current and duty cycle. A higher cur-
rent in the optocoupler output tran-
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sistor results in an increase in the
controller’s FB pin voltage, thereby
reducing the peak primary current
and effectively lowering the output
voltage. Consequently, less current in
the optocoupler’s output transistor,
such as that seen at power up, will re-
sult in an increased current and out-
put voltage.

To maintain output voltage regu-
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lation, the output voltage is compared
against the internal voltage reference
of the TL431. Differences between the
voltage reference and the divided
down output voltage are gained up by
the internal op-amp, which converts
this error voltage into a proportional
error current. This current is then
passed through the optocoupler di-
ode, transferring the error signal to
the primary controller. By creating the
error signal on the secondary side
rather than trying to transfer a signal
to the primary that is proportional to
the output voltage, the effects of the
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Fig 2. The TL431 can be modeled as voltage
controlled, current source.
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Fig 3. Optocoupler modeled as current
controlled, current source.

optocoupler’s nonlinearity and high
gain variation can be minimized. The
optocoupler’s output current is re-
lated to its current transfer ratio and
the current generated by the TL431.
The TL431’s internal functional
blocks consist of a 2.5V reference con-
nected to an op-amp’s negative input,
with the op-amp output used to drive
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Fig 4. Simplified control loop block shows high gain in forward path.
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Fig 5. Alternate optocoupler connection helps stabilize gain variation.
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Fig 6. Alternate optocoupler connection provides second loop.

an open collector transistor’s base. Fig. 2 shows a simpli-
fied SPICE model equivalent of the TL431. In Fig. 2, G1
represents a voltage-controlled current-source, the func-
tional equivalent of the TL431’s op-amp and output tran-
sistor. The voltage-to-current gain is large at low frequen-
cies but decreases at higher frequencies due to the TL431’s
limited bandwidth. In Fig. 2’s simplified model, the pole is
simulated by the capacitor, Clnt. Because the TL431’s out-
put can only sink current, a pull-up resistor on the cath-
ode pin guarantees a voltage greater than the 2.5V mini-
mum required for operation, and also provides the mini-
mum required sink current of 1mA. The R8/R16 resistor
ratio and the TL431’s 2.5V reference set the converter’s dc
output voltage. While R16 is used to set the converter’s dc
output voltage, it essentially has no effect on the ac error
amplifier gain, which is defined from the TL431 cathode
pin to Vout. This is because the REF input of the TL431
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(pin 8) is a virtual ground and is held constant over fre-
quency, allowing no ac current flow into R16. For this rea-
son, if a dc output voltage change is desired, the designer
should vary R16 rather than R8. R16 can therefore be ig-
nored in the ac model, with only R8 and feedback values
R14, C15, and C13 determining the error amp’s frequency
response.

Fig. 3 shows a simple SPICE model of the optocoupler.
The optocoupler can be modeled as a current-controlled
current-source, with the CTR defining the gain. Most
optocouplers used in power supplies don’t have very high
bandwidths. To model this, capacitor CInt has been added
to Fig. 3. It places a mid-frequency pole in the optocoupler’s
response. Its estimated value can be calculated from Fig. 3
by finding the optocoupler’s fall-time spec and the fall-
time test load resistor. The optocoupler voltage gain is set
by its CTR, and the equivalent internal capacitance and
external components connected to it. For example, in Fig.
1, with a 1V swing on the resistor driving the optocoupler
anode voltage (holding the TL431 cathode output constant
and an optocoupler CTR=1), 2V is seen at Ul- pin 1. The
ratio of R12 to R9 and the device CTR sets the optocoupler
gain, which in this case is approximately 6 dB. Resistor R13
doesn’t factor into the gain because the optocoupler is act-
ing as a current source, and only the voltage seen by the
controller with respect to ground has an effect on the gain.

As shown in Fig.4’s block diagram of the gain stages
comprising the control loop for the circuit in Fig. 1, the
error amplifier (TL431) block is in the forward path rather
than in the feedback path. In addition, note that there’s
only a single feedback path in this circuit. The optocoupler
itself has no dependency on the changes in the output volt-
age. The bias circuit, consisting of R3, D3, and Q1, fix a dc
voltage in the optocoupler’s anode path. This removes any
optocoupler dependency on the output voltage, load, and
input line to changes in the ac gain characteristics. This
independence on the output voltage can simplify the chore
of stabilizing the control loop, but with the added expense
of the bias circuit components.

Fig. 5 shows an alternate method for connecting the
optocoupler. The optocoupler’s current is now deter-
mined by the difference between the output voltage and
the error voltage.

In making this connection, a second inner loop is in-
troduced in the block diagram in Fig. 6. The inner loop
serves to stabilize the optocoupler’s gain variations and
speeds up the control loop response by providing an alter-
nate control path so the error signal doesn’t have to propa-
gate through the error amplifier.

The simulated ac gain of the inner loop’s various blocks
is revealed in Fig. 7. The power stage transfer function is
Vo/D, based on the model described by Vorperian (see ref-
erences), and shows a low-frequency break established by
the output capacitors and load resistance. It also has two
zeros, one established by the ESR of the output capacitor
and a right half plane zero established by the continuous
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The effect of closing the
inner loop can be seen in
the response defined by
Vo/B. Since the feedback
is unity, the inner loop
gain is reduced to near
0 dB at lower frequencies,
and at higher frequencies
it tracks the open loop
gain. Interestingly, clos-
ing the loop moves the
low frequency pole from
300 Hz to above 3 kHz.

Fig 7. Compensation of the inner loop (TL431 out of circuit).
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impedance by 12 dB.

mode of operation. The optocoupler
gain block, defined as D/C, is based
on the simplified model of Fig. 3. It
shows a pole at approximately 20 kHz
and is characteristic of this particular
optocoupler. In this example, no fur-
ther compensation of the loop was
provided, and these two blocks were
just summed together, with Vo/C de-
fining the open loop power/
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Fig 9. The two-loop control method lowers the output

Fig.8 illustrates the re-
sponses for closing the
outer loop. The inner-
loop closed-loop re-
sponse is repeated, and
the error amplifier’s
planned response on the
error amplifier is pre-
sented. A type-two am-
plifier is configured with
a low-frequency integra-
tor zero placed at the
same frequency as the in-
ner loop pole. In addi-
tion, a pole is placed at a
frequency much higher
than the planned cross-
over frequency of 5 kHz.
This high frequency pole
is added to the TL431
compensation to prevent
switching noise from be-
ing amplified by the
TL431 and perturbing
the control characteris-
tics. The zero location in
the TL431’s compensa-
tion can be seen in this
figure at approximately
3.5 kHz, and was selected
to align with the pole of
the closed loop power/
optocoupler stage gain. When the
outer loop is closed around the TL431,
the total closed loop gain is the sum
of the power/optocoupler closed loop
gain (Vo/B) and the error amplifier
gain (B/A). The outer closed loop gain
is defined as Vo/A and has a band-
width of approximately 4 kHz.

Fig. 9 presents a key reason to add
the complexity of two loops into a

TL431 design. It presents the output
impedance of two different designs
having the same crossover frequency
through the optocoupler loop. The
output impedance was determined by
adding a 1A current source in paral-
lel with the load resistor and measur-
ing the output voltage variation vs.
frequency. The green curve represents
the output impedance of a power sup-
ply that doesn’t have the inner loop.
The red curve represents the output
impedance of a two loop supply. With
two loops, there’s a fourfold reduction
in the output impedance of the power
supply. This means that for a given
load transient, power supply output
variation can be reduced four times
without having to push the overall
loop bandwidth to higher frequencies.
Other advantages to this approach
include stabilizing the optocoupler’s
gain variation by using the first loop
and reducing parts count—resulting
in improved reliability, smaller size,
and reduced cost.
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