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Analysis and Design Optimization of Magnetic-
Feedback Control Using Amplitude Modulation

Brian T. Irving and Milan

Abstract In of ine ac dc and high-voltage dc dc power sup-
plies, galvanic isolation between the input and output is often im-
plemented with optocoupler feedback. However, several disadvan-
tages exist when implementing optocoupler feedback, such as a
variable loop gain due to optocoupler tolerance and sensitivity to
temperature, as well as a relatively high cost. An alternative to
optocoupler feedback is to use magnetic feedback, which can be
designed to have insensitivity to component tolerance, and good
temperature stability. Although magnetic feedback has been in
use for many years, a detailed analysis and clear design proce-
dure has not been presented in the literature. This paper presents
a thorough analysis of a magnetic-feedback implementation, and
provides a comprehensive design procedure that is veri ed on a
7-V/15-W experimental prototype.

Index Terms Amplitude modulation, isolated feedback, mag-
netic feedback, primary side control, sample and hold.

I. INTRODUCTION

ALVANIC isolation between the input and output is a re-

quirement of of ine ac dc and high-voltage dc dc power
supplies. In the power stage, galvanic isolation is typically
achieved through use of a transformer. However, in order to
provide regulation of the output, a galvanically isolated feed-
back loop is also required. Two commonly used isolation meth-
ods are primary-side control with optocoupler feedback [1] [4]
and secondary-side control, where the primary gate drive is
provided through gate-drive transformers. The drawbacks of
primary-side control with optocoupler feedback include vari-
ation of loop gain due to wide current transfer ratio (CTR),
sensitivity to both time and temperature [5] [8], and a high
cost. A drawback of secondary-side control is the need for an
additional secondary-side supply voltage, often supplied by a
separate housekeeping converter.

An alternative to primary-side control with optocoupler feed-
back and secondary-side control is to use magnetic feedback [1],
[2], [9], [10]. Using a very small coupling transformer, a modu-
lator, and a sample-and-hold circuit, a signal from the secondary
side can be passed to the primary using either AM or FM. A
magnetic-feedback circuit can be implemented either discretely
or by using an IC [10].
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Fig. 1. General power supply with isolated magnetic feedback.

Although it has been used in industry for many years, very
few design details appear in the literature. The goal of this paper
is to analyze an AM magnetic-feedback implementation, and
to provide a clear, step-by-step design procedure in order to
optimize the circuit performance.

Il. PRINCIPLES OF AM MAGNETIC FEEDBACK

As shown in Fig. 1, magnetic feedback can be implemented
using a small dc dc transformer, which acts as both the mod-
ulator and demodulator, to pass error voltage Vea from the
secondary side to the primary side. The dc dc transformer con-
sists of a small coupling transformer and diode, which is excited
by an external source to form the modulator, with its switching
frequency equal to the modulator carrier frequency. The recti-

ed output of the dc dc transformer acts as a sample-and-hold
circuit, or demodulator.

The coupling transformer (T¢) can be con gured either as a
forward-type or yback-type converter, as shown in [9]. Both the
carrier and sampling frequencies, which are synchronized, can
be equal to or higher than the power-stage switching frequency,
depending on the desired volume of coupling transformer T¢
and the desired loop performance. Generally, the loop gain of
the converter is negatively impacted by the sampling delay of
the demodulator.

A simpli ed block diagram of a general power stage with
magnetic feedback implemented with a yback-type dc dc
transformer is shown in Fig. 2. Error ampli er (EA) output
Ve represents the ampli ed difference between output voltage
Vo and reference voltage Vrer . An isolated modulator is im-
plemented by coupling transformer T, which is magnetized
by current source ic based on an external carrier signal. While
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Fig.2. General power stage with AM feedback and ybackdc dc transformer.

current source ic is on, diode Dgp is reversed biased, sampler
switch Sy is off, and current ic divides between magnetiz-
ing inductance Ly, and resistor Ry, . Once current source ic
turns off, magnetizing current Iy, forward biases diode Dga,
and error voltage Vga is re ected to the primary side with a
reverse polarity. Sampler switch Sy, which is synchronized to
the modulator, turns on during the demagnetization period of
coupling transformer T¢, and capacitor Cy holds the sampled
error voltage Vg, which is then compared at the pulsewidth
modulator (PWM) to periodic ramp voltage Vramp in order to
generate the gate-drive signal to the power stage.

Generally, coupling transformer Tc operates as a Yyback
converter because error voltage Vea is sampled during the de-
magnetization period of coupling transformer T¢. As shown
in [9], it is also possible to operate coupling transformer T¢ as
a forward converter, i.e., to sample error voltage Vga during the
magnetization period of coupling transformer T¢.

I1l. ANALYSIS OF AM MAGNETIC FEEDBACK

An implementation of an AM magnetic-feedback circuit ap-
plied to a forward converter with synchronous recti ers and
current-mode control is shown in Fig. 3. EA is implemented
with transconductance ampli er TLV431 and capacitor Cka
that allows TLV431 to have a low output impedance at high
frequencies, and resistor Rst and diode Dgt are implemented
to facilitate startup. A dc dc transformer is used as part of the
modulator, and has both a yback winding for sampling error
voltage Vea and a forward winding to supply ampli er TLV431
and provide a turn-on signal for synchronous-recti er turn-off
switch Qorr . Coupling transformer T is magnetized by a sim-
ple current source consisting of p-n-p transistor Q1, resistors
Re, Rg1, and Rg2, and primary Vcc is supplied by auxiliary
winding Ns of inductor Lg. The current source is turned on
and off by a carrier signal that is synchronized and equal to the
main converter switching period Ts, and which has a xed on
time Ta. The demodulator is implemented with a simple peak
detector, where diode Dy acts as sampling switch Sy . Finally,
sampled error voltage Vg, is level-shifted and inverted, and

compared at the PWM modulator to a ramp that is proportional
to switch current is.

The AM magnetic-feedback circuit can be simpli ed to three
topological stages, as shown in Fig. 4, for the case when the
current source is on, i.e., when the carrier signal is high, as
shown in Fig. 4(a), and when the current source is off, i.e.,
when the carrier signal is low, as shown in Fig. 4(b) and (c).
Key switching waveforms of a single switching cycle are shown
in Fig. 5. While the carrier signal is high, the current source
is on, diodes Dy and D; are reverse biased, and diode D,
is forward biased. While diode D, is forward biased, voltage
Vim across magnetizing inductance Ly, is equal to Vey +
VE, where Vcy is the voltage across capacitor Ccy , VE is the
forward voltage drop of diode D5, and magnetizing current iy
begins to increase linearly from zero. Current ic then divides
between magnetizing inductance Ly, equivalent gate resistor
Rg, and diode D,. Meanwhile, voltage V¢, across capacitor
Cw, which in the previous switching cycle was charged to error
voltage Vea, slowly discharges through resistors Rja and Ryg .
Once the carrier signal goes low, the current source turns off,
diodes D; and Dy become forward biased, diode D, becomes
reverse biased, and voltage Vi p is equal to  (Vea + VE).
Inductance Ly begins to demagnetize, as shown in Fig. 5.
Finally, hold capacitor Cy; peak charges to error voltage Vega .
Once magnetizing inductance Ly, completely demagnetizes, all
diodes become reverse biased, and hold capacitor Cyy begins to
slowly discharge through resistors Ry and R, g, as shown in
Fig. 4(c).

IV. DESIGN OF AM MAGNETIC FEEDBACK

A. Steady-State Design

In order to continuously sample the error voltage, coupling
transformer T¢ must be designed with enough margin to prevent
saturation. In addition, saturation of current-source transistor Q
must be avoided so that current ic is insensitive to current gain
hee of transistor Q, since hgg is sensitive to both temperature
and tolerance.

Both coupling transformer T¢ and current-source transistor
Q: can saturate due to load variations, as shown in Fig. 6. At
light load, control voltage V¢ is low, and therefore, voltage Vcy
is low, resulting in a low turn-on and turn-off slope of magnetiz-
ing current i\, and therefore, a short deadtime T4 of coupling
transformer T¢. As the load increases, control voltage V¢ in-
creases, and therefore, voltage Vcy increases, which, in turn,
increases the turn-on and turn-off slope of magnetizing current
iLm and increases deadtime Ty4. However, as voltage Vcy in-
creases, current-source transistor Q; approaches saturation, as
shown in Fig. 6.

Both coupling transformer T¢ and current-source transis-
tor Q1 can saturate due to temperature variations, as shown in
Fig. 7. As the temperature of current-source transistor Qq in-
creases, the forward voltage drop of emitter to base p-n junction
decreases, leading to an increase in collector current i¢. This, in
turn, leads to an increase in voltage Vcy , which pushes current-
source transistor Q closer to saturation. In addition, the turn-on
slope of magnetizing current i\, increases, while the turn-off
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Fig. 3.

slope remains constant since error ampli er voltage Vea re-
mains constant. As a result, deadtime T4 decreases, and cou-
pling transformer T¢ also approaches saturation. It should be
noted that although magnetic-feedback designs are sensitive to
temperature, this sensitivity can be minimized through proper
design, unlike optocoupler feedback designs whose widely vary-
ing temperature-dependent current transfer ratio cannot be min-
imized. Magnetizing inductance Ly, of coupling transformer
Tc also varies with temperature; generally, as the temperature
increases, the magnetizing inductance increases, and voltage
Vey increases since the average magnetizing current decreases.
Transistor Q, approaches saturation since base voltage Vg in-
creases, while deadtime T4 remains unchanged since both the
turn-on and turn-off slopes of magnetizing current iy change
proportionally. Generally, it is recommended that the maxi-
mum value of magnetizing inductance be used throughout the
calculations.

To prevent saturation of transistor Qq, base voltage Vg must
be more than 1 p-n diode drop greater than voltage Vi p . By
selecting a desired maximum voltage level of error voltage Vea,
e.0., Veamax = 4 V, and by selecting a reasonable value for
resistor Rz, e.g., 10 50 k , resistor Rgg can be determined

V V i
E max 1+ EA min

Reg =R
Fe '® Vea VREF 2
VE min 1+ VEAmax +1 (1)
VEA VREF 2

Circuit diagram of a current-mode-controlled forward converter with synchronous recti ers and AM magnetic-feedback implementation.

where VEmax = 4.2 V, VEmin =0V, VEamin = 1.24 V, and
VEa = VEamax VEAmin. Next, resistor Rja and hold ca-
pacitor Cy can be calculated as

RFB R|B VEAmin
Ria = 1+ 2
" Res Ris VREF 2 @)
10Ts
Cy= —— > 3
HT2 (Ria +Rig) ®)

where the value of Cy is a tradeoff between a low ripple and
excessive delay introduced in the feedback loop.

\Woltage Vey can be calculated based on the maximum steady-
state error voltage Vea , and selected coupling transformer dead-
time T4 and selected current source on time T as

Ta
Ts

Ts

Vev = 1
cv Ta

(Vea +VE) Ve. (4

Next, the required average magnetizing current I, can be

calculated as

_ Vev +Ve
T 2Ly

Ty

| Ta 1
LM A Te

Q)

From the minimum TLV431 current, average diode current
s, can be selected, resistor Rk can be calculated as

_ (Vev  VEa)
Rk = e, (6)
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Fig. 4. Topological stages of AM magnetic-feedback implementation where
current source i@ is (a) on, (b) off, and (c) coupling transformer T¢ is
completely demagnetized.

and average diode current Is; + I; can be calculated as

Vev +VE Ta (Vov +Va) Ta |, Vka+Vg
VEA +V|: TS 2LM

Isi+11=
Rep

()
The required average collector current I can now be deter-
mined since

I + 1w )
and nally, the peak collector current iP¥ can be determined as

Ic =ls2 Is1

C
Ta
Since saturation of transistor Q; must be avoided, base volt-
age Vg should be set approximately 2 V higher than voltage

jpk = IeTs )

CARRIER |
SIGNAL

ipc d I V(VCV‘*'VF) <—Td4>: t
I L Vea Ve t
i s2 o (VCV +Vp) R G

Fig.5. Key switching waverforms of AM magnetic-feedback implementation.

Fig. 6. Effect of load variation on AM magnetic-feedback implementation.

Vcyv + VE. Resistor Rg can then be calculated as

R _Vec VB Vet
E — -pk
ic' (1+1/hgg)

(10)

where voltage Vept iS the base emitter voltage of Q;. It should
be noted that voltage Vcc , which should be selected greater than
voltage Vg, may be excessively high based on the selection of
maximum error voltage Veamax. Additional iterations may be
needed to nd both the optimal value of voltages Veamax and
Vcc . By selecting a reasonable value of base resistor Rg», €.g.,
1 10 k , base resistor Rg; can be calculated assuming that
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