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An Isolated Full-Bridge DC-DC Converter With
1-MHz Bidirectional Communication Channel
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Abstract—This paper presents a novel isolated full-bridge dc/dc
converter with bidirectional communication capability. The trans-
former in the proposed converter is utilized as an isolation inter-
face for transferring both energy and data. Power delivery and
forward data transfer are conducted simultaneously by modifying
the full-bridge switching phase. Backward data transfer is realized
by manipulating the amplitude of the resonant signal through
modulating the impedance of the resonant tank at the secondary
side of the transformer. Finally, the operation principle of the
proposed converter was verified on a 900-mW prototype operating
at 1 MHz from a 12-V dc input.

Index Terms—Bidirectional communication, data transmission,
full-bridge converter, isolation, L L C, resonance, transformer.

I. INTRODUCTION

N NUMEROUS applications, such as telephony [1]-[3],

electricity usage meter [4], medical instrument [5], and
industrial control system [6], isolated interfaces are required
for safety and grounding. In conventional approaches, power
conversion and communication function are realized with in-
dependent interface circuits. For isolated dc/dc power conver-
sion, a transformer is applied as a power transfer device. For
data communication, extra pulse transformers, optocouplers, or
high-voltage capacitors are applied as data transfer interface.
Some methods combine power supply and data communication
in common isolation barrier, like in [7] and [8]. This paper
presents a novel isolated full-bridge dc/dc converter with bidi-
rectional communication capability. It provides a high insula-
tion quality and a high integration design with reduced cost
and device counts by using a common isolated transformer that
facilitates power and data transfer.

Generally, L-C' combination resonant technology is em-
ployed in power converters [9]-[21] to achieve soft switching
for increasing the efficiency. In the proposed design, the reso-
nant operation is developed to achieve “data transmission.”

The operations of the proposed converter for providing bidi-
rectional communication are as follows: 1) Power delivery and
forward data transfer can be made simultaneous by altering
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Fig. 1. Block diagram of the proposed power converter.

the full-bridge switching phase. A positive or negative voltage
phase across the primary winding of the transformer represents
a 0 or 1 signal of forward datum, respectively. 2) The backward
data transfer is attained by manipulating the amplitude of a
resonant signal through modulating the impedance of the res-
onant tank at the secondary side of the transformer. Therefore,
backward datum can be retrieved by detecting the different
amplitudes of the resonant signal across the primary winding
of the transformer. A low power-loss backward data transfer is
achieved through the resonant operation of the transformer after
the transformer is fully demagnetized. No additional supplied
power is needed to transfer backward data. Via these two data
transfer approaches, isolated bidirectional data communication
is accomplished.

II. CIRCUIT AND OPERATION PRINCIPLE

Fig. 1 shows the block diagram of the proposed isolated dc/dc
converter, including the converter and data communication
stages. The data communication stage includes a primary con-
trol circuit and secondary control circuit to achieve bidirectional
communication. The primary control circuit is employed to
transfer forward data from the Host side to the I/0 side through
the transformer and simultaneously transfer power to the load in
the 1/0 side. The secondary control circuit is utilized to transfer
backward data from the /O side to the Host side through the
transformer. Additionally, the primary and secondary control
circuits are also used for receiving the data transmitted from
the opposite sides.

Fig. 2 shows the power conversion stage of the proposed
power converter which includes four circuit blocks: 1) an
isolated transformer that transfers power and data; 2) a full-
bridge switching stage, including transistors @1, QQ2, @3, and
@4, that generates a switching signal according to the forward
datum 7'X7; 3) rectifier diodes D5, Dg, D7, Dg and an output
capacitor Cp that provides a supply voltage to the load and
the secondary control circuit; and 4) an impedance modulator,
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Fig. 2. Proposed dc/dc converter including the impedance modulator.
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Fig. 3. Key waveforms of the proposed converter.

including diodes Dg and D1g and transistor ()5, that controls
the impedance of the transformer according to the backward
datum 7" X5.

Fig. 3 shows four operational states (States 1-4) in a switch-
ing cycle T's during bidirectional communication. Table I shows
the control table of the on-transistors related to the transmitted
forward datum 7'X; and backward datum 7" X5 in each opera-
tion state.

A. State I [to—t1]: Duration of Power and Forward
Data Transfer

In this state, power is transferred from the input dc bus (Vin)
to the load through the full-bridge stage and rectifier diodes.
According to the transistor switching control shown in Table I,
the voltage polarity of the full-bridge converter’s output Vagp is
manipulated by the logic state of forward datum 7" X . Through
the voltage polarity control, power and forward datum 7'X;
can be transferred simultaneously to the secondary side through
the isolated transformer. After rectification, the coupled voltage
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TABLE 1
CONTROL TABLE OF THE ON-TRANSISTORS RELATED
TO THE TRANSMITTED DATUM

State
State 1 State 2 State 3 State 4
Datum
TX1: 0 Qb Q3 Q3> Q4
TX=1 Oy, 04 (g on
TX,=0
TX,= 1 Os

Vep across the transformer secondary winding generates the dc
output voltage (Vo). Meanwhile, the transferred forward datum
is retrieved simply by a level-detect circuit in the transformer
secondary side.

When transmitted forward datum 7'X is O, transistors ()1
and Q3 are turned on, resulting in Vap = Vin; otherwise,
Vag = —Vin for the case of T Xy = 1. When Vag = Vin,
rectifier diodes D5 and D7 are turned on. The current of
the secondary winding iy_(t) = n*(ir,(t) —ir,, (t)), where
n is the turn ratio of the transformer, i.e., n = Np/Ng. The
increasing rate of the magnetizing current of the transformer is
given by

dir,,(t)  n(Vo +2Vp)
dt L,

ey

where V is the average output voltage and Vp is the forward
conduction voltage of the rectifier diode.

Since the leakage inductance L is much smaller than the
magnetizing inductance L,, of the transformer, the voltage
across the leakage inductance is low, such that Vi, < Vg, .
The voltage on the magnetizing inductance is approximately
equal to input voltage, i.e., Vix =~ n(Vp + 2Vp). Assuming
that the condition AVy, < Vi, is satisfied, the voltage across
the leakage inductor V7, can be seen as a constant. Therefore,
the switching current of the leakage inductance ¢y, in State 1
increases linearly. It can be expressed as

tq _ VIN *TL(VO +2VD) <t

I @

gn (t)

to

B. State 2 [t1—t3]: Duration of Transformer Demagnetization

The case of T X; = 0 is assumed for illustrating the circuit
operation. If the current through an inductor is forced to change
rapidly, a very high voltage will be induced to resist the current
change. When ¢t = ¢4, all of the full-bridge transistors are turned
off, a very high negative voltage is induced across the leakage
inductor, and it forces the body diodes of transistors ()2 and Q4
to turn on. The leakage inductor is demagnetized rapidly until
i1, decreasesto iy, (t1),i.e.,

n(Vo +2Vp)D,1Ts

. 3

iLm (tl) = Z'Lm (to) +

where D,1_4’s denote the duty ratios of States 1-4. While
ir, <1ir,,, the leakage inductor demagnetized through the

m?
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Fig. 4. Equivalent circuit of the proposed converter in State 3.

body diodes of transistors 2 and Q4 until it is fully demag-
netized. The switching current of the leakage inductance ¢, in
State 2 decreases linearly as the same rate of (2).

In this state, while 7, > 4, , both the currents 77, and iy,
flow to the transformer in phase. They will induce an output
current ¢g to load through the rectifiers. Since L, is reversely
biased, L,, will demagnetize just as shown in (1). While i,
decays to a value, i.e., i1, <%z, , some of the energy of the
magnetizing inductance L,, will be pumped to the input dc
bus, Vin, through the leakage inductance Lj. After the leakage
inductor is fully demagnetized, ¢, decays to zero, and the body
diodes of transistors Q2 and (4 are turned off. Thus, the energy
stored in the magnetizing inductance L,,, of the transformer will
wholly flow to the output Vi through the secondary winding
of the transformer and the rectifier diodes Dg and Dg. The
reflected voltage of the primary inductance Vi, is —n(Vo +
2Vp). The magnetizing inductor L,,, demagnetizes as the same
rate of (1). In contrast, V, will be n(Vo + 2Vp) if TX; =1,
in which the transistors (0o and Q4 switch the transformer.

In this design, the magnetizing current 77, is in discon-
tinuous conduction mode. The magnetizing inductance L,, is
charged in State 1 and then discharged completely in State 2.
The voltage across the magnetizing inductor in States 1 and 2 is
In(Vo + 2Vp)|. Thus, Atmag = Atdmag, Where Aty is the
magnetizing period of L,,, i.e., Atyae = Dy1Ts, and Atgmag
is the demagnetizing period of L,,.

At t = to, the time when iy, (t2) decays to zero, the body
diodes of transistors (5 and ()4 will not conduct. The leakage
inductor Ly starts to resonate along with the equivalent parasitic
capacitors C'p. In practice, the resonant amplitude in State 2
decays due to the parasitic resistance along the resonant path.
The initial value of V7, is very small in the beginning of
oscillation time. That is why the oscillation amplitude is very
small in State 2. The equivalent parasitic capacitor C'p across
the terminals A and B includes the following: 1) the parasitic
capacitors of the transistors, such as C'p; —C'py; 2) the parasitic
capacitors of the primary winding of the transformer; and 3) the
parasitic capacitors between the conduction wires on the printed
circuit board.

m

C. State 3 [t3—t5|: Duration of L-L-C Resonance and
Backward Data Transfer

Fig. 4 shows the equivalent circuit of the proposed converter
in State 3. In this state, the resonant quality factor () fac-
tor) is determined by the ON/OFF state of the transistor Q5.
When T X, = 1, transistor (05 is turned on, and resistor Rg
is connected to terminals C and D. The resistor Rg changes
the impedance across terminals A and B and results in a low
quality factor and high oscillation damping (Fig. 3). Conversely,
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when T' X5 = 0, transistor (5 is off at ¢4; thus, an approximate
infinite ) factor will be obtained, and Vap will have a large
oscillation amplitude that is approximate to Vin. By detecting
the oscillation amplitude of Vjp, backward datum can be
retrieved. Moreover, no extra supplied power is required to
transfer backward data.

At t = t3, the transistor ()5 is off. The magnetizing inductor
L., is demagnetized completely. The rectifier diodes at the
secondary side of the transformer are off. At this moment,
since the energy stored in the parasitic capacitance Cp starts to
transfer to the magnetizing inductance L,, and L, a resonant
cycle is activated by the resonant tank Ly —L,,,—C'p. Thus, the
resonant frequency can be obtained as

1
Wl = ——eeee—— 4
! Cp(LnL + Lk)

where the conduction and core losses of the transformer and the
turn-on resistance of the MOSFETS are ignored. Since 77, and
ir,, are 0 at t3 and transistor ()5 remains off, the amplitude of
the resonant signal Vap in State 3 will be equal to |Vag(t3)].

As Vin and Vo are the assigned values, t3 can be estimated or
detected by using a current sensor in the secondary side. For as-
suring obtaining complete demagnetization of the transformer,
a short time delay At is inserted before activating transistor Q5
to send the backward datum. At ¢t = ¢4 = t3 + At, transistor
Q5 is turned on/off according to the logic state of transmitted
backward datum 7'X5 to ensure that the transformer is fully
demagnetized. Furthermore, for ensuring that the amplitude of
resonant signal is well modulated, ()5 is better to be turned
on before one-fourth resonant cycle when Vop changed its
polarity.

D. State 4 [t5—tg): Duration of Synchronization

In this state, Q3 and Q4 are both on, and voltages across
the primary and secondary windings of the transformer will
remain O until time ¢g which is the end of a switching cycle
Ts. At t = tg, Vap has an abrupt edge at the end of State 4,
and the operation will return to State 1. This abrupt edge is
used to generate the synchronization pulse signal (PL.S) in the
secondary control circuit shown in Fig. 6.

Fig. 5 shows a feasible primary control circuit of the pro-
posed power converter. The primary control circuit has five
circuit blocks: 1) a clock generator that provides a clock sig-
nal C'K; for the primary control circuit; 2) a communication
unit and a serial bus interface for receiving/transferring data
from/to the Host side; 3) a state controller that generates signals
511,12,13, and 14’8 to control operation timing of the proposed
converter; 4) a phase-modulation circuit that controls the full-
bridge switching phase and transmits the forward datum 7" X7;
and 5) a threshold-level detector that retrieves the backward
datum into RX5 by detecting the voltage level of the primary
winding voltage |Vag| in State 3.

Fig. 6 shows a feasible secondary control circuit for the
proposed power converter. It includes the following five blocks:
1) a communication unit and serial bus interface that re-
ceives/transfers data from/to the /O side; 2) a regulator that



4410

i RS .
I Clock i
i | Generator [~ K1 i
| S11 > Phase !
: State Si2—»> Modulati —Q,
! Controller »| NVodulation | |
i 213 _ Circuit —> Q3
14 > |
@ ! Q
o i
Se;vice g Threshold 4‘31'3 I
us |2 Series Bus Level i
Host<— 23 Interface Detector :
g T4
= < RX, <«—B
= :
|

Fig. 5. Primary control circuit.
: Impedance Vcc<— Regulator
| Modulation
Qs;<«—— Control Sa3
i Circuit
: TX, <—‘ o
o
| Seri E
. Sp1—| Phase eries CE
Bus |e»{>5 5 <——>//0
» detector = 3 .
| Interface g | Service
. RX4 » 2| Bus
)
=]
| Synchronous Controller
: —> Sy !
. Timing | [ P
C+ > Cycle |PLS |Recovery P
D > Detector > Circuit | | 323|
24

Fig. 6. Secondary control circuit.

provides a regulated dc voltage to the circuit on the transformer
secondary side; 3) a synchronous controller that generates
synchronous state signals S21 22 23, and 24’ to synchronize the
operation timing between the primary and secondary control
circuits; 4) an impedance modulator that transfers the backward
datum 7'X5; and 5) a phase detector that retrieves the forward
datum into RX by detecting the voltage of terminal D on the
transformer secondary winding in State 1. When Vp exceeds
the reference voltage Vrgr, then RX; is set to 1; otherwise,
RX; is setto 0.

Proper timing control is important to successfully retrieve the
forward data sent from the primary control circuit. Fig. 7 shows
the waveforms produced by the timing recovery circuit in the
secondary control circuit. The timing recovery circuit in Fig. 6
is utilized to generate the synchronous state signals Sa;_24’s
at the secondary side of the transformer to emulate the timing
signals S711_14’s. When State 4 ends, a new switching cycle
will start, and the voltage Vap across the primary winding of
the transformer will have an abrupt edge. This abrupt edge is
used for the synchronization at the transformer secondary side.
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Fig. 7. Associated waveforms of the synchronous controller.

It causes an edge change to Vop. Through detecting this edge
change, the synchronization pulse signal PLS is generated by
a cycle detector in the secondary control circuit. This pulse
signal PLS is used for performing the synchronization. By
sensing the positive and negative edges of the PLS, the timing
recovery circuit will generate a sample-and-hold (SH) signal
and an end-of-cycle (FOC) signal. Conventionally, the timing
recovery circuit can be implemented by using a constant current
to charge a capacitor C7. The FOC' signal is coupled to
discharge the capacitor C1, therefore initiating a new switching
cycle as shown in Fig. 7.

The duty ratios of the four operational states 1,12 3, and 4’S,
as shown in Fig. 7, are designed as constants by a voltage
divider connected to a signal V. Signal Vo is the maximum
value of V1, the voltage across the capacitor C7, sampled
by SH. The signal Vo is sampled before the signal Vi is
discharged. The duty ratios can be regenerated at the secondary
side of the transformer, which is based on the relationship
Ry:Ry:Rs:Ry=D;:Dyoy: Dy Dyy. Therefore, syn-
chronous state signals S21 22 23, and 24’s of the secondary con-
trol circuit can be easily produced by comparing Vo1 and Vios.

III. DESIGN CONSIDERATIONS

The component parameters of the equivalent circuit in Fig. 4,
namely, Ly, L,,, Cp, and R, must be selected carefully to
maximize the performance and ensure a reliable backward data
transfer. Once the equivalent parasitic capacitor C'p and leakage
inductance of transformer Lj are measured, the magnetizing
inductance L,,, and resistance of the impedance modulator Rg
can be derived.

The two cases of the proposed converter operated in State 3
(Fig. 4), according to the logic state of transmitted backward
datum 7' X, are discussed as follows.

A. Case 1 (QQ5 OFF)

The () factor of a resonant circuit is defined as the ratio of
maximum stored energy to energy loss per cycle and is further
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equivalent to

Q=w

maximum energy stored
\ ( =y ) . 5)

average power dissipated

In Case 1, when the transmitted backward data T X> = 0, Q05
is turned off. Cp, Ly, and L,,, form as an L — L — C resonant
tank with resonant frequency w1 = 1/(27/(Cp(Ly, + Ly)))-
As no resistive element exists in the resonant circuit, the @)
factor in Case 1 is infinite. Restated, the amplitude of resonant
signal V4 will not decay during the switching cycle period. To
ensure that the backward data can be correctly retrieved by the
threshold-level detector of the primary control circuit, at least
one-half resonant cycle should exist in the duration of State 3.
Accordingly, minimum magnetizing inductance L,, can be

obtained from
Dy3Ts > my/ Cp(Lm + Lyg). (6)

B. Case 2 (Q5 ON)

In Case 2, when the transmitted backward data T' Xy = 1,
Qs is turned on. Resistance R is paralleled to magnetizing
inductance L,,, where R = n?Rg. Thus, the resonant fre-
quency and the () factor of the resonant circuit change. Since
the imaginary part of resonant circuit impedance Im(Zap) is
zero at resonance, the resonant frequency in Case 2 can be
obtained by

—m 4 Vm? —dn
s — (7

2

where

o Rz(Lm + Lk)
CpL?, L,

o — CoB*(Ln + Lie)* — Ly, Ly
B C,L2,L2

As a result, the quality factor of the resonant circuit in Case 2,
(QcAsE2, can be obtained from (5) and (7), given as

Qcask2
= wroCpRe(Zag)
_ wih L7, RCy
 W2CR(Lo + L) —R? + w2 L2, (w2Cp Ly — 1)

®)

There are three possible resonant models in Case 2 according
to R value: 1) L-L—C model, in case R approximates to co;
2) L-C' model, in case R approximates to 0; and 3) L-L-C—-R
model. As shown in (8), Qcasg2 Will be oo when resistance
R is oo. This result is the same as that in Case 1 since the
resonant circuit is the same. Moreover, when setting R value as
0, the resonant tank contains only C'p and L, and Qcasgs will

4411

(a)

Resonant frequency in Case2
®;(x107rad/sec.)

150 200

(b)
— . —.iQs
essseeeneens Qp
” - Qcase2
L :
Q H
(“ §
w a
=
© :
3 3
o :
150 200
Rinax

Fig. 8 (a) R versus wy2. (b) R versus quality factor.

be oo. Thus, Qcasee has a valley point (Qcasg2,opt; Ropt)
in response to the change of resistance R, which is shown in
Fig. 8(b).

To choose an appropriate resistance R value is important
for a reliable backward data transfer. When R is connected
across the secondary winding of the transformer in State 3,
the resonant voltage has a decay function e“*, where o =
wr/(2Q). When the resonant circuit is operated at a critical
damped condition such that Q = 0.5, then ¢~ will be as small
as 0.04 at time ¢ = 7 /w,.. Therefore, for the design satisfying
Qcasez < 0.5, the overdamped condition will ensure that the
backward data can be retrieved correctly by the threshold-level
detector in the primary control circuit. Similarly, @ < 0.5 will
generate a good data retrieval capability in Case 2.

An example is given hereinafter. Assume that C'p = 150 pF,
Ly =0.25 uH, and L,, = 16 uH. The curves of w,2(R) and
Qcasg2(R) with respect to resistance R can be obtained from
(7) and (8) and are shown in Fig. 8(a) and (b). It results
in a minimum resistance (R, = 38 ) and a maximum
resistance (Ryax = 153 ) to satisfy Qcasge = 0.5. An ap-
propriate value of R is acquired to provide a reliable back-
ward data transfer. For the design optimization, a minimal )
value, QcAsE2,opt, 18 helpful for resonant signal Vg decaying
rapidly. The corresponding R value is Rope = 56 2.

Another reliable backward data transfer can also be achieved
when the resonant circuit in Case 2 meets the following
approximations: 1) If X, < |R//jX,,|, then the resonant
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circuit in Case 2 can be approximated to a second-order
parallel R— L,,,—C'p resonant circuit with quality factor Q p =
(V/(Cp/Ly,)) * R, or 2) if X1, > R, then the resonant cir-
cuit in Case 2 can be approximated to a second-order se-
ries R—Ly—Cp resonant circuit with quality factor Qg =
(v/(Lx/Cp))/R. This approximation provides a convenient
consideration by choosing an R value that is close to Qp < 0.5
or Qs < 0.5. Fig. 8(b) shows the curves for the three types of
quality factors with respect to resistance R.

IV. EXPERIMENTAL RESULTS

An experimental prototype has been built to verify the opera-
tion principles of the proposed design. The specifications of the
prototype are as follows.

1) Vin: 12V

2) Ip: 0-90 mA.

3) Vo: 10 V (full load) to 12 V (no load).

4) fs:1MHz.

5) D,-lZDT»25D7-3ID7-4=9191925.

The power conversion stage shown in Fig. 2 consists of the
following components.

1) Q1,Q2,Q3,Q4,Qs: VNO606 N-channel MOSFETS.

2) High- and low-side drivers for the full-bridge: IR2110.

3) D5, Dﬁ, D7, Dg, Dg, Dl()i SB160 diodes.

4) Co: 1-uF ceramic capacitor.

5) Transformer: n = Np/Ng =1, L,, =15.9 uH, L, =
0.25 puH, MPP Core, the outer diameter is 13 mm, and
the thickness is 5 mm.

First, we choose L,, = 15.9 uH. The measurement shows
that the resonant period of Vi is 312 ns in State 3. Therefore,
the equivalent parasitic capacitor of the switches across the
terminals A and B can be estimated as Cp = 152.68 pF,
and the resonant frequency satisfies the requirement given by
(6). Finally, by finding Qcasg2,0pt = 0.25, the resistance of
the impedance modulator Rs = R/n? = 56 2 was chosen to
achieve an optimized backward data transfer.

Since the transformer is operated at Discontinuous Conduc-
tion Mode (DCM), there is no magnetic saturation concern for
the transformer. The average output voltage Vo is 10.18 V at the
full-load output current of 91.9 mA, and the maximum output
voltage is 12 V at no-load condition. The efficiency 7 of the
proposed converter not including the control circuit is 83% at
full load in the conditions 7' X7 = 0 and 7' X5 = 0 during 5-min
operation ()5 is always turned off). The efficiency 7 is 82%
at full load for the conditions 7X; =0 and T X5 =1 (Q5 is
always turned on). As a result, it shows that the backward data
transfer is a low-power-consumption approach.

Fig. 9 shows the experimental results of the proposed con-
verter in four possible data-transmission cases. Fig. 9 also
shows the gate signals of transistors ()1, Q5 and the voltage
across the transformer primary winding (Vap). For forward
data transmission, the voltage phase of Vap presents the for-
ward datum 7°X; transmitted in State 1. For backward data
transmission, the amplitudes of the resonant signal as men-
tioned in State 3 have also been successfully modulated by
the backward datum 7'X5 and can be clearly identified by a
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State:'q1 2 34'1 2 34'1 2 34'1 2 34

Fig. 9. Experimental waveforms for the proposed design.

threshold level as expected. Finally, all the waveforms have well
matched the theoretical ones.

V. CONCLUSION

The isolated full-bridge dc/dc converter with bidirectional
communication capability has been presented with illustrations
of its operations and analyses. A novel backward data transfer
circuit, which is achieved by manipulating the amplitude of
the resonant signal, is presented. An efficient approach for
finding an appropriate range of modulation resistance to achieve
reliable backward data communication is also presented. The
experimental results have demonstrated that the proposed con-
verter provides isolated power conversion and bidirectional
communication via the same switching cycle. In conclusion, the
proposed power converter provides high isolation capability by
using an isolated transformer and has a small device footprint.
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