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Abstract - The paper presents novel transformer-fluxbalancing control methods for the isolated bidirectional fullbridge (FB) converter with active clamp and the bidirectional
dual-active bridge (DAB) converter. Both approaches are based
on the sensing and control of the transformer magnetizing current.
For the isolated bidirectional FB converter the magnetizing
current is obtained by sensing a single current, whereas for the
DAB converter, both primary and secondary currents of the
transformer need to be sensed to obtain the magnetizing current.
Since in the DAB converter the magnetizing-current control can
lead to excessive dc values of the winding currents, an additional
control loop that eliminates the dc value of the primary and
secondary currents is introduced. Performance of the proposed
flux-balancing control for the isolated bidirectional FB converter
was experimentally evaluated on a 2-kW prototype.
I. Introduction
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Today, bidirectional converters are increasingly finding
applications in power systems with energy-storage capability,
most notably in “smart”-grid and automotive applications [1].
Generally, they are employed to condition charging and
discharging of the energy-storage devices such as batteries and
supercapacitors. Specifically, in automotive applications, isolated
bidirectional dc-dc converters are used in electric vehicles (EVs)
to provide bidirectional energy exchange between the high-voltage
(HV) and low-voltage (LV) battery, whereas bidirectional ac-dc
converters are required for future vehicle-to-grid (V2G)
applications. Due to a relatively wide battery-voltage range that is
dependent on battery’s state of charge, achieving high efficiency
across the entire battery voltage range is a major design challenge
of bidirectional dc-dc converters.
Two most widely used bidirectional isolated converter
topologies are the full-bridge (FB) converter with active clamp [2]
and the dual-active-bridge (DAB) converter [3], shown in
Figs. 1(a) and (b), respectively. Various aspects of their
performance optimization are addressed in numerous papers.
The majority of these papers are focused on their efficiency
improvements through power-stage refinements and advanced
control techniques [4]-[9].
However, the transformer saturation issue, which is of the
paramount importance for reliable operation of isolated
bidirectional converters, is almost completely ignored in the
literature, although isolated bidirectional converters may be more
susceptible to the transformer saturation than their unidirectional
counterparts. Namely, because in bidirectional converters both the
primary and secondary side of the transformer are connected to
voltage sources, any differences of duty cycles caused by
mismatching of drive signals timing and/or unequal voltage drops
on semiconductor switches cause a difference in positive and

978-1-4799-2325-0/14/$31.00 ©2014 IEEE

Q1

LM
T1

A

LAC

B

iM

Q7

T1

C

D

iSEC
Q2

Q4

Q6

CF

VO

Q8

(b)
Fig.1. Two isolated bidirectional topologies: (a) FB converter with active
clamp; (b) DAB converter.

negative volt-seconds, which leads to flux walking that eventually
may result in transformer core saturation. Except for reference [10]
that addresses the transformer design to avoid saturation in DAB
converter, no other literature deals with this design aspect of
bidirectional converters.
Generally, passive and active approaches used in unidirectional
isolated FB converters to eliminate transformer saturation due to
flux walking can also be applied in bidirectional converters.
Passive approaches include conservative transformer designs with
a low peak flux density and large core gap that can absorb the
anticipated worst-case flux imbalance without saturating the core
[10]-[11] and adding blocking capacitors in series with the
primary and/or secondary winding of the transformer to eliminate
their dc currents [12]. These passive approaches are not desirable
because the transformer overdesign approach requires an
increased peak value of the magnetizing current which increases
conduction and switching losses, whereas the blocking-capacitor
approach requires additional components that increase the size and
cost.
A number of active approaches that are based on sensing of
transformer currents and using sensed signals to modify duration
of driving signals of the switches to maintain flux balance in
unidirectional isolated FB converters have been introduced in
[13]-[15]. In most applications, sensing of only primary current is
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sufficient for the flux-balancing control [13]-[14]. However, in
some applications, such as plasma-cutting power supplies, sensing
of the transformer magnetizing current is required which is
achieved by sensing both primary and secondary currents [15].
In this paper, a novel flux-balancing method for the isolated FB
bidirectional converter based on direct control of the magnetizing
current is proposed. In the proposed method, the peak value of the
magnetizing current is obtained by sensing a single current
waveform. In addition, the paper introduces a flux-balancing
control of the DAB converter that is also based on the magnetizing
current control. In this control, sensing of both primary and
secondary currents is required. Since in DAB converter the
magnetizing-current control can lead to the excessive dc values of
the winding currents, an additional control loop that reduces the dc
values of the primary and secondary currents down to zero is
introduced.
The paper is organized in five sections. Principles of the active
flux-balancing control, applicable to unidirectional and
bidirectional converters, are discussed in Section II. Section III
presents the proposed single-current-sensing flux-balancing
control of the isolated FB bidirectional converter, whereas
Section IV presents the proposed two-loop flux-balancing control
of the DAB converter. Summary and future work are presented in
Section V.
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Fig. 2. Common equivalent circuit of both bidirectional topologies.
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II. PRINCIPLES OF ACTIVE FLUX-BALANCING CONTROL
The analysis of the isolated FB bidirectional converter in
Fig. 1(a) and DAB converter in Fig. 1(b) can be facilitated by
recognizing that during time periods when active-clamp switch QC
in Fig. 1(a) is closed, the equivalent circuit of the isolated FB
bidirectional converter is the same as that of the DAB converter.
In this common equivalent circuit shown in Fig. 2, voltage source
VEQ is equal to voltage VC of clamp capacitor CC for the isolated
FB bidirectional converter and to voltage VO for the DAB
converter. Equivalent inductance LEQ in Fig. 2 can be an external
inductance or the transformer leakage inductance, or their sum.
Generally, since the flux in the transformer core cannot be
sensed directly, the active flux-balancing control is based on the
magnetizing current control because magnetizing current iM is
related to flux
as
·
·
(1)
where
and NS are secondary-side magnetizing inductance and
number of secondary turns, respectively. Because according to
Ampere’s law, magnetizing current iM is the difference between
secondary and reflected primary current, i.e.,
⁄ ·
,
(2)
it can be calculated by measuring secondary current
and
primary current
and knowing transformer turns ratio
⁄ .
Waveforms of secondary-winding voltage VCD and magnetizing
current iM, that has a positive dc bias, are shown in Fig. 3.
Magnitudes of VCD positive and negative pulses are VEQ(P) and
VEQ(N), respectively, which are not equal due to mismatching of
the voltage drops on conducting switches. The goal of the fluxbalancing control is to maintain dc component
of the
magnetizing current and, therefore, the dc component of flux
well below the saturation level by adjusting the on-times of
positive and negative VCD pulses, i.e., by adjusting the volt-second
product across the transformer winding. As illustrated in Fig. 3,
for the magnetizing current which has a positive dc bias during

ipeak
M
Δi M

ivM

Fig. 3. Waveforms of secondary voltage VCD and magnetizing current iM
with positive dc bias.

⁄ , the control needs to increase on-time
time interval 0
TON(N) of VCD negative pulse by ΔTON and/or decrease on-time
TON(P) of VCD next positive pulse by ΔTON.
The steady-state peak-to-peak value of magnetizing current ΔiM
is determined by
⁄
⁄
·
·
· ⁄ ,
(3)
where TS and d are the switching period and the steady-state
secondary-side duty ratio, respectively. Generally, condition for
avoiding transformer saturation is
⁄2
,
(4)
·
· ⁄
where BSAT and AC are the transformer core saturation flux density
and cross-sectional area, respectively. From Eqs. (3) and (4),
which brings
maximum magnetizing current dc value
the core flux density to the saturation level is
·
·
·
·
·
. (5)
A flux-balancing control must keep the dc level of the
magnetizing current below the maximum value defined by (5)
with an ample margin. In fact, for optimal design of the
transformer, it is desirable to completely eliminate the dc
component of the magnetizing current, i.e., to make it zero.
Sensing of dc component
that is required to implement the
proposed control can be done in two ways. One approach is to
and valley
measure and equalize the absolute values of peak
levels of the magnetizing current. The other approach is to
measure the dc bias directly by measuring magnetizing current at
the middle of the secondary voltage on-time, i.e., at time instants
⁄ or
⁄
⁄ , and adjust the on∆
times to keep this value to approximately zero. The latter approach
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is better suited for digital implementation of flux-balancing
control. With this approach, single sampling of the magnetizing
current per switching period is sufficient for the control.

Q5,
Q8
Q6,
Q7

III. FLUX-BALANCING CONTROL OF FB BIDIRECTIONAL
CONVERTER

Qc

For the isolated FB bidirectional converter in Fig. 1(a), the
transformer flux-balancing control is implemented differently
during the buck and boost modes. In the buck mode, when energy
flows from source VIN to VO, flux balancing is achieved by using
the traditional peak-current-mode control with primary-current
sensing.
To facilitate the explanation of the flux-balancing control in the
boost mode, key waveforms for this mode are shown in Fig. 4. In
the boost mode, primary-side devices Q1-Q4 are turned off and
primary current flows through their antiparallel diodes, i.e., the
primary side works as a full-bridge rectifier. As it can be seen
, primary current
from Fig. 4, during switching cycle
iPRIM is zero during time intervals
and
.
As a result, during these intervals, secondary current iSEC is equal
to magnetizing current iM. Therefore, sensing of the secondary
and
is equivalent to
current during
sensing peak
and valley
values of the magnetizing
current, respectively. It should be noted that during time intervals
and
, clamp switch QC is off while
switches Q5-Q8 are on, i.e., the secondary winding of the
transformer is shorted.
The block diagram of the analog implementation of the fluxbalancing control based on the proposed sensing of the
magnetizing current and its key waveforms are shown in Figs. 5(a)
and (b), respectively. As shown in Fig. 5(a), the secondary current
is sensed by the sensor with gain RS and rectified by the full-wave
rectifier. The amplified rectified sensed signal is then added to the
PWM ramp during the time intervals when the primary current is
zero, i.e., when the sensed current is equal to the magnetizing
current, by closing switch S1. As illustrated in Fig. 5(b), during
time intervals when the primary current is zero, output signal dS of
the PWM comparator is high. However, the turn-on instant of
switch S1 in Fig. 5(a) is delayed for time TD with respect to the
rising edge of signal dS to allow the primary current to decrease
and
from its peak value to zero during time intervals
, as shown in Fig. 4. As a result, signal VSUM at the
inverting input of the PWM comparator appears as shown in
Fig. 5(b). Duty cycles d1 and d2 are adjusted in the direction which
and
absolute values so that
reduces imbalance between
the dc component of the magnetizing current is minimized. It will
be shown in the next subsection that proportional control is
sufficient to obtain fast, stable, and reasonably accurate regulation
of the dc component of the magnetizing current.
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Fig. 4. Key waveforms of FB bidirectional converter in boost mode.

output of the PWM comparator is the same for both positive and
negative secondary voltage
. However, due to differences in
the power device switching times and propagation delays of their
driving circuits, the actual duty ratios applied to the transformer
may be
winding during positive and negative voltage
different. Assuming that without flux-balancing control positive
have on-times TON(P) and
and negative pulses of voltage
TON(N), respectively, and
, the on-times are
related to duty cycle D of PWM output signal dS as
⁄ ,
·
(7)
∆ · ⁄ ,
(8)
where Δd is the duty ratio imbalance caused by the difference of
the on-times, i.e.,
⁄
⁄ .
∆
(9)
To model the effect of unbalanced magnitudes of the positive
voltages during adjacent half cycles, the values
and negative
of the secondary voltage during the first and second half-cycles of
and
, respectively,
the same cycle are considered to be
. It should be noted that the worst-case voltand
second imbalance occurs when the voltage difference
)
and duty-ratio difference given by Eq. (9) have the same sign
because in that case the difference in positive (setting) and
negative (resetting) volt-seconds is maximal. For example, if

(A) Analysis of Flux-Balancing Control

, then the worst-case voltage-second
.
imbalance occurs for
With flux-balancing control applied, inspection of Fig. 5 shows
that during the first half of the k-th switching cycle, magnetizing
, voltage VEA, and PWM ramp signal are related as
current
|
·
·
·|
(11)
,,
To facilitate further analysis, it is assumed that
0 and
0. It is also assumed that the flux-balancing control

The following analysis of the flux-balancing control is based on
the discrete-time model which relates magnetizing current values
at adjacent switching periods.
As can be seen from Fig. 5(a), without flux-balancing control,
i.e., when switch S1 is open, the duty ratio at the output of the
PWM comparator is given by
⁄
where VEA is the error amplifier output voltage and VRAMP is the
peak-to-peak magnitude of the PWM ramp. This duty ratio at the
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∆

⁄

·
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· .
where
From linear Eqs. (12)-(16), the difference equation for valley
is obtained as
current
·
,
(17)
where
· ·
· ·
·
,
(18)

R S i sec
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·
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TS /2
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k-th cycle

⁄
⁄

·

,
·

(19)
(20)

·

⁄

.

(21)

The dc magnetizing current during k-th switching period is
defined as
⁄ ,
(23)
The steady-state value of
was computed from Eqs. (18)(20) and (22)-(23). Calculated normalized steady-state dc current
⁄
is plotted in Fig. 6 as a function of control gain
KP, where
value, determined by Eq. (5), corresponds to
the onset of transformer saturation. In Fig. 6, dc magnetizing
current is shown for different values of duty cycle imbalance Δd.
The graph in Fig. 6, as well as the graph in Fig. 7 were obtained
for switching frequency fS=30 kHz, clamp capacitor voltage
VC=430 V, duty cycle D = 0.5, magnetizing inductance
LM=4.1 mH, PWM ramp amplitude VRAMP=2 V, transformer core
cross-sectional area AC=280 mm2, saturation flux density
BSAT=0.37 T, and number of secondary winding turns NS=48.
Finally, the parameters that model transformer volt-second
imbalance were VCP = 431 V, VCN = 429 V.
Dynamics of the flux-balancing loop are determined by the
root of single-order characteristic polynomial P(z), which
corresponds to difference Eq. (17). Namely,
(24)
Characteristic polynomial P(z) has single real root z1 = C1.
For stability analysis of the proposed control, it is assumed
, where
is the steady-state clamp capacitor
voltage. Then, expression for root z1 can be simplified as
,
(25)
where F is normalized control gain
· ·
.
(26)

iMv [k+1]

i sec

·

·

and the
In steady-state operation,
steady-state value of magnetizing current is easily obtained from
Eq. (17) as
⁄
.
(22)

VCN

i peak
[k]
M
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·

⁄

·
· 1

·

·
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·

·

The discrete-time domain solution of difference Eq. (17) is

VCP

iMv [k]

⁄

·

·

⁄

·

TD

i sec

·∆
·

Turn-On Delay

VCD

·

· 1

VSUM

d1[k]TS /2

,

·

(a)

Q8

i sec

0

(14)

CC
Q6

ds

⁄

·

·

LF

Q5

TS
[k+1]-th cycle

Fig. 5. Flux-balancing control for FB converter: (a) block diagram and (b)
key waveforms.

does not affect converter operating point, i.e., average duty cycle
D of the PWM output signal is not changed, namely
⁄ ,
(12)
With these assumptions, the following equations can be written
for the first half of k-th cycle
·
·
,
(13)

·

·

As z1 value cannot be negative, the flux-balancing control
transient response is always monotonic. The plot of root z1
magnitude versus gain KP is shown in Fig. 7. As can be seen in
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dc

1000

, determined by Eq. (5). It is important to consider
below
the worst-case operating point and parameter values for
from Eq. (5). Once the desired maximum
calculation
level of dc magnetizing current is selected, minimum gain value
can be found from Fig. 6. For example, to limit the dc
magnetizing current to below 5% of the saturation level, assuming
that the worst-case duty ratio imbalance is Δd=1%, gain KP must
0.32 V/A.
be larger than approximately 0.32 V/A, i.e.,
The dynamic performance of flux-balancing control is also
important because this control should be much faster with respect
to output voltage / current control to avoid interaction between the
two loops and maintain flux balancing during source-voltage
and/or load-current transients. Since the fastest transient response
, the design goal is to select gain to be
is obtained for
. Therefore, if
, then
equal or close to
is the best design choice. Otherwise,
is the most prudent choice. For the example given above,
since
.
is lower than
. , selecting gain
.
V/A is the optimal choice.

dc
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Fig. 6. Normalized steady-state dc magnetizing current versus gain KP for
flux-balancing control of FB converter.

1.4

(C) Experimental Results

Z1

The proposed control was implemented in a 2-kW bidirectional
FB converter prototype designed for automotive charging
applications with the following input / output specifications and
key component values:
• input voltage VIN = 390 V;
• battery voltage range VBAT = 240-360 V;
• switching frequency fS = 30 kHz;
• transformer turns ratio N = 48:48;
• transformer leakage inductance LLEAK = 2.4µH;
• resonant inductor value LR = 16 µH;
• output inductor value LF = 400 µH;
• active clamp capacitor CC = 2.2 µF.
Measured key waveforms of the experimental converter
operating in the battery discharging mode (boost mode) are shown
in Fig. 8. As can be seen in Fig. 8(a), without the flux-balancing
control the secondary current exhibits a significant difference
between the positive and negative magnetizing-current levels that
are shown inside the red circles, indicating the existence of the
relatively high dc component of the magnetizing current. The
same waveform with flux-balancing control shows a very well
balanced magnetizing current, as can be seen in Fig. 8(b). Also
observation of VSUM waveform in Fig. 8(b) demonstrates addition
of the current-balancing signal to the PWM ramp, shown inside
blue rectangles.
The converter was tested in the entire range of battery voltage
and discharging current without any signs of transformer
saturation.
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Fig. 7. Characteristic polynomial root value versus gain KP for fluxbalancing control of FB converter.

Fig. 7, at low KP values, increase of gain KP causes magnitude of
root z1 decrease until it reaches zero at
·
·
,
(27)
·

that corresponds to
. As gain KP increases further, the
magnitude of root z1 increases and reaches unity at
, which
corresponds to
. Increase of gain KP above
makes
the loop unstable. From Eq. (26),
value is given by
·
·
.
(28)

IV. FLUX-BALANCING CONTROL OF DAB CONVERTER

·

It should be noted that the fastest transient response occurs when
.
z1 is minimal, i.e., for critical gain

Key waveforms of the DAB converter for the power transfer
from source VIN to VO are shown in Fig. 9. The most important
difference between the bidirectional FB converter waveforms in
Fig. 4 and the DAB converter waveforms in Fig. 9 is that the
primary current in the DAB converter is continuous, i.e., it does
not have time intervals where it is zero as in the case of the
primary current in the FB converter. As a result, the magnetizing
current value cannot be extracted by sensing only the primary or
the secondary current. In fact, in the DAB converter both primary

(B) Design Guidelines
The key design parameter for flux-balancing control is gain KP,
whose choice must meet the required level of dc magnetizing
current and provide fast transient response while keeping the
control loop stable. To prevent transformer saturation, the fluxbalancing control must keep the dc magnetizing current well
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Fig. 8. Measured waveforms of FB converter operating (a) without fluxbalancing control and (b) with flux-balancing control.

Fig. 10. Functional diagram of proposed flux-balancing and currentbalancing controls for DAB converter.

and secondary currents must be sensed to be able to calculate the
magnetizing current using Eq. (2).
The block diagram of a digital implementation of the proposed
flux-balancing control is shown in the upper half of Fig. 10. In this
control, in the k-th switching cycle magnetizing current iM is
sampled by the A/D converter at time instant
· ⁄ to
determine its dc value
. The flux-balancing loop then
computes flux-balancing control signal
·
that is
summed with constant signal VDC(S) and applied to the input of the
PWM block to generate duty ratio
of secondary switches Q5-Q8. It should be noted
∆
that duty ratio
∆
is applied to
negative secondary voltage VCD during [k+1]-th switching cycle to
provide flux balancing. Constant signal VDC(S) is used to set the dc
value of the secondary-side duty ratio DS.
While the proposed flux-balancing control is effective in
eliminating the dc component of the magnetizing current, it is not
optimal. Namely, according to Eq. (2), the zero value of the
average magnetizing current can be achieved with non-zero values
of the average primary and secondary currents. This is not
desirable because dc components of the primary and secondary
currents increase component losses. To facilitate a better
understanding of the problem, Fig. 11 shows the transformer
current waveforms obtained by Simplis simulations of a DAB
converter with and without flux-balancing control. In the

simulation circuit, a flux imbalance is introduced by assuming that
switches Q1, Q2, Q5, and Q6 have 150-mΩ on-state resistance,
whereas switches Q1, Q2, Q5, and Q6 have 200-mΩ on-resistance,
as well as that the duty cycles of the positive and negative voltage
VAB pulses are mismatched by 0.5 %. The operating conditions
and key component values of the simulated DAB power stage are:
input voltage VIN= 390 V, output voltage VO=340 V, output power
PO=3.3 kW, switching frequency fS=35 kHz, turns ratio of
transformer N=34:30, secondary-side magnetizing inductance
LM=3mH, primary-side leakage inductance LS=3.2 µH, and
primary inductance LAC=80 µH.
As shown in Fig. 11(a), without the flux-balancing control, the
dc magnetizing current is -1.69 A, which in most practical cases is
high enough to saturate the transformer. With the flux-balancing
control, as shown in Fig. 11(b), the magnitude of the dc
magnetizing current is reduced to -12 mA, i.e., it is practically
zero. However, as it can be seen from Fig. 11(b), the reduction of
the dc component of the magnetizing current is achieved at the
expense of a significantly increased secondary current.
Specifically, with the flux-balancing control the dc component of
the secondary current is -1.66 A which is much higher than 51 mA
without the control. In this example, the increase of the dc
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control is negligible since it changes from -1.43 A to -1.46 A.
To reduce the dc component of primary and secondary currents
to a reasonable level, the second control loop is proposed, as
shown in the lower half of Fig. 10. In the implementation in
Fig. 10, the current-balancing loop uses the dc value of the sensed
primary current obtained by low-pass (RC) filtering to adjust
∆
of negative
primary-side duty ratio
primary voltage VAB on a cycle-by-cycle basis. The primary-side
duty ratio is obtained by sampling the output voltage of the analog
and computing currentRC filter that is proportional to
balancing control signal
·
. The computed control
signal is then summed with constant signal VDC(P) and applied to
the input of the PWM block to generate duty ratio of the primary
switches Q1-Q4. Level of signal VDC(P) determines the dc value of
primary-side duty cycle DP.
As shown in Fig. 11(c), with the current-balancing loop, the dc
components of the primary and secondary current are greatly
reduced. Namely, with respect to the converter operation with
only flux-balancing loop, the dc levels of the primary and
secondary current are reduced from -1.46 A to -25 mA and from 1.66 A to -28 mA, respectively.
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V. SUMMARY AND FUTURE WORK

5

Flux-balancing control for FB and DAB bidirectional dc-dc
converters, based on sensing of the transformer magnetizing
current, was presented. It was shown that in the FB converter in
the boost operation mode the peak and valley values of the
magnetizing current can be extracted from sensing single current
waveform. However, in the DAB converter extraction of the
magnetizing current waveform requires sensing of both primary
and secondary currents. In the DAB converter, single-loop control
of the magnetizing current can lead to excessive dc values of the
winding currents. To avoid this issue, the current-balancing
control loop was added which maintains the dc values of the
transformer currents close to zero. For the FB converter, the
discrete-time model was developed to analyze control steady-state
accuracy, stability, and transient response and to provide design
guidelines. Presented experimental results verify performance of
the proposed flux-balancing control for the FB converter. The
future work is experimental verification of the proposed two-loop
control for the DAB converter, as well as its modeling and designoriented analysis.
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