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Abstract—This article addresses the dc magnetization issue in
high-power single-stage dual active bridge (DAB)-based convert-
ers. A multivariable control strategy capable of simultaneously
regulating the dc bias currents is applied to an integrated ac–dc
topology. The control approach relies on two input variables, the
magnetizing current, and the secondary current dc offset, and
two outputs, that is, the duty cycles applied to the primary-side
and secondary-side switches. The currents are measured by Hall
sensors comprising several samples to average the offset values. The
locations of samples and the measurement accuracy are discussed
to validate the acquisition concept. The transformer is modeled
using state-space equations and the controllers are tuned using
state feedback associated with an augmented system to achieve
robust reference tracking and disturbance rejection. The controller
is designed based on the Lyapunov equation. Experimental results
are presented and discussed to validate the control strategy applied
to an integrated ac–dc converter rated at 8.33 kW. Steady-state and
dynamic results show that the introduced solution can eliminate
the dc bias of all currents even during load changes, without
significantly affecting the harmonic content of the acinput current.

Index Terms—AC–DC power conversion, current control,
Lyapunov methods, pulsewidth modulation (PWM), robust
control.

I. INTRODUCTION

THE dc bias is a well-known problem in isolated converters,
such as push–pull, half-bridge, and full-bridge converters

[1]. The main factors responsible for the dc bias in steady-
state conditions are asymmetric gating signals, which, in turn,
are caused by intrinsic differences among the semiconductors
associated with the internal resistance, forward voltage drop,
distinct turn-ON and turn-OFF times, delay, and low resolution
of pulsewidth modulation (PWM) signals [2]. In low-power
converters, a sufficiently high resolution of the PWM signal
together with parasitic resistances of switches and windings
may avoid core saturation since any dc bias can be mitigated
in the parasitic resistance in a finite time. Also, the use of
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discrete semiconductors from the same batch or integrated mod-
ules comprising all necessary switches combined with drivers
of the same manufacturer greatly contributes to reducing the
production of this undesirable phenomenon in a steady state.
However, this approach cannot eliminate dc bias in higher-power
designs in which parasitic resistances are small [3]. Moreover,
since several disturbances may occur, core saturation may lead
to semiconductor failures. This is a well-known cause of sudden
failures in push–pull converters [1].

In half-bridge and full-bridge converters, this phenomenon is
avoided by using a series-connected capacitor or by using peak
current mode controllers [4] and [5]. However, at high power
levels, the high current does require the use of capacitors with
low equivalent series resistances (ESRs) to reduce voltage drops
and losses. Considering commercially available high-frequency
capacitors nowadays, it is necessary to add several compo-
nents in parallel, resulting in increased volume and cost and
compromising reliability. Since the push–pull converter uses a
center-tapped transformer with dc content, peak current mode
control becomes a more feasible solution in this case.

In dc–dc converters with bidirectional power flow like the
dual active bridge (DAB) [6], dc magnetization may be caused
by both the primary and secondary bridges. Then, two series
capacitors are required, one for each winding. The phase-shift
(PS) angle variation can also produce a dc bias. By decreasing
the transient time between two different angles is possible to
reduce the dc bias produced. Modern microcontrollers can use
high-resolution PWM channels combined with proper modu-
lation techniques that can compensate for the transient effects
of transformer magnetization [7]. These transient modulation
improvements can be categorized in terms of distinct strategies
such as single-PS (SPS) [8], dual-PS (DPS) [9], extended-PS
(EPS) [10], and triple-PS (TPS) [11]. For low-power converters,
any remaining dc bias will be mitigated in parasitic resistances.
However, for high-power converters, this bias could cumulate
and saturate the magnetic core, since its resistances are very
small. This cumulative dc-bias has a slow dynamic as seen in
[12] for a three-phase DAB.

Nevertheless, bidirectional single-stage ac–dc converters
present a much higher complexity in terms of magnetization
control [13]. The duty cycle variation along with the line voltage
as required to obtain input power factor correction is a permanent
source of perturbations for the magnetizing current making diffi-
cult to perform a transient modulation improvement. In addition,
the use of a center-tapped transformer does not allow the use of
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series-connected capacitors and makes the measurement of the
magnetizing current magnitude somewhat difficult. On the other
hand, closed-loop strategies can provide the full elimination of
dc offset. The existing solutions can be classified according to
the measurement method, whereas the literature does only report
methods based on measuring the circulating currents or the core
magnetic flux.

The current measurement may rely on the signal resulting
from the subtraction of currents measured by two sensors [14],
parallel inductors [15], analog adders [16], or a single sen-
sor to measure both currents [17]. However, the accuracy and
bandwidth may be compromised if the design is not carefully
performed. Besides that, all these works either perform some
simplification to uncouple the control loops or deal with a single
bridge. Thus, a cross-coupling model and a decoupling method
are presented in [18].

One can also measure the flux directly using either a second
transformer [19], a Hall sensor placed in the air gap [20], or
an auxiliary core, also referred to as magnetic ear [21]. Despite
they provide direct flux measurements, all these methods are
very complex.

As noted earlier, closed-loop approaches for regulating dc–dc
converters concentrate exclusively on maintaining a constant
duty cycle. However, they fail to account for how dc bias
regulation affects the harmonic makeup of the current that
DAB-based ac–dc converters draw. Additionally, these studies
often utilize mathematical manipulations to separate primary-
side and secondary-side control loops, and occasionally control
is restricted to a single bridge.

This work aims to address a research gap by suggesting the
implementation of a classical multivariable control technique
to eliminate any residual dc bias currents that persist despite
mitigating them in the parasitic resistance of a high-power DAB-
based ac–dc converter with a single integrated stage. Moreover,
the control methodology is intrinsically coupled, with two dc
bias currents serving as inputs and the duty cycles of both bridges
functioning as outputs. This solution requires no simplifications
to uncouple control loops and can also be adapted to dc–dc
converters.

The rest of this article is organized as follows. In Section II, the
dc bias issue on DAB-based converters is examined. Section III
outlines the system model and control strategy, which employs
state-space equations and an augmented feedback system de-
rived from the Lyapunov equation. A dc–dc DAB converter is
employed in Section III for ease of explanation. In Section IV,
the dc–dc converter topology and measurement system are
briefly introduced, and the model used is also applied to the
ac–dc structure. Section V provides an in-depth discussion of
experimental findings that support the theoretical assumptions.
Finally, Section VI presents the key takeaways of this study.

II. OBSERVED DC BIAS PROBLEM ON DAB-BASED

CONVERTERS

Fig. 1 shows the DAB topology. It consists of two active
bridges, which can operate with different duty ratios, whereas
the power transfer is controlled by adjusting the PS angle. An

Fig. 1. DAB topology.

Fig. 2. Positive DC bias. (a) Primary voltage. (b) Secondary voltage.

external inductor Ld exists in the circuit to provide an efficient
power transfer.

All DAB currents are affected by the operation of both bridges.
This behavior can be better understood from the analysis of
Fig. 2. The solid line represents the DAB converter operating
without any dc bias. A positive dc bias is added to the primary-
side voltage in Fig. 2(a) by increasing Δm1 according to the
modulating signal of its respective leg, resulting in the current
represented by the dashed line. One can observe that all the
transformer currents corresponding to dashed lines will present
a positive dc bias as a consequence.

The same positive dc bias is added to the secondary-side
voltage by adding Δm5 to the duty cycle of one leg in Fig. 2(b).
Thus, the dc biases in the primary and secondary windings are
negative as expected but the magnetizing current presents a
positive bias instead. In this way, the addition of an incremental
duty cycle produces a nonzero average value of the transformer
voltage causing a dc bias in all currents.

This is a very important characteristic to be noticed for the
proposed multivariable control methodology since a dc bias
produced by the primary bridge must be mitigated by this very
same bridge. If the secondary side bridge is considered instead,
it will correctly mitigate the dc bias in the primary and secondary
currents but the one associated with the magnetizing current will
increase. The same behavior is valid for a dc bias produced by
the secondary bridge. Thus, it is impossible to obtain a zero-dc
bias in all currents actively by controlling only one bridge.

Then, it is reasonable to state that a control solution capable
of eliminating the dc bias must be associated with both active
bridges, as well as, either it should aggregate the capacity to
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Fig. 3. Equivalent circuit of the DAB converter.

identify which bridge produced the bias or operated based on
a coupled approach. Since the identification of which bridge
produces the bias is not straightforward and assertive, the use
of coupled methodologies becomes more feasible. Indeed, a
coupled control methodology can inherently identify the bias
origin, as well as the proper mitigation of the required biases
by both bridges. For this purpose, it is necessary to obtain the
equations involving the system currents.

III. PROPOSED CONTROL STRATEGY

Let us consider the circuit shown in Fig. 3, in which the two
bridges are replaced with a three-level voltage source, whereas
the high-frequency transformer is represented by its equivalent
model.

According to the work in [22], the transformer has several par-
asitic capacitances and inductances. Considering a conservative
design, such nonidealities can be ignored for simplifying the
analysis. Thus, only the primary leakage inductance L1, the sec-
ondary leakage inductance L2, the primary winding resistance
R1, the secondary winding resistance R2, and the magnetizing
inductance Lm are considered. L2 and R2 include the external
power transfer inductor connected to the secondary side. The
proposed analysis can be performed by referring the resistances,
inductances, and voltages to the primary or secondary side
considering the proper transformer turns ratio. In this way, the
calculations consider only generic indices instead.

Applying Kirchhoff’s current and voltage laws and consider-
ing the instantaneous average model, one can obtain

(
dim
dt
di2
dt

)
= A

(
im

i2

)
+B

(
v1

v2

)
(1)

where

A =

(
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LmR1 L1R2 + LmR1 + LmR2

)
1

LT
(2)
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L2 L1

Lm L1 + Lm

)
1

LT
(3)

LT = L1L2 + L1Lm + L2Lm (4)

v1 and v2 are the transformer average voltages produced by
the incremental duty ratios Δm1 and Δm5, measured in the
primary and secondary windings, respectively; i1, i2, and im are
the currents through the primary winding, secondary winding,
and magnetizing inductance, respectively.

Then, considering the output system represented by i2 and im,
it is possible to describe the system in the form of

dX

dt
= A ·X +B ·U (5)

Y = C ·X +D ·U (6)

where
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(
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)
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)
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(
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)
,D =

(
0 0

0 0

)
.

(7)
Equations (5)–(7) represent the well-known state-space equa-

tions of the system described in [23]. Still, according to the work
in [23], the system is controllable because the controllability
matrix represented in (8) is full rank

Q =
(
B A ·B ) . (8)

The transfer function of the system can be obtained by apply-
ing the Laplace transform, resulting in

H(s) = C · (sI −A)−1 ·B+D = (sI −A)−1 ·B. (9)

The time response of the system can be obtained from the
inverse transform of (9). It is also worth mentioning that all
eigenvalues of matrix A have a negative real part. Hence, if
there is no input, all dc bias currents will become null after a
period.

However, it is important to design output feedback to achieve
step reference tracking. This task can be accomplished by adding
two states Xa as seen in

dXa

dt
= R− Y = R−C ·X (10)

where R is the matrix with step reference for each output. The
additional states incorporate an integrator of the output error.
Since the system has no zero in the complex plane origin, it can
achieve robust tracking after a step reference and disturbance
rejection. Therefore, the augmented system is represented in(

Ẋ

Ẋa

)
= Ai ·

(
X

Xa

)
+Bi ·U

(
02×2

I2×2

)
·R (11)

Y =
(
C 02×2

)(X

Xa

)
(12)

where 02×2 is a 2×2 null matrix, I2×2 is a 2×2 identity matrix,
as well as

Ai =

(
A 02×2

−C 02×2

)
,Bi =

(
B

02×2

)
. (13)

The system dynamics can be modified by a state feedback
control since all eigenvalues of a controllable system can be
arbitrarily allocated as presented in [23]. In this way, to obtain
the required feedback gain to accurately allocate the new eigen-
values, one can solve the Lyapunov equation represented by

Ai · T − T · F = Bi ·KL (14)

where F is a matrix containing the desired eigenvalues and KL

should be chosen in such a way that OL given in the following
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Fig. 4. Augmented system with feedback states.

equation must be full rank and the spectral norm of matrix Ki

seen in (16) is minimized:

OL =

(
KL

KL · F

)
. (15)

Matrix T in (14) corresponds to the solution of the equation
and can be computationally solved using a Matlab function
called Lyap, for instance. From T, one can obtain the feedback
state gain using

Ki =

(
cK

Ka

)
= KL · T−1 (16)

where K and Ka are the feedback state gains of the former and
augmented system, respectively.

It is worth mentioning that the new eigenvalues chosen in
matrix F must be different from those of matrix A. Otherwise,
the resulting matrix T could be singular, and no response would
be obtained in (16). A good choice for matrix F is the modal
form as seen in

F =

⎛
⎜⎜⎜⎝

α β 0 0

−β α 0 0

0 0 λ1 0

0 0 0 λ2

⎞
⎟⎟⎟⎠. (17)

Parameters α and β are the real and imaginary parts of the
complex conjugated desired eigenvalues, respectively; λ1 and λ2

are two additional eigenvalues incorporated into the matrix due
to the augmented states. These eigenvalues must be chosen with
a large negative real part to provide a much faster behavior of
the controller while keeping the chosen dynamic specifications
in the output. If matrix F is chosen in the modal form, a simple
solution lies in using a given matrix KL with at least one nonnull
element for each diagonal block F as seen in

KL =

(
1 0 1 1

1 1 0 1

)
. (18)

Moreover, the feedback gain can also be obtained from any
other optimization method. For instance, the linear quadratic
regulator can be used.

This solution aims at obtaining an optimal and minimal com-
putational burden using a quadratic expression with two cost
matrixes as stated in [24].

Finally, the complete system with augmented states and feed-
back states can be seen in Fig. 4. The related matrixes are given

Fig. 5. Integrated single-stage AC–DC topology.

in (19), whereas the output system is represented in (20)(
Ẋ
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(
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)
. (20)

It is worth mentioning that this system can be implemented
in architectures, such as digital signal processors, or advanced
reduced instruction set computer (RISC) machines, among oth-
ers by using only two integrators and matrix multiplication.
As previously mentioned, it can achieve robust step tracking
and disturbance rejection while being inherently coupled for
regulating both currents simultaneously.

IV. AC–DC CONVERTER TOPOLOGY AND EXPERIMENTAL

PROTOTYPE

The previously discussed control system is applied in an
integrated single-stage ac–dc topology, which is shown in Fig. 5
and described in detail in [25], [26], and [27]. To better present
the equivalence between the studied topology and the DAB,
in this section, the ac–dc topology, main currents, and general
control strategy are briefly discussed. The topology can be
built with a transformer with a center tap or a two-winding
transformer with coupled inductors to obtain the interleaved
operation. Both structures are quite similar from a magnetic
perspective. In the center-tapped structure, the input current is
equally shared between both primary windings. The opposite
direction of the currents in the coils cancels the magnetic field
produced by this low-frequency component, as it is possible
to analyze this structure using the equivalent system shown in
Fig. 3. This center-tapped transformer was incorporated into the
structure in [26] to reduce the size and losses as part of a three-
phase solid-state transformer (SST). Preliminary results were
presented for a low-power prototype as well. An extensive study
of the topology was carried out in [27] to validate its applicabil-
ity to medium-voltage railways. A complete loss analysis was
performed, and steady-state and dynamic results were presented.

These studies performed an in-depth analysis of the topology,
whereas the current work will not focus on the modulation
scheme and switching states. In turn, this section is dedicated to
the experimental setup and the analysis of accuracy related to
the measured current bias acquisition precision and the proposed
control strategy verification.
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Fig. 6. Block diagram of the proposed control strategy on the selected power
converter topology.

The primary-side bridge is responsible for obtaining a five-
level voltage vmult, as well as achieving unity input power factor
and a sinusoidal input current. It also generates a three-level
voltage to be applied to an isolation high-frequency transformer
transferring power through the PS angle. To accomplish all these
tasks, the integrated stage is composed of three legs, that is, two
legs at high frequency (S1–S2 and S3–S4) and one leg at low fre-
quency (S9–S10). It also comprises a center-tapped transformer
for achieving the interleaved operation of the branches while
reducing the current stresses.

Analyzing the proposed methodology applied in such topol-
ogy is interesting since it uses a sinusoidal modulation technique
in the primary bridge. Thus, an aggressive dc bias current control
will directly impact the input current shape.

Fig. 6 shows the proposed control approach applied in the
ac–dc power converter topology. Therefore, it employs a cascade
control loop for power factor correction and regulation of dc-link
voltage vp. The secondary dc-link voltage vs is regulated using
PS control. The magnetizing current control relies on measuring
the primary current ipri1 and secondary current isec. Since ipri1
comprises half the input current iin, this latter quantity must be
used to eliminate the low-frequency component. However, it is
not necessary to use another sensor since iin is already measured
to provide power factor correction. On the other hand, a second
method lies in measuring ipri1 and ipri2 in a differential manner
with the same sensor to remove the low-frequency component
as in [17]. Equation (21) shows how it is possible to obtain the
magnetizing current for both methodologies

imag =
ipri1 − ipri2

2
− isecn =

iin

2
+ ipri1 − isecn (21)

where n is the transformer turns ratio.
Equation (21) considers that the experimental setup was

modeled primary side referred. The magnetizing control adds
a given value (Δm1 and Δm5) to the duty ratios of legs S1–S2
and S5–S6 while correcting properly the dc bias, as discussed
in Sections II and III. A feedforward signal mfeed is also added
to assist the control performance. This signal and its effect are
better discussed in Section IV.

Table I shows the converter specifications, which comprise a
single-module part of a three-phase SST rated at 75 kW [26].
Table II lists the components used in the experimental setup. All
signals are applied to an analog low-pass filter tuned at 10 kHz.

TABLE I
CONVERTER SPECIFICATIONS

TABLE II
COMPONENTS USED IN THE PROTOTYPE

The current measurement also employs an analog gain circuit to
better adequate the measuring range.

The dc bias current is obtained through the average of eight
measurements equally spaced in the switching period, starting
from the zero point of the PWM carrier associated with S1. Thus,
the resulting dc bias will correspond to the respective average
value for any duty cycle and PS angle.

The maximum current resolution can be obtained considering
the current sensor sensitivity, the analog-to-digital converter
(ADC) resolution, and the maximum current peak. Besides, the
currents can increase up to 20% above the rated value. Consid-
ering the transformer magnetizing inductance, the magnetizing
current peak will be on the order of 239 mA with a magnetic
flux density of about 346 mT at the rated operating point. For
a maximum magnetic flux density of 470 mT, the magnetizing
current could reach 283 mA, allowing an offset of at least 65
mA before saturation. Therefore, the measurement system is
assumed to be accurate enough for the application. It is worth
mentioning that the current sensor has an internal offset of 2.5 V
while the ADC middle point is 1.65 V and is used as a resistive
divider to adequate the signal, which reduces the precision.
Hence, using a current sensor with the same reference voltage
as the ADC could improve even more the current measurement
resolution.
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TABLE III
CONTROLLER PARAMETERS

The inductances of the transformers were obtained using the
Agilent LCR meter 4263B, combined with the methodology
presented in [28] and a 93-μH external inductor is added to the
secondary side to improve power delivery.

Table III presents the controller parameters. A natural fre-
quency ωn = 27.32 rad/s was chosen for the desired pole,
with a damping ratio ξ = 0.59. Parameters α and β are the
real and imaginary parts of a pair of complex conjugate poles,
respectively, whereasλ1 andλ2 are the reals part of the additional
poles. Table III also shows the feedback gain calculated from
(14) and (16). The loop has a slow dynamic response so that it
does not impact the harmonic content of the input current.

Fig. 7 shows the algorithm implemented. This algorithm was
implemented on an FPGA Artix 7 from Xilinx using the fixed
point reaching a low latency. All the calculations in the loop take
only 230 ns. The FPGA was chosen for the calculations since
it is possible to perform concurrent calculations for additional
modules.

V. EXPERIMENTAL RESULTS

A. Experimental Results Under No-Load Condition

The magnetizing current has a small magnitude and high-
power converters with high current and fast semiconductors,
such as silicon carbide MOSFET produces a great amount of noise.
To better visualize the magnetizing current, in this section, it will
show only results under the no-load condition.

To better understand the dc bias issue, Fig. 8 shows the
system under the steady-state condition with only a dc source in
the primary dc link and a constant sinusoidal modulation. The
secondary is not connected, and no control loops are enabled. At
a lower dc-link voltage, the transformer changes the duty cycle
along with the voltage line to achieve power factor correction,
as shown in Fig. 8(a) in detail.

It can be seen that even under such ideal conditions, nonideal-
ities and small differences in the system cause a low-frequency
oscillation in the magnetizing current (Imag). As shown in
Fig. 8(b), this oscillation reaches the saturation limit at the rated
dc-link voltage.

It is possible to mitigate this oscillation and obtain the result
in Fig. 8(c) by adding the feedforward signal shown in Fig. 8(d).

Fig. 7. Algorithm implemented.

The amplitude of this signal corresponds to less than 1% of the
maximum duty cycle and compensates only for low-frequency
oscillation. However, any dc bias should be mitigated by the
control loop.

Then, Fig. 9 presents a reference step applied to the mag-
netizing current, that is, from -80 to 80 mA. In this case, the
secondary side is connected, and all control loops are enabled
but still under the no-load condition. The magnetizing current in
Fig. 9(a) reaches the steady state at approximately 50 ms but the
secondary current Isec and its measured value IsecM in Fig. 9(b)
do not change.

The acquisition system can correctly measure the currents
with the secondary connection. The output control signals of
both bridges have approximately the same shape but with
slightly different values as evidenced in Fig. 9(c) and (d). Both
magnitudes are very small, that is, below 0.5% of the switching
period, thus minimizing the impact on the input current. The
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Fig. 8. Steady-state behavior. (a) Half of rated primary voltage and imag.
(b) Rated primary voltage and imag. (c) Primary voltage and imag with feed-
forward. (d) Modulation and feedforward signals.

Fig. 9. Measured magnetizing current step. (a) Instantaneous and average
imag. (b) Instantaneous and average isec. (c) Primary output control signal.
(d) Secondary output control signal.

PWM resolution is 0.02% of the switching period, that is, 10 ns,
producing a minimum magnetizing current dc bias of 209 nA
when considering the adopted magnetizing inductance.

B. Experimental Results Under Load Condition

Fig. 10 represents the converter operating in a steady state
under the rated power condition. Fig. 10(a) presents the primary
and secondary dc-link voltages, both of which have a 120-Hz

Fig. 10. Measured steady-state behavior. (a) Primary and secondary dc-link
voltages. (b) Primary current. (c) Input current and input voltage. (d) Multilevel
and input voltage. (e) Instantaneous and average imag. (f) Instantaneous and
average isec.

component and are regulated at their respective nominal values.
Fig. 10(b) shows the primary current through one winding,
which has a low-frequency component due to the center-tapped
structure. The power factor is nearly unity and the total harmonic
distortion (THD) of the input current is 3.73% according to
Fig. 10(c). Fig. 10(d) shows the voltage synthesized by the
converter in phase with the input voltage. It is worth mentioning
that the control loop was tuned to have little impact on the
harmonic content of the current. A 10 times faster control loop
was also tested, relocating the system poles to a larger negative
value, and the THD increased by only 2%. However, a faster
control loop causes high current spikes because the measured
currents are very noisy as shown in Fig. 10(e) and (f), thus
leading to transformer saturation.

Fig. 11 shows a magnetizing current step. The converter
has no dc bias initially, but the magnetizing current reference
suddenly changes at 20 ms to obtain a small value of 80 mA. This
bias produces some small current peaks as shown in Fig. 11(a)
because the transformer saturation limit is very tight, whereas an
effective control approach is essential to remove any dc bias. A
higher step could saturate the transformer with very high current
peaks, thus enabling the current protection and turning OFF the
converter. The control loop takes about 40 ms to achieve the
steady state. The secondary current shown in Fig. 11(b) is not
affected as well.

Fig. 11(c) and (d) show the current measured value to evidence
the impact of the step reference. The magnetizing current in
Fig. 11(c) presents a dc bias with small current peaks due
to transformer saturation while the secondary current remains
with zero average value. The measurement system can still
acquire the measured value even with a highly noisy signal
during the operation at the rated power. The peaks due to the
transformer reaching its saturation limit produce a noise in the
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Fig. 11. Measured magnetizing current step. (a) Instantaneous Imag.
(b) Instantaneous isec. (c) Average imag. (d) Average isec. (e) Primary acquired
and filtered output control signal. (f) Secondary acquired and filtered output
control signal.

Fig. 12. Load step of 50%. (a) Primary and secondary DC-link voltages.
(b) Input current. (c) Magnetizing current. (d) Secondary current.

control output as can be seen in Fig. 11(e) and (f) showing the
primary and secondary output control signals, respectively. In
these figures, a low-pass filter version of the signal to better
visualize the dynamics was added. A situation with a small bias
could be presented reducing the noise, avoiding the transformer
saturation, but the effect in the offset would be difficult to see.
Considering the low-pass filter in the control signal, it can be
seen a profile similar to the one at no load in Fig. 9.

A load step of 50%, while the PS angle changes from 30° to
15°, is applied to the converter in Fig. 12. Fig. 12(a) shows that
the dc-link voltages have an overshoot of 10%. The input current
reduction can be seen in Fig. 12(b). Fig. 12(c) and (d) represent
the magnetizing current and secondary current, respectively. The
magnetizing does not present saturation peaks even when the PS

Fig. 13. Response of turning OFF the proposed control. (a) Instantaneous and
average imag. (b) Average imag.

angle and dc-link voltages vary owing to the high load change
together with very tight transformer saturation bounds. Both the
magnetizing and secondary currents are well limited and reach
the steady state with a zero-average value without enabling any
protection system during the tests.

It is worth mentioning that it is difficult to start the converter
operation without the proposed control system. Fig. 13 shows
what happens when the control is turned OFF. Initially, the mag-
netizing current has zero dc offset, obtained with the proposed
control. The control is turned OFF at 200 ms and the duty cycle
and PS angle variations inherent in the integrated stage inevitably
led to a positive dc bias, which causes transformer saturation
with high current peaks, as shown in Fig. 13(a). In Fig. 13(b), it
is shown the measured average magnetizing current evidencing
that the magnetizing current has a small dc bias that saturates
the transformer. In this condition, the current peaks can enable
current protection by turning OFF the converter.

VI. CONCLUSION

This work has proposed a multivariable dc bias current con-
trol method applied to an integrated single-stage DAB-based
converter. It has been demonstrated that the dc bias can be
produced by both bridges and the control loop must act on both
sides of the converter. The mathematical modeling based on
state-space equations considers that the system characteristics
are inherently coupled. The proposed control solution is derived
using state feedback, based on the incorporation of more states
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to achieve robust tracking and noise rejection. The feedback gain
is obtained using the Lyapunov equation but other optimization
methods could be used instead.

The control system was tested in an integrated single-stage
DAB-based converter prototype rated at 8.33 kW. An offset of
23.4 mA could be measured while the transformer was designed
to tolerate a minimum offset of 65 mA, showing that the acqui-
sition system has a high enough resolution. The prototype was
tested with a reference change from -80 to 80 mA under the
no-load condition and from zero to 80 mA under the rated load
condition, evidencing the reference tracking capability.

The output control signals are very small, that is, less than
0.5% of the switching period, causing a negligible impact on
the input current THD. Even a 10 times faster control increased
the THD by only 2%. The system was also tested under a load
step condition showing that the control system is still capable
of regulating the dc biases even during a significant change of
the operating point, and its absence produced high current peaks
due to magnetic saturation, which can cause the failure of the
converter.

Considering all the presented results, the proposed multivari-
able control can achieve the mitigation of all dc bias currents
even during a wide variation of duty cycle and PS angle in the
assessed integrated converter. Moreover, it is possible to state
that the proposed control strategy is quite suitable for high-power
applications, where only dc bias mitigation by high-frequency
modulation approaches is not enough. Finally, since the mathe-
matical analysis relies on well-established equations, it can be
promptly extended to any DAB-based topology.
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