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Modern control strategy of bidirectional DAB converter with
consideration of control nonlinearity

Abstract. This paper focuses on the control strategy for modern universal bidirectional Dual Active Bridge (DAB) converters for microgrid systems.
An analysis of the converter equations was carried out, and typical problems related to the influence of dead time on the system operation were
discussed. A closed control loop was developed, then tested by simulation and on a laboratory stand.

Streszczenie. W artykule oméwiono strategie sterowania nowoczesnych uniwersalnych dwukierunkowych konwerteréw Dual Active Bridge (DAB)
dla systeméw mikrosieci. Przeprowadzono analize réwnan przeksztaftnika i oméwiono typowe problemy zwigzane z wplywem czasu jatowego na
prace uktadu. Opracowano zamknietg petle sterowania, ktérq nastepnie przetestowano metodg symulacyjng i na stanowisku laboratoryjnym.

(Nowoczesna strategia sterowania dwukierunkowym konwerterem DAB z uwzglednieniem nieliniowos$ci sterowania).

Stowa kluczowe: DAB, projekt, optymalizacja, sterowanie.
Keywords: DAB, design, optimization, control.

Introduction

Microgrids are an important issue in the modern power
industry. This concept involves combining AC and DC
installations into a coherent whole system to adapt to the
needs of various solutions in the field of electrical
engineering developed worldwide. Technology applications
include AC/DC/DC/AC converters used in renewable
energy solutions; charging systems for intelligent energy
storage; electric vehicle charging substations using
hydrogen technology [1]; network systems using DC Bipolar
installations [2]. Such a system's stability and operational
reliability are essential to achieve the assumptions of
electromobility, V2G (ang. Vehicle to Grid) [3]. The inability
to control and disconnect system parts safely precludes
these concepts. The current problems faced by all power
systems include the development of the power grid,
increasing the electricity demand, improving the quality of
electricity, increasing the share of renewable energy
sources in the energy market, and managing the expanding
electricity network. The concept of a microgrid is to solve
the problem and is currently being tested in research units
all over the world.

This paper focuses on the proper control strategy for
modern universal bidirectional Dual Active Bridge (DAB)
converters tailored for microgrid systems. Anticipated is a
positive trajectory towards advancing secure and eco-
friendly power distribution within domestic and local
microgrid systems. A study [1] underscores that DAB
converters serve as pivotal elements in a well-balanced
microgrid, owing to their bidirectional nature, isolation
capabilities, efficiency, and power ratio. However,
formulating an appropriate control strategy for bidirectional
converters across a broad spectrum of applications is not a
straightforward endeavor. The non-linear characteristic of
DAB necessitates careful consideration in the design of
magnetic components for diverse applications, involving an

exploration of dead time effects and voltage drops across
semiconductor elements.

This publication emphasizes the meticulous design of a
control strategy for modern DAB converters. Furthermore, it
delves into the intricacies of internal energy transfer, phase
shift drift (a), changes in the polarity of AC output voltage,
AC output voltage sag, non-symmetrical characteristics in
zero phase shift (@), positive power flow, and reactive
energy flow in the drift time region. All presented
information will be substantiated through subsequent
simulation analyses and laboratory experiments.

Dual Active Bridge converter real application issues
discussed in the paper

Fig. 1 represents a scheme of the classic design of one
phase Dual Active Bridge (DAB) converter discussed in this
paper.
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Fig.1. Dual Active Bridge (DAB) scheme.

The control strategy must address several challenges
inherent in the standard Dual Active Bridge (DAB) topology,
including internal energy transfer, phase shift drift, changes
in the polarity of the AC output voltage, AC output voltage
sag, non-symmetrical characteristics in zero phase shift,
positive power flow, and reactive energy flow in the region
around the dead time. These complexities make it difficult to
determine precise characteristics and, consequently,
impede the precise control of output power through phase

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 100 NR 5/2024 1



A\ MOST

shift on the leakage inductance (L.;). While prior
publications, such as [5] - [9], have discussed these issues,
there remains a gap in understanding the impact of real-
world characteristics on the operation of DAB and
fundamental control methods adapted to an ideal system.
An essential aspect of controling DAB converters
involves the modulator. Currently, the most prevalent and
well-known modulator is the Single Phase Shift (SPS)
modulator, renowned for its high efficiency in the state with
a voltage ratio equal to one [10]. Another noteworthy control
approach is Dual Phase Shift (DPS), a widely popular [11]
method based on introducing a phase shift between the
bridges, as illustrated in Fig 2. The Triple Phase Shift (TPS)
represents the most intricate modulation method,
extensively explored and studied in numerous publications,
such as [12]. The Triple Phase Shift (TPS) modulation
method is computationally intensive and requires a precise
understanding of system parameters to determine the
correct behavior of the Dual Active Bridge (DAB). While this
method allows for a significant reduction in circulating
current phenomena, its complexity makes it challenging to
justify its application in scenarios that do not necessitate
dynamic simultaneous changes in voltage, power, and
energy flow direction.
a)
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Fig.2. DPS modulation concept. a) Phase shift distribution with
basic ¢ phase shift and additional a_p and a_s shifts, b) voltage
and current shapes for input and output side of magnetic
components.

The issues of an experimental model of DAB in relation
to an ideal theoretical model

The presented characteristics of DAB circuits in most
publications are based on simplifying assumptions, omitting
losses, and linearizing the characteristics. In a practical
laboratory layout, however, it is impossible to ignore such
aspects as, for example, dead time DT. The dead time
ensures the safe operation of the converter by not shorting
the keys in the branches, and its value depends on the
hardware capabilities, the possible resolution of the PWM
(pulse width modulation ) signal of the control system, as
well as the characteristics of the selected transistor,
switching frequency, etc. In modern designs, it can be
assumed the simplification that the optimal dead time is in
the range of 1-2% of switching period time. The simplified
equation adopted in this publication based on [6] — [9] is
presented.

The dead time in DAB converters is responsible for two
fundamental issues: the initial shape of the DAB power
characteristic for a phase shift less than or equal to twice
the dead time; and the soft-switching characteristics for
transistors.

The first dependence of the characteristic can be
calculated based on the drift coefficient [6]:
Definition of dead time drift effect [6]:

—2Tpr
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Passive power transfer condition:

(3) lo| <a

fork, <1

where Tpy is the dead time; Ty, is the switching period; k,,
is the voltage ratio of the secondary side voltage Uy, to the
primary side voltage U, (considering the transformer
voltage ratio n). The voltage ratio of the output to the input
is controlled by a given phase shift. This factor indicates the
direction of power flow, the value of the phase shift is
controlled by means of ¢ angle. The a parameter form
equations 1 -3, means drift time.

Equation 3 specifies that the phase shift setpoint should
be greater than the drift value. This dependence applies to
the positive and negative parts of the characteristic.

The drift duration factor describes the inactive operating
state of the DAB. In the DAB there is no active switching
cycle for phase shift states in the drift range. Diode
conduction occurs when transistor conduction is expected
according to an ideal characteristic. This phenomenon
occurs strongly at a low value of the output current as
presented in [6].. This phenomenon causes the occurrence
of reverse current with additional reactive power, distortion
of the output voltage, change of the phase voltage
polarization, and other problems [7].

Another important parameter influenced by the dead
time change is the soft-switching range of the transistors.
According to the exemplary characteristic drawn for the
tested DAB system, as presented in Fig. 3.

Pout

Maximum power

VS

Fig.3. Zero Voltage Switching (ZVS) region characteristic with
presented ideal transistor soft-switching characteristic.

The possibility of soft-switching of transistors is an
important advantage of DAB converters and can be seen in
Fig. 3, it is possible in a wide voltage range. Providing ZVS
is important because it allows for reducing the switching
losses of transistors. The state of soft-switching is strongly
correlated with the operating frequency and the voltage
ratio of the system. The ZVS condition for the DAB
converter is presented below and discussed thoroughly in

6]:
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This phenomenon strongly influences the characteristic
shown in Fig. 3 above, since the transistor key soft-
switching phenomenon occurs by switching the transistor in
the zero-voltage switching. This is preceded by the
discharge of the transistor's own capacity during the dead
time, the discharge current characteristic is limited by the
resultant inductance of the converter. Holdoff time is the
time resulting from the duration of dead time and
corresponds with the time when the capacitance of the
transistor is being discharged. This means that decreasing
the holdoff time can reduce the soft switching region and
increasing the holdoff can cause additional switching losses
and a decrease in system efficiency. A simplified equation
for determining the value of the discharge current of the
transistor capacitance for ZVS:

aves

() Ies = 2C = it

The 1., is the nominal discharge current of the
semiconductor, C, represents the total capacitance of
semiconductor between drain and source pin, V
represents the voltage across the transistor.

Discharging the capacitance causes the voltage to drop
across a given connector so that it is possible to start
conduction through a diode in the structure of the transistor.
The diode activation begins at a specific value of the
threshold voltage resulting from the diode characteristics.
Then the transistor is turned on. Procedure is presented on
Fig.4. and example soft switching characteristics is
presented on Fig. 5.
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Fig.4. ZVS switching process example. A) Switching OFF T7, T6,
b) All keys of secondary side switched off, c) Switch ON T5, T8 by
internal Diode, d) Transistors switched ON.

P

Additionally, switching losses of transistors should be
added to the phenomena distorting the ideal characteristics
of DAB. MOSFET transistor (metal-oxide-semiconductor
field-effect transistor) consists of the internal diode and

transistor structure. Their unfavorable influence on
switching losses and voltage drop cause further distortion of
the DAB converter characteristics. Losses of conductive
elements are strongly correlated with the operating
temperature of the silicon structure and humidity. It means
that can be vary depends on the working environment. The
losses cannot be neglectable for low voltage solutions.
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Fig.5. Soft — switching in a half — bridge circuit: a) scheme,
b) theoretical waveforms during transistor T, turn-off at ZVS
conditions.

Taken together, all these phenomena mean that the
ideal shape close to the linear characteristic cannot be kept.
Fig. 6, shows a comparison of the ideal character with an
exemplary characteristic obtained from simulation testing of
the DAB. The simulation tests were carried out for a
switching frequency of 50kHz, leakage inductance of 67uH,
magnetization inductance of 3mH, nominal power of 10kW
for 0.15 p.u phase shift. Voltage ratio 1.82. Primary voltage
690V and secondary voltage 380V.

Power vs Phase shift Fs = 50kHz, LI = 67uH
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Fig.6. Ideal vs non-ideal DAB characteristic example.

Based on these results, it can be seen that the DAB
simulation without taking into account the dead time will
introduce a significant error in the output power value at a
given phase shift. This can cause a difference between the
laboratory setup and the simulation, including a difference
in the settings of the PI controllers. For this reason, it is
recommended to take dead time into account when
simulating the DAB topology. Dead time may not be
included in the simulation to reduce execution time, but it is
worth keeping in mind the issues discussed above.

It is worth noting that due to the change in
characteristics, the principle of controlling the converter
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should change. Depending on simulation requirements the
non-ideal characteristic can change. In the case of Fig.5,
the lossy characteristic has twice more transferred output
power for a similar phase shift. It means that is necessary to
simulate the DAB converter with dead time and transistor
losses for proper inductance selection. It is also worth
noticing that the characteristics of DAB are starting to be
nonlinear after some point. Due to the pointed facts, we
make assumptions for control strategies:

Excluding the work of the system in terms of the drift effect
range of eq. 3. And limiting the maximum range of the
phase shift to the value of /2.

This limitation results from the assumption of control in
the linear range of the characteristic. Controlling the system
for phase shifts exceeding this value causes problems with
instability of the Pl controller operation and a total decrease
in the efficiency of the system due to increased losses [10].

The control strategy synthesis

The main method of controlling the DAB converter is the
method consisting of the phase shift between the phase
voltages of the H bridges. Normalization of the phase shit is
the method of scaling phase shift in per unit range. For the
purposes of this work, we will use the normalized phase
shift in the range of the per unit value <-0.5, 0.5>
corresponding analogously to the range:

6) <-m/2;m/2>
7 o=mn+D=>D= g
Simplified lossless equation of DAB phase shift [6]:
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In the case of a laboratory setup, it is necessary to
derive the above equation into the control loop. Based on
this phase shift equation, the output power and leakage
inductance equations were created:

(9) p — UdCIUdCZ(p(T[_(p)
our 2nzfswlueq
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— 2nfsw
(1) Leg=—"5%

Based on the presented equations, the characteristics of
the DAB converter system can be determined. The
characteristics of the phase shift with respect to the power
for a given frequency range and the characteristics of the
power to the phase shift for various voltage ratio factors are
shown in Fig. 7-8.
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Fig.7. Power to phase shift characteristic depends on L.,
inductance value.
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Fig.8. Output power to phase shift characteristic with voltage ratio
difference. Where k means k,,.

Based on above results, the following conclusions could
be formulated: the range of switching frequency may result
in the necessity to use additional serial magnetic
components; when the system is limited by the value of the
leakage inductance of the transformer, it is possible to
change the power of the system by the switching frequency;
the voltage transformer ratio may vary within a range of
about 40% control the value of the output power at the
maximum phase shift; the frequency and range of the
voltage ratio determine the correct selection of the magnetic
circuit of the DAB converter.

The DAB system regulation structure presented in Fig.9,
based on the above assumptions, enables the safe
operation of the system within the assumed phase shift.
The presented control loop is based on SPS modulation
with a soft start of the converter. The modulation works at a
fixed 50% duty cycle. It is possible to operate the system as
a regulator: current, voltage-current, power-current. The
control loop allows you to adjust the control loop depending
on the state, based on the converted values. The Min block
deals with the selection of the appropriate value. The
selected value of the set current then goes to the current
regulator. The ability to change the control loop while the
system is operating allows for greater flexibility in system
control. Different types of DAB topologies can be driven by
this method, for this purpose it is necessary to change the
phase shift equation block and the modulator.

Conu
Tl L Min
(Iz/In/
s LPF Ip)

Fig.9. Control strategy for DAB converter

The Pi controller parameters calculation

In simplified form, the determination of the coefficients of
the current regulator, assuming the ideal characteristic of
the DAB, can be performed based on the equations:

Ty
(11) Kpy=1, T =~
Where T; sampling time, STC sum of small-time
constants, defined by the sum of Ty + Tpyy , Where Ty is
the time of the sampling period and Ty, is the statistical
delay of PWM generation. It is worth noting that in the case
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of an ideal system, the entire converter gain is included in
the phase shift equation, therefore it can be assumed that
the gain is one. Unfortunately, when tuning the operation of
the system on a laboratory stand, the non-ideal shape of
the characteristic causes problems with set gain value. For
proper controller settings, the low pass filter is necessary.
Due to this fact it is required to use additional methods of
linearization, dead time compensation, or manual tuning
using the engineering method in a given operating range of
the system.

Due to the nature of the operation, the circuit of the DAB
converter with a current regulator, in the no-load, will cause
a large error of the current value. The current controller will
be forced to over-regulate the response to the limit value by
the upper saturation limit. This phenomenon may cause a
safety hazard due to the possibility of the exceeding voltage
range of the secondary side. For this reason, it becomes
necessary to implement additional voltage feedback in more
demanding systems. This can be done by means of an
active current limit of the computed current regulator. It is
also possible to use an additional voltage and/or power PI
regulator.

In the case of the considered circuit, a minimum value
selection block was used, depending on the actual
calculated setpoint by the voltage and power controller and
the filtered value of the set current. With this solution, it is
possible to test the operation of the system at many
different operating points. Calculation of the voltage
regulator settings can be performed based on [10] — [12].
Filter time constant is defined as it follows:

2% /v2-1

— — -3
(1) Ty==__—=682x10e
Filter gain:
2T
(12) Ky = r

Sum of small time constant:
(13) STC = 1.5T; + Ty

Proportional gain of Pl controller::

_ Cdc
(14) Ky = 2+STC

Time constant of Pl controller:

Ts
4xSTC

(15 T;=

It is worth paying attention to the values of the time
constants of the current regulator, this system is
significantly limited by the L / C time constant of the
converter. Therefore, the dynamics of the DAB current
control (~1ms) is much longer than typical active AC/DC
converter.

The measured DC current taken as feedback control
loop current is performed after the capacitive filter for this
solution. This measurement method is limiting the problem
with measuring and controlling the pulse current.

Laboratory verification compared to simulation results

The control strategy was implemented in a laboratory
setup where the confirmation of the results was obtained.
The presented results were compared with the simulation
tests of the system in the PLECS program. Parameters of
the laboratory stand:

The DSP + FPGA platform developed at IWUT was
used to control the converter. The following equipment’s
were used for the tests: ITECH IT6018B laboratory power

supply/load; Tektronix TCPO0150 current probe and
THDO0100 voltage probes were used for the measurements.

Table 1. DAB Parameters

Primary voltage 670V

Secondary voltage 670V

Nominal power 10kW

Switching frequency 50kHz
Transformer core 3C95 ferrite core

(SMA)

Turn ratio 1:1
Leg 25 yH
Main inductance 503 pH

The results were collected on the basis of the setup
diagram shown in Fig. 10 and11.

External External

Power DAB Power

Supply Supply

Fig.10. Schematic of the laboratory setup.

MCU + FPGA
control board

2=

Bideractional Bideractional

DC power DC power
supply ITECH supply ITECH
IT6018B IT6018B

Fig.11. Photo of the laboratory setup.

The results presented in Fig. 13 include an overshoot of
the phase voltage due to the dead time drift effect. The
value of the given offset is not much smaller than the value
of the drift. In the case of Fig. 14, the value of the phase
shift is equal to zero, which makes this effect more visible.
This problem means that there is a phenomenon in which,
due to the small voltage difference Uy, and U,.,, the series
inductance current reaches a value close to zero. This is
due to the occurrence of dead time between transistors. For
this reason, there is an additional state in which all power is
conducted by the diodes, and the transistors are turned off
until the switching pulse appears. The solution to this
problem is the correct selection of the series inductance
and DT values.

In dynamic states, after changing the voltage (Fig. 15 —
16), the system stabilizes in the range of 100-20 ms,
depending on the selected settings of the low pass filter of
the set value. In Fig. 16, an additional overshoot of the
magnetic current can be observed, this is caused by the
delta change of the phase shift, causing a voltage
difference across the series inductance, forcing the
transformer to high current, its saturation and the
appearance of a DC bias of the phase current. This
phenomenon is known in the literature as L/R transient
state. Preventing this phenomenon will be discussed in
another publication

Fig. 17 shows the results with correctly designed
parameters of the system based on the equations
presented in this publication. This solution allows 100% to
exclude problems related to dead time drift. This result can
be compared to Fig.12.
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Fig.12. Simulation results of dead time drift problem
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Fig.13. DAB steady state problem with DT. CH3 purple — input DC
voltage, CH1 blue — output DC voltage, CH2 cyan — inductor
voltage, CH4 green — inductor current. The scale of the oscillogram
time axis is 400ns.
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Fig.14. DAB steady state problem with DT. CH3 purple — input DC

voltage, CH1 blue — output DC voltage, CH2 cyan - inductor

voltage, CH4 green — inductor current. The scale of the oscillogram

time axis is 400ns.
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Fig.15. Transient in respect to the output voltage change from 400V
to 360V, CH3 purple — input DC voltage, CH1 blue — output DC
voltage, CH2 cyan - inductor voltage, CH4 green — inductor
current. The scale of the oscillogram time axis is 100ms.
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Fig.16. Transient in respect to the output voltage change from 400V
to 360V with faster response, CH3 purple — input DC voltage, CH1
blue — output DC voltage, CH2 cyan — inductor voltage, CH4 green
— inductor current. The scale of the oscillogram time axis is 40ms.

Load change tests of 50% were conducted and are
depicted in Figs. 18-19, along with dynamic voltage
variations in the range of 380V-340V. The results presented
affirm the proper functioning of the system. In Fig. 20, a
laboratory power supply was employed as a DC/AC load.
The dynamics of voltage changes primarily result from the
utilized power source and the load in the form of laboratory
power supplies. Through the implementation of an
appropriate converter design strategy and modulation
method, it becomes feasible to eliminate the phenomenon
illustrated in Fig. 13-14. Furthermore, the elimination of the
dead time drift phenomenon was achieved by increasing
the inductance value, which resulted in an enlarged control
step beyond the range of hazardous phase shift.
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Fig.17. Steady state results. From TOP, general view, falling e’ *dge
and rising edge. Channel 1 — Input voltage, channel 2 — output
phase voltage, Channel 3 — inductor current, channel 4 — output DC
voltage. On the left simulation results red- primary AC voltage,
green- secondary AC voltage, blue — inductor current, orange —
input DC voltage - The figure also shows the oscillations resulting
from disturbances on the measurement court. They do not affect
the operation of the system. The scale of the oscillogram time axis
from top is 4us and 100ns.
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Fig.18. Dynamic load change step up. From top: C1 — primary side
phase voltage, C2 primary side phase current, C3- secondary side
phase voltage, C4 — secondary side phase current, C5 — input DC
voltage, C6 — output DC voltage, C7 — output DC current.
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Fig.19. Dynamic load change step down. From top: C1 — primary
side phase voltage, C2 primary side phase current, C3- secondary
side phase voltage, C4 — secondary side phase current, C5 — input
DC voltage, C6 — output DC voltage, C7 — output DC current.

an — —

< 20ms/div.

Fig.20. Dynamic voltage change from 380V to 340V with DC/AC
load. C1 — primary side phase voltage, C2 primary side phase
current, C3- secondary side phase voltage, C4 — secondary side
phase current, C5 — input DC voltage, C6 — output DC voltage, C8
— output DC current.

Conclusions

The presented work delves into the selection of the
control loop for the Dual Active Bridge (DAB) converter. The
synthesis carried out was validated through both simulation
modeling and laboratory experimentation.

The study addresses the challenge of determining the
characteristics of a DAB-type circuit. Distortion of the power
characteristic in relation to the phase shift of the DAB
converter system arises due to various factors, including
dead time, voltage ratio, voltage drops on the transistor and
diode, and the soft-switching region. Significant distortion is
observed within the drift phenomenon range, characterized
by an inactive operating region and diode conduction.

A control method for the system, accounting for
limitations arising from the non-ideal characteristics of the
system, was presented and developed based on the DAB
converter equations. The work also introduces methods for
calculating the phase shift, as well as setting values for the
current and voltage regulators.

In subsequent stages of the research, a comparison
between simulation and laboratory results for the proposed
DAB converter control structure will be further developed.
The consistency between the presented laboratory results
and simulation outcomes attests to the accurate
implementation of the control structure.

Future work will concentrate on refining the control
method and addressing starting problems. Subsequent
research stages will involve a thorough examination of the
control system at various voltage levels and with variable
voltage ratios.
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