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Review of Bidirectional DC-DC Converters and
Trends 1in Control Techniques for Applications in
Electric Vehicles

Erik Martinez-Vera

Abstract—This paper comprehensively reviews bidirectional
DC-DC converters and their control techniques for Electric
Vehicle applications. A classification is proposed based on
the three power ratings levels of the SAEJ1772 standard.
Circuit topologies are compared based on power rating,
switching frequency, static voltage gain, operating modes,
number of components and power switch material. High
switching-frequency topologies that include emerging Wide
Bandgap (WBG) devices are also discussed. Cost comparison
of traditional Si power switches and WBG devices employed
in the reviewed topologies is also included. Traditional control
methods for power converters in EVs are presented while also
considering the emergence of Artificial Intelligence algorithms
applied in systems controls that offer alternative methods to
improve the efficiency of bidirectional DC-DC converters.
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Index Terms—Bidirectional Power Flow, DC-DC Power Con-
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I. INTRODUCTION

he current transportation model is not sustainable due to
T its significant dependence on fossil fuels. To alleviate this
problem, Electric Vehicles have been developed. On a global
scale, 193 countries and the European Union (EU) joined the
Paris Agreement, which aims to avoid a global temperature
increase of more than 1.5 degrees Celsius above pre-industrial
levels [1]-[4]. One of the leading greenhouse gases (GHG)
is Carbon Dioxide (CO2) which represents as much as 80%
of the GHG emission, and 35% of that is related to transport
activities [5], [6]. The U.S. plans to reduce its carbon footprint
in transportation and attain fully decarbonized electricity by
2035 [7]. Germany plans to be GHG neutral by 2050 [8], [9].
Toxic pollutants such as Nitrogen Oxides (NOX) and partic-
ulate matter (PM) are also released into the atmosphere from
the combustion of fossil fuels [10]-[12]. The adverse effects
on health include cardiovascular and respiratory diseases [13].
Concentrations of these pollutants are higher in cities with
more significant motor traffic [14]. Considering this, the UK
government and the European Union have announced the end
of sales of new cars powered by fossil fuels by 2030 [15]
and 2035 [16], respectively. Even though the fleet of electric
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Fig. 1. Simplified block diagram of the powertrain in an EV.

cars represented only 1% of the total market [17], recent
global sales of new EVs have more than doubled [18]. Hybrid
Electric Vehicles (HEV), Plug-in Hybrid Electric Vehicles
(PHEV) and Battery Electric Vehicles, or EVs, are subject
to substantial investments for further improvement. One thing
they have in common is using power electronics to manage
power flow from the energy sources to the motors, ancillaries
and electronic control units (ECU). Power Electronics devices
are considered critical enablers of current advances in vehicle
electrification [19]. Their importance derives from linking
several components with different voltage ratings to a single
energy source. Current can be bidirectional, flowing from the
source to the load or vice versa. For example, an electric motor
becomes a generator charging the battery during braking.
The principal components of power electronic devices are the
semiconductor switches, i.e. diodes or transistors, and proper
component selection will significantly improve the converter
performance [20]. Fig. 1 shows a simplified block diagram
of the powertrain of an Electric Vehicle. The typical power
system for an EV consists of a high-voltage battery, high-
voltage wire harnesses or bus bars, an inverter, a charger
and DC/DC converters. The high-voltage (HV) bus typically
ranges from 250 VDC up to 450 VDC connecting the battery,
chargers and electric motors [21], [22]. Still, 800 VDC systems
have been developed to reduce ‘range anxiety’ and charging
times [23], [24].

Bidirectional converters can be derived from the basic buck
and boost DC-DC converters where the load voltage varies
with the duty cycle of the main power switch [20], [25],
[26]. Passive elements in the converter, such as capacitors
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Fig. 2. Flow chart of the DC-DC Bidirectional converters review.

and inductors, increase in size and cost as the switching fre-
quencies decrease; then, high switching frequencies are desired
to obtain higher power densities and lower prices. However,
increasing the frequency also increases the switching losses
with reduced efficiency. Soft switching techniques have been
developed to solve this, such as zero voltage switching (ZVS)
or zero current switching (ZCS), but at the cost of increased
circuit complexity. Also, WBG semiconductor materials such
as Silicon Carbide (SiC) and Gallium Nitride (GaN) present an
alternative to the traditional power switches made with Silicon
(Si). Higher power output and higher operating frequencies of
SiC and GaN allow to decrease switching losses and reduce
the size of passive components compared to conventional
IGBT and MOSFET devices. Si power electronics is a mature
technology allowing it to fully integrate the power and control
circuitry in a single chip, while WBG materials integration
and packaging are still not fully developed, resulting in
more expensive devices [27], [28]. Different reviews cover a
substantial number of converters classifying them by type of
power switch, power rating, topology, frequency of operation
and various applications [27]-[33]. This paper reviews bidi-
rectional DC-DC converters and their control techniques with
a specific focus on applications in power systems of EVs.
It is organized as follows: section II presents a review of
bidirectional converters classified by power rating, section III
reviews control techniques applied for bidirectional converters
in EVs as well as emerging Artificial Intelligence (AI) control
methodologies for power converters, section IV analyses both
previous sections and section V provides conclusions of the
trends identified within the document. Fig. 2 presents the flow
diagram of this work.

II. POWER RATING CLASSIFICATION OF BIDIRECTIONAL
DC-DC CONVERTERS

A standard classification for bidirectional converters is
based on the presence of isolation, either through a transformer
or a coupled inductor, regardless of the application [26],
[29], [32], [33]. Fig. 3 and Fig. 4 show general setups of
bidirectional DC-DC converters in EVs. Isolated topologies are
required for the onboard charger to provide galvanic isolation
and Vehicle to Grid (V2G) capabilities. However, bidirec-
tional topologies without isolation are also designed for EVs
where the converter is interfacing between the battery and the
motor, also shown in the figures [34]. Hybrid configurations
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Fig. 3. General Setup of Bidirectional DC-DC converters in power
systems of EVs - single power source system.
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Fig. 4. General setup of Bidirectional DC-DC converters in power
systems of EVs - hybrid energy storage system.

include an additional converter allowing Ultra-Capacitors (UC)
to provide extra power during peak power demand, store
braking energy, or receive power from the battery [35]. Multi-
input/output topologies propose a single converter to interface
between multiple energy sources and loads to avoid using
multiple converters [36]-[39]. From both figures, bidirectional
converters can be used with or without isolation in EVs; then,
to provide a different point of view, classification is applied
according to the power levels of the SAEJ1772 standard. This
classification will allow obtaining a different perspective from
the traditional classifications based on isolation, topology, or
those focusing solely on charging applications. According to
this standard, onboard chargers for EVs can be classified as
Level 1 (up to 3.7 kW), Level 2 (3.7 - 22 kW) and Level 3,
which is divided into Level 3 AC (22 to 43.5 kW) and Level
3 DC (up to 200 kW, fast charging) [31]. Different standards
specify the power ratings for connectors as the SAE J1772-
US [40], the IEC 62196-Europe [41] or the GB/T 20234-
China [42]. CHAdeMO 2.0 charging protocol specifies high
power charging up to 400 kW, while the recently released
CHAdeMO 3.0/Chaoli charging protocol allows up to 900
kW at 600 A and 1.5 kV [43]. The following subsections
present a classification of bidirectional converters based on
the three power rating levels of the SAEJ1772 standard with
comparisons based on topology, power rating and switching
frequency, among other metrics.
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A. Level 1 (up to 3.7 kW)

The main applications of bidirectional DC-DC converters
in EVs are charging, DC connection, propulsion and Cell-
balancing. According to the intended application, diverse
converter topologies have been developed to reduce switch-
ing losses while increasing power rating, frequency, power
density and efficiency. Table I summarises the characteristics
of bidirectional converters at Level 1, such as power rating,
switching frequency, topology, static voltage gain, number
of components and intended application. Topologies with
output voltages of 400 VDC address current popular EV
models [21], [22]. 800 VDC output voltage topologies are
also under development to increase the EV range [44], [45].
A wide voltage range with low parts count is preferred to
increase power density and reduce cost. However, interleaved
and multilevel topologies with more switches provide less
voltage stress on the components [45]-[47]. There is a clear
tendency to develop topologies with WBG switches. GaN
devices allowed for increasing the switching frequency up
to 1 MHz [48], [49]. For charging applications, galvanic
isolation can be obtained through a transformer or a coupled
inductor to provide a safety barrier between the outside energy
source and the EV electric system. References [44], [49]-
[53]are examples of topologies with isolation for EV charging.
Still, topologies without isolation have also been proposed
for charging [36], [47], [54]-[56]. One of the most popular
isolated topologies for charging applications is Dual-Active-
Bridge (DAB). It can work bi-directionally in step-up and
step-down modes with high power density and efficiency [26].
He and Khaligh compared DAB to CLLC topologies showing
that the half-bridge CLLC is more efficient and less costly
than its DAB counterparts [51]. However, CLLC requires
variable switching frequency to control energy transfer, thus
making its design more complex. Fig. 5 shows full bridge
DAB and CLLC topologies: resonant LC tanks are added to
the DAB to obtain the CLLC topology. From Table I, the Static
Voltage Gain (SVG) of several converters can be compared.
The SVG of non-isolated topologies is a function of the
duty cycle of the power switches. However, for non-isolated
topologies, the SVG become more complex functions based
on the phase shift between the input and output signals. The
SVG column on the table allows us to evaluate the possible
range of output voltage vs the number of components for each
topology. For example, the converter in [47] has an extensive
output voltage range with four modes of operation and eight
power switches. In contrast, the topology in [45] has a similar
output voltage range with only six power switches. However,
it only provides two modes of operation. It is also important to
mention that the number of diodes in the topologies is mostly
zero without considering antiparallel ones. This reduction is
because transistors have replaced them. Additional information
can be obtained from the part number column in the table. It
is provided for the semiconductor switches when experimental
validation is achieved. From them, cost evaluation and analysis
can be provided in the section “IV Analysis and Discussion
of Bidirectional Converters” of this paper.
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Fig. 5. Bidirectional Isolated topologies, a) Dual Active Bridge
(DAB), b) CLLC [51].

B. Level 2 (3.7 kW up to 22 kW)

The previous section’s input/output voltage levels are also
used for the SAE Level 2 power ratings; higher currents are
needed to increase the power rating. These result in higher
current ripples in the passive components and higher stress in
the power switches. Higher rating components will be needed,
which adds to the overall cost of the converter. A popular
method to solve this issue is to apply interleaving to the
bidirectional buck-boost topologies described before. Fig. 6
and Fig. 7 show two topologies with interleaving for ripple
reduction. Fig. 6 displays two interleaved half-bridges with
device paralleling, Quasi-Square-Wave (QSW) and ZVS [59].
Fig. 7 shows an isolated three-phase CLLC in combination
with a four-level interleaved buck [60]. Similarly, a Quasi-
resonant (QS) isolated four-level interleaved flyback is pro-
posed in [61]. Different alternatives have also been proposed
to deal with the stress in the components at higher power. An
Input Parallel — Output Series topology was designed from a
buck-boost converter to reduce the voltage stress by connecting
the load in series with the output, thus processing only a
fraction of the total power [62]. A Saturation-Prevention-
Algorithm (SPA) was proposed for a DAB topology to increase
power density [63]. A smaller transformer can be used by
maintaining it in the linear operating region avoiding saturation
and current spikes. A three-level boost converter is used for
a wide output voltage range at the DC-DC stage of a current
rectifier [64].

Table II presents a summary of the characteristics of the
converters at this power level. A clear trend to use SiC devices
is observed at switching frequencies higher than 100kHz. Also,
interleaved are the most common topologies. It is essential
to mention that these converters can be used as building
blocks for higher power converters that comply with fast
charging standards such as CHAdeMO. Table I and Table II
show an increase in the average number of components. The
average number of power switches in the previous section
was five. In this section, the average increased to eight.
This increase is likely related to the adoption of interleaving
and multilevel. Also, most of the topologies are designed
for higher input/output voltages which relate more to EV
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Application Power  Switching Operation Topology Static Vin Vout Number of Power Part
frequency mode Voltage Components Switch Number
[W] [kHz] Gain L C D S
Charging [50] 320 40 buck forward Coupled 24n—d 380 48 2 2 0 3 SiC SCT3022AL
boost reverse inductor 1-d
Charging 1100 25 buck forward two-phase 2 150 25-1050 2 2 0 8 SiC IRF4868
DC-link [47] boost forward interleaved 1-d Si C2M0025120D
buck reverse cascade d
boost reverse voltage doubler
Charging 1200 1000 buck forward interleaved inverse d 380 150 2 4 0 4 GaN -
DC-link [49] boost reverse coupled inductor ﬁ
Charging [44] 3300 100 buck forward isolated half-bridge 370 640-840 3 4 2 8 SiC SCH2080KE
boost forward three-level 14 2(sin )2
) +=5G7]
buck reverse rectifier T 1Fcos6
boost reverse series-resonant
Active cell 60 250 buck forward active clamp navy 12 3.6 2 1 0o 4 - -
balancing [57] boost reverse forward converter n1Ll1stngv;
Charging [51] 1000 170 buck forward Full-Bridge CLLC 500 200-400 3 3 0 8 SiC C2M0080120D
boost forward Half-Bridge CLLC 1Rod(1—d) 3 5 4
buck reverse Full-Bridge DAB n2fs L 1 1 8
boost reverse Half-Bridge DAB 1 5 4
Propulsion [58] 250 100 buck forward bidirectional d 48 6 1 2 0o 2 - -
boost reverse half-bridge ﬁ
Charging [54] 200 30 buck forward double inductor d? 180 12 2 2 0 4 Si IRFP460
boost reverse double boost ﬁ IRFP260
synchronous rectifier
Propulsion 1000 100 boost forward switched-inductor d/4 24 400 2 5 0 6 - -
DC-link [46] buck reverse switched-capacitor 4
synchronous rectifiers ~ 1—d
Propulsion 2000 100 buck forward interleaved d/4 50-100 800 2 5 0 6 GaN GS66516B
DC-link [45] boost reverse voltage quadrupler 4 -E01-MR
1—d
Charging [56] 500 50 boost forward two inductors a2 40 200 2 4 0 5 Si IPW60R099CPA
common ground 2-d
buck reverse 1+d
(2—-d)?
+ o— 1
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Fig. 6. Bidirectional Topology with two interleaved half bridges and
device paralleling [59].

propulsion and charging applications. It must also be noted
that, in the previous section, the highest switching frequency
corresponded to a topology with GaN devices at 1 MHz [49].
In this section, the highest switching frequency is only 500
kHz with SiC devices [60]. However, there is a difference in
operating power of almost an order of magnitude: from 1.2
kW to 12.5 kW.

Fig. 7. Bidirectional Topology with top) 3-phase CLLC rectifier and
bottom) 4-phase interleaved buck [60].

C. Level 3 AC (22 to 43.5 kW) and DC (up to 200 kW)

Higher power ratings can be achieved with low-part-count
topologies by adequately selecting the power switches and pas-
sive components. Up to 80 kW operating power was reported
in [66] (Table III), with the cascade topology presented in
the previous section (Table II) [65]. However, more expensive
components will be required to cope with the more significant
current and voltage ripples. Interleaving was mentioned earlier
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TABLE II
SUMMARY OF SAE LEVEL 2 BIDIRECTIONAL POWER CONVERTERS (*L — INDUCTORS, C — CAPACITORS, D — DIODES, S

— TRANSISTORS), (-

NOT SPECIFIED)

Application Power  Switching Operation Topology Static Vin Vout Number of Power Part
frequency mode Voltage Components Switch Number
[kW] [kHz] Gain L C D S
Charging 3.75 20 boost forward Partial-power 200 1500 4 4 0 8 Si -
DC-link [62] buck reverse (Parallel - Series)
Charging 54 450 buck forward interleaved d L 400 270 2 2 0 8 GaN GS66508T
propulsion/ boost reverse  device paralleling P 1-d
DC-link [59]
Charging [60] 12.5 500 buck forward 3-phase CLLC Phase shift 850 200-800 7 9 0 20 SiC IMZ120R045M 1
boost reverse 4-p interleaved variable freq C3MO0075120K
Charging [63] 6.6 125 buck forward DAB Phase Shift ~ 380-480  320-450 3 2 0 8 SiC C3MO00650901
boost forward
buck reverse
boost reverse
Propulsion [65] 20 15 buck forward two topologies: d 1 180 720 1 2 0 24 Si -
boost forward -buck-boost ' 1-d
buck reverse -cascade
boost reverse buck-boost
Charging [64] 10 100 buck forward 3-level boost - 325 200-1000 2 2 0 4 SiC C3MO0010090K
boost forward
buck reverse
boost reverse
Charging [61] 10 350 buck forward interleaved 7%( fswTr— 50-500 750 3 12 6 8 SiC C2M0080120D
boost forward flyback 1+d)

buck reverse
boost reverse

as a solution to overcome large current ripples and was
implemented in [67] and [68] for a 30 kW converter. Using SiC
increased the switching frequency from 20kHz to 60 kHz with
a reduction of 63% in semiconductor power losses compared
to Si devices [67]. Thus, the size of passive components
and cooling equipment could also be reduced. The trend to
employ SiC devices with interleaved topologies and a wide
voltage range can be observed. A 200 kW power converter
for a wide voltage range is presented in [69] for charging
applications; however, more information needs to be provided
about the topology or type of semiconductor material. Table III
summarises the features of SAE Level 3 DC converters. Two
converters were included with power ratings of 360 kW [70]
and 400 kW [71] as examples of devices compliant with
CHAdeMO charging levels.

III. CONTROL OF BIDIRECTIONAL CONVERTERS

Control techniques for voltage converters are a research
topic, with entire books or sections of books dedicated to
the subject. Detailed descriptions and derivations of a variety
of control methodologies are already accessible in the liter-
ature [20], [72], [73]. The main complexity in bidirectional
DC-DC converter control derives from having to regulate,
in two directions, the flow of power [26]. PID is the ele-
mentary control method. However, since the converter has
nonlinear behaviour, complex stability analysis or linearization
around an operating point must be implemented to improve
its performance. Different approaches have been proposed to
overcome these problems. Pulse Width Modulation (PWM) is
a commonly used technique that can be divided into voltage-
mode control (VMC) and current-mode control (CMC) [30].
Both methods have been compared for a buck converter [74].

Soft-switching (SS) techniques are used to minimize switch-
ing losses in semiconductor devices [44], [60]. Phase-shift
control (PS), two-edge-modulation (TEM) and space-vector-
modulation (SVM) have also been proposed for converter con-
trol [75]. Sliding mode control (SMC) is a nonlinear capable
method that is less affected by changes in the load [76], [77].
Model Predictive Control uses a model of the converter to
predict the future output and future error; then, an online
optimization function is used to estimate the following input
into the controller [78], [79]. Fuzzy Logic (FL) is considered
a robust controller for a DC-DC converter: easy to implement
with little knowledge of the system. It works with nonlinear
systems and has minor sensitivity to load disturbances [80].
Different Control methods can be implemented in Digital
Signal Processors (DSP) or Field Programmable Gate Arrays
(FPGA), providing flexibility for the designer [79], [81]. Ar-
tificial Intelligence (Al) is emerging as a potential application
in the field of power systems [82]—[84]. Then, in the following
subsections, a review is performed of applications of control
techniques with a focus on EV applications and methodologies
that use Al-based control algorithms.

A. EV Applications

Due to its simplicity and robustness, the most popular
method for converter control in EV applications is the Propor-
tional Integral Derivative (PID). Voltage Mode Control (VMC)
PID is the standard control for buck converters, yet, boost
converters are highly nonlinear. Then, an inner control loop
needs to be added to the basic PID configuration. Peak Current
Mode Control (PCMC) is usually added as an inner PID loop
to cope with the nonlinearity of the converter [85]. Several
examples can be found of PID for EV applications. Two
independent PID branches control the buck and boost modes
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TABLE III
SUMMARY OF SAE LEVEL 3 BIDIRECTIONAL POWER CONVERTERS (*L — INDUCTORS, C — CAPACITORS, D — DIODES, S
— TRANSISTORS), (— NOT SPECIFIED)

Application Power  Switching Operation Topology Static Vin Vout Number of Power Part
frequency mode Voltage Components Switch Number
[kW] [kHz] Gain L C D S
Charging 80 20 buck forward  half-bridges vs. 4 1 300 650 2 23 0 4 Si -
propulsion boost forward  middle inductor ?1-d
DC-link [66] buck reverse
boost reverse
Propulsion 30 60 boost forward ~ 2-level 3-phase - 324 400-700 3 2 0 6 SiC CAS120M12Bm2
DC-Link [67] buck reverse interleaved
Propulsion 30 60 boost forward ~ 2-level 3-phase - 250-370 400 3 2 0 6 SiC CAS120M12Bm2
DC-Link [68] buck reverse interleaved
Propulsion 360 100 - 6-phase - 20-850 10-850 6 23 0 12 SiC -
DC-Link [70] half-bridge
Charging [69] 200 - buck-boost - - 10-1150  60-1200 - - 0o - - -
Propulsion [71] 400 - - 4-q rectifier - 20-800 - - - - - -
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Fig. 8. PWM generator with four PI control blocks for a dual-input
dual-output converter [38].

of operation when charging/discharging an ultra-capacitor in a
hybrid energy storage system [35]. Four proportional-integral
(PD) loops in parallel control the current and voltage of a
converter during battery charging/discharging [61]. A multi-
input converter uses two inner loops to control the voltage
and current of the converter, while a third outer loop controls
the output power [37]. A dual-input dual-output converter
employed cascaded PI stages to regulate the input from a
PV panel and a battery. The block diagram is shown in
Fig. 8 [38]. An isolated onboard charger with a high-frequency
transformer and interleaved DC stage implemented three par-
allel PI branches [52]. Three PI control loops generated four
PWM duty cycles in a four-switch single-input three-output
bidirectional buck converter [39]. Unpredictable operation in
the buck and boost modes of the converter in an EV poses a
problem for linear controllers; then, nonlinear Time Domain
Control (TDC) is proposed and compared against PI, observing
reduced voltage overshoots and faster settling times [85]. PI
can also be applied with other methods: a digital dead-beat
controller is implemented with a PI compensator to select from
constant-current or constant-voltage charging modes [56].
Other control methods have also been applied to power
converters. Pulse Frequency Modulation was implemented for
an off-board charger designed for EVs connected to micro-
grids [53]. MPC is applied to regulate the individual voltages
of cells inside the battery pack of an EV [78]. A fuzzy logic

control, an interval type-2 fuzzy logic control and a real-
coded genetic algorithm rule-based fuzzy logic controller were
implemented for the shunt converter of a bidirectional EV
charging system [80]. A comparison between SMC and FL is
presented in [86] for a DAB converter. A linearized model of
the system is derived for SMC output current control, while a
model-less approach is implemented for the FL control. Fuzzy
Logic was also implemented for a bidirectional converter
in hybrid energy storage with a battery and a supercapaci-
tor [87]. Simulation results are compared against benchmark
PI showing better transient response for the FL approach.
Table IV summarizes the control methods for power converters
in EV applications and general-purpose applications. The latter
are reviewed in the following subsection. Like the previous
sections, most converters are rated Level 1, low power and
low voltage. The average number of power switches is seven,
with a maximum of sixteen. The most frequent control method
is PI, the benchmark for comparison against more complex
methods. FL is the second most frequent control method
for EV applications. The highest switching frequency is 350
kHz with SiC devices; the average is 75 kHz, mostly with
Si devices. Again, the same trend can be observed as in
the previous section, where most of the designed converters
are low power, low voltage and low frequency. Even though
they present innovative topologies, they must be validated at
commercial power levels before market adoption.

B. Trends in Smart Control

Most of the bidirectional converters in the previous section
apply some PI control methodologies. Examples that compare
Fuzzy Logic against PI and SMC show better transient re-
sponses. Therefore, it is essential to review emerging alter-
native Al methodologies already applied to general-purpose
DC-DC power converters. The lower section of Table 4 sum-
marizes the features of Al control methods for general-purpose
power converters. Kurokawa et al. propose model control and
neural network digital control methods for a multiple-output
DC-DC converter with PID as a feedback control [89]. This
network predicts the output voltage using six hidden layers
and a sigmoid function at the output layer as the topology



150

IEEE LATIN AMERICA TRANSACTIONS , Vol. 22, No. 2, FEBRUARY 2024

TABLE 1V
SUMMARY CONTROL METHODS FOR POWER CONVERTERS (*L — INDUCTORS, C — CAPACITORS, D — DIODES, S —
TRANSISTORS), (— NOT SPECIFIED)

Application SAE Power  Switching  Bidirectional Topology Control Vin Vout Number of Power Part Settling
Level frequency Mode* Components Switch Number Time
[kHz] L C D S [s]
Charging 1 20 Yes three-level PI 36 25 2 2 2 4 - - -
DC-link [36] three-port
Propulsion 1 10 Yes Series Hybrid PI 16 28 1 1 1 2 Si IRL2505 -
DC-link [35] energy Storage
Propulsion 1 20 Yes single inductor PI 12 72 1 6 0 10 - - -
DC-link [37] switched-capacitors
Propulsion 1 10 Yes Double input/ PI 12 58 2 3 2 3 Si IRFP250N -
DC-link [38] output
Charging [52] 1 10 Yes interleaved 2 full PI 300 120 2 3 12 12 - - ~ms
wave rectifiers
DC-link [39] 1 50 Yes three output PI 48 12,5 3 3 0 4 - - -
Charging [53] 1 70 Yes 3 level CLLC PI 750 200-700 2 10 16 Si IPZA60R037P7 s
resonant converter
Charging [56] 1 50 Yes 2 inductors PI 40 200 2 4 0 5 Si IPW60R099CPA ~ms
common ground
Charging [61] 2 350 Yes interleaved flyback PI 50-500 700 3 12 6 8 SiC C2M0080120D -
Cell Balance [78] 1 250 Yes Active clamp MPC 12 4/2 1 2 0 8 - - -
forward converter
Charging [80] 2 10 Yes shunt converter T1, IT2, RCA FL 415 AC 700 DC 3 1 0 6 - - ~ ms
Charging [86] 2 100 Yes DAB FL vs SMC 270 28 2 2 0 8 Si SCH2080-KE ~ms
SiC IRFP4568 - PBF
Charging [87] 1 - Yes 2-input hybrid FL vs PI 100 40 2 1 2 4 - - -
energy storage
Charging [85] 1 30 Yes boost/buck TDC vs PI 18 24 1 2 0 2 - - 8ms
4%0V
General 1 1000 Yes Buck/boost MPC with NN 40/60 24/30 1 1 0 2 GaN GS66506T 15us
purpose [79] 13.3%0V
General 1 1000 No boost SDC vs PI 1 1.67 1 1 0 2 - - 6us
purpose [88] 4.7%0V
General 1 200 No two-output buck PID with NN 36 5 2 2 5 1 - - 0.08ms
purpose [89] 0.4%0V
General 1 - Yes buck, boost, PID vs NN 30/12 5/25 1 1 1 1 - - 5ms
Purpose [90] buck/boost 25%0V
General 1 20 No boost DHP-NN vs PI 60 200 1 1 1 1 - - 25ms
purpose [91] 5%0V
General 1 1000 No buck MPC with NN 48 24 1 1 0 2 GaN - Ius
purpose [92] 2.1%0V

PI —proportional integral, MPC — model predictive control, T1 — type 1, IT2 — interval type 2, RCA —real genetic algorithm, FL — fuzzy Logic, SMC - sliding mode control,
TDC — time delay control, NN — neural networks, SDC — stochastic duty cycle, DHP — dual heuristic programming, OV/UV - overshoot/undershoot.

of the neural network. Backpropagation with 1000 readings
generated with a conventional controller feeds the network
for training to derive the ON time of the power switch.
Comparison with a PID controller shows a faster transient
response and lower voltage overshoot to step changes in the
load. Neural Network (NN) control for buck, boost and buck-
boost topologies using an online backpropagation algorithm
was implemented in [90]. NN has a lower overshoot and
fewer oscillations than PID, with good dynamic performance
adapting to disturbances in the input voltage. A dual heuristic
programming (DHP) method is proposed to control the voltage
of a boost converter working in continuous and discontinuous
current conduction mode (CCM and DCM, respectively) [91].
The DHP uses two NN: an action network to control the
system and a critic network to assess the performance of
the action network. Compared to PI, the DHP results in less
overshoot and lower settling times without using an exact
system model.

A buck topology with GaN devices at 1 MHz switching
frequency and explicit MPC is implemented in [79]. A NN
is used to map the nonlinear behaviour of the converter for
varying operating points. Backpropagation is used to train the
NN offline, which is then used to simulate and validate their

approach experimentally. Also, using GaN devices, FPGA and
1 MHz switching frequency, Chen et al. developed a real-
time self-learning MPC control for a buck converter [92].
Their objective is to overcome the limits of high-frequency
switching when updating the parameters of the MPC controller
in real time. For this, a reward function is defined, and gradient
descent updates the weights of a NN to optimize the duty cycle
based on the previous performance of the converter.

Duty
Vet (\ R Cycle-D  pc.pc Vout
\\_J Converter

Neural Network
I I

out

£

Fig. 9. Block diagram of NN Control for DC-DC converter (Based
on [92)]).

Fig. 9 shows the block diagram of the NN with a closed
feedback loop; output voltage , Inductor Current and output
current are feedback to the neural network along with the
difference between the desired and actual output voltage. The
NN weights are updated in real-time to estimate the optimal
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duty cycle D. Finally, a stochastic method to derive the duty
cycle (SDC) in Peak Current Mode Control (PCMC) for a
boost converter is presented in [88] and compared against PI
and robust PI. The right half-plane zero in the converter’s
small signal control-to-output transfer function results in an
unstable system. To avoid complex solutions involving numer-
ical methods, stochastic generation of the duty cycle allowed
them to obtain more accurate and faster approximations of
the optimal duty cycle than with traditional and robust PI.
The lower section of Table IV summarises the Al control
methods in power converters. It can be noted that all converters
are general-purpose applications at low power and voltage.
However, the average switching frequency is 644 kHz, and
half the converters reach 1 MHz with GaN devices. Most
converters have low parts count with a maximum of 2 power
switches which means very basic unidirectional converters
are used. NN are the most frequent control method. PID
is also frequent but this time as the benchmark method for
comparison. Then, Al methodologies mainly focused on the
control design without considering the standard metrics of
power converter performance, like power density or efficiency.
Additionally, the last column of the table includes the set-
tling time of the converters for comparison of the dynamic
performance. It must be stated that the converters with EV
applications report mostly their steady state performance. Its
dynamic performance is mostly related to charging/discharging
profiles. In comparison, the lower section of the table shows
the control methods for general purpose applications where
dynamic performance parameters are reported. As expected,
the settling time is correlated to the switching frequency.
Systems with higher switching frequencies are able to react
more quickly to changes in the output which comes as an
additional benefit from the adoption of WBG devices.

IV. ANALYSIS AND DISCUSSION OF BIDIRECTIONAL
CONVERTERS

A summary of frequency vs power for the converters in the
three levels of SAEJ1772 and up to 400kW for CHAdeMO is
presented in Fig. 10. The semiconductor material of the power
switches is also indicated, showing Si devices at the left side
of the graph with wide-range power but low frequency: the
average power for these converters is 11.2kW with 32.5kHz
average switching frequency. SiC converters are located in
the centre-right side of the graph with an average power of
42.2kW and an average frequency of 148.2kHz. Chakraborty
et al. [67] state that a reduction of 63% in semiconductor
power losses could be achieved by switching from Si to SiC
while also being able to increase by a threefold the switching
frequency. Then, the size of the passive components could be
reduced, which in turn leads to an overall size reduction of
the converter. It must be noted that the SiC converter in [70]
is outside the SAEJ1772 standard but within the CHAdeMO
400kW level. Finally, GaN topologies present low power with
an average of 2.1kW but very high frequencies with a mean
of 562kHz up to a maximum of 1MHz.

Proper design and component selection can scale low-power
topologies to higher power ratings. Still, large current ripples
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Fig. 10. Summary of Frequency vs Power of selected bidirectional
converter topologies. x — Si, A — SiC, fulldiamond — GaN.

will require more costly components. Interleaving is a popular
method to split the current into several branches reducing
the ripples and size of the components. The combination of
interleaving with WBG devices increased the power rating to
200 kW with switching frequencies of 200 kHz [70]. GaN
devices allow increasing the frequency even further with pro-
totypes already a 1 MHz, although soft-switching techniques
and snubbing circuits required to minimize switching losses
complicate its design. Fu et al. [81] state that the increase in
converter efficiency by switching from Si to GaN is minimal
compared to the increase in cost; therefore, a significant
increase in power density must be achieved to account for
moving to WBG devices. Low power-level topologies present
lower parts count since smaller current and voltage ripples are
generated, which cheaper components can endure. However,
higher current ripples will require more expensive components
at higher power levels. Then, it might be preferable to increase
the part count by including interleaving, or multilevel, which
reduces stress in components. For widespread adoption of
EVs, prices need to decrease significantly. For instance, in
emerging economies, the starting price of the most popular
EV brands can be four times those of the cheapest fossil-fuel-
powered models [93]-[96]. Current prices render EVs as lux-
ury items. Therefore, a combination of topology, components
and control methods that achieves significant price reduction
in power converters is necessary to reach the mass adoption of
EV technology. Based on the power switch features indicated
in tables I through IV, unitary prices for power switches were
retrieved from [97]-[104] to perform a cost analysis. The
results are shown in Fig. 11 for voltage rating vs unitary price
and Fig. 12 for switching frequency vs unitary price. A clear
gap can be appreciated between Si and SiC-GaN in terms of
cost and voltage rating. While Si devices are the cheapest,
they also have a limit of 600 V rating, while SiC devices
reach up to 1.2 kV. Still, the price difference can be up to
two orders of magnitude. Even though the voltage ratings are
similar between GaN and Si, the price difference can be almost
an order of magnitude for the WBG device. This difference
can be explained by looking at the switching frequency in
Fig. 12, where GaN has been applied up to 1 MHz while the
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Fig. 12. Applied switching Frequency vs Unitary price [97]-[104]
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most expensive Si is limited below 500 kHz.

Table IV summarizes the control methods of bidirectional
power converters for EV applications and general-purpose
converters. For EV applications, PI is the most popular con-
trol method and is the benchmark method for comparison
with other approaches. However, MPC, FL and TDC have
also been applied, showing better transients than PI. Most
converters have SAEJ1772 level 1 power rating and use Si
devices at switching frequencies below 90 kHz. The only two
converters with a Level 2 power rating use SiC at frequencies
above 90 kHz. Applications of Smart Control methods were
found for general-purpose converters with or without bi-
directionality. The most observed intelligent control method
is NN control, alone or in combination with other approaches.
Its performance is mainly compared against the benchmark
PI showing lower voltage overshoots and faster settling times.
Also, they can be implemented without strict, rigorous models,
which eases the design procedure. However, most topologies
are low power, low voltage and lack bi-directionality. GaN
devices have been combined with intelligent control achieving
switching frequencies up to 1 MHz, yet, at low power and
with the most basic topologies. Then, an analysis of intelligent
control methods combined with WGB devices at EV power

ratings needs to be carried out. The feasibility of significant
cost reduction with higher power density must be evaluated.

V. CONCLUSIONS

A review of bidirectional DC-DC converters for applications
in EVs has been presented in this work. Tables 1,2, and
3 summarize the power ratings, switching frequency,static
voltage gain, and the number of components and materials
of power switches for circuit topologies rated up to 200 kW
and divided according to the three power rating levels of
SAEJ1772. Converters up to 400 kW were also reviewed,
which comply with CHAdeMO 2.0 protocol. Complex topolo-
gies are presented with low parts count to reduce costs
and increase power density at low power levels. However,
Wide output voltage range is also a desired feature which
might be obtained at the cost of an increase in the number
of components. Prototypes, including GaN devices, feature
switching frequencies up to 1MHz, thus decreasing the size
of passive components. However, interleaved topologies and
SiC have become more popular at higher power levels to
reduce volume despite the increase in parts count. Interleaved
half-bridges are more popular for applications which work
without isolation. Currently, PI is the most common control
method due to its simplicity. However, several loops must be
added to control the nonlinearities of the DC-DC converters.
Fuzzy Logic and Neural-Networks have been applied with
SiC and GaN devices at high-frequency low-power converters
observing lower voltage overshoot and faster settling times
than with PL.Moreover, higher switching frequencies allow an
overall decrease in the settling time of the converter which,
comes as an added benefit from WBG devices. A combination
of intelligent control methods with WBG devices at EV power
ratings needs to be evaluated to ascertain the cost-benefit
relationship of these technologies.
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