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Abstract: Active Front-End (AFE) rectifiers have regained momentum as the demand for high-
power Electric Vehicle (EV) charging infrastructure increases exponentially. AFE rectifiers have high
efficiency and reliability, and they minimize the disturbances that could be generated due to the
operation of the EV charging systems by reducing harmonic distortion and operating close to the
Unity Power Factor (UPF). The purpose of this review is to present the current state-of-the-art AFE
rectifiers used in fast chargers, focusing on the comparison between different AFE topologies and
their components, as well as modular AFE solutions. Furthermore, different control strategies of AFE
converters are presented and compared. Some of their more widely used control techniques, namely
Voltage Oriented Control (VOC), Direct Power Control (DPC), Hysteresis Current Control (HCC),
and Model Predictive Control (MPC), have been implemented, and their performance compared.
Centralized and distributed control systems are compared for operating parallel AFE rectifiers for
modular, fast charging systems. An overview of cooling systems and reliability evaluation tools is
also presented. Finally, trends and future outlooks are analyzed.

Keywords: AFE; rectifier; modular; DC charger

1. Introduction

A strong focus on reducing global warming has accentuated the need to replace
Internal Combustion Engine (ICE) vehicles with emission-free substitutes. Figure 1 shows
the growth of the global EV stock by region over ten years, from 2010 to 2020 [1]. Many
of the hurdles on the way to the development of EVs are being solved through scientific
advancements in the fields of battery technology and Power Electronic Converters (PEC).
Increased battery capacity and high-efficiency PEC can improve the vehicle range, while
high-power charging ensures that the “re-fueling” time of EVs is comparable to that of
conventional ICE vehicles. According to the electric vehicle charging infrastructure market
report, the electric vehicle charging station market for public chargers is projected to grow
at a compound annual growth rate (CAGR) of 30.6% between the period of 2022 and 2030
in comparison to a 19.26 billion USD valued market size in 2021 [2].

EV chargers can be classified into three levels based on their power rating, as shown
in Table 1. Moreover, they are also categorized as on-board and off-board based on their
location. On-board chargers have the convenience of being fairly independent of the
charging infrastructure and having the freedom to charge at residential or office spaces
where the user would be spending time anyway. On-board chargers can be in charger
power Levels 1 or 2 because they have space and weight constraints, so their power rating
is limited by the power density of the converter. These chargers cannot deliver the same
speed of charging as higher power off-board chargers.
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Figure 1. Global electric vehicle stock by region, 2010-2020 [1].

Table 1. EV charger power levels adapted from [3-6].

Voltage Chargin
EVC Level Level Grid Supply Location Power Ti rﬁe &
(US/EU)
Level 1 120/230 VAC 1-phase On-board <3.7 kW 8-16h
Level2  240/400 VAC  1-or3-ph On-or 3.7-22 kW 2-6h
eve or 3-phase Off-board .
Level 3 208-600 VDC 3-phase Off-board 22-350 kW 10-30 min
Ultra-fast >800 VDC 3-phase Off-board >400 kW 5-15 min
charger

Off-board chargers can be in Levels 2 or 3 and deliver up to 400 kW. Nowadays,
even faster next-generation ultra-fast chargers that work with voltages above 800 V and
deliver power above 400 kW are being studied. According to [2], 93.5% of the charging
infrastructure market is held by fast chargers. Moreover, the same report states that during
the 2022-2030 period, the DC fast-charging segment is expected to grow at the highest rate.

Level 3 DC chargers take power from the three-phase grid. The charger consists of
several stages, as shown in Figure 2. Figure 2a shows the diagram of an off-board charger
with a low-frequency isolation transformer on the grid side, followed by a rectifier and
non-isolated DC/DC converter. The interface between the car and the charger is the blue
line that separates the DC/DC converter and the battery pack. Alternatively, the charger
can be isolated using the high-frequency isolation transformer within the DC/DC converter,
as shown in Figure 2b. The purpose of the DC/DC converter is to control the voltage,
and the current applied to the EV battery according to the chosen charging strategy. The
most commonly used strategies are current-constant voltage (CC-CV) and pulse charging
methodology [7]. The purpose of the rectifier is to deliver the requested power to the
DC/DC converter while maintaining the DC link voltage and minimizing grid disturbance.

Grid : Charger Charger: Vehicle

I I

I _ I
Grid | Low-frequency Rectifier DC/DC | Battery
| transformers converter | pack

I I

I I
g é AC DC T —|—+
| =
; DC [ DC 4 T,
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(a)

Figure 2. Cont.
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Figure 2. Off-board chargers. (a) Off-board charger with a low-frequency isolation transformer.
(b) Off-board charger with a high-frequency isolation transformer.

Given the increasing interest in fast chargers, there has been a number of papers that
study different aspects of the charger. A comprehensive review of different fast charger
topologies and control systems is presented in [8]. However, it does not study how the
choice of a certain architecture or control system impacts the performance of the system or its
lifetime. This two-part paper [9,10] focuses on a very detailed review and classification of
three-phase rectifier topologies for power factor correction in various applications. However,
these papers do not study the architectures specifically for fast-charging voltage levels
(>650 V), power levels (>(22 kW)), load profile (10-100% load), and the switching frequency
range. Each architecture will present different sets of advantages and disadvantages based
on the application. A review of various control strategies for grid-tied inverters in [11] can be
applied to chargers with some adjustments. Digital control techniques for Voltage Source
inverters (VSI) have been covered in [12]. A quantitative comparison of some of the most
common control techniques for VSI in adjustable speed drives application has been presented
in [13] and can partially be applied to charger AFE rectifiers. In this paper, the focus is
specifically on control systems for fast-charging applications, highlighting the performance
of each control system and whether or not they are suitable for modularization.

This paper presents a comprehensive review of AFE rectifiers used in off-board fast
charging applications. On top of the regular topics, such as different converter topologies
and control approaches, this paper expands further to address other challenges of the
off-board chargers that appear with the high-power levels associated with fast charging:

e Component availability—at high-power levels, the choice of components will become
more limited and possibly more costly;

¢  Grid impact—increasing power and number of fast chargers introduces more harmonic
distortion to the grid, damaging sensitive equipment;

*  Thermal management—cooling systems will become more complex if they need to
dissipate power in the range of tens of kilowatts;

*  Reliability—in fast chargers, components are subjected to more stress due to higher
power. Moreover, commercial off-board chargers will be cycled more compared to
personal on-board chargers, which may lead to a shorter lifetime.

Section 2 compares different topologies for a three-phase rectifier. Section 3 discusses
the individual components of the selected AFE topology. Section 4 reviews some of the
main control strategies for the AFE rectifier and compares their performance. Section 5
covers the modularization of AFE rectifiers to better suit the fast charging application and
presents control systems for a system of parallel converters. Section 6 summarizes cooling
techniques for AFE rectifiers in off-board EV charging applications. Section 7 studies
the reliability aspect of AFE rectifiers. Section 8 presents the latest tendencies and future
outlooks in AFE rectifiers in EV fast charging applications.

2. Comparison of AFE Topologies

The overview of three-phase rectifier topologies adapted from [9,10] is given in Figure 3.
The unidirectional rectifiers only support drawing power from the grid to charge the EV battery.
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Examples of unidirectional rectifiers include simple diode bridge rectifiers, Vienna rectifiers,
Swiss rectifiers, and other well-established topologies. The bidirectional rectifiers can feed
power from the vehicle back to the grid when necessary. The V2G operation has been proven
beneficial in lower-power chargers, while its use in high-power chargers is relatively new. Level
3 bidirectional AFE rectifiers with V2G capabilities are used in DC fast charging stations with
renewable energy sources and energy storage systems to offset the effect of the fast chargers on
the grid and to provide additional grid services [14,15]. Within bidirectional rectifiers, there are
two types: boost-type and buck-type. The boost-type rectifiers have higher DC link voltage
compared to the AC side voltage, while it is the opposite for the buck-type. The higher DC link
voltage means less current for the same power level, which can be beneficial, especially for
high-power systems. As mentioned in Table 1, the next-generation chargers will be operating
at 800 V and above. Therefore, in this paper, three-phase, boost-type bidirectional topologies
are considered.

Three-phase rectifier
topologies

Unidirectional Bidirectional

Passive systems Hybrid systems Active PFC systems Boost-type Buck-type
: I—I—|
[ 1
" " : Electronic Reactance Six-Switch Rectifier
Single diode bridge | | { ™ Based Rectifier c"'r’r“;’f:;::s';‘_';”‘e, v;ﬁ‘:’:ﬁi‘;’(’_‘_ﬁ“'e) Two-level Three-level |- with Switchable
Y Systems VP! 8 yP Output Polarity
Iti-Pulse Rectifier (o ination of Diode| Neutral point Antiparallel Six-
s I— Rectifier and DC/DC DCM K™ DVM wm Six switch converter | —  clamped (NPC) —{ Switch Converter
ystems i
Converter Systems converter Combination
" Two-Level Rectifier L . N " : T
L 3rdHarmonic ingle-Switch Rectifie (¥- or A-Switch) Single switch Three-switch rectifier Zsource converter |[— FlYingcapacitor || | Bidirectional SWiss
Injection Systems = converter converter Rectifier
Rectifier
Bidirectional 3rd
. . [Three-Level Converter| " . . Harmonic Injection
Two-Switch Rectifier (VIENNA Rectifier) Six-switch rectifier T-type converter T Active Filter Type
Rectifier

Active NPC (ANPC)
Converter

Bridge-Leg inductor
Converter

Figure 3. Overview of three-phase rectifier topologies adapted from [9,10].

The topology of the high-power rectifier has to be selected based on several criteria:

*  Three-phase boost-type rectifier topology suitable for Level 3 DC fast charging or
ultra-fast charging;

¢ Injects minimal THD to the grid;

*  Bidirectionality is advantageous since it enables a V2G operation;

*  Smaller number of components is advantageous for system reliability and cost.

In this section, a three-phase passive rectifier with an inductive filter on the AC side
and a capacitive filter on the DC side is presented as a benchmark. Then some of the most
common three-phase bidirectional boost-type rectifier topologies are compared with each
other and the benchmark. The selected topologies are highlighted in blue in Figure 3.

2.1. Three-Phase Passive Rectifier

The three-phase diode rectifier is the simplest rectifier topology. It contains only the
six diodes, AC side inductors, and the DC side capacitor, as shown in Figure 4.
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Figure 4. Three-phase passive rectifier.

Since it does not employ any active switches, this converter does not require a control
system or gate drivers, which simplifies its operation. The diodes switch at grid frequency, and
there is no active current shaping and no control over the output voltage. The diode rectifiers
can inject a Total Harmonic Distortion (THD) of 40-70% into the grid currents, and large
numbers of fast high-power passive rectifiers would cause stress on the grid [16]. This type of
conventional passive rectifier topology is not recommended in fast charging applications due
to its lower efficiency, unidirectional power flow, and higher THD.

The operation of the passive rectifier has been simulated in a MATLAB (R2021a,
MathWorks, Natick, MA, USA) Simulink environment.For this simulation, the DC side
capacitive filter is designed for a 1% voltage ripple on the DC link. The AC side smoothing
inductor is designed for an impedance ratio of 0.05, the lower end of the acceptable 0.05-0.15
range [9]. Figure 5 shows the grid side current of the passive rectifier and its harmonic
analysis. The current is not sinusoidal and has high amplitudes of lower order (5th, 7th,
11th, and 13th) harmonics.

' 2[ 4st i i ]
1001 I Grid side current] 1 10 125.6 A ’_ Grid side current FFT
Z so0f < 50Hz 5"
T F=prst 18.9 A
S g 10 250 Hz| 7" "
5 5 2A 1 13th
O 50 O 350 Hz
100k 3.7 A ‘2.2A ]
100 . , . . 550 Hz 650 HZ|
0.2 0.22 0.24 0.26 0.28 0.3 0 200 400 600 800
Time [s] Frequency [Hz]
(a) (b)

Figure 5. Passive rectifier simulation results. (a) Grid side current. (b) Grid side current harmonic
analysis.

Figure 6 shows the DC link voltage of the passive rectifier and its harmonic analysis.
The DC link voltage is not controlled and settles around 505.5 V for the given load of 30 kW.
The peak-to-peak value of the voltage ripple is 5.14 V, close to 1% of the DC link voltage,
which is in line with the design expectations. As shown in Figure 6b, the main voltage
ripple harmonic appears at 300 Hz with an amplitude of 2.5 V.
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Figure 6. Passive rectifier simulation results. (a) DC link voltage. (b) DC link voltage harmonic
analysis.

With the passive rectifier topology, the DC link voltage is not controlled. Moreover, the
grid side currents with dominant low-frequency harmonics result in a THD of 30.9% and a
power factor of 0.87. In contrast, if active rectifiers are used, the desired voltage level can
be maintained with varying loads, and the THD can be kept minimal while achieving high
efficiency and power factor. In the following part, the following boost-type bidirectional
active converters are compared:

*  Three-phase two-level six-switch boost-type rectifier;
¢ Three-phase three-level neutral point clamped converter;
*  Three-phase three-level T-type converter.

To compare the AFE topologies, they have been designed for similar conditions and
simulated. The active rectifiers are designed for 1% ripple on the DC link and 5% THD of
grid currents at full load. All three active converters switch at 20 kHz and are rated for
30 kW. The DC link voltage setpoint is 700 V.

2.2. Three-Phase Two-Level Six-Switch Boost-Type Rectifier

The topology for the three-phase two-level boost-type rectifier is shown in Figure 7. It
consists of six active switches, AC side boost inductors, and a DC side filter capacitor. The
topology of the boost-type two-level rectifier is simple, robust, and well-known. This topology
can be built using commercial H-bridges. The two-level six-switch rectifier topology requires
larger volume input inductors and has a limited maximum switching frequency [10] com-
pared to the three-level converters. The lower boundary of the DC link voltage has to be
limited due to the boosting nature of the rectifier. For example, if the rectifier is connected to
the three-phase grid with 400 V RMS line-to-line voltage, then the minimum DC link voltage
will be 565 V, equal to the line-to-line voltage amplitude. Ideally, it should be at least 15-20%
higher to reduce the distortion in current waveforms.

, Sdﬂ S, Jﬂ Sy
LYY\

Lopyywn___{ ¢,
Ly vy

S, Eﬁ S, J'Ell} SGJE{}

Figure 7. Three-phase two-level six-switch boost-type rectifier.

]

In a two-level topology line-to-neutral rectifier, the voltage is either zero or equal to
the DC link voltage. This creates a three-level line-to-line voltage, as shown in Figure 8.
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Figure 8. Two-level six-switch boost-type rectifier simulation results: line-to-line voltage.

Figure 9 shows the grid side current of the two-level six-switch rectifier and its har-
monic analysis. The current is sinusoidal and has harmonics around the switching fre-
quency and its multiples.

, , 10° ,
1oof I Grid side current] ] Grid side current FFT
— — 10%f 61.58 A
< < 50 Hz
c c 1L
2 g 196 A 194 A
3 3 0 19.9 kHz | 20.1 kHz
0.81A]0.81A
; 39.95 kHz | 40.05 kHz
-100 - : : : 10°
0.2 0.22 0.24 0.26 0.28 0.3 0.005 2 4
Time [s] Frequency [Hz] %104
(@) (b)
Figure 9. Two-level six-switch boost-type rectifier simulation results. (a) Grid side current. (b) Grid
side current harmonic analysis.

Figure 10 shows the DC link voltage of the Two-level six-switch boost-type rectifier and
its harmonic analysis. The DC link voltage is controlled to be 700 V at a 30 kW load. The
peak-to-peak value of the voltage ripple ranges from 3 to 7 V. As shown in Figure 10b, the
voltage ripple harmonics appear around the switching frequency and its multiples. Moreover,
a small harmonic component appears at the grid frequency and its multiples.

705} ‘ ' : - 10°F : ' ]
] DC link voltage | 699.6 V ] DC link voltage FFT|
s S 107
® o
_8 700 E 101k
o o 1.15V 1.14V 0.998 V
> > 10° 19.85 kHz , 20.15 kHz 40 kHz
0.27 V
6951 J ‘ ‘ ‘ 1 10 50 Hz
024 0242 0244 0.246 0.248 0.25 0 2 4
Time [s] Frequency [Hz] «10%
(@) (b)

Figure 10. Two-level six-switch boost-type rectifier simulation results. (a) DC link voltage. (b) DC
link voltage harmonic analysis.

The two-level six-switch boost-type rectifier results in a well-controlled 700 V voltage
at the output with under 1% ripple, and the THD of grid side currents is 4.5% at full load,
while the power factor is 0.997. The efficiency of the converter is 98.5%.
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2.3. Three-Phase Three-Level Neutral Point Clamped Converter

The topology of a three-phase three-level neutral point clamped (NPC) converter is
shown in Figure 11. It is a three-level topology consisting of twelve active switches, six
diodes, and filters. Compared to the two-level converter, switches in this topology see
reduced voltage stress and lower switching losses. Moreover, the passive filter size is
smaller. However, the component count increases, negatively affecting system reliability,
complexity, and implementation effort.

S Ssf Sol
s D, s s DT
L 25 1 Sehayt A D3 Sis 5
L2 A A
L pyyn
S [k &D, Sik=t A D, S <} & D,=— Cy
S4_] SSJ S12J

Figure 11. Three-phase three-level neutral point clamped converter.

In a three-level topology, the line-to-neutral voltage can be 0.5 Vp¢, zero, or —0.5 Vpc,
which creates a five-level line-to-line voltage, as shown in Figure 12.

1000
VLL actual
E 500 ¢ VLL averaged
S
8 0
°
> 500 f
-1000 : . : :
0.25 0.26 0.27 0.28 0.29 0.3

Time [s]
Figure 12. Three-phase three-level neutral point clamped rectifier simulation results: line-to-line voltage.
Figure 13 shows the grid side current of the NPC rectifier and its harmonic analysis.

Similar to the two-level topology, the current is sinusoidal and has harmonics around the
switching frequency and its multiples. However, there is also a noticeable harmonic at 250 Hz.

' 10° ;
1001 I Grid side current] 1 ’ Grid side current FFT‘
— — 10%} 62.22 A ;
< = 7 1|50 Hz
c c 1L
2 g 10 121A 118A
a3 3 ol 19.8 kHz 20.2 kHz
107111 841 A 0.64 Ay0.63 A
100 ‘ ‘ ‘ ‘ o 250 Hz 39.75 kHz [ 40.25 kHz
02 022 024 026 028 03 0.005 2 4
Time [s] Frequency [Hz] %104
(a) (b)

Figure 13. Three-phase three-level neutral point clamped rectifier simulation results. (a) Grid side
current. (b) Grid side current harmonic analysis.
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Figure 14 shows the DC link voltage of the NPC rectifier and its harmonic analysis.
The DC link voltage follows the setpoint. The shape of the DC link ripple has distinct lower
frequency harmonics at 300 Hz in addition to the switching frequency harmonics, as shown
in Figure 14b.

; ; 3 ; .
7051 ] DC link voltage | | 107 700v DC link voltage FFT
> S 107}
(0] (O]
%700 % 101k 3.9v
£ 5 300 Hz 34y 0.3y
3 > ol 19.85kHz 2015 kHz
0.25V 0.24V
695 J | ‘ ‘ o 1600 Hz | 40 kHz
0.24 0.242 0.244 0.246 0.248 0.25 0 2 4
Time [s] Frequency [Hz] «10%
(a) (b)

Figure 14. Three-phase three-level neutral point clamped rectifier simulation results. (a) DC link
voltage. (b) DC link voltage harmonic analysis.

The NPC converter follows the DC link voltage setpoint. The DC link voltage ripple
is 1%, and the grid side current THD is 5% at full load as designed. The power factor is
0.997, and the efficiency of the converter is 98.2% at full load. The main drawback of the
NPC topology is that it uses 12 active and 6 passive switches, which makes it costly and
complex. However, it significantly reduces the inductor size (44% reduction in this case),
and the switches are all subjected to only half the DC link voltage. This topology requires
two capacitors in series, which leads to higher capacitance values and lower capacitor
voltage ratings.

2.4. Three-Phase Three-Level T-Type Converter

Three-phase three-level T-type converter is a bidirectional variation of the three-
phase Vienna rectifier. The topology is shown in Figure 15 [10,17]. This rectifier uses
12 active switches, compared to the original unidirectional topology that uses 6 diodes and
6 active switches [9]. Moreover, it has three boost inductors on the AC side and a split
capacitor on the DC side. This is a three-level topology similar to NPC. However, it has
lower semiconductor losses for low switching frequencies compared to NPC, and it can
be implemented using standard six-pack modules. This topology uses switches for two
different voltage ratings.

4 > ]
sEY sEh sy T
1 . I\ —
- ' Sl RIS, }
2_[Y'\ A A
- S RS,
° o o - Sty 1S, —— Cxy
S: = Sd:’} SGJ:I} T
& _ 2’

Figure 15. Three-phase three-level T-type converter.

The three-level T-type rectifier also generates a three-level line-to-neutral voltage and
five-level line-to-line voltage, as shown in Figure 16.
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Figure 16. Three-phase three-level T-type rectifier simulation results: line-to-line voltage.

Figure 17 shows the grid side current of the T-type rectifier and its harmonic analysis.
The current is quite similar to the NPC converter current, as it also contains a harmonic at

250 Hz.
103 i
100 Grid side current | | Grid side current FFT
_ — 10%} 61.58 A
< = 50 Hz
c c 1L
2 g1 123A 12A
3 O 1001 19.8 kHz 20.2 kHz
1.762 A 0.65A)0.64 A
100 ‘ ‘ ‘ ‘ 10 250 Hz 39.75 kHz [|40.25 kHz
0.2 0.22 0.24 0.26 0.28 0.3 0.005 2 4
Time [s] Frequency [Hz] «104
(a) (b)
Figure 17. Three-phase three-level T-type rectifier simulation results. (a) Grid side current. (b) Grid
side current harmonic analysis.
Figure 18 shows the DC link voltage of the T-type rectifier and its harmonic analysis.
The DC link voltage is centered at the setpoint, and the main ripple harmonic is at 300 Hz,
as shown in Figure 18b.
705} ‘ ' — ] 10°F — j
’ DC link voltage] 700V DC link voltage FFT
S S 107}
o o
2700 2 401138V
3 5 300Hzg 35\ 0 30 v
> > 100t 19.85 kHz 20.15 kHz
0.22V 0.23V
695 f J ‘ . . 11 100 Hz | 140 kHz
0.24 0.242 0.244 0.246 0.248 0.25 0 2 4
Time [s] Frequency [Hz] «104
(a) (b)

Figure 18. Three-phase three-level T-type rectifier simulation results. (a) DC link voltage. (b) DC link
voltage harmonic analysis.

The three-phase three-level T-type rectifier uses similar filter sizes and filter ratings as
the NPC. The main difference is the number and rating of the switches. The two switches
between positive and negative DC link block voltages between 0.5 Vpc and Vpc, so they
have to be rated for Vpc. However, when these devices are switching, the voltage level



Batteries 2023, 9, 150

11 0f 35

changes between zero and 0.5 Vpc, which results in lower switching losses compared to
switching with full Vpc. The devices connected between the phase leg midpoint and DC
link midpoint block 0.5 V¢, so they only need to be rated for 0.5 Vpc. Moreover, they also
switch between zero and 0.5 Vpc. Overall, the reduced number of components compared
to NPC, while maintaining switching from 0.5 Vp¢, results in higher efficiency than NPC.
The efficiency of the T-type rectifier at full load is 98.95%.

2.5. Comparison of Rectifier Topologies

A comparison of different AFE topologies and the passive rectifier performances at full
load is presented in Table 2. To perform a quantitative comparison of the rectifier topologies,
they have been simulated in MATLAB Simulink. Each rectifier is designed for 30 kW using
SiC devices. The output voltage of the passive rectifier cannot be controlled. Therefore, it
differs from the active rectifier output voltage, which is 700 V. The active rectifiers switch at
20 kHz. The filters are designed for 1% voltage ripple at the DC link and 5% THD of the grid
side currents at full load. The required AC side inductance is twice smaller for three-level
topologies for the same level of current ripple. The DC link capacitance is higher for three-level
topologies due to the series connection. However, the voltage rating for the capacitor is lower
for NPC and T-Type. The switches on the three-level topologies are subjected to less stress,
which increases the lifetime of individual switches. However, the higher component number
in three-level topologies negatively affects the overall converter reliability. The control of
the three-level topologies can be as simple as two-level topologies, with modifications to
the modulation scheme. However, three-level topologies may require balancing between
the series capacitances, which can complicate the control system. The higher number of
components increases the cost of three-level topologies compared to the two-level.

Table 2. Comparison of rectifier topologies.

Passive Six-Switch NPC T-Type
Rectifier Rectifier Rectifier Rectifier
Bidirectional No Yes Yes Yes
Output DC voltage 5055V 700V 700V 700 V
Output DC current 59.3 A 428 A 428 A 428 A
Efficiency 91% 98.5% 98.2% 98.95%
Grid current THD 30.9% 5% 5% 5%
Power Factor 0.87 0.997 0.997 0.997
Number of active switches 0 6 12 12
Number of passive switches 6 0 6 0
Switch blocking voltage stress Vbe Vbe 0.5 Vpe V[{/CD(C6)(,6§).5
DC link capacitance for 1% Vpc ripple 3000 uF 87 uF 2 x 350 uF 2 x 350 uF
DC link capacitor voltage rating \%s%s Vbe 0.5 Vpe 0.5 Vpc
AC side inductance for 5% THD 0.96 mH 0.44 mH 0.238 mH 0.238 mH
Cost Low Average High High
Higher Lower Lower
stress on stress on stress on
individual  individual individual
Reliability High Cr‘l’g‘l}t’: Cr‘l’glft’so Cr(:gl}t):
Lower higher higher

component component component
count count count
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At 20 kHz switching frequency, the T-type rectifier shows the highest efficiency (98.95%),
with a two-level rectifier in second place (98.5%) and NPC in third place (98.2%). This is in
line with the behavior reported in [18]. At the lowest switching frequency, the efficiency from
high to low is T-type, two-level, and then NPC. For insulated-gate bipolar transistor (IGBT)
modules used in [18], that behavior continues until approximately 8 kHz. Since we are using
SiC devices, that cutoff occurs at a higher frequency of approximately 35 kHz, as shown in
Figure 19. When the switching frequency increases, the efficiency of the two-level rectifier
decreases much more rapidly compared to three-level topologies. The efficiency of NPC
decreases the least with the increase in frequency. Therefore, after a certain high frequency
(36 kHz for IGBT modules in [18]), NPC will be the most efficient topology. Using Silicon
Carbide (SiC) devices, this behavior does not appear until 200 kHz, as shown in Figure 19.
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Figure 19. Simulated efficiency of AFE topologies for various switching frequencies.

3. Components of AFE Rectifiers

All three active bidirectional three-phase rectifiers presented in the previous section
consist of similar building block components, even though their exact characteristics might
differ. Rectifiers consist of a number of active switches, optional diodes, AC side filters, and
DC side filters. The AC side filter can range from a simple inductor (L filter) to higher-order
LCL-LC filters [19,20]. The DC side filter is usually a DC link capacitor [6], or several of
them connected in series or parallel. In the following subsections, each of the components
of the AFE rectifier is discussed in more detail.

3.1. Power Semiconductor Selection

Switches comprise the main part of the AFE rectifier. The efficiency and reliability of
these switching components are crucial for the performance of the entire AFE system [6]. With
the emergence of new and improved devices, such as Wide Band-Gap (WBG) semiconductor
switches, the AFE rectifier performance can be improved substantially [21-23]. The WBG
devices can withstand higher junction temperatures, block higher voltages, and operate under
higher switching frequencies. Moreover, switching and conduction losses are lower in WBG
devices [24]. WBG active switches allow higher power density in the weight and volume
constraints of the on-board charger while allowing off-board chargers to operate at even
higher power levels. The efficiency of WBG chargers is reaching as high as 98.5% [25,26].

Nowadays, Silicon carbide (SiC) and Gallium Nitride (GaN) are the types of WBG
devices commonly used in EVs. Silicon (Si), SiC, and GaN semiconductor materials have
fundamental differences in their material properties, such as bandgap, critical field, carrier
mobility, electron saturation velocity, and thermal conductivity [27], which makes them
suitable for different applications. As shown in Figure 20, Si is still the mainstream technol-
ogy. For higher power and frequency applications, SiC devices are used. GaN devices are
used in higher frequency but lower-power applications [28]. The Level 3 and the ultra-fast
off-board chargers are outside the power level that GaN can support at this time. Therefore,
Si and SiC are suitable choices for the design of high-power off-board chargers. The Si IG-
BTs tend to have higher power ratings compared to metal-oxide—semiconductor field-effect
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transistors (MOSFETs). However, they are much slower, meaning they cannot operate at
higher switching frequencies. Higher switching frequencies are essential in decreasing filter
component sizes. Moreover, the SiC devices can block voltages above 10 kV [29], which
makes them a suitable choice for DC fast chargers connected to the medium voltage grid.
A 350 kW SiC-based DC charger at 4.16 kV AC is presented in [30]. While [31] proposes
a SiC-based fast charger connecting to a 2.4 kV AC. The current ratings of commercially
available discreet SiC devices can reach up to 100 A for SiC Diodes and MOSFETs and
160 A for SiC Bipolar Junction Transistors (BJTs) [29]. SiC power modules that consist of
several devices in parallel can be used for higher current applications.

10M —

Ultra-fast Chargers

I Level 3 Chargers

i Level 2 Chargers

Power [W]
>
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10k

1k

. ) ) ) i‘ Level 1 Chargers
1k 10k 100k ™M 10M
Switching frequency [Hz]

Figure 20. Application of power semiconductors by type.

3.2. DC Link Capacitor Selection

DC link capacitors are one of the main components of power electronic converters.
There are three main types of capacitors used in automotive applications: Aluminum
Electrolytic Capacitors, Metallized Polypropylene Film (MPPF) Capacitors, and high-
capacitance Multi-Layer Ceramic (MLC) Capacitors [32]. Electrolytic capacitors are more
cost-effective and have the highest energy density and capacitance. Typically, the required
capacitance values for AFE DC link capacitors in fast charging applications are not high,
especially if compared to the capacitors in single-phase chargers. However, the current
rating of these capacitors has to keep up with the high-power rating of the fast chargers.
MLC capacitors have better reliability and can perform under higher temperatures and
frequencies [32]. Operating at higher switching frequencies allows the use of smaller filter
components and minimizes the grid disturbance of the fast charger. Since fast charger
components are expected to perform in very harsh conditions, increased reliability is very
important. The MPPF capacitors have moderate performance and cost. However, they are
limited by their reliability and operating temperature [32].

The DC link capacitance Cp¢ is sized, taking into account the DC current Ipc, DC link
voltage Vpc, switching frequency fsw, and the desired voltage ripple [6]. The capacitor size
can be decreased by increasing the switching frequency or allowing a higher ripple. The
higher value of capacitance decreases the ripple. However, a higher value of capacitance
will negatively impact the system dynamics. In order to obtain the same rate of change in
the DC link voltage for a higher capacitance DC link, a higher current is necessary.

To conclude, a combination of electrolytic and MLC capacitors would be the most
cost-effective approach, while using only MLCC would increase system reliability.

3.3. Grid Side Filters Selection

The switching converters introduce harmonic currents into the grid. IEEE 519-2014 sets
the limits on voltage and current harmonics at the point of common coupling (PCC) [33].
The IEEE 519-2014 states the limit on the individual current harmonics and the total demand
distortion (TDD). TDD is the ratio of the root mean square (RMS) of the harmonic content
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to the maximum demand current. It is important to differentiate between the current THD
(THD1) and TDD. THDi uses instantaneous fundamental current as a base, not the maximum
demand current. These TDD and THDi values will be equal only when the load is 100%.

To avoid damage to other sensitive equipment connected to the grid, the harmonics
should be reduced at the source. This can be achieved using passive filters, active filtering
techniques, or other advanced control approaches [34]. The control techniques to reduce the
harmonics will be discussed in Sections 4 and 5. This subsection discusses passive filters as
a way to reduce the amplitude of unfavorable harmonics. The level of attenuation depends
on several factors, including the size and topology of the filters, the amplitude, and the
frequency of current harmonics. The filters should be designed to reduce harmonics until
the converter complies with the specifications given in the applicable standard.

In AFE rectifiers, there is a filter on each phase of the converter at the grid side. There
are three common types of filter topologies used for the grid-connected VSC: L, LC, and
LCL [20]. However, higher-order filters, such as LLCL and LCL-LC, are used too [19].
There is a trade-off between the attenuation level, filter complexity, cost, and control system
complexity when considering the topology of the filter. Moreover, with the increased
number of components in the filter, the power losses on those components might increase.

3.3.1. L Filter

The L filter is a first-order filter, and it can obtain —20 dB attenuation [19]. It is
simple, easy to design, and effective in suppressing PWM harmonics in converters with
high switching frequencies. However, the inductance value required to reach the desired
harmonic levels might be very high. In high-power applications, the high-inductance L
filters might result in increased size and cost [19]. Moreover, the value of inductance limits
the operating range of the converter. The minimum allowed DC link voltage value starts
from the peak line-to-line voltage for zero inductance and increases with the inductance of
the filter [35,36].

3.3.2. LC Filter

The LC filter is a second-order filter and it can obtain —40 dB attenuation. It consists
of an inductor on each phase on the inverter side and a capacitor parallel to the grid. Due
to the presence of the capacitor, the inductance value can be smaller [37]. However, the
capacitance value required to obtain the desired cutoff frequency can be too high and
affect the system’s dynamic response. Moreover, the resonant frequency of the LC filter is
dependent on the grid impedance [38]. The LCL filters can provide a better decoupling
from the grid impedance [38].

3.3.3. LCL Filter

The LCL filter is a third-order filter, and can obtain attenuation of 60 dB per decade for
frequencies above resonant frequency [19]. It consists of a series inductor on the inverter
side, a parallel capacitor, and another series inductor on the grid side. Moreover, in order
to suppress the resonance peak, a damping resistor is added in series to the capacitor [20].
Good attenuation throughout different load operations can be achieved using an LCL filter
without excessive size or cost. It is worth noting that in the LCL filter, the grid side inductor
is subjected to less harmonic current stress than the inverter-side inductor [38].

3.3.4. Comparison of Filter Topologies

Figure 21 presents the simulation results of a two-level 30 kW AFE rectifier with
different filters operating at 20 kHz switching frequency. The blue line in Figure 21a
represents the individual harmonic limit from IEEE 519-2014 [39]. The standard states
limits for up to the 50th harmonic, while the main harmonics for this type of AFE appear
around the switching frequency near the 400th harmonic. Harmonics of the higher order
can be taken into account in THD/TDD calculations, as shown in Figure 21b. For the L-type
filter, the THD starts at 48.6% for 10% load and lowers down to 5% for 100% load. While
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the TDD stays consistently under the 5% limit specified in IEEE 519-2014. The LC-filter has
slightly lower THD at lower loads compared to the L-filter. The THD of grid side currents
for LCL-filter changes from 39% to 5% when the load changes from 10% to 100%.
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Figure 21. Harmonic analysis of the grid side current of 30 kW two-level AFE rectifier with an
L/LC/LCL filter. (a) Individual harmonics compared to the IEEE 519-2014 limits. (b) THD and TDD
from simulation compared to the IEEE 519-2014 TDD limit.

Figure 22 shows how the estimated cost and weight of different filter topologies change
over a range of power ratings. Generally, LCL filters tend to have a 15-25% higher cost
and 5-10% higher weight than other topologies. This increase may be justified, given the
superior performance of LCL filters.
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Figure 22. Cost and weight of two-level AFE rectifier with an L/LC/LCL filter. (a) Component cost
of the filter. (b) Weight of the filter.

3.3.5. Filter Inductor Component Selection

Regardless of the chosen filter topology, the design of the inductor for AFE in fast
charger applications is challenging due to the combination of high current and high fre-
quency. The inductors in this application are subjected to the current with fundamental
harmonics at grid frequency and current ripple at the switching frequency. The main
components of an inductor are the core and the windings.

The wire for the winding should be selected based on the skin depth that is calculated
from the switching frequency. Litz wires with a strand radius that does not exceed the skin
depth are a common solution. The total conducting area of the wires should be selected
based on the RMS current density measured in amperes per square millimeter. For a natural
air-cooled system, the current density is selected to be under 3 A/mm?. For fast-charging
applications, additional cooling systems might be necessary to obtain a reasonable final
area for the conductor. A current density greater than 10 A/mm? can be selected if a liquid
cooling system is used [40].
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For core selection, the main parameters are the energy stored in the inductor, as well as
flux density and core losses. With the increase in the operating current rating, the numeric
value of the inductance will decrease, while the energy stored in the inductance increases
due to the high current. A comparison of magnetic core material types suitable for the
application is given in [41].

4. Control of a Single AFE

There are a number of well-established and widely used control strategies for AFE
rectifiers. Figure 23 summarizes the existing control techniques [8,11,42]. Some of the
well-established and widely used control strategies for AFE rectifiers are highlighted in
blue in Figure 23 and will be further discussed in this section:

*  Voltage Oriented Control (VOC) is a type of Linear Control with PI controllers.

e Direct Power Control (DPC) is classified under Non-linear Hysteresis Control since active
and reactive power is controlled using a hysteresis controller with a lookup table.

*  Optimal switching vector Model Predictive Control (MPC) is classified under
Predictive Control.

e Hysteresis Current Control (HCC) is a type of Non-linear Hysteresis Control applied
directly to phase currents.
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controllers
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— Linear Control
controllers

Linear—Quadratic—
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Figure 23. Classification of control systems for AFE rectifiers in EV charging application.



Batteries 2023, 9, 150

17 of 35

Some of these control techniques are better suited for maintaining the DC bus voltage,
while others allow decoupled control of active and reactive power flow. They also vary in
the number and types of required sensors, and the complexity of calculations. In this section,
first, grid synchronization is discussed, then VOC, DPC, MPC, and HCC are described and
compared. Moreover, the performance of the aforementioned control systems is compared
in a simulation using a high-fidelity electro-thermal model of the two-level six-switch boost-
type AFE rectifiers in terms of disturbance rejection, THD, efficiency, thermal behavior, etc.

4.1. Grid Synchronization

Some of the control systems described in the following subsections are implemented
in the synchronous reference frame, meaning that they require a series of Clarke-Park and
inverse Clarke-Park transformations. The Park transformations rely on the angle of the
three-phase voltage vector [43]. This angle is essential to ensure that the voltage of the
grid-connected converter is synchronized with the grid voltages [44,45].

Phase Locked Loop (PLL) has been used since 1930 for radio synchronization, and its
applications have expanded since [45]. Figure 24 shows the basic synchronous reference
frame (SRF) PLL that consists of several stages. First, the voltages in three-phase are
converted to the a8 domain using Clarke’s transformation. Then, from af to dq0 using an
estimated angle § for Park’s transformation. This is the Phase Detector (PD) stage of the
PLL [45]. The g-axis component of the voltage is then passed through the PI controller,
acting as a Loop Filter (LF) to obtain the estimated frequency. The next stage, Voltage-
Controlled Oscillator (VCO), uses this frequency to obtain the estimation of phase angle ©.
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Figure 24. Schematic diagram of basic PLL.

The performance and accuracy of PLL heavily depend on the grid conditions. There-
fore, novel methods for robust PLL that can work in unstable or weak grid conditions are
being developed [44,46].

4.2. Voltage Oriented Control

The VOC of an AFE rectifier uses cascaded control loops. As shown in Figure 25, the
outer control loop controls the DC link voltage using a proportional-integral (PI) controller.
The PI's output represents the DC current required to keep the DC link voltage at the
desired level. This DC current can be translated into the respective d-axis current reference
iy using a power balance equation.

5 PWM |

Figure 25. Voltage oriented control of AFE rectifier.

The two inner control loops control the direct and quadrature axis currents. In the
standard implementation, a PI controller is used for each of these control loops as well.
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The corresponding outputs of the dg current PI controllers are denoted as V/, and Vr’q.
They represent the voltage that needs to be applied over the boost inductor to achieve the
desired current, iy or iy, as shown in (1).

di :
r/d = LdLTf + Rld (1)
V), = LG} + Rig

To obtain the desired inverter voltage, V,; and Vy,;, which can then be transformed
into three-phase values and passed on to the modulator, a feed-forward compensation
to decouple direct and quadrature axes and the grid voltages, V; and V,, are added, as
shown in Equation (2).

Vg=-V Lig +V,

Vig = — Vi — wlig + V,

The VOC requires two AC voltage sensors, three AC current sensors, and one DC
voltage sensor. Moreover, the grid voltage angle is used in Clarke-Parke transformations;
therefore, a PLL is required.

4.3. Direct Power Control

In Direct Power Control (DPC), the control action is selected from a table of the
converter switching states based on the instantaneous difference between the reference and
estimated values of active and reactive power [47].

As shown in Figure 26, the outer PI control loop to control the DC link voltage generates
a DC current reference, which is further used to calculate the active power reference. The
reactive power reference is set to zero for unity power factor operation [48]. The instantaneous
active and reactive power is estimated from the grid side measurements. The error between
these estimations and the reference values is then passed to the hysteresis comparator, and the
results are further used to calculate S, and S;.
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Figure 26. Direct Power Control of AFE rectifier.
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If the value of S, or S; is equal to one, it means that the active or reactive power needs
to be increased, while zero means it needs to be decreased. The control system uses the
values of S, S;, and the grid voltage angle 6 to decide the next switching state using a
switching table. For the purposes of this paper, a switching table and corresponding voltage
vectors from [49] have been used. The grid voltage angle sector 6, is selected according to
Equation (3) below. Therefore, the first sector is between angles —30° and 0°.

T

Sgng(n_l)g (3)

(n-2)%

(o)}

The DPC requires two AC voltage sensors, three AC current sensors, and one DC
voltage sensor. No PLL is required. There are implementations of DPC where the AC
voltages are estimated using other measurements, and, therefore, they can omit AC voltage
sensors [49].
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4.4. Model Predictive Control

Model Predictive Control (MPC) uses the mathematical model of the system to predict
the outcome of a control action; it then chooses the action that minimizes the cost function. The
cost function represents the difference between the reference and predicted system states.

Normally, the MPC is used in the “inner” control loop in combination with an “outer”
voltage PI. The MPC controls the active and reactive power or AC currents [50-52]. While
it is possible to include the control of DC link voltage in the MPC formulation, it would not
be accurate unless the load current is compensated for.

If the MPC is implemented in a natural reference frame (abc), as in Figure 27 or a sta-
tionary reference frame («f8), it does not require PLL. However If the MPC is implemented
in a synchronous (dq) reference frame, as shown in Figure 28, it requires PLL [52-56].
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Figure 27. OSV-MPC without PLL in a natural reference frame.
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Figure 28. OSV-MPC with PLL in a synchronous reference frame.

There are two commonly used types of MPC: Finite Control Set MPC (FCS-MPC) and
Continuous Control Set MPC (CCS-MPC) [57].

CCS-MPC generates a continuous control signal, which is then converted to gate
signals using modulators [58]. Therefore, in the case of an AFE rectifier, the expected
output of the MPC would be the rectifier voltage references in dq, a, or abc domains. The
advantage of the CCS-MPC is that the converter operates at a constant switching frequency,
and a long prediction horizon is possible without special search algorithms due to lower
computational cost. However, the formulation of the CCS-MPC strategies is complex [57].

The FCS-MPC applied to AFE rectifiers chooses from a finite set of control actions to
minimize the cost function. The two common types of FCS-MPC are the Optimal Switching
Vector MPC (OSV-MPC) and the Optimal Switching Sequence MPC (OSS-MPC). The OSV-MPC
is the most popular type of MPC used for power electronics applications [57]. For OSV-MPC,
the available control actions are the eight possible output voltage vectors that correspond to
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the eight valid switching states (000, 001, 010, 011, 100, 101, 110, 111) of the AFE rectifier. The
OSV-MPC results in a variable switching frequency, which might not be desirable in some cases.
OSS-MPC takes care of this problem by using a limited number of switching sequences as a
control set, which results in a constant switching frequency. Therefore, both types of FCS-MPC
generate gate signals directly and do not require a modulator.

There is no formal way to evaluate the stability of MPC controllers [57]. There are many
variations in MPC; therefore, this study is focused on OSV-MPC. OSV-MPC requires two AC
voltage sensors, three AC current sensors, and one DC voltage sensor. PLL is optional.

4.5. The Hysteresis Current Control

The Hysteresis Current Control (HCC) is used to control the current flowing through
the AFE rectifier. The simplest implementation of HCC is shown in Figure 29. The HCC
receives a reference for the DC current from the outer control loop. This reference is
multiplied by normalized phase voltages to obtain the three-phase sinusoidal reference
currents for the current controller.
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Figure 29. Hysteresis current control of AFE rectifier.
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The current level higher than the reference current by a magnitude of the hysteresis
band is called the “upper band”, and the current level lower than the reference current by
a magnitude of the hysteresis band is called the “lower band”. If the measured current
is above the upper band (i, > iph” + HB), then the upper switch is on. If the measured
current is below the lower band (i, < iph* — HB), then the lower switch is on.

The hysteresis band is the main tunable parameter of the HCC. By decreasing the
magnitude of the hysteresis band, ripple can be reduced, while the switching frequency will
increase. In the standard implementation, the hysteresis band is constant. However, it can
also be sinusoidal or adaptive [59]. The width and type of the hysteresis band define the
switching frequency, ripples, and overall efficiency of the system. In the case of constant and
sinusoidal hysteresis band HCC, the switching frequency is variable. However, constant
switching frequency can be achieved using the adaptive HCC. The variable switching
frequency is normally not desired due to the difficulty of filter design and unpredictable
noise issues [42].

The standard implementation of HCC requires three AC current sensors, one DC
voltage sensor, and two AC voltage sensors and does not use PLL.

4.6. Modulation

The VOC, continuous control set MPC uses Pulse Width Modulation (PWM). While
DPC, HCC, and finite control set MPC to generate gate signals directly without the use
of a modulator. There are several types of PWM: carrier-based PWM, Space vector PWM,
pre-programmed PWM, and closed-loop PWM [58]. Some sources also mention lookup
table-based modulation [11]. Carrier-based modulation and space vector modulation are
the most commonly used methods.

4.6.1. Carrier-Based PWM

In this method, the sinusoidal modulation signals generated by the controller are
compared to the carrier signal. The frequency of this carrier signal defines the converter
switching frequency. The carrier signals are usually triangular. The use of carrier-based
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PWM allows the interleaving of carrier signals between different converters or phases,
which might be useful for decreasing ripples in the converter.

4.6.2. Space Vector PWM (SVM)

The SVM calculates the sequence of switching vectors and the corresponding duty
ratio to be applied during the sampling period.

4.7. Comparison of Control Strategies

Table 3 summarizes the main features of different control strategies employed for AFE
in EV charging applications. Many control strategies vary in implementation; therefore, the
most basic version of each control system is used in this evaluation. With the assumption
of a balanced grid, the number of AC voltage sensors can be decreased from three to
two. Moreover, there are a number of sensorless implementations that rely on a series of
assumptions regarding the state of the grid and the accuracy of system models [60]. Overall,
the VOC has the advantage of constant switching frequency but requires a modulator. While
control in a synchronous reference frame might make it easier to track the reference, it
requires PLL, which increases the computational load on the controller. Moreover, a number
of hybrid control systems combine different approaches, such as MPC and DPC in [61-63].

Table 3. Comparison of AFE control techniques.

voC DPC OSV-MPC HCC
AC Voltage sensors 3(2) 3(2) 3(2) 3(2)
DC Voltage sensors 1 1 1 1
AC Current sensors 3 3 3 3
PLL required Yes Optional Optional No
Modulator required Yes No No No
Switching frequency Fixed Variable Variable Variable

In order to further compare the performance of various control systems, they have been
implemented in a MATLAB Simulink environment. The simulated AFE system consists
of six C3M0021120K SiC-MOSFETs, three inductors on the AC side, one capacitor on the
DC side, three AC voltage sensors, three current sensors, and one DC voltage sensor. The
parameters of the rectifier are given in Table 4. The AC-side filter inductors are designed to
keep the grid current THD under 5% at full load and the switching frequency at 20 kHz. A
forced air cooling system is used to keep the junction temperature at a reasonable level.

Table 4. AFE rectifier parameters used in the simulation.

Parameter Symbol Value
Apparent Power S 22 kW
RMS Line-to-line voltage VRMs 400V
DC link voltage setpoint Vpe 700 V
AC-side filter inductor L 0.6 mH
DC-side filter capacitor C 100 uF

The system is simulated at full load condition, and then a 20% drop in the load is
applied. The simulation results are summarized in Table 5. All the control systems are
running at 1 us sampling time, and the simulation step time is 0.1 ps. As mentioned earlier,
the converter was designed for an AFE with a 20 kHz switching frequency; therefore, the
switching frequency for the modulation carrier waveform for VOC has been set to 20 kHz.
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The operating frequency of HCC is adjusted by changing the hysteresis window. For DPC
and OSV-MPC, the sampling time of the inner control loop that selects the gate signals is
adjusted to bring the average switching frequency as close to 20 kHz as possible.

Table 5. Comparison of simulation results for different AFE control techniques.

vocC DPC OSV-MPC HCC

Average switching frequency 20 kHz 17.5 kHz 18.7 kHz 20 kHz
Grid side current THD 4.73% 7.3% 6.7% 4.65%

Efficiency 98.85% 98.97% 98.95% 98.92%

Medium junction temperature 65.2°C 55.75°C 58.1°C 61.1°C

Junction temperature swing 13.6 °C 11.1°C 11.2°C 11.8°C
DC Link voltage ripple 59V 7V 11V 52V
Simulation time 123s 72s 82s 61s

Settling time 0.015s 0.01s 0.015s 0.015s

Overshoot 31V 29V 315V 30V %

The THD of grid currents, efficiency, SiC MOSFET mean junction temperature, and
swing is given for full load conditions. Then, the overall time to simulate the full AFE with
each control system for one second is given. Next, the disturbance rejection behavior of
each control approach is demonstrated in terms of the voltage overshoot and the time it

takes to return to the setpoint.

When the control system is engaged in a pre-charged rectifier, it takes up to 25 ms to
reach the setpoint. As shown in Figure 30, the DPC is the fastest to reach the setpoint, while

the other three perform similarly.
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o
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S 600 ————DPC
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Figure 30. Start-up voltage transient of a pre-charged DC link with different control systems.

In steady state full load operation, the OSV-MPC demonstrates the highest voltage
ripple of 11 V. Generally speaking, the voltage ripple is inversely proportional to their
switching frequencies, as shown in Figure 31. Figure 31b shows the harmonic content of
the DC link voltage with different control systems. VOC has a fixed switching frequency,
so the harmonics around the switching frequency are the most prominent. The DPC, MPC,
and HCC have higher harmonic content on average, but it is distributed throughout the

range of frequencies.
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Figure 31. DC link voltage ripple for different control systems. (a) DC link voltage. (b) Harmonic
content of DC link voltage.

When the load drop of 20% occurs, all control systems see approximately a 30 V
increase in voltage before settling back to the setpoint within 20 ms, as shown in Figure 32.
Again, DPC is the fastest to react.
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Figure 32. DC link voltage transient with sudden 20% load decrease.

While it was attempted to obtain a 20 kHz switching frequency in all converters, it is not
easily tunable for the control systems that do not use a modulator. Therefore, DPC and MPC
are switching at lower frequencies, as shown in Figure 33. The switching frequency of VOC
stays at 20 kHz. The switching frequency of HCC is 20 kHz on average. However, it varies
between 18 and 22 kHz. For DPC and MPC, the switching frequencies average around 17.5
and 18.7 kHz, respectively, with a spread of around 2 kHz from the average.



Batteries 2023, 9, 150 24 of 35

— __ x10*
iz.s
§‘ 2
g
g1.5
= 1 ——— DPC | |
g’ HCC
5 05¢ ————MPC| -
£ —————VOC
w 0 l ‘ l l

0 0.2 0.4 0.6 0.8 1

Time [s]

Figure 33. The switching frequency for different control systems.

The thermal behavior of the converter is evaluated using an electro-thermal model
from [64]. Even though the converter and the cooling system are the same for all cases,
the choice of control system affects even the MOSFET junction temperature, as shown in
Figure 34. The swing of the junction temperature is the main stressor of the switches [65].
The VOC and HCC have roughly the same switching frequency. However, the VOC
demonstrates higher average temperatures and higher temperature swings.
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Figure 34. MOSFET Junction temperature variation under different control systems.

To conclude, all the control systems compared in this section use a similar number of
sensors. Most of them have sensorless implementations that skip either current or voltage
sensors in the literature. VOC has a fixed switching frequency, which makes it easier
to design the filters, estimate losses, and design the cooling system. Moreover, using a
carrier-based PWM makes it a suitable option for parallel converter systems with carrier
interleaving. DPC, MPC, and HCC do not require modulators, which reduces the compu-
tational burden, but they have variable switching frequencies, which is a disadvantage.
Moreover, as demonstrated in the above simulation, it is not easy to tune the average
switching frequency for DPC and MPC. While for HCC, the switching frequency may
change based on the operating conditions [42].

5. Modular AFE

With the increasing tendency for high-power chargers in the megawatt range for
ultra-fast charging, the standard solution of using a simple single converter is not feasible.
Figure 35 shows the distribution of available discrete semiconductors by current rating for
applications above 400 V based on the data of over 20,000 devices from Digi-Key Electronics.
Please note that the y-axis is a logarithmic scale, so the actual difference between component
availability at different current ratings is even more drastic. The majority of Si MOSFETs
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(99.08%) are available under 100 A and 650 V. While SiC MOSFETs can go much higher
in terms of both current and voltage ratings, 87% of SiC MOSFETs are also under 100 A.
The majority of available GaN components are rated below 400 V; therefore, the choice of
GaN components is very limited. The Si IGBTs have the highest current ratings among all.
However, they have much longer switching times compared to the MOSFETs, which means
they cannot operate at higher switching frequencies and would result in much bigger filter
component sizes. The clear tendency shown in Figure 35 is that with increasing power
rating, the number of available components decreases. Building a fast charger AFE would
require specialty components with low availability and high cost. The modular approach
can be used to solve the issues of component availability in addition to improving system
reliability, performance, grid impact, and thermal management.
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Figure 35. Distribution of power semiconductors (>400 V) by current rating.

The concept of modularity means that the system is divided into smaller parts, “mod-
ules” that can be individually designed, modified, and replaced by other “modules”.
Moreover, modules can be exchanged with other systems. When applied to the AFE system,
one whole AFE rectifier can be considered a module, and several modules can be joined
into one system to build a parallel converter setup, as shown in Figure 36.
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LCL Filter AFE Vdc+
3 ® J‘—,-Cf
N—1 —
Va("\?
Vb #2 LCL Filter[ | AFE I
Ve - —
E IS T
S, N N L
‘ N—of
= #3 ||
LCL Filter! AFE
EIRRE T
' Vdc-

Figure 36. Modular AFE system consisting of parallel AFE converters.

A modular approach using parallel converters is advantageous in several ways. One, it
allows building high-power systems without the need to use high-power rated components
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that are costly and not easily available. Moreover, using the same set of modules, different
power-rated systems can be built. Using this approach, one can increase or decrease system
power rating during operation to optimize efficiency [66]. Failed modules can be isolated
to allow the rest of the system to continue operation [67]. Extra modules can be used as a
backup to increase system reliability. Therefore, using parallel AFE can be beneficial for
system efficiency, reliability, and versatility [68]. Using a modular approach decreases stress
on individual components, which results in higher reliability [64]. Figure 37 demonstrates
how the efficiency of a 30 kW rectifier system can be improved by using a three-module
system instead of a non-modular system.

100
© 95}
)
_5 90F
R
=
w 85f ~————— Non-modular (1XAFE)
———— Modular (3xAFE)
80 : :

0 5 10 15 20 25 30
Output power [kW]

Figure 37. Simulated efficiency of modular vs. non-modular two-level AFE rectifier.

Moreover, a parallel configuration of AFE allows PWM carrier signal interleaving,
which decreases grid current THD [69]. In the case components of sufficient power rating
are available, the modular approach is almost always costlier due to the higher number
of components, even though part of the cost can be offset with increased efficiency and
reliability. Moreover, using parallel AFE configuration can result in circulating currents
and increased complexity of the control system [70,71]. This topic will be covered more in
the next subsection.

5.1. Control of Parallel Converters

When transitioning from a single rectifier to a modular system, there are a number of
new problems and possibilities that require additional functions of the control system. First,
there is an issue common for all parallel connected AFE rectifiers—circulating currents.

5.1.1. Circulating Currents

Zero sequence circulating currents (ZSCC) appear on the grid side of the parallel
converters if the switching patterns of the modules are not completely synchronized or
have different line impedance [70]. The switching patterns might be different because of
synchronization delay or if carrier signal interleaving is used. According to [71], different
modulation voltages can also cause ZSCC. In addition to ZSCC, there are also nonzero-
sequence circulating currents [72]. There are several ways to solve the issue of circulating
currents. First, there is the hardware approach. Each converter is isolated from other
converters by low-frequency transformers. Another hardware option is to introduce high-
impedance coupled inductors in the ZSCC path [71]. Both of these solutions are costly
and bulky [72]. In order to avoid the extra cost of introducing new hardware components,
open-loop or closed-loop control strategies, or special switching methods can be used to
solve ZSCC issues [71]. An average model that helps to better understand the nature of
circulating currents is proposed in [72].
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5.1.2. Interleaving

The use of carrier signal interleaving is a well-established practice [69]. The idea is
to introduce a phase shift between the carrier signals of different modules in a way that
allows the reduction of the harmonic distortion of the grid side currents [67,68]. Normally,
the phase shift between carrier signals is selected as @, where n is the total number of
active modules in the system, as shown in Figure 38. However, as mentioned earlier, the
interleaving of carrier signals creates circulating currents [71].

A
- Module 1
= Module 2
= Module 3
= Module 4
—
]
B
S >
t

Figure 38. Interleaved carrier signals: phase shift of 90° for four module system.

5.1.3. System Power Adapting

One of the major advantages of parallel converters comes with the ability to adapt the
operating power level based on the load. Adjusting the number of active modules allows
the optimization of the efficiency of the system for slowly varying load operation.

5.1.4. Failure Management

In a parallel AFE system, the failure of one module can be mitigated in several steps.
First, the failed module needs to be isolated. Then, the system can either operate at reduced
capacity or, if a standby module is available, it can replace the failed module. The standby
module can be a dedicated extra module or a module that has been deactivated due to
lower-power requirements during operation [67].

5.2. Centralized Control of Parallel Converters

As mentioned in Section 5, parallel converters can be controlled by one centralized con-
troller or by a system of distributed controllers [68,73-77]. Each option has its advantages
and disadvantages, as described in this section.

The basic control strategy for parallel converters is to use one controller, which takes
all the sensor readings as an input, and issues gate signals for all the switches. Normally,
there is a common three-phase voltage sensor on the grid side and a common DC voltage
sensor at the output. The three-phase current sensors are separate for each module [69]. If
cascaded control, where voltage is controlled in the outer loop and currents are controlled
in the inner loop, is used, then there will be one common voltage control loop and separate
current control loops for each module. The centralized control systems for systems of
parallel converters have been successfully implemented in [68,73].

5.3. Distributed Master-Slave

Nowadays, the majority of distributed controller system implementations use master-
slave control, where one main “master” controller is in charge of synchronizing the opera-
tion of all modules and sharing the load. The failure of the master controller would cause
the failure of the entire system. A system with equal controllers where each controller has
master capabilities and can adjust during operation has been introduced in [75]. In both
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cases, the outer control loop runs on the master controller, and the signal is conveyed to
the slave modules via a data bus. Therefore, the delay in the data bus appears within the
control loop and can cause instability in the system [76]. This delay in the data bus is larger
for systems with many modules [77].

5.4. Distributed Masterless

Alternatively to the master-slave system is a masterless control system [66]. Here all
modules are capable of running both outer and inner control loops. The modules exchange
relevant data through a data bus. This information is used to distribute the load between
modules and adjust the system operation. However, since the signals from the data bus
do not appear within the control loops, the system is more resilient in the case of data
bus delays.

6. Cooling System

The cooling technique is crucial for AFE rectifiers as it can affect the system ef-
ficiency and lifetime. Moreover, cooling systems are one of the roadblocks in the
development of ultra-fast chargers. There are several types of cooling systems com-
monly used for power electronic converters: forced air cooling, liquid cooling, and other
more complex cooling methods [24]. Depending on the type of charger, i.e., on-board
or off-board, the cooling system for AFE rectifiers will have different requirements.
The main parameters are: the space and weight limitations, power level, and allowed
temperature range. Since this paper focuses on high-power off-board chargers, the
space and weight constraints are of reduced importance, while the dissipated power
levels will be extremely high. If the best-case system efficiency of 97% is assumed, the
dissipated power levels for Level 3 chargers will range from 660 W for a 22 kW system
up to 10.5 kW for a 350 kW system. Whereas for ultra-fast chargers of above 400 kW
power rating, the dissipated power will be more than 12 kW.

6.1. Air Cooling

Air cooling is relatively simple and cost-effective [24]. It also uses fewer components
compared to liquid cooling, which may have a positive effect on the power density of the
system [78]. Air cooling can be either non-forced or forced air cooling; forced air cooling
can remove more heat from the system.

Air cooling can be used for AFE rectifiers if one or several of the following conditions
apply: if the power is low, the space limitations are not crucial (off-board charger), or
the AFE can operate at higher temperatures (WBG devices). In some cases, using design
and control optimization, researchers were able to succeed in using only natural (non-
forced) cooling for SiC chargers [79] of up to 2 kW, which is below the power rating of
DC chargers. The optimized design of the heatsink structure can further increase the
efficiency of air-cooled systems [80]. However, according to [81], in forced air-cooled
systems, the outside corrosive elements can easily enter and damage the system, causing
shortened lifetime and difficult maintenance. A 90 kW modular DC charger that consists
of 15 kW modules achieves 95% efficiency using forced air cooling in [82]. Moreover, a
protective air inlet design is used to minimize the dust and particles entering the charger.
Some of the commercially available DC chargers use forced air cooling of the power
electronics. For example, EVBox Troniq modular (90 kW-240 kW) [83] and Blink HPC-180-
480 (60 kW-360 kW) [84] use forced air cooling of the power electronics while providing
optional liquid cooling for the cables.

6.2. Liquid Cooling

Liquid cooling has higher heat transfer efficiency [85]. Moreover, liquid-cooled systems
have a high ingress protection class [81]. The type of liquid used in this cooling method and
the exact construction can vary from case to case. According to [81], liquid cooling systems
have a risk of liquid leakage, the equipment is complex, and the cost is high. A combination of
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a modular approach and liquid cooling can be a suitable solution for high-power fast chargers.
An AFE drive with 200 kW modules presented in [86] is able to achieve a 97% efficiency using
a liquid cooling system with water. A liquid-cooled 100 kW two-stage fast charger with 95%
efficiency and modular design is presented in [87]. A 360 kW liquid-cooled DC charger is
available commercially from Dekon [88].

7. Reliability

The reliability of an AFE rectifier is evaluated in several stages, as shown in Figure 39.
First, the lifetime assessment for each individual component of the AFE is performed. Then a
series of calculations identify the system-level reliability based on the component lifetime and
system configuration. In the following subsections, each of these stages is discussed in detail.

Electro- Rainflow Lifetime Monte Carlo
. L - . System-Level
thermal model counting estimation Simulation & Lifetime
of the AFE algorithm model Weibull Fit

Figure 39. Process of AFE reliability evaluation.

7.1. Component Level Reliability

In this subsection, the reliability of the active power switches and capacitors is dis-
cussed since they are the two components in AFE rectifiers prone to failure [89,90].

7.1.1. Power Semiconductors Lifetime Model

The two main stressors of the active switches are the junction temperature and temper-
ature swing [91]. To predict the lifetime of the component, the aforementioned parameters
can be measured or estimated from the electro-thermal model for a given mission profile. In
the case of an AFE rectifier in the charging application, the mission profile is the load power
profile that corresponds to EV battery charging. A number of different lifetime models
have been presented in the literature. The original LESIT model derived in the 1990s is
given in Equation (4) [92]. This model takes into account the effect of the switch junction
temperature medium value Tj;, and swing AT; on the component lifetime. However, newer
models have been developed that also take into account the effect of the load pulse duration,
bond aspect ratio, etc. [93]. The data necessary for the lifetime model are extracted from
the electro-thermal simulation data using the Rainflow counting algorithm [65].

Nf:AXAT]’?‘ xe(RxLTf") 4)

These models provide Ny number of cycles to failure, which is then used to calculate
the life consumption LCgy, of the switch for the given mission profile using Equation (5).

LCsw = ' 7 (5)

7.1.2. Capacitor Lifetime Model

There are several failure modes of a capacitor, namely: short circuit, wear-out, and open
circuit depending on the type of the capacitor. The critical stressors causing these failures are
temperature, voltage, current, and vibration [32]. Among those, the two main stressors that
impact the lifetime of a capacitor are the voltage and the temperature [91]. First, the lifetime
under applied voltage and temperature is calculated, taking into account the capacitor’s
lifetime under rated operating conditions [91].

To-T; [V, \ ™2
Li=L,-2 ™ <Vt> (6)

0
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L, is the component’s lifetime under the rated temperature T, and voltage V,. While
L; is the component lifetime under the applied temperature T; and voltage V;. n; is the
temperature-dependent constant. 7, is the voltage stress exponent, which is equal to 2.5
if the applied voltage is within 60-100% of the rated voltage [94]. Moreover, the lifetime
estimation model of an electrolytic capacitor given in [94] also takes into account the effect of
DC link current ripples, as electrolytic capacitors are the most susceptible to damage from
high-frequency ripples.

Then, the accumulated damage on the capacitors is calculated using (7).

li

7.1.3. Reliability Analysis

After obtaining the information on accumulated damage on the components, a Monte
Carlo analysis can be employed to statistically evaluate the reliability of the component.
After that, the Weibull Cumulative Distribution Function (CDF) is fit to the output of Monte
Carlo analysis to obtain the reliability curve of the component.

7.2. System Level Reliability

To evaluate the system level reliability of the AFE rectifier, it is assumed that the whole
system fails if a single component fails. In this case, the reliability of the AFE rectifier is
estimated by using a series reliability network model [65,91]. If the AFE rectifier is built
using an active switch with an internal diode, e.g., MOSFET, then Equation (10) can describe
the system level reliability estimation of a simple six-switch two-level AFE.

Rare = Ryosrer® Reap (8)

If an external anti-parallel diode is used with an active switch, e.g., IGBT, then the
system level reliability of a six-switch converter can be estimated using Equation (11).

Rare = Rigar°-Rpiode® Reap )

Therefore, the AFE topologies, such as NPC and T-type rectifier, would be at a disad-
vantage due to the higher number of components when compared to the simple six-switch
two-level topology. When several parallel converters are employed in a modular fast
charger system, if one of them fails, the system can continue operation with limited power
capabilities. In modular systems with no standby modules, the loss of performance will occur
when even one module fails. Therefore, a series reliability network is used:

Rsysl - RTIAAFE (10)

The loss of primary function will occur if all modules fail. Hence the reliability of the
modular AFE system can be described using a parallel reliability network:

RsysZ =1- (1 - RAFE)n (11)

8. Trends and Future Outlook

With the increasing demand for ultra-fast chargers, the power ratings of PECs in EV
charging applications are rapidly increasing. With the higher power, there is a tendency
towards using higher power density switching devices, such as WBG semiconductors,
modular design, more efficient cooling, a control system that can handle the increasing
system complexity, and also aiming at longer lifetime for the chargers.

The increasing interest in the WBG EV chargers is evident from the amount of IEEE
publications on the subject: there were only ten publications about WBG EV chargers before
2013, 60 papers in 2013-2017, and 117 papers in 2018-2022. WBG devices are being used more
commonly in EV chargers, both on-board and off-board [95]. From their first emergence in the
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1990s, the SiC MOSFETs increased their current capabilities from under 1 A to over 200 A. In
the next years, the research will focus on increasing the operating power, voltage, temperature,
and frequency of individual switches even further by experimenting with new materials and
manufacturing techniques. Novel packaging methods with integrated cooling systems will be
more common due to the high power dissipation requirements of the new generation of EV
chargers [96].

In recent years, modular manufacturing has become a trend in many industries with
the increase in demand for high-power fast chargers and the need for faster manufacturing.
Modular converters are thereof used in rapid chargers to avoid using high current compo-
nents [97] and to have more scalable, versatile [98,99], fail-safe [67], and efficient [100] sys-
tems. Moreover, if interleaving between modules is used, they can reduce ripples in the
output [101] and input [67] charger currents. Moreover, further control optimization is
enabled by modularity, which leads to overall higher reliability and lifetime.

With the rise in the capabilities of digital computing, chargers are becoming “smarter”
and using new control systems based on intelligent algorithms. Charger control systems
with the ability for grid conditioning and 2G are forecasted to be more commonplace due
to the expected high penetration of the fast chargers into the grid. Another way in which
chargers are becoming “smarter” is through the use of condition monitoring and preventive
maintenance to improve the system’s reliability and lifetime.
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