@)
V Turkish Journal of Electrical Engineering and Computer

TUBITAK Sciences
Volume 31 | Number 7 Article 8
11-30-2023

New modified carrier-based level-shifted PWM control for NPC
rectifiers considered for implementation in EV fast chargers

MERVE MOLLAHASANOGLU
HAKKI MOLLAHASANOGLU

HALIL IBRAHIM OKUMUS

Follow this and additional works at: https://journals.tubitak.gov.tr/elektrik

Cf Part of the Computer Engineering Commons, Computer Sciences Commons, and the Electrical and

Computer Engineering Commons

Recommended Citation

MOLLAHASANOGLU, MERVE; MOLLAHASANOGLU, HAKKI; and OKUMUS, HALIL iBRAHIM (2023) "New
modified carrier-based level-shifted PWM control for NPC rectifiers considered for implementation in EV
fast chargers," Turkish Journal of Electrical Engineering and Computer Sciences: Vol. 31: No. 7, Article 8.
https://doi.org/10.55730/1300-0632.4046

Available at: https://journals.tubitak.gov.tr/elektrik/vol31/iss7/8

This Article is brought to you for free and open access by TUBITAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Electrical Engineering and Computer Sciences by an authorized editor of TUBITAK
Academic Journals. For more information, please contact academic.publications@tubitak.gov.tr.


https://journals.tubitak.gov.tr/
https://journals.tubitak.gov.tr/
https://journals.tubitak.gov.tr/elektrik
https://journals.tubitak.gov.tr/elektrik
https://journals.tubitak.gov.tr/elektrik/vol31
https://journals.tubitak.gov.tr/elektrik/vol31/iss7
https://journals.tubitak.gov.tr/elektrik/vol31/iss7/8
https://journals.tubitak.gov.tr/elektrik?utm_source=journals.tubitak.gov.tr%2Felektrik%2Fvol31%2Fiss7%2F8&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/258?utm_source=journals.tubitak.gov.tr%2Felektrik%2Fvol31%2Fiss7%2F8&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/142?utm_source=journals.tubitak.gov.tr%2Felektrik%2Fvol31%2Fiss7%2F8&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/266?utm_source=journals.tubitak.gov.tr%2Felektrik%2Fvol31%2Fiss7%2F8&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/266?utm_source=journals.tubitak.gov.tr%2Felektrik%2Fvol31%2Fiss7%2F8&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.55730/1300-0632.4046
https://journals.tubitak.gov.tr/elektrik/vol31/iss7/8?utm_source=journals.tubitak.gov.tr%2Felektrik%2Fvol31%2Fiss7%2F8&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:academic.publications@tubitak.gov.tr

Turkish Journal of Electrical Engineering & Computer Sciences Turk J Elec Eng & Comp Sci
(2023) 31: 1255 — 1275

© TUBITAK

T U B | TAK Research Article doi:10.55730/1300-0632.4046

http://journals.tubitak.gov.tr/elektrik/

New modified carrier-based level-shifted PWM control for NPC rectifiers
considered for implementation in EV fast chargers

Merve MOLLAHASANOGLU"(®, Hakki MOLLAHASANOGLU?®, H. ibrahim OKUMUS"
!Department of Electrical and Electronics Engineering, Karadeniz Technical University, Trabzon, Turkiye
2Department of Electrical and Electronics Engineering, Recep Tayyip Erdogan University, Rize, Turkiye

Received: 03.05.2023 . Accepted/Published Online: 01.10.2023 . Final Version: 30.11.2023

Abstract: In this study, the aim is to evaluate three-phase (3¢) AC/DC neutral point-clamped (NPC) power factor-
corrected (PFC) multilevel converter performance for electric vehicle (EV) fast chargers. Power factor correction for
EV fast chargers is very important in terms of efficient power usage and charger compatibility with the grid. Multilevel
converters improve charging efficiency, reduce voltage stresses on components, minimize electromagnetic interference,
and support high power capabilities. For this reason, multilevel converters with the PFC feature contribute to the
reliable and effective operation of the fast-charging infrastructure. Rectifier analysis is tested with extensive simulations
using a new modified carrier-based level-shifted pulse-width modulation (PWM) technique. The results obtained are
in accordance with international standards. The proposed PWM technique provides low voltage regulation, low total
harmonic distortion input current, unit input power factor, and a well-regulated DC bus voltage for the NPC rectifier
in fast charging systems, and the system has high efficiency. In addition, the modulation method eliminates the need
for an additional PFC circuit. The system demonstrates remarkable success in addressing critical parameters such as
capacitor voltage balance. This modified carrier-based PWM is highly successful for NPC rectifiers designed for DC fast
chargers, rated for power up to 300 kW. The simulation results of the DC fast charger system demonstrate the validity
and flexibility of the proposed carrier-based level-shifted PWM method.

Key words: Battery charger, electric vehicles, carrier-based pulse-width modulation, multilevel converter, power factor

correction converter, power quality

1. Introduction
The use of clean and efficient energy sources is very important today. Therefore, the interest in electric vehicles
(EVs) is increasing day by day. However, since EV users are concerned about the charging times and ranges of
EVs, researchers are focusing on improving the fast-charging infrastructure and batteries of EVs. According to
the International Energy Agency (IEA), the number of EV fast chargers increased by 60% in 2019 compared to
the previous year. While fast-charging stations increased in number by 43% in 2020 compared to the previous
year, the increase in the installation of fast chargers in 2021 was 48%. After 2021, EV fast chargers in Europe
increased by over 30% [1]. This has been the motivation for improving the infrastructure of EV fast-charging
stations.

The structure of traditional EV fast chargers typically consists of two stages. These are the AC/DC

conversion stage, making a power factor correction (PFC), and an isolated DC-DC converter [2]. Figure 1
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depicts a typical fast-charging topology. Off-board DC chargers typically require high power, equal to or
greater than 50 kW, and are commonly powered by three-phase AC [3]. The filter component comes first in
the design, followed by an AC-to-DC conversion stage. Before the plug that connects to the EV, there is an
isolated DC-to-DC converter placed within the charger. The charger establishes a direct connection with the EV
battery. In order to ensure safe and effective charging, the charger is equipped with a communication link that
facilitates communication with the battery management system, allowing for precise control over the charging

process and implementation of safety measures [4].

Isolated DC-DC Stage

[ - e T
s b L S ~ | g
— I — | ~J = |
3-Phase AC acpeprc | POACPEC BE AC-DC |
] Filter S | Converter Itansformer Converter | DC Fast Charging
Power Supply Circuit - Stations

Figure 1. General block diagram of off-board DC fast charger.

AC/DC rectifiers are a key component in off-board EV fast chargers. They are responsible for converting
the AC power from the grid into DC power that can be used to charge the EV’s battery. In the context of off-
board fast chargers, these rectifiers are typically high-power, high-voltage units that can deliver several hundred
kilowatts of power to the vehicle’s battery in a short amount of time. There are several different types of AC/DC
rectifiers that can be used in off-board fast chargers, including diode rectifiers, thyristor rectifiers, and active
rectifiers [5]. Each type has its own advantages and disadvantages in terms of efficiency, cost, and complexity.
Since diode rectifiers cannot be controlled in EV fast-charging infrastructure, they are not preferred. They
are not, capable of PFC. On the other hand, thyristor rectifiers cannot correct voltage fluctuations and cannot
optimize output voltage control. In addition, thyristors can cause heating problems in high-power applications.
This can pose safety risks at fast-charging stations. In fast-charging stations, active rectifier technologies are
more flexible and responsive. Therefore, they are preferred to provide output voltage and current requiring
precise control. Although active rectifiers have more complex control circuits, they are more efficient, especially
for high-power applications due to their PFC capability. Regardless of the types of rectifiers in fast chargers
used, their primary function is to convert the AC power from the grid into a form that is compatible with
the EV’s battery. This is a crucial step in the fast-charging process, as it ensures that the vehicle’s battery is
charged quickly and efficiently, without damaging the battery or the charger.

The 3¢ AC/DC rectifier topologies discussed for EV fast chargers are detailed in [6] and [7]. In [6],
the rectifier topologies are categorized as unidirectional or bidirectional converters. Unidirectional converters
are the T-type Vienna rectifier and buck-type rectifier. Bidirectional converters are two-level voltage source
converters (VSCs) and three-level NPC rectifiers. In [7], rectifier topologies are categorized as multilevel and
non-multilevel converters. Cascaded H-bridge (CHB) rectifiers, 3¢ neutral point-clamped (NPC) rectifiers, and
3¢ flying capacitor multilevel AC/DC converters are multilevel. In [8], it is stated that the primary benefit of
utilizing three-level topologies is the reduction of dv/dt voltages on switching devices. To cope with increased
power levels, it is necessary to minimize the stress on the components [9]. Thus, it is logical to regard multilevel

AC/DC converters as components for EV fast charging. NPC rectifiers can achieve high efficiency and power
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density in AC/DC power conversion. These rectifiers operate at higher frequencies and with lower losses. In
addition to high efficiency and power density, NPC rectifiers also have other benefits for the fast charging of
EVs. For example, they can provide stable output voltage and reduce the impact of harmonic distortion on the
grid [10]. Based on the literature reviewed, it is concluded that the NPC rectifier is a crucial component to
consider for fast-charging systems of EVs. The NPC rectifier has a multilevel structure, sharing high voltage
among components. This reduces the switching losses. The multilevel structure allows multiple voltage levels
to be generated and helps to achieve a current waveform with lower harmonics. This improves the charger’s
power quality. Adjusting the switching states of the rectifier components allows precise control of the output
voltage levels. This provides continuous and regulated output voltage. It is important to provide stable power
for-high power applications like fast-charging stations.

NPC rectifiers are commonly used in high-power applications such as renewable energy systems, motor
drives, and industrial power supplies [11]. The control methods for NPC rectifiers typically focus on achieving
high power factor, low total harmonic distortion (THD), and fast transient response, as in [12] and [13]. Common
control methods used for NPC rectifiers are hysteresis current control [14], pulse-width modulation (PWM)
control [15], model predictive control (MPC) [16], and direct power control (DPC) [17]. While controlling the
hysteresis current for the NPC rectifier, the target value of the output current is determined. The hysteresis
band is in a certain region above and below the target current value. The control system operates in this zone.
If the desired current value is outside the hysteresis band, the control system operates. When the control system
operates, the switching frequency of the NPC rectifier can be changed and the capacitor voltage can be adjusted
[18]. In PWM control for NPC rectifiers, the reference output voltage is compared with the output voltage.
The switches are controlled with the PWM signals produced because of the control [19]. For the NPC rectifier,
the mathematical model of the system is used in the MPC system. The system behavior is predicted. Based on
this estimation, a new system model is realized. Targets and constraints are determined, and optimization is
made according to the estimated model [20]. For NPC rectifiers, DPC is used to directly control output power
through current and power control loops. DPC adjusts the switching-on and -off times to approach the targeted
output power. In this way, the NPC rectifier obtains the desired output power quickly and accurately. However,
DPC may require control algorithms and parameter adjustments depending on the specific applications [21]. In
this study, PWM control is utilized. This method adjusts the duty cycle of the rectifier’s switching signal to
regulate the output voltage and current. The proposed PWM control achieves high efficiency, low THD, and
low voltage regulation. It also gives the best result in terms of capacitor voltage balance.

The basis of the modulation technique, which is generally applied in multilevel inverters and rectifiers,
entails comparison of the reference sine wave and the carrier signal. The switching signal differs with the
differentiation of the basic triangular carrier. The modulation technique involving a new carrier signal created
by the differentiation of the basic triangle carrier signal is called the modified modulation technique. In the
literature, these techniques are called PD-PWM (phase disposition PWM), PD-LSPWM (phase disposition-
level shift PWM), modified LS-PWM (level-shift PWM), PS-PWM (phase-shift PWM), POD-PWM (phase
opposition disposition PWM), APOD-PWM (asymmetric phase opposition disposition PWM), etc. [22]. There
are different modulation methods that can be used to implement PWM control. Space vector PWM (SVPWM)
is a more popular form of carrier-based PWM. In the literature, more efficient control is provided by optimizing
the space vector [23]. This provides lower THD than traditional carrier-based PWM [24]. In this study, however,
the SVPWM method is not considered for the NPC rectifier because the emphasis in this study is to evaluate
the performance of modified SPWM types. There are also SHE (selective harmonic elimination) and SHM
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(selective harmonic mitigation) PWM methods. The SHE and SHM PWM methods are used to reduce or
eliminate harmonics in power electronics systems. SHE is a more flexible technique than SHM, as it allows for
the use of multiple switching frequencies and can be applied to a wider range of power electronic systems, as
shown in [25] and [26]. Hybrid modulation PWM is commonly used in power electronics applications such as
AC/DC and DC-DC converters, as described in [27] and [28]. It has been observed that this method leads to
increased efficiency and decreased electromagnetic interference (EMI). In this study, a carrier-based level-shifted
PWM modulation technique is optimized to provide more accurate control of switching states in NPC rectifiers
considered for implementation in EV fast-charging stations. Different carrier-based PWM techniques available
in the literature are also evaluated in this study. When the new modified carrier-based level-shifted PWM
technique is compared with the classical triangle carrier PWM, the novel technique appears to be a promising

alternative, especially for high-power chargers.

Isolated DC-DC converters are important in EV fast charging because they provide a safe and efficient
way to convert the high-voltage DC power from the charging station to the appropriate voltage levels needed
by the vehicle’s battery [6]. However, the EV battery voltage level can vary depending on the vehicle make and
model, which means that the fast charger must be able to provide a range of voltage levels to accommodate
different EVs [29]. Isolated DC-DC converters are important in this context because they provide electrical
isolation between the fast-charging station and the EV battery, which enhances safety by preventing electrical
shocks and reducing the risk of fire or explosion. They also enable efficient power conversion by stepping down
the high voltage from the charging station to the lower voltage levels needed by the battery with minimal energy
loss, which helps to reduce charging time and improve overall efficiency. Additionally, isolated DC-DC converters
can help to address issues related to power quality and stability. For example, they can help mitigate the effects
of voltage fluctuations and harmonics, which can occur when multiple charging stations are connected to the
same electrical grid [30]. As this study aims to enhance NPC rectifier performance for DC fast-charging stations,
the rectifier is evaluated in conjunction with isolated DC-DC converters (DAB) available in the literature, as in
[31] and [32].

It is important to keep the output voltage—current ripple of the NPC rectifier and THD of the current
drawn from the grid very low. DC voltage ripple should be limited to a maximum of 5% of the nominal voltage
for power supplies feeding electronic equipment as per IEEE Standard 1100-2018. In IEEE Standard 519-2014 it
is recommended that DC voltage ripple be less than 1% for DC motor drives to prevent adverse effects on motor
performance. According to IEEE Standard 519-2014, the recommended THD limit for DC power systems is 3%.
Therefore, DC voltage and current ripple and current THD are considered in this study. Furthermore, the power
factor is a measure of the efficiency in an electrical system and it is important for it to be equal to 1. While it is
desirable to maintain a power factor of 1, the load characteristics, system design, and operating conditions may
not always allow this. According to IEEE Standard 1547-2018, industrial systems should have a power factor
of at least 0.95, commercial systems should have a power factor of 0.9, and residential systems should have a
power factor of 0.8 in power electronics circuits. Modulation is the heart of the converter. Finding the optimum
modulation strategy improves power quality. Therefore, power factor and efficiency are also evaluated in this
study.

In this study, six different carrier-based level-shifted PWM modulation techniques are evaluated for an
NPC rectifier adapted to a fast-charging system. Five of these carrier signals have been discussed in the literature
for different converters. However, the proposed modified carrier signal (CS4) gives the most optimal result for

the NPC rectifier. Since the system is evaluated for fast charging, it is considered for power values of 50 kW
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and above. Only CS4 behaved within acceptable limits for the 300-kW DC fast charger, which has output
voltage of 800 V and nominal current of 375 A. This work may inspire other researchers who want to conduct
experimental validations.

The main goal of this study is to develop a fast-charging infrastructure. Therefore, the aim is to enhance
the observations depicted in Figure 2 for the high-power rectifier under consideration. Figure 2 shows the
results examined in this study for all carrier-based level-shifted PWM signals symbolically. Section 2 describes
the general structure of the system, the circuit topology, the modulation technique, and the control method.
The observations cited in Figure 2 are described in Section 3. Finally, the paper ends with a discussion of the

results in Section 4.

OBSERVATION

Output Voltage
Ripple (V)

QOutput Current
Ripple (A)

Efficiency (%)

L
Power (kW) Power((kW) Power (kW)

A

Power Factor
THD %
DC Bus
Capacitor Voltage
Balance

L
Power (kW) Power (kW) Time (t)

Figure 2. Investigated results of NPC PFC rectifier considered for implementation in EV fast-charging stations.

2. System description
This section explains the operating principle of the NPC rectifier, the modulation technique employed in the

study, and the control method utilized.

2.1. Operating principle of the NPC rectifier
The NPC rectifier is a highly effective solution for enhancing power quality at high voltages due to its high-power

factor as explained in [12]. When DC chargers are assessed using this rectifier, they exhibit minimal harmonic

current, as well as a small load voltage and current ripple factor. The NPC rectifier circuit is shown in Figure 3.
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Figure 3. NPC rectifier circuit diagram.

The rectifier input terminal voltages are V,, V,, and V.. Three-phase voltages and line currents are
given as in Eqgs. (1) and (2), where w is angular frequency.
V. = Vi cos(wt)
Vi, = Vipcos(wt — 2m/3) (1)
V. = Vi,cos(wt + 27 /3)

i, = imcos(wt)
ip = imcos(wt —2m/3 +0) (2)

i. = imcos(wt + 2w /3 + 0)

The input voltage at the rectifier AC terminals for the A leg of the converter is given by Eq. (3).

T2 T2
ao — —A = o
V. 5 V4 5 V.
T2 T?
‘/bo = ?bAV + TbVo (3)
T2 T2
Voo = 5 AV SV

Here, T, represents the switching function of the A leg, while T}, and T, represent the switching functions
of legs B and C, respectively. Expression X in Eq. (3) represents any of the A, B, or C phases. T, is the first

switch in phase X. T, is the second switch in phase X. If T, is 1, the switch is on; if it is zero, the switch is
off.
AV = Ve — Voo and 'V, is load voltage. DC bus capacitor voltages Vi1 and Vo are shown in Figure 3.

Load voltage is given by Eq. (4).

Vo =Vo1 + Vo (4)
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In terms of switching functions, we can write 4; and s as in Eq. (5).

. T2P+T,. TE+T,. T?+T.
11 = 5 1q 5 1y

. T2 T, . T2—Tb‘ T2 T,
Qg = “2 i+ b2 iy + 62 i,

The currents through the Cy and Cy capacitors are given in Eq. (6).

el = 11 — 1o
g = Gg + 2
Here, i, = V,/Rioad- Hence, we can write i.; and i.e as in Eq. (7).

T+ T,. TEAT,.  TEP4T.. Ve,
el = 5 lq + B 1+ 5 e

. T2 T, . Tszb‘ T2 T,
o = a2 g+ b2 iy + 62 e R,

R,
V.

o

Capacitor voltages are given by Eq. (8) and they can be obtained in detail as in Eq. (9).

1 , )
Ve = a /(7'01 - Zo)dt

1
%2 = 62 (7:62 - Z.o)dt
1 T>+7T,. T?+T,. T?2+T.. 'V,
VCI_C1/|:( 5 iq + 5 iy + 5 zC—RO) dt
1 T2 + T, T2 + T, T2 + T, V. ®)
a a . —4yp b . —Le c . o
2 = — a c T 5 dt
Vea 02/[( 5 1q + 5 iy + 5 ) Ro)]

In this configuration, the voltage at each switch is only half of the DC bus voltage, as opposed to the
full DC bus voltage. As a result, there is less voltage pressure on the switches, which is especially beneficial
in high-voltage scenarios. This reduction in voltage stress ultimately leads to lower switching losses. Table 1

shows the switching states for each leg of the rectifier.

Table 1. Switching states and corresponding voltages of the rectifier.

Ter | Tao T’cl/ Tx2’ Ven
1 1 0 0 Vi =Vy/2
0 1 1 0 0

110 0 1 1 Vo =—-Vy/2

Ol

Each leg of the rectifier can have four potential switching states, but only three of them are valid to
attain three voltage levels at the AC terminals. Figure 4 illustrates the three operating modes for the A leg of

the converter, and the same applies to phases B and C.
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Figure 4. Three operating modes for phase A of NPC PFC rectifier.
2.2. PWM modulation technique

The switching signal of the classical triangular carrier-based SPWM modulation method of the NPC rectifier
is shown in Figure 5.

/Reference Signal v Carrier Signal

Ta2

Tal'

Ta2'

Figure 5. Basic triangular carrier-based level-shifted PWM technique and switching pulses.
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The fundamental modulation index value (m;) is the ratio of the reference sine wave’s peak value to
the carrier triangle wave’s peak value. During the simulation, the frequency of all carriers is 20 kHz and the

modulation index is 0.86.
In this study, a sinusoidal waveform is used as the reference modulation signal in generating the switching

signal. Various types of waveforms were utilized as the basic carrier signal, which are displayed in Figure 6.
Most of the carrier signals employed here are derived from those used in multilevel three-phase rectifiers and
inverters. The basis of these carrier signals is the triangle waveform. The carrier signal CS4, as shown in
Figure 6d, has not been previously observed in the literature. Carrier signal 1 (CS1) was observed in [33] and
is shown in Figure 6Ga. Similarly, [34] evaluated CS2 (POD-PWM) while [35] evaluated CS3 and CS5, which
are shown in Figures 6¢ and 6e. Furthermore, [36] discussed CS6, as observed in Figure 6f. The modified

carrier-based PWM signals (CS3, CS5, and CS6) are also evaluated for a transformerless inverter [37].

2 2
0 0
a) b)
2 2
0 0
c) d)
2 2
0 AVAS

) i)

Figure 6. Carrier signal (CS) waveforms evaluated for NPC rectifier.

The traditional basic carrier signal (CS1) and other modified CS types in the literature were compared
in this study. Although the switching frequency is the same, the number of fully open and fully closed states of
a switch is higher than the others in CS4-based SPWM control in the same period, depending on the type of
CS used. This situation affects the parameters shown in Figure 2. CS4 is satisfactory in terms of THD, ripple,
capacity balance, throughput, and PF for high-power applications.

Many types of modified carrier-based PWM perform better compared to the traditional carrier signal
observed in the literature [38]. This is because the switching frequency is the same but the number of fully
open and fully closed states of a switch is high in the same time period, depending on the type of carrier
signal used. With the control method performed with the modified carrier-based PWM method, the efficiency
of the rectifier increases, the THD value of the output current decreases, and the output voltage and current

fluctuation decrease. The PWM signals resulting from the comparison of the proposed carrier signal and the
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reference signal are shown in Figure 7. When Figure 7 is examined, it is seen that the number of fully open and

fully closed states of the switches is high. This improves the outputs in Figure 2.

25 T T
Reference signal
Carrier signal 1

T
X ﬂVJ

ST ]

-1

FRRARRARARRARENYEGHR

2.5

= —F—

0 0.002  0.004 0.006 0.008 001 0012 0014 0016 0.018 0.02
(sec)

0.5

0.5

0 0.002  0.004 0006 0008 001 0012 0014 0016 0018 0.0
(sec)

Figure 7. Proposed carrier-based level-shifted PWM technique and switching pulses.
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In addition, it is seen that the reference sinus signal is 50 Hz. The reference signal is compared with 20
total CS4 carrier signals in 0.02 s. A carrier signal completes a period in 0.02/20 s, or 0.001 s.

The proposed carrier signal was created as the sum of the saw tooth signal and the square signal in
simulation studies. An example carrier signal of 1 kHz is given in Figure 8. The CS4 carrier signal, which is

the sum of the blue square wave and the red saw tooth signal, was evaluated in detail in simulation studies.

0.8 - nl

0.4 - 1

(sec) (sec)

Figure 8. Obtaining the CS4 carrier signal.

2.3. System control

The input terminals of the NPC rectifier are connected to the three-phase source through resistance-inductance
R-L. The voltage vector equation can be written as in Egs. (10) and (11). The source voltage vector V is
oriented on the d-axis. The source voltage in the rotating reference (d—q) axis can be expressed by the following

equations [39].

di . :
Vg = Ld—: +wliq + vy (10)
d‘ ’
vy zozLﬁ +wLiq + v, (11)

Here, w is the 3-phase voltage angular frequency. wvq, U:i, 14, Uq, U;, and ¢, are current-voltage
components in the d and q axes. Currents iy and i, are controlled by the separated voltages v; and v;.
The control strategy of this rectifier is the same as that used in two-level PWM rectifiers, as in [40]. This is
shown in Figure 9.

In this system, the rectifier output voltage is controlled by providing optimum PWM signals. The PI
controller is used to control the AC-DC converter output voltage Vpe as in Figure 9. The output of this
controller, ig..f, is used for control, and ¢4 is the reference for the internal closed loop. The current on the

q axis, g, is controlled by a similar loop with (i4-cf=0) reference for a high power factor. The Vy..; and
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Figure 9. The overall design of the system and control method of the NPC rectifier based on d-q transformation.

Vgrep reference voltage values on the d and q axes are provided by current controllers, respectively. During
the d-q coordinate transformation of the three-phase input voltage, the wt angle is obtained. This angle is
important for generating the switching signals on each leg of the rectifier. An appropriate modulation technique
is achieved by controlling the unit sinusoidal signals with a phase difference of 120° taken as a reference for
unipolar sinusoidal PWM signals.

In this study, the proposed PWM technique is evaluated in terms of output voltage ripple, the harmonic
of the input current, and the power factor for the NPC rectifier. PWM techniques are used because preventing
harmonics is important in power electronics applications. PWM techniques are important for energy efficiency.
In the literature, THD, power factor, and low voltage regulation are considered when evaluating the performance
of AC/DC rectifiers. THD is calculated proportionally to the total root mean square (RMS) value of the
harmonic components at the rectifier output. This is shown in Eq. (12). Here, V,, is the RMS magnitude of

the nth-order harmonic component [41].

V2 VEAVE L. 4 V2
THD=\/2+3+V§+ * (12)
1

The power factor is based on the phase difference between the input voltage signal and current signal of
the AC/DC rectifier circuit. PF is between 0 and 1. It is calculated as in Eq. (13).

Active Power (kW)
Apparent Power (kV A)

Power Factor (PF) = (13)
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The voltage regulation of the rectifier is measured by how much the output voltage fluctuates relative to
the nominal output voltage. Usually, this ripple changes with load changes or input voltage fluctuations. Low

voltage regulation is very important for high-power applications [38]. It is calculated as in Eq. (14).

Vma:n - szn
Vripple = —————1100 (14)

Vnominal

3. Performance evaluation and discussion

This section explains how the 3¢ AC-DC NPC PFC rectifier is valid and flexible for DC fast chargers with the
new modulation technique. This study was carried out on the MATLAB/Simulink platform. The elements used
in the simulation were SiC MOSFETs, which are frequently preferred for fast chargers. Semiconductor materials
and simulation time frame parameters included in the simulation are given in Table 2 in detail. The Simulink
interface of the system is shown in Figure 9. When all these parameters are compared with the literature, the

system criteria are seen to be suitable for the real world.

Table 2. Switching states and corresponding voltages of the rectifier.

System parameters Value

Supply side parameters (AC power supply) | 230v/3

Grid frequency 50 Hz

NPC output voltage 800 V

Nominal power 50-300 kW
Switching (carrier) frequency (fs) 20 kHz

Simulation sampling time (sec) 5e-7

Modulation index (m;) 0.86

Filter inductance 1 mH

Filter resistance 0.01 Q

Output capacitances (Cy and Cs) 5200 p F

Switches (C3M0060065D Silicon Carbide ZDDS:‘ - 6_5%0V 1
Power Mosfet) for NPC rectifier Ve (;")4'8 v
Power Diodes (APT15D60B) 5§ _ (150;\\//

PI (I and V cycle) K, =0.02, K; = 10.7
PI (Vye) K, =02, K; =90

In this system, the DAB converter and battery, which are isolated DC-DC converters in EV chargers,
are preferred as the nonlinear load for the AC/DC stage. System parameters are determined assuming the AC
source voltage is sinusoidal and the DAB converter is lossless. The aim is to observe the behavior of the AC/DC
stage for the fast charger, which is a high-power application. This system can also be improved by performing
switching losses and thermal analysis with the proposed modulation technique.

The rectifier ripple is calculated as V402 — Vinin in the 0.2nd second. Figure 10 shows the ripples of NPC
output voltage and NPC output current for CS4 at 300 kW as an example.

Figures 11a and 11b show voltage and current ripples for different power ratings for all considered CSs.
CS1, CS2, CS3, CS4, and CS5 showed less than 1% ripple for both voltage and current from 50 kw to 250 kW.
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Figure 10. Voltage and current ripples for 300-kW NPC rectifier.

However, only CS4 behaved within acceptable limits from 250 kW to 300 kW.
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Figure 11. Change of the rectifier output ripples for all CSs from 50 kW to 300 kW: a) voltage ripple, b) current ripple.
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Figure 12a shows the terminal inputs of the 300-kW system evaluated with the CS4 PWM technique as
an example. Three voltage levels are obtained due to the switching states at the AC terminals of the NPC PFC

rectifier. Rectifier input terminal voltage (V,,, ) and grid current (1,, ) are as in Figure 12b.

T T T T

1000 {— Tcrmin:l_l Voltage (Van);

500

0

Voltage (V)

-500

-1000

o I
L

0.1 0.15 0.2 0.

03
Time (sec)

a)

Terminal Voltage (Van)

Terminal Current (Ian)

-500

Voltage (V) and Current (A)
(=]

=
S
=

0.1 0.15 02 0.25 03
Time (Sec)

b)

Figure 12. a) Terminal inputs of the 300-kW system evaluated with the CS4 PWM technique and 300-kW NPC rectifier,
b) input terminal voltage (Van ) and grid current ([lap ).

Figure 13 shows the change of the power factor value for different power ratings for all CSs. For 300 kW,
the power factor is 1 with the CS4-based PWM technique.

The efficiency (n) of the rectifier is calculated as n = Pt/ P, by measuring the input power (P, ) and
the output power ( Py ). When we look at Figure 14, the CS4-based PWM modulation technique provides the
best efficiency for the 300-kW rectifier.

The CS4-based PWM technique behaves consistently, even at high powers, as shown in Figure 14.
Figure 15 shows the FFTs of the current drawn from the AC terminals of the NPC rectifier designed with
CS4-based PWM for maximum nominal power. It provides harmonics below 2%.

The CS4-based PWM technique behaves consistently, even at high powers, in terms of THD, as shown in
Figure 15. Figure 16 shows the FFTs of the current drawn from the AC terminals of the NPC rectifier designed
with CS4-based PWM for maximum nominal power. It provides harmonics below 2%.

Figure 17 shows the capacity balances for all CSs. For 300 kw, the fast-charging system with the NPC
rectifier does not balance for CS1, CS2, CS3, CS5, and CS6. However, the CS4-based modulation technique
shows capacity balance in a short time. Although it seems to be in balance for CS6, CS6 does not behave
consistently in terms of efficiency, THD, power factor, and output ripples.
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Figure 14. Efficiency of the NPC rectifier for all CSs.

Uncontrollably high currents increase safety risks. With the parameters and switching devices provided
in Table 2, the charger system operates under suitable conditions for power of 300 kW. The carriers considered
for powers greater than 300 kW do not meet the standards suitable for the charging station. Only CS4 operates
within acceptable limits for 300 kW. The voltage stresses for all switches specified in Table 2, used for the NPC
rectifier, are within the limits that the switches can withstand.

The proposed CS4-based modulation technique offers successful results, especially for a 300-kW EV
charging station. Observations related to the evaluated CS types for the 300-kW charging station are given in
Table 3. When the table is examined in detail, the control performed with the CS4-based modulation technique
provides more optimum results than the other carrier-based control methods.

When the other AC/DC rectifiers considered for fast charging in the literature are examined, the
semiconductor materials number of the NPC rectifier is high. However, the NPC rectifier shows the PFC
feature, so it does not require an extra PFC circuit. The high number of elements in the rectifier circuit causes

control complexity. However, the absence of an extra PFC circuit is advantageous for high-power applications.
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Figure 15. Variation of THD of the NPC rectifier’'s AC terminal current depending on powers for different CSs.
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Figure 16. FFTs of NPC rectifier’'s AC terminal current for 300 kW and CS4.

Table 3. Numerical observation results for 300 kW.

CS1 CS2 CS3 CS4 CS5 CS6
Viyipple 121.45 | 121.09 | 122.02 | 12.67 | 120.91 | 67.80
Tripple 56.93 | 56.77 | 57.20 | 5.94 | 56.68 | 31.78
THD 3.32 | 345 | 337 |0.23 | 336 |5.24
Efficiency | 84.86 | 84.80 | 84.84 | 86.61 | 84.85 | 83.98
PF 0.9997 | 0.9997 | 0.9997 | 1 0.9997 | 0.963

The proposed modified carrier-based PWM technique yields successful results for EV fast chargers in
terms of PFC, efficient power usage, and compatibility of the charger with the grid. The AC/DC NPC rectifier,
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Figure 17. Capacity voltage balance for all carrier-based PWM techniques: a) CS1, b) CS2, ¢) CS3, d) CS4, e) CS5,
and f) CS6.

which is evaluated for charging with the proposed method, supports the fast-charging infrastructure. The
proposed new modified carrier signal can be tested with different power electronics circuits. It can also be
applied to different AC/DC rectifiers evaluated for fast charging. The system can be further improved from
its current state by optimizing the control parameters for the existing system. This is a potential future

improvement for high-power applications such as fast chargers.

4. Conclusion

The fast charging of EVs is a high-power application, so it is necessary to draw high current from the grid
to charge the EV battery fast. The converters from the grid to the battery operating efficiently and without
loss is very important for charging. Furthermore, the power factor being 1 on the grid side and the system
complying with the relevant standards are very significant points in the charging of the system. Considering
all these factors, it is necessary to find the optimum modulation method. In order to achieve the desired
result, research was carried out in the field of carrier-based PWM methods in this study. Carrier signal-based
modulation techniques have been used to control the 3-phase AC/DC NPC PFC rectifier in this study. It has
been observed that the proposed level-shifted carrier (CS4) derived from the triangular signal is effective for
the NPC rectifier. In addition, this study has presented a performance comparison under the same conditions
by considering similar techniques in the literature. It has been observed that the NPC rectifier considered for
fast charging performs much better than many modified carrier signal types at nominal power of 300 kW when
compared to the traditional carrier signal. Although the switching frequency is the same, it is seen that the
converter efficiency, systems harmonics, and voltage and current ripple stand out at 300 kW for CS4 depending
on the type of CS used. Compared to other carrier-based methods, modulation with CS4 was the technique that

offered the most optimum values at high power. The findings of this study may provide inspiration for research
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and development of off-board charging solutions for EVs. The AC/DC NPC rectifier evaluated for charging

with the proposed method supports the fast-charging infrastructure. The proposed new modified carrier signal

can be tested with different power electronics circuits. It can also be applied to different AC/DC rectifiers

evaluated for fast charging. The system can be further improved from its current state by optimizing the

control parameters for the existing system. This is a potential future improvement for high-power applications

such as fast chargers.
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