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Abstract: To minimize the recharge time of EVs, Level 3 charging stations utilizing DC fast charging
systems have become increasingly prevalent. Additionally, these systems offer bidirectional function-
ality, aiding in stabilizing the DC grid during peak hour. As a result, the DC-DC converters utilized
in such systems must be capable of bidirectional energy transfer. Among existing typologies, DAB
converters are preferred due to their simplicity and sustainability. The three-phase DAB (DAB3)
is favored because the output ripple is lower compared to the single-phase structure. This charac-
teristic assists in mitigating the negative effects on the battery caused by high-frequency current
ripple. However, the input to DAB3 converters typically originates from AC-DC stages, leading
to the inclusion of low harmonic frequency ripples (e.g., multiples of 360 Hz). These ripples are
then transferred to the battery, increasing its temperature. To address this issue, this paper pro-
poses a technique to mitigate negative effects by attenuating these low frequencies in the charging
current. Simulations were conducted to demonstrate the effectiveness of the proposed technique.
Scaled-down experiments utilizing a DAB3 prototype were conducted to corroborate the simulations.
The findings demonstrated a reduction in ripple from 8.66% to below 2.67% when compared to the
original controller. This reduction enabled the solution to meet the limiting current ripple criteria
outlined in the CHAdeMO standard.

Keywords: three-phase dual active bridge (DAB3) converter; low frequency harmonics; CHAdeMO
standard

1. Introduction

According to the Global EVs Outlook 2023 [1], the number of electric vehicles (EVs)
grew more than tenfold in the span of five years leading up to 2022. Furthermore, this
growth trend is anticipated to continue exponentially in the coming years, aiming to achieve
net zero emissions by 2050 [2]. For example, battery electric vehicles (BEVs) have seen
significant market share expansion since 2014. The batteries and corresponding charging
systems employed in these BEVs are crucial factors influencing their efficiency and pricing.
Consequently, various companies are intensifying their research efforts into BEV charging
technologies, to sustain their growth rates in the foreseeable future [3-5].

Among several factors such as optimized structural design with fewer components,
safety measures, high efficiency, fast charging, etc., charging technology stands out as one
of the most attractive research topics [6]. These technologies are typically classified into
two main categories: wired charging technologies (or contact charging) [7] and wireless
charging technologies (or contactless charging) [8,9]. However, this paper focuses solely on
wired charging. Wired charging technologies necessitate a direct connection between the
EV and the charging system, via cables for charging purposes. These technologies can be
further subdivided into AC charging technologies and DC charging technologies. While
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AC charging technology was discussed in [7,10], this paper concentrates on the charging
station, thus delving into the details of DC charging.

DC charging technologies enable direct charging to the battery [11], thereby offering
fast charging capabilities. Additionally, these technologies contribute to an overall reduction
in the size and weight of the driving system, since the charging unit is separate from
the vehicle. However, they are not flexible in terms of charging locations, as they are
typically operated at high power levels (hundreds of kW); thus, a fixed installation location
is mandatory. Nevertheless, they offer another feature known as vehicle-to-grid (V2G)
technology. This allows vehicles to transfer energy back to the grid to help stabilize it
during peak hours. Recently, V2G technology has attracted significant attention from
researchers, as evidenced by publications in [12-15].

To enable V2G functionality in a charging station, a key requirement is for the DC-DC
converter to be bidirectional. Among the various converter typologies [16-18], two promis-
ing candidates stand out: the dual-active bridge (DAB) type converters [19-21] and the
CLLC resonance type converters [22,23]. Both types of converters offer critical characteris-
tics, such as bidirectionality, galvanic isolation, soft switching capability, and high power
density. However, the DAB type converters are preferred, due to their simple structure
and sustainability.

The DAB type can be categorized into two types: single-phase [19] and three-phase [21].
In comparison with the single-phase DAB [24], the three-phase variant achieves lower
phase RMS current and output current ripple. This reduction in output current ripple not
only leads to a decrease in capacitor size but also enhances the quality of the charging
current, thereby contributing to an increase in battery lifetime. Consequently, this paper
focuses on the three-phase structure instead of the single-phase topology.

While a three-phase DAB (DAB3) converter can mitigate the negative effects of high-
frequency current ripple on the battery, the AC-DC stages are typically put in the front of
the DC-DC stage in charging station applications [25]. These stages are responsible for con-
verting AC voltage to DC voltage before feeding it to the DC-DC stage. There are two main
technologies employed for this purpose: multi-pulse rectifiers (six, twelve, or more pulses)
and active rectifier structures (such as two-level and three-level neutral-point-clamp (NPC)
or Vienna-type rectifiers) [26,27]. Although multi-pulse rectifier technology tends to be
bulkier compared to active rectifier types, it is widely utilized in high-power applications,
due to its simple structure, high robustness, and relatively low harmonic distortion [28].
There have been several publications on multi-pulse rectifiers that comply with power qual-
ity standards such as IEEE-519 [29] and IEC 61000-3-2 [30]. Some of these include [31-33].
However, this paper focuses on the DC-DC stage, to improve the charging current quality
of the battery. Therefore, it is reasonable to assume that the AC-DC stage can be supplied
with a stable output voltage and meet all necessary quality requirements.

Both technologies generate low-frequency harmonics at the output DC voltage, which
can then affect the battery’s lifetime and exceed standard limits when transferred through
the DAB3 converter [34]. When low-frequency ripple increases, it elevates stress currents in
power switches and magnetic components within the converter, consequently diminishing
the energy conversion efficiency of the system. Moreover, the amplitude of peak-to-peak
ripple increases in accordance with load requirements, potentially violating standards
such as IEC61851-23 and CHAdeMO [34], among others. For example, according to the
CHAdeMO standard, a ripple current of 5 kHz or less must be under 3.0 A. This ripple also
diminishes the lifetime of both batteries and fuel cells. Hence, addressing low harmonic
ripple becomes imperative. In this study, the primary concern is battery health, and thus
solutions are focused on improving the quality of the charging current. Utilizing additional
active components such as power decoupling circuits [35,36] is not favored, due to the
resultant increase in component count.

Due to the relatively low frequency, a substantial bank of electrolytic capacitors has
be added to the DC bus. This requirement results in elevated costs and wasted space,
ultimately leading to a significant reduction in the power density of the converter [37].
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Furthermore, these capacitors serve as critical components that limit the system’s lifetime.
According to [38,39], the lifespan of a high-quality electrolytic capacitor is only 3000 to
5000 h and decreases by half with every temperature increase of 10 °C. Consequently,
relying on a large bank of capacitors is not considered a viable solution.

Another solution involves utilizing the DC-DC stage to process the low ripple fre-
quency. The controller of the DC-DC stage is meticulously designed to cancel out the ripple,
similarly to the approach described in previous works [37,40]. However, these methods
involve transferring power flow from the battery to the grid and aim to eliminate the
ripple at the DC bus. Consequently, they cannot be applied when the charger operates in
constant current (CC) mode. Additionally, these solutions are designed to mitigate specific
frequencies (e.g., double line frequency). Therefore, they cannot be directly applied in cases
where there are multiple low frequency harmonic ripples.

This study aimed to address the issue of low-frequency ripple reduction occurring at
the output terminal of a DAB3 converter supplied by the twenty-four-pulse diode rectifier
of a real charging system in Japan. The schematic overview of the system is depicted in
Figure 1. The approach was to improve the control system of the DAB3 converter with
some resonators that synchronize and mitigate the effect of the low frequency current
components. However, due to constraints imposed by the available laboratory resources,
a scaled-down experimental setup was utilized, necessitating the reduction of the twenty-
four-pulse rectifier to a six-pulse configuration for algorithmic testing purposes. It is
noteworthy that an identical approach remains applicable to the original twenty-four-pulse
configuration, particularly in scenarios involving high-power applications.
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Figure 1. General system diagram.

[

The rest of this paper is structured as follows: Section 2 describes the system con-
figuration and assumptions. The modeling of the DAB3 converter is presented in detail
in Section 3. Section 4 shows the controller design and algorithm for mitigation of the
low harmonic frequency current ripple. The experiments are detailed in Section 5. Finally,
Section 6 summarizes the conclusions and limitations.

2. System Configuration and Assumptions
2.1. General Structure

A DC fast charging system typically transforms three-phase AC voltage sourced from
the power grid into the direct current (DC) voltage necessary for the charging of electric
vehicle (EV) batteries. Illustrated in Figure 1 is a simplified depiction of a fast charging
station system. Despite the bulkiness associated with multi-pulse rectifier technology in
comparison to active rectifier types, it finds extensive application in high-power scenarios
owing to its straightforward configuration, elevated resilience, and comparatively reduced
harmonic distortion levels.

As mentioned above, a six-pulse diode rectifier is employed to supply the DC-DC
(DAB3) converter. Conventionally, the rectifier’s output exhibits periodicity at a frequency
six times that of the line frequency (fj;y,.), for instance, 360 Hz. Additionally, numerous
harmonics are superimposed onto the base frequency of 360 Hz. A comprehensive analysis
of the harmonic amplitudes is provided.
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Let us first consider a three-pulse rectifier as illustrated in Figure 2. In a three-pulse
input rectifier, there are three sources, V4, Vg, and V-, with the same amplitude, frequency,
and offset at an angle of 120 degrees, connected to each other. Additionally, the diodes D;,
D,, and Dj3 are of the common cathode configuration. The output load (R} ,,4) is connected
between the common cathode terminal and ground. The output voltage exhibits periodicity
at the frequency of 3fj;,,., and it can be described in Fourier form as shown by Equation (1).

QA
9, - 1
Q\VB ~q D2
R, 1
Vo,three—pulse |::| RLoad
Q\Vc N~ D3
K9, 1

Figure 2. Three-pulse diode rectifier.
Uo,three—pulse (t) = Vﬂvg

+ i (ﬂn CcOs (@) + bn Sln(zznt)> (1)
n=1

Let T = 1/ fiine, Wo = 27 fjine, Vpk denote the peak value of each phase input, and let
Vaug Tepresent the average output rectifier voltage, which can be determined by Equation (2).
The parameters b, and a, are defined as shown in Equations (3) and (4), respectively.

3v3V,
g = 220 @)
27T
by = 527z [ Viesin(awot) sin(mot)d(c @
"= 573 g vk sin(wot) sin(nwt)d(w
ay = L/% Vi sin(wot) cos(nwt)d(wt) 4)
"= 53 3 ok sin(wot) cos

It is evident that b, equals zero, as it represents an even function within this interval.
The simplified equation for a, can be derived using Equation (5).

= 2200 € ®)

(1 —n?) >\
The Fourier series of the three-pulse rectifier can be derived according to Equation (6).

_3 \/gvpk

Uo,three—pulse(t) - 27T

0 3\@Vk nrmr 2mtnt
T e i
+’§1ﬂ(1_n2)cos(3)cos( T )

(6)

withn =3,6,9,...

Utilizing the outcomes from the analysis of the three-pulse rectifier, as shown in
Equation (6), the Fourier analysis of the six-pulse case (illustrated in Figure 3) can be
readily determined by subtracting the voltages at the positive (v,) and negative (v,,) phases.
The expressions for v, and v, are described by Equations (7) and (8), respectively.
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Then, the output voltage of the six-pulse rectifier can be determined by Equation (9)
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Figure 3. Six-pulse diode rectifier.

According to Equation (9), the output ripple exhibits numerous frequency harmonics
with a fundamental frequency of 6f;,,. Notably, the amplitude of the fundamental har-
monic is only four times greater than that of the second harmonic, and about nine times
higher than that of the third. The amplitude is even smaller at higher frequency harmonics,
as shown by Figure 4 (with 1 p.u. = V). Consequently, the charging current may contain
these frequency ripples, which can potentially yield adverse effects on the battery and may
also lead to non-compliance with standards such as CHAdeMO.

This paper delineates a control technique aimed at mitigating the adverse effects on
the battery caused by the aforementioned low-frequency ripples. The control strategy is
implemented using a DAB3 converter.
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Figure 4. Fourier analysis of the six-pulse output voltage rectifier.

2.2. The Three-Phase Dual Active Bridge Converter

Figure 5 depicts the topology of the DAB3 converter. The transformers are constituted
by three single-phase transformers connected in a star—star configuration. Each transformer
possesses a leakage inductance denoted by Ly and a winding ratio of n : 1. At both ends
of the transformer, there are two three-phase inverters. The MOSFETs belonging to the
primary and secondary inverters are designated with the letters Q and S, respectively.
The input voltage (V1) is provided by the previous rectifier stage. The output voltage (V)
is the battery voltage. The output capacitor (Co,¢) serves as a voltage stabilization filter.
In addition, this paper also considers the component equivalent series resistance (Res;) of
the capacitor and the resistance of the parasitic component (R;;;).

1 lrect.dg .iouf
Q3 Qs S1 S3 S
Rt Bt Rt tel te el

n:
Ly
> Cout Vbat
n: 1 —_
® e
Ly

il I
=t Hf JE}
Qs Q2

RBST

| LR R
}{ S, Se .52

Figure 5. DAB3 topology diagram.

In this analysis, the conventional single-phase-shift (SPS) modulation scheme is em-
ployed. The modulation scheme and several key current waveforms are illustrated in
Figure 6. In this modulation technique, each MOSFET conducts for 180 degrees within
one period. Simultaneously, they are complementary modulated within the same leg,
and a dead-time is inserted between the gate signals to prevent shoot-through phenomena.
Within each inverter, two legs exhibit a phase shift of 120 degrees. The power flow is
regulated by adjusting the phase shift (¢) between the primary and secondary sides.

In order to simplify the analysis, some assumptions are made as follows:

*  Series resistance of the transformer winding is ignored;

*  ON resistance of the MOSFETs is ignored;

e  Parameters of switches are identical;

e  Parameters of transformers are identical;

*  Magnetizing inductance is much higher than the leakage inductance;
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e The voltage drops across the parasitic resistors are significantly smaller than the

voltage of the battery;

¢ The AC-DC stage can be supplied with a stable output and satisfy requirements at the

AC line input.

The output voltages of phase x primary (v,,) and secondary (vs,), indexed as a, b,
or ¢, exhibit a waveform characterized by six steps and are phase-shifted by an angle ¢.
By considering the overlap between v;,, and vs_, twelve intervals are delineated. The phase
current, represented by the red, black, and blue curves in Figure 6, can be determined
accordingly. The transition currents of Phase A (including MOSFETs Q; and Q) can be

calculated using Equation (10).

0] t;

0 ST TS
- 77777777777 777777777 77777 )

wt;

wty,

! 2

s, |z

Wly,

Wiy,
>

wt:

wt

v

an
lLb

wty,

Lrect.dc

>

> > & > &>

2m

>

interval[¢—p<

11 I

Figure 6. Some key waveforms of the DAB3 converter under SPS modulation.
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where I); = 6‘%' X; = 3fsLy with f; being the switching frequency; M =
equivalence turn ratio between the secondary and primary side referred to the primary side.

Based on these transition current values, let ¢ be within the range of [

—_TT
3 7

(10)

TZVZ :
7, is the

%] to avoid

high RMS current. The power transfer (P,,¢) can be determined using Equation (11).

Pout -

3MVi1Iy
27

e

_3¢
s

(11)
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3. Modeling

State-space averaging is a prevalent technique utilized for modeling the stability of
switched converters, and it has been effectively employed in the analysis of single-phase
dual active converters. As delineated in Section 2, the voltage across the terminals of the
inductor remains constant within six intervals over half a period. These discrete states are
instrumental in facilitating the application of the state-space averaging methodology.

From the DAB3 topology as shown in Figure 5, there are total four storage elements
(Lk1, Lxa, L3, and Coy) . This means the system is fourth-order. However, the DAB-type
converters belong to the class of a variable structure system. Specifically, phase currents
are fast changing compared with the output voltage. Luckily, the working frequency
operation of the control system is much lower than the switching frequency. Therefore,
the fast changing variable can be ignored. The order of the system is then reduced to one.
The average state space presented for the system is shown by Equation (12)

(12)
where x and y are both presented for vy; u is a matrix of [vy, Vpat] T
voltage; C =1;and D = 0.

To derive the matrices A1« and Bj«», the node equation governing the output capaci-
tor is employed, as depicted in Equation (13).

with vy, is the battery

dl)z_ 1

ﬁ - @(irect,dc - iouf) (13)

where i, 4. is the output rectification, and i,y is the output charging current to the battery.
The large signal equation is derived from this equation and is expressed by Equation (14),
where the overbar notation denotes the average value of the parameters.

do; 1 -

W - @(irect,{ic - iout) (14)

To obtain this large signal model, it is necessary to determine the value of i, 4.
The frequency of the output ripple is six times that of the switching frequency. Consequently,
only the average currents during intervals I and II need to be determined. Referring to
Figure 6, the upper state of the MOSFET at the secondary side is identified. Subsequently,
the average current in each interval can be calculated using Equation (15).

3

Z'rect,dc,M = Z Ssx,M X iLx,M (15)
x=1

Let S,y \m represent the switching function of the output side of phase x (presented by
subscripts a, b, and c), during interval M (I, I1, etc). Specifically, Ssx p equals zero when the
top side is in the OFF state, and it equals one otherwise. These values can be calculated
using Equations (16) and (17), which correspond to the phase shift in the range of [¢, 5]
and [, § + ¢], respectively.

irect,dc,[ = iLC,I (16)

Irect,de,IT = iLa 11 + iLc 11 (17)

Following Equation (10), Equations (16) and (17) can be simplified as follows:
— 3¢
Lyect,de, 11 = IM 1-M+ %(2M + 1) (18)

Z'rect‘,dc,H = 3IM(1 + M) (19)
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Utilizing the symmetry of the i, 4. current, the average output current for the odd
intervals is identical, as is the case for the even intervals. Here, “odd” indexing denotes
the odd interval [¢, %], while “even” indexing denotes the alternative case. By substituting
Equations (16), (17) and (12) into Equation (14), Matrices A,44; Aeven and Byg4; Beven can be
determined using the following equations:

Rint(3¢ — 1) — YwsLy

Aodd = 9ws Lk Cout (Resr + Rint) (20)
Boga = { F <(P " n), _}
9wsLiCout (Resr + Ring) \ 3 Cout
A — — S(PRint = SwsLy)
9ws LiCout (Resr + Rint) (21)
Boyey — [ 3(@Rint — BwsLy) ) —1 }
9wy chout(Resr + Rint) Cout

Let ws = 27tf,, then from Equations (20) and (21), the average matrices A and B can
be determined as follows:

[/
A= 7/3 X _<3 - (P> Acven + ‘PAodd:|
B 1
(Rbat + Resr)cout

1 W
B = 7_[7/3 X _(3 — q)) Beven + q)Bodd:|

R S
(Resr+Rint)wstCaut 3 27 ICout

(22)

From here, the equilibrium point can be obtained by solving the following equation:
AT; +B[Vi Vyu]" =0 (23)

By linearizing around the equilibrium point, the small signal model can be obtained
as depicted in Equation (24).

(%] (S) (Resrcout + 1)V1Rint 2 gp) (24)

3
(Resr + Rint)couts + 1} wsLy

Under the assumption that the voltage drop across the battery resistor is significantly
smaller than the output voltage, the transfer function from control input to output current
can be derived using Equation (25).

iout<5) - (Resrcout + 1)Vl (2 . 90> (25)
(P(S) (Resr + Rint)couts + 1:| wsLy

7T

In this paper, significant emphasis is placed on the constant current (CC) charg-
ing mode. The transfer function from control input to output current, as illustrated in
Equation (25), reveals that this relationship is independent of the load. Consequently,
the DAB3 converter can be regarded as a current source, offering advantages in terms of
ease of control.
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4. Controller Design and the Low Harmonic Frequency Current Ripple
Mitigation Algorithm

In the operation of the DAB3 converter, control is executed through the utilization of a
proportional and integral (PI) controller to effectively regulate both the DC voltage and
current, to achieve error-free conditions during steady-state operation. This is primarily
attributed to the infinite gain characteristic of the PI controller at direct current (DC)
frequencies (0 Hz).

Consequently, in order to address the presence of low harmonic frequency ripple
phenomena (e.g., at 360, 720, and 1080 Hz), the PI controller requires a design configuration
featuring a high bandwidth within the current loop. This design approach ensures that the
gain at these frequencies is sufficiently high, thereby mitigating the amplitude of ripple
occurrences. Nonetheless, the bandwidth of the current loop is inherently constrained by
the frequency limitations of the low-pass filter and the dynamic demands inherent to battery
charging applications. For instance, in the context of battery charging processes, stringent
requirements dictate that the current slew rate does not surpass 20 A /s, with shutdown
slew rates falling within the range of 100-200 A /s [34]. Consequently, opting to increase the
bandwidth to accommodate low-frequency current ripple may not constitute an optimal
course of action.

4.1. Multiple Resonance Controllers

As a well-known resonance (R) controller employed for the precise regulation of
signals at a specific frequency, it is essential to consider its ideal characteristics. Ideally,
the transfer function governing the R term can be represented by Equation (26). No-
tably, this transfer function exhibits infinite gain precisely at the frequency denoted by w
rad/s. Consequently, signals possessing this specific frequency can be effectively managed
utilizing the capabilities of the R controller.

ZkirS

Gr(s) = m (26)

where k;, are the design parameters, and wy is the resonance frequency.

The bode plot depicted in Figure 7 illustrates the characteristic response of an ideal
R controller, represented by the blue curve. As previously noted, the gain exhibited at
the resonance frequency is notably elevated, effectively facilitating the suppression of
low-frequency ripple phenomena. However, it is imperative to acknowledge the inherent
sensitivity of the controller, stemming from its heightened gain solely at the precise reso-
nance frequency. Consequently, even minor deviations from this frequency can result in the
persistence of low-frequency components. For instance, in the scenario presented herein,
wherein the frequency ripple transitions from 360 Hz to 356.4 Hz (about 1% line frequency
reduction), the gain of the ideal R controller experiences a shift from 122 dB to 12.2 dB. This
diminished gain becomes further pronounced with an escalation in the disparity between
the low-frequency ripple and the resonance frequency.

To avoid this sensitivity, a modified resonance controller can be applied. Its transfer
function is expressed in Equation (27). Additional parameters wy are used to make the R
controller less sensitive than the ideal model. Three cases of wy are considered to realize
its effect to the controller. As the results show, the peak of R controller at the resonance
frequency is reduced compared with the previous time, but it still remains high enough to
deal with the low frequency ripple (about 50 dB). Moreover, it can achieve a relatively high
gain at the frequencies around the resonance point. However, wj should not be greatly
increased, because the gain is also increased. Hence, the system stability can be effected as
the phase margin of the system is decreased.

- 2k wes
2 4 2wes + Wi

Gr(s) (27)
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In scenarios involving multiple harmonic frequency ripples, a similar approach can be
adopted by employing multiple R controllers, each configured to address specific harmonic
frequencies. As illustrated in Figure 8, distinct resonance peaks correspond to low harmonic
frequency ripples, including those at 360 Hz, 720 Hz, and 1080 Hz, which stand for the
dominant effect harmonics, as depicted in Figure 4. The structural intricacies and design
specifications of these controllers are elaborated upon in the subsequent discourse.

———————————— -9
100 |128dB } Decrease of peak gain

Gain increases as w. y
increases

Magnitude (dB)

90 <
IdeaR controller
Py
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3 0 Modified R controller with w_= 5.0
> I
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= e
o -45
[

107! 10° 10!
Frequency (kHz)

Figure 7. Bode plot of the resonance controller.
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Figure 8. Bode plot of the multi-resonance controller.

4.2. Controller Design with Harmonic Frequency Ripple Cancellation

In accordance with the CHAdeMO standard, the constraints on current ripple are
delineated in Table 1. Specifically, for ripples occurring at frequencies below 5 kHz, the peak-
to-peak amplitude must not exceed 3 A. As demonstrated in Equation (9), the bus voltage
of the DAB3 converter experiences perturbations from multiple harmonics, with a funda-
mental frequency of 360 Hz. Among these harmonics, the amplitudes of the first three are
particularly influential, as shown in Figure 4, and thus necessitate careful consideration
during controller design.

Table 1. Limit value of the current ripple following the CHAdeMO standard.

Frequency Limit Value (Ap-p)
10 Hz or less 1.5
5 kHz or less 3.0
150 kHz or less 9.0

The current control loop employs a conventional PI controller to regulate the DC com-
ponent, while three modified R controllers are utilized to address the harmonic frequency
ripples, as previously discussed. This arrangement is illustrated in Figure 9. As the frequency
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of the disturbance harmonics increases, additional modified R controllers are incorporated.
Furthermore, the voltage control loop can remain configured as an outer loop to the current
control loop, operating in constant voltage (CV) mode. However, the primary focus lies in
minimizing low-frequency ripple, thus only parameters pertaining to the current control loop
are designed. Subsequently, the efficacy of the resonance term can be validated.

— Pl /ﬁ
n:1
R1 + NL:\E
n + Limiter—._ﬁ} NIm}l _hj}
Rz —5( s
e
R3 ;—/
Inut

LPF

Figure 9. The controller block diagram.

Key parameters of the DAB3 converter essential for controller design and validation are
meticulously detailed in Table 2. The converter comprises three single-phase transformers,
each integrating a leakage inductance of 12.5 uH, all sharing a common turn ratio of 1:1. These
transformers are interconnected via a A/A configuration. The input voltage is maintained at
100 VDC, sourced from the output of a three-phase rectifier. The output voltage is fixed at
100 V, accompanied by an output current (io,) of 15 A. Additionally, the system operates at a
frequency of 50 kHz, with a sampling frequency set at 20 ps per sample.

Table 2. Some key parameters for designing the controller and simulation.

Parameters Symbols Value
Input and output Voltage Viand V; 100 V
Transformer turn ratio n 1:1
Leakage inductance Ly 12.5 uH
Magnetizing inductance Ly, 0.9 mH
Input acr;(ri) ;)Cl;:}o):t filter Cout 250 uF
Switching frequency fs 50 kHz

The design procedure can be divided into two distinct steps: Step 1 involves designing
the PI controller, while Step 2 entails incorporating multiple modified R controllers. As pre-
viously stated, the load comprises a battery with a slow dynamic response. Consequently,
the current loop is designed to operate at frequencies in the range of a few hundred Hertz.
In this scenario, the cutoff frequency is designated as 200 Hz, and the phase margin is set
at 90 degrees. Figure 10, marked by the blue dotted line, illustrates the obtained results
aligning with the anticipated parameters. The PI controller parameters are enumerated in
Equation (28):

kp = 0.0024
(28)

k; = 32.42

Upon completing the initial step, the resonance terms are introduced in Step 2, as dis-
cussed in Figures 7 and 8. While the modified resonance term aids in reducing low harmonic
ripples, it concurrently elevates the system gain, leading to a reduction in phase margin.
In this context, three R controllers are implemented with resonance frequencies (wy, wy,
and w») set at 360 Hz, 720 Hz, and 1080 Hz, respectively. To maintain consistency and
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ensure adequate gain at resonance frequencies, w; is fixed at 2 rad/s for all R controllers.
Consequently, the only design variables are k;, , where x = 1, 2, or 3 denotes the index
of the corresponding harmonic ripple. Initially, k;. ; is chosen to achieve a sufficiently
high gain at the 360 Hz fundamental frequency. Subsequently, k;,» and k;, 3 are scaled
proportionally based on the related amplitude, as outlined in Equation (9). The parameters
are explicitly listed in Equation (29). The resulting Bode plot is depicted in Figure 10, which
is marked by the blue solid line.

kiro = 20.0
kirg = 5.0 (29)
kiry = 2.5

100 — T e — - ———rrr
i _~ High gain (about 50 AB) at the
dominate low frequency ripple

Magnitude (dB)
/
!
/
/
/
/
/
/

Z-100 ———-0Open loop T~
+Current loop with conventional PI controller ~
Current loop with proposed PI+Rs controller

Phase (deg)
"/

10" 10° 10% 10* 10°
Frequency (kHz)

Figure 10. Bode plot of the current loop under the conventional and proposed controllers.

Following [37], the use of a Bode plot may not be suitable when incorporating the R
term. To ascertain the stability of the system after adding the R term, a Nyquist diagram
of the current loop following the design of the PI+R controllers is drawn and depicted in
Figure 11. This plot demonstrates that the diagram does not encircle the point —1 + 0j in
the clockwise direction, and there are no right-half-plane poles present. Consequently; it
can be deduced that the system is stable.

The verification of the design parameters was conducted through simulations, with the
results presented in Figure 12. Two cases were simulated: Case 1 involved low power
(100 V/15 A), while Case 2 encompassed high power (355 V/50 A). The simulation out-
comes for Case 1 are illustrated in Figure 12a,b, while those for Case 2 are depicted in a
similar manner. Given that power scaled proportionally with both voltage and current
in the two cases, the control parameters remained unchanged. Additionally, to expedite
the simulations and reduce data collection, the slew rate of the charging current was set
to 200 A/s for the 100 V scenario and 600 A/s for the 355 V scenario. These values en-
sured compliance with CHAdeMO requirements, while maintaining simulation efficiency.
It is worth noting that these slew rates provide a safety margin, ensuring reliability in
real-world applications.

In the simulation of the low-power case, without the ripple cancellation technique,
the bus voltage exhibited a ripple containing a 360 Hz component with approximately 9.3 V
peak-to-peak amplitude (9.3% of the DC bus voltage). This voltage fluctuation induced an
intuitive current ripple of 1.67 A (approximately 11.11% of the output current) at the load,
with a frequency and phase slightly shifted from the input. The reason for this phenomenon
can be discerned from the Bode plot depicted in Figure 10 (blue dotted line), where the
magnitudes of frequencies above 360 Hz remain negative, allowing these related frequency
ripples to pass through. However, upon applying multiple R controllers, the amplitudes
at these harmonics peaked at high gain. For instance, according to Figure 10 (blue solid
line), the amplitudes at 360 Hz, 720 Hz, and 1080 Hz remained around 50 dB. Consequently,
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these current ripples were effectively eliminated, as demonstrated in Figure 12b, with only
residual ripples remaining below 0.4 A peak-to-peak (2.67% of the output current) and a
voltage ripple of about 11 V peak-to-peak.

The same trend was observed in the case of the 355 V/50 A condition, as depicted
in Figure 12a,d. Without the application of the ripple cancellation technique, the input
voltage ripple measured approximately 31 V peak-to-peak (about 8.73% of the DC bus
voltage). The output ripple amounted to about 4.20 A peak-to-peak, which clearly violates
the CHAdeMO standard. However, upon integrating the ripple cancellation technique,
the ripple current was reduced to below 1.92 A under a 35 V input ripple (about 9.8% the
DC bus), thereby satisfying the standard requirements. This unequivocally demonstrates
the effectiveness of the proposed algorithm as described earlier. Subsequent experiments
further validated these simulations.

Not encircle the point -1+0j in
the clockwise direction

Imaginary Axis

Real Axis

Figure 11. Zoom in of the Nyquist plot of the current loop with PI and R controller.
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Figure 12. Simulation results of the current and input voltage waveform in the scale down and
high power. (a) Scale down 100 V /15 A without ripple-free technique. (b) Scale down 100 V/15 A
with ripple-free technique. (c) High power at 355 V/50 A without ripple-free technique. (d) High
power at 355 V/50 A with ripple-free technique.

As shown in both simulation scenarios above, the peak of the phase current varied
around the peak value of the conventional setup. Based on the loss analysis detailed
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in [41], it was expected that the converter efficiency would change slightly compared to the
conventional case. However, since this is outside the scope of this paper, a detailed analysis
is not provided. Moreover, in terms of battery performance, the temperature increase could
be significantly improved, meeting standards such CHAdeMO.

4.3. Analyzing the Effect of THD and PF

In order to analyze the effect of the proposed method on some key parameters of
the other stage, PF and THD values were extracted under different load power levels:
0.7 p.u, 0.75p.u, 0.9 p.u, 0.95 p.u, and 1 p.u (with 1 p.u presented for maximum power),
corresponding to the power levels during the CC charging mode. Both conventional and the
proposed techniques were considered. A six-pulse rectifier was used for the AC-DC stage
during the analysis. The results are summarized and depicted in Figure 13. Specifically,
Figures 13a,b show bar plots of THD and PF, respectively, under different power levels.
Each group of bars represents the THD or PF for phases A, B, and C. Moreover, the bars are
consistently clustered in pairs labeled as “Conv” (conventional) and “Prop” (proposed) for
each power level.

For instance, at 0.7 p.u, under the conventional method, the THD of phase currents
was around 44-45%, and the PF was around 0.908-0.911 for all phases. These values were
almost equal to the proposed method. As power increased, the THD of the phase currents
was reduced, but the PF was increased. However, there were still slight differences between
the conventional and proposed methods. Therefore, it is summarized that our proposed
control method did not significantly affect the THD and PF of the AC line input current.

46 0.94
% 7 3 B THDi of Phase A T THDi of Phase B

THDi of Phase C

PF of Phase A O PF of Phase B|
0.93 PF of Phase C

0.92
23
™
0.91
0.9

0.89

Prop | Conv  Prop

@) (b)
Figure 13. THD and PF survey under different power levels with the conventional and proposed meth-
ods. (a) THD analysis of the conventional and proposed methods under different loads. (b) PF
analysis of the conventional and proposed methods under different loads.

5. Experiment Results

A research experiment was conducted utilizing a DAB3 prototype system, illustrated
in Figure 14, to assess the proposed technique. The experimental setup’s crucial parameters
are detailed in Table 3. The three-phase rectifier’s output, sourced from a grid simulator
(Chroma 61815), was directed to the input of the DAB3 converter. Consequently, harmonics
six times the fundamental frequency (fj;,,.) were generated. The resulting output was
connected to an electronic load (Chroma 62120D) configured for constant-voltage operation.
Due to experimental constraints, tests were conducted with scaled-down parameters:
V1 =100V and V, =100 V. Silicon carbide (SiC) MOSFETs (C2M00025120D from CREE) were
employed in both inverters. A three-phase transformer was constructed using three single-
phase transformers, yielding an approximate equivalent leakage inductance of 4.25 pH.
Control of the entire system and generation of the switching pattern were facilitated by
an STMicroelectronics NUCLEO-STM32G474RE board. Additionally, the output current
was monitored using a CP62 current probe from BK Precision, while the phase current was
measured with a CWT PEM Rogowski Current Waveform Transducer CWTMini HF3B.
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Table 3. The key parameters of the DAB3 converter.
Parameters Symbol Value
Input voltage Vi 100 V
Output voltage W 100V
Power Pout 1.5 kW
Frequency fs 50 kHz
Turn ratio n 1(7:7)
Magnetizing inductance Ly, 0.9 mH
Leakage inductance Ly 125 uH
Wire Lizt 1050AWG38
Core EE42/21/15 (N87)

Figure 15 delineates the empirical data pertaining to Case 1 (100 V/15 A), as elucidated
in Section 4. Figure 15a,c,e depict the experimental outcomes in the absence of employing
the ripple cancellation technique. In contrast, the subsequent cases elucidate the results fol-
lowing the implementation of ripple cancellation. Specifically, the output current exhibited
a ramp-up profile with a slew rate of 20 A /s, conforming to the CHAdeMO standard. These
experimental findings exhibit a remarkable resemblance to the simulations expounded in
Section 4 (Figure 12a,b).

Specifically, in the scenario where the ripple cancellation technique was not applied,
at an average bus voltage of 100 V (as depicted in Figure 15d, the observed ripple in
measurements was approximately 6.4 V (6.4% of the DC bus), as illustrated in Figure 15e.
This ripple resulted in an output current ripple of approximately 1.3 A, constituting ap-
proximately 8.66% of the output current. Owing to the design of the low-bandwidth
current controller, this ripple aligned closely in phase with the input voltage ripple. Fur-
thermore, this observed value closely matched the simulated ripple of 1.6 A (as depicted in
Figure 12a).

Figures 15b,d present the outcomes when employing the ripple cancellation technique.
Clearly, the bus voltage ripple in this scenario measured 8 V, being slightly larger than
in the previous case, as confirmed by the simulation above. However, the output ripple
was notably reduced compared to the previous case. Under the influence of the proposed
controller, a reversal occurred in the polarity of the phase shift relative to the input voltage,
as observable in Figure 15d. The phase current (indicated by the red curve) oscillated
in reverse polarity to the input voltage ripple. Consequently, the low harmonic ripples
were mitigated, resulting in a nearly DC current flow to the load, with only a peak-to-peak
ripple of approximately 0.4 A, as illustrated in Figure 15f (about 2.67% of the output current
ripple). This observation aligns well with the simulation result of 0.6 A, as presented in
Figure 12b of Section 4.

Figure 14. Prototype of the DAB3 converter [42].
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From the analyses presented above, it is evident that the proposed technique was
effectively validated. At scaled-down power levels, the simulation results closely aligned
with the experimental observations. However, due to equipment limitations, experiments
at higher power levels (355 V/50 A) could not be conducted. Nevertheless, it is reasonable
to infer that the same approach could be effectively applied as the system is scaled up.
Furthermore, as demonstrated in the simulation depicted in Figure 12d, this method
showed promising effectiveness in ensuring that the low-frequency output ripple remained
below standard values such as those defined by CHAdeMO.
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Figure 15. The 100 V/15 A scale down experiment results. (a) The result of ramping up current
at the start-up without ripple-free technique. (b) The results of ramping up current at the start-up
with ripple-free technique. (c) The result at the steady steady state waveforms without ripple-free
technique. (d) The result at the steady state waveforms with ripple-free technique. (e) The AC
coupling of the voltage and current ripple without ripple-free technique. (f) The AC coupling of the
voltage and current ripple with ripple-free technique.
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6. Conclusions

This study introduced a novel methodology aimed at mitigating the low-frequency out-
put current ripple stemming from fluctuations in the bus voltage. The proposed approach
integrates a conventional proportional-integral (PI) controller with multiple resonance
controllers to effectively suppress the dominate harmonic ripples. Simulation analyses
were conducted under two distinct scenarios, encompassing both low-scale and high-power
conditions, to validate the efficacy of the algorithm. Additionally, experimental validation
was undertaken at 100 V/15 A. The experimental results demonstrated a substantial re-
duction in output current ripple from 8.66% to 2.67%, aligning well with the simulation
outcomes. However, due to equipment constraints, experiments at high power levels
were not feasible. Nonetheless, based on the efficacy observed in both the simulation and
experimental studies at low power, it is anticipated that the same methodology could be
employed to maintain the output ripple below specified standards, such as those outlined
by CHAdeMO.
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