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Data-Driven Adaptive Negative Sequence Current
Control Method for PWM Rectifier Under
Unbalanced Grid
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Abstract—Three phase pulse width modulation (PWM) recti-
fiers have excellent performance when the grid voltages are bal-
anced, and it is widely adopted in the industry. However, the
asymmetrical loads or grid faults will lead to the unbalanced
grid voltages. In addition, the negative sequence (NS) voltages
and currents in the unbalanced grid result in the fluctuation of
the dc bus voltage. In this article, the intrinsic mechanism be-
tween the voltage ripple amplitude and the NS currents is re-
vealed. Furthermore, this article proposes a data-driven adap-
tive current control method. By shaping the NS currents, the
corresponding amplitudes of the second-order harmonic voltage
on the dc bus are observed. Based on the observation data,
the reference currents that can minimize the dc bus voltage ripple
are adaptively derived online. As a result, the dc bus voltage ripple
can be suppressed effectively. In addition, the proposed method
does not need the NS decomposition or the parameters such as
the grid voltages and inductances. Therefore, it has a strong ro-
bustness against parameter mismatch. Finally, the accuracy of the
theoretical analysis and the effectiveness of the proposed method
are validated by experiments.

Index Terms—Data-driven, dc bus voltage ripple, negative
sequence current control, three-phase pulse width modulation
(PWM) rectifier, unbalanced grid.

1. INTRODUCTION

HREE-PHASE pulse width modulation (PWM) rectifiers
T canachieve a bidirectional power flow, a high-power factor,
and alow current harmonic rectification [1], [2]. As aresult, it has
excellent performance under balanced grid conditions. Hence,
three-phase PWM rectifiers have wide applications in motor
drives [3], high-voltage dc power transmissions [4], and micro-
grids [5], [6]. Besides, with the rapid growth of electric vehicles
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(EVs) ownership, the three-phase PWM rectifiers also play an
important role in EV charging systems [7], [8]. However, the
unbalanced grid often occurs, due to the increasing penetration
of the renewable energy sources, and unbalanced grid loads [9].

Since the unbalanced grid voltages contain negative sequence
(NS) components, there are ac components in the output power
that results in the ac component in the dc bus voltage [10]. When
the EV is charging in this condition, the fluctuating dc voltage
will cause problems, such as the battery heating and gassing,
which can increase the unsafe factors [11], [12]. Concomitantly,
the risk of power switching overvoltage will also be elevated
[13]. In addition, the dc bus voltage ripple will increase the odd
harmonics in grid currents, which poses challenge to the power
quality. Therefore, literatures have been focused on the dc bus
voltage ripple suppression under unbalanced grid [14].

Rioual et al. [15] established the positive and NS model of the
three-phase PWM rectifier under unbalanced grid. Based on the
model, a current compensation control method is proposed to
improve the stability of system. However, the method does not
essentially suppress the dc bus voltage pulsation, and the power
quality still needs to be improved. In [16], the theoretical analysis
and experimental research are conducted for voltage unbalance,
phase loss, short circuit, and grounding faults, and an optimal
modulation strategy is proposed to ensure the stable operation
of the system under multiple faults. However, the issues on the
dc bus voltage ripple and the grid current harmonics are not
completely solved.

In recent years, a variety of flexible strategies to meet the
multiple control objectives under unbalanced grid have been
proposed. In [17], the coupling relationship between the second-
order harmonic ripple of the dc bus voltage and the grid current
harmonics is revealed. In addition, a grid current harmonic
suppression method is proposed for the electric vehicle charging
system. However, the method cannot suppress the dc bus voltage
ripple, and the poststage dc—dc converter is required to buffer the
pulsating voltage. As aresult, this method has limited application
scenarios. Guo et al. [18] proposed a flexible control strategy that
can suppress either the dc bus voltage ripple or the grid current
harmonics, which is simple and easy to implement. However,
it cannot achieve the collaborative suppressions of the dc bus
voltage ripple and the grid current harmonics. Thus, this method
cannot be applied in situations where the high-power quality is
required.
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To achieve the collaborative suppression of the dc bus voltage
ripple and the grid current harmonics, Yin et al. [19] established
a mathematical model of the output power under unbalanced
grid conditions. In addition, the relationship between the output
power pulsation and the rectifier voltage is given. Meanwhile, it
is clarified that the dc bus voltage ripple suppression is essential
to control the grid current asymmetry. By injecting the NS active
and reactive currents, the output power ripple caused by the
asymmetric voltage can be eliminated. According to [17], it is
known that the grid current harmonics are caused by the dc
bus voltage ripple. As a result, after eliminating the dc bus
voltage ripple, the grid current harmonics can be indirectly
suppressed. However, the output power control in [19] requires
the positive and NS dual current loop controls, which increases
the complexity of the system. Based on [19], the current is
controlled in two-phase stationary coordinate, where the positive
and NS currents can be added and controlled, respectively [20].
Thus, the dual current loops are not required, which effectively
reduces the complexity of the system. Meanwhile, different
control objectives are summarized, such as the input power
control, the output power control, and the input—output power
control, which lay a foundation for the subsequent research.

Based on the output power control, Zhang and Qu [21] and
Zhang et al. [22] combined the direct power control (DPC)
to eliminate the output power pulsation by superimposing the
compensation on the power reference. In [23], the original and
the delayed signals are employed instead of the positive and
NS components. In addition, the feasibility of the method is
experimentally verified. However, these methods are sensitive to
the inductance. The control performance cannot be guaranteed
when the inductance values are not accurate. Therefore, Zhang
et al. [24] proposed a direct power control strategy with an
online inductor identification, which improves the robustness
to the inductance. However, the aforementioned methods still
rely on the sampling and estimation of the grid and rectifier
voltages. In [25], a voltage sensor-less direct power control
method is proposed based on a sliding mode observer, which can
effectively estimate the grid voltage by the current sampling. As
a result, the dependence on voltage sampling can be profoundly
reduced. However, this method still needs to estimate the grid
and rectifier voltages, which requires the output power model.

In this article, a data-driven adaptive current control method
is proposed. The main contributions are summarized as follows.

1) The intrinsic mechanism between the dc bus voltage ripple
amplitude and the NS currents is revealed. In addition, the
trend of the dc bus voltage ripple amplitude when the NS
currents change is clarified.

2) Adata-driven adaptive current control method is proposed.
By shaping the NS currents and observing the amplitude
of the dc bus voltage ripple, the NS reference currents that
minimize the dc bus voltage ripple are solved. Therefore,
the current reference calculation is upgraded from the
model-driven mode to the data-driven one. Furthermore,
the dc bus voltage ripple can be effectively suppressed
with the strong robustness.

3) Since the grid voltages, inductance and capacitance are
not required in the current reference calculation, control
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performance degradation due to the inaccurate mentioned
parameters can be completely avoided. Hence, the robust-
ness against parameter errors is achieved.

The rest of this article is organized as follows. Section II gives
the mechanism of the dc bus voltage ripple generation. Sec-
tion III proposes a data-driven adaptive current control method.
Then, the experimental results and discussions are presented in
Section IV. Finally, Section V concludes this article.

II. DC Bus VOLTAGE RIPPLE UNDER UNBALANCED GRIDS

The topology of the three-phase PWM rectifier is shown in
Fig. 1. The voltage equation of the PWM rectifier can be written
as follows:
dditz ey
where x represents three-phase, a, b, and c. e, 7, and v are the
vectors of the grid voltage, the grid current, and the rectifier
voltage, respectively. The filter inductance and its equivalent
resistance in series are written as L and r, respectively.

When the grid unbalance occurs, the grid voltage, current and
the rectifier voltage contain positive and NS component. Thus,
the grid voltage e can be obtained as

€r =V, + r’I"L’I‘ + Lt

_ P jwst n —jwst
€dq = €qq * € +egq € )

where efj, = ef + jeb and e, = e} + jej are the positive and
NS component of the grid voltage in d-q coordinate. Similarly,

the grid current and rectifier voltage can be expressed as follows:
t4q = igq - elwrt 4 i:llq . edwrt
Vdq = vg’q . edwrt v{;q . e lwrt

3

The NS components of the voltage and current lead to fluctu-
ating output power. According to [21], the output power can be
written as follows:

p™ = PJ™ + P cos(2wst) + P2 sin(2wst)  (4)

D
i
out P P n n d
Py 5 Va Vg Vi Vg »
Pout _ v i i vP VP q (5)
c =3 d q d Yq i
out n n P p d
P{ Vg —Va Vg Vg a
q
where p°" is the output active power, P§"" is the dc component of

the output power, P> and P are the sine and cosine ac com-
ponents of the output power, respectively. wy is the fundamental
angular frequency of the grid voltage.
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In terms of (4), there are two ac components in the output
power, and their angular frequency is 2wy. As a result, the
second-order harmonic voltage ripple exists the in the dc bus.

III. PROPOSED DATA-DRIVEN ADAPTIVE CURRENT CONTROL
METHOD

The dc bus voltage ripple leads to the grid current distortion,
which will reduce the power quality of the PWM rectifier. In
this section, a data-driven adaptive current control method is
proposed and analyzed in detail.

A. Mechanism Between the DC Bus Voltage Ripple Amplitude
and the NS Currents

Similar with the fluctuating output active power, the reactive
power can be expressed as follows:

out __ 3 n P,n N
{Qc = 2(%% + vgih +vgig + vlig)

out _ 3(,n;P __ P _ D P;n
Q™ = 5(vgig — vl — vhig + vgig).

(6)

According to the conservation of reactive power, (7) can be
written as follows:

dUgc
dt

Furthermore, the left side of (7) can be written as follows:

QM cos(2wst) + Q" sin(2wrt) = C Ute. (7

Q" cos(2wrt) + Q2" sin(2wrt)

out
= \/mml (wat + arctan <g§u1>> . (8

Moreover, according to the analysis in Section II, the dc bus
voltage contains an ac component with an angular frequency
of 2 ws. Assuming that the ac and dc components of the dc
bus voltage are Uye ac and Ugc_gc, respectively, then the dc bus
voltage can be written as follows:

Ude = Udc_ac Sin(2wet + ©ude) + Ude_de )

where ¢,,q. 18 the initial phase of the ac component.

Since the dc component is much larger than the amplitude of
the ac component (i.e., Ugec_gc >> Uge_ac), substituting (9) into
(7), then (10) can be expressed as follows:

d Udc
dt

According to (7), (8), and (10), the amplitude of the ac
component in the dc bus voltage can be calculated as follows:

- 2wf1. T /Q(C)utZ + qut2.

To investigate the relationship between the NS active and
reactive currents 75 and ig, (11) can be derived as follows:

C——Uqg = C - 2wy - Uge _ac - Ulge _dc COS(wat + Soudc) (10)

Udcfac =

(1)

Udcfac

_kdc\/m\/ g

acy — bey 2 y (s acy + bey 2
ZII
a2 + b2 q a2 + b2

(12)
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Fig. 2. Mechanism between the DC bus voltage ripple amplitude Uqc ac and
the NS active current 4.

where

kgc= 3/(4wf : Udc_dcc)

—_ P
a=uy
b= Ug (13)
c1 = iy + vl
co = iy — viiP.
As can be seen from (12), when 4} is —“%;Z? and iy is
—“;%Iggl, the amplitude of the dc bus voltage ripple Uge ac

is zero. Meanwhile, when the reactive current iy changes, the
active current 43 that can minimize the dc bus voltage ripple
will not change. Thus, the active and reactive currents have the
similar relationship with the dc bus voltage ripple amplitude,
and they are independent from each other.

Furthermore, in order to analyze the mechanism between the
dc bus voltage ripple amplitude and the NS active current, the
NS active current 7 is selected as the independent variable, and
the reactive current iy, is fixed as a constant. Substituting (6) into
(11), then (14) can be obtained as follows:

——f~v%d@2g%ang+cd (14)

where

ag = vh 2y vP 2
ba = 2[vg (vgig + vqif) —
ca = (vgig +v5ik + vqpig)
kaea = (4ws - Uge_acC)/3.
(15)
It can be seen from (14) that the amplitude of the dc bus
voltage ripple and the NS active current have a parabolic-like
relationship, as shown in Fig. 2. Since aq = v} ’ 4 vy 2>,
Ugc_ac has the minimum value when i} varies. Specifically, when
the NS active current 77 is set as follows:

P, ;P P P PP
ba __vdvdzd+vd z Vg zd+qudz

1. (16)
—|—vq




4774

The amplitude of the dc bus voltage ripple obtains the mini-
mum value, which can be written as follows:

1 b2
Use_semin = ——1 | ca — —&.
dc_ac min Faca Cd ag

It can be seen from (16) that the NS active current to minimize
the voltage ripple is determined by the rectifier voltage v and the
positive sequence currents i}, and i%. According to (15) and
(17), when the reactive current ¢, changes, the minimum of the
voltage ripple will change. But the symmetry axis —bq/(2aq)
will not change, as shown in Fig. 2. Thus, the active current
iy is not correlated with the reactive current ig. In addition, it
is also independent of the dc bus capacitance C, as well as the
grid angular frequency wg. Therefore, by shaping the NS active
current and observing the corresponding amplitude of the dc bus
voltage ripple, the curve between them can be fitted by the data-
driven method. Then, the NS active current ¢} = —bq/(2aq)
can be calculated, so as to suppress the dc bus voltage ripple
effectively in theory.

Similarly, when the active current 7} is fixed as a constant, and
the reactive current zg is selected as the independent variable,
the dc bus voltage ripple amplitude can be also calculated as
follows:

a7

= \Jaqih? + bl + ¢ (18)

where

aq = v} 24 vh 2
by = 2[1}5(@3@'3 +vgih) + vg(vgig —vgib)]
cq = (Vi + viiP + vgi§)2 + (v8il — vk — vgig)z.
(19)
And the reactive current ig, which can minimize the dc bus
voltage ripple can be addressed as follows:

p,,n;P P,,,;pP P,n;,P _ ,P,n;p
o - bq B _qudzd + Vg Vg lq + VqVqlq = Vq¥dlq 20)
q - p2 p2 .
2a4 vy * + 04

Thus, by sequentially changing the NS currents, and calcu-
lating the reference currents, the purpose of the dc bus voltage
ripple suppression can be achieved.

B. Implementation of the Proposed Method

The control block diagram of the data-driven adaptive NS
current control method is shown in Fig. 3. As one can see, the
positive sequence active reference current i} is generated by
the voltage loop, and the positive sequence reactive reference
current " is set as zero to improve the power factor. Meanwhile,
the NS reference currents are generated by the proposed data-
driven adaptive NS current controller. The final current reference
can be calculated as follows:

* = gP* o gnx
{%a ta ta (21)

The data-driven adaptive NS current controller consists of
three components: a band-pass filter (BPF), an online calculator
for the dc bus voltage ripple amplitude, and an adaptive NS
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Control block diagram of the data-driven adaptive current control

current generator. Among them, the BPF is employed to extract
the ac component of the dc bus voltage. The transfer function of
the BPF can be written as

(wWn/Q)s
2+ (wn/Q)s + Wi

where wy, = 2 wr is the center frequency of the BPF and Q is the
quality factor, which determines the respective bandwidth and
tracking speed of the BPF. In order to select a proper quality
factor Q, the relationship between Q and tracking speed should
be established. The transfer function of a sinusoidal input signal
is obtained as follows:

E(s) = Lle(t)] = L[sin(wnt)] =

GBPF(S) =

(22)

Wn
Zrar P

According to (22) and (23), the transfer function of the output
signal can be written as follows:

W Wn
2+ w2 24w, /Qs + w2’
24

R(s) = E(s)Gppr(s) =

The time domain expression of the output signal is further
derived as follows:

r(t) = L7 [R(s)] =

wn -, /—Ls-1wnt L _1wnt
e*25‘[e Voagz MV gz ““] 0.5>Q>0

sin(wnt)+ L

T
2\/ 307!

_wn,
sin(wnt) —e 2Q wyt Q=0.5
_wn
sin(wnt) — %e 20" sin ( 1- m%wﬁ) Q>0.5
N v
(25)

where sin(wyt) is the input signal, the tracking error error(t)
can be expressed as follows:

error(t) = e(t) 7T’(t) =

1 1i__
,%e’%‘ [e’v QZ ent 12 lw“t} 05>Q>0
24 /Wfl

e 2Q wyt Q=0.5
1—1 —e 2Q " sin <1/174Qﬁwnt> Q> 0.5
4Q2
(26)



SONG et al.: DATA-DRIVEN ADAPTIVE NS CURRENT CONTROL METHOD FOR PWM RECTIFIER UNDER UNBALANCED GRID

— 0=0.1 — Q=03 0=06 — Q=1 — Q=5 — 0=0.1 — Q=03 006 — Q=1 — Q=5

—— Input signal

2! | 150 i
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
s s

(@) (b)

Fig. 4. Signal waveforms of the BPF with different quality factor Q. (a) Input
and output signals. (b) Tracking error signals.

According to (26), the faster error(t) decreases to near 0, the
faster the BPF can track the input signal. The signal waveforms
of the BPF with varying Q are plotted in Fig. 4. As one can see
from Fig. 4(a), with the quality factor Q increases, the tracking
speed will be slower. It can be also seen from Fig. 4(b) that
when Q < 0.5, the error signal is a continuously decreasing
dc signal, degrading the accuracy of the magnitude calculation.
When Q > 1, there is oscillation in the tracking error. Therefore,
to ensure the tracking speed and bandwidth, Q should be in the
range between 0.5 and 1. In this article, Q = 0.6 is chosen as a
compromise and as a result, the BPF can track the input signal
within 10 ms.

Then, the online calculation of the dc bus voltage second-order
ripple amplitude is given in

N 12
Udcfac = \/ M

where N = Tt /Ty is the total number of the samples in each grid
cycle T, and ugc_oc(7) is the ith output value of the BPF.

The flow chart of the data-driven adaptive NS current gener-
ator is, as shown in Fig. 5. The process has four main stages as
follows.

1) Activating judgment: When the dc bus voltage ripple am-
plitude Uy , and duration %, are greater than the set values
User and t4ot, respectively, the NS current controller is acti-
vated to suppress the dc bus voltage. The setting value can be
adjusted according to the actual conditions to meet different
requirements. The smaller the Ug, and #4.t, the more sensitive
the activating-judgment is, and the higher the power quality
can be met. Conversely, the fault-tolerant operation can also
be satisfied.

2) Initial current reference estimation: The initial value of
the NS current needs to be determined. On the one hand, if
the NS current is too large, it is harmful for the power quality
of the system. On the other hand, if the NS current is too
small, the change of the dc bus voltage ripple amplitude is
difficult to be observed, which brings a negative impact on the
reference current solution. Thus, the principle of selecting the
initial NS current is obtained as follows: Under the condition
that the dc bus voltage ripple changing can be observed, the NS
current should be as small as possible. Therefore, the initial NS
current amplitudes can be given, according to a proportion of the
positive sequence active current, which are ¢3¢, = Aqi}", and

27
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Fig. 5. Flow chart of the data-driven adaptive NS current generator.

lgrefo = Lqih". In addition, A4 and A, are the NS current factors,
which can be flexibly adjusted according to different operating
conditions. Generally, when A4 and A, are about in the range
of [0.1, 0.2], the above-mentioned principle can be satisfied. In
this article, the NS current factors are defined as follows, Aq =
0.15and A4 = 0.1.

3) Data acquisition: The corresponding dc bus voltage rip-
ple amplitude data is observed, according to the NS cur-
rent. As can be seen from Fig. 2 and (14), to solve the
relationship between the NS active current and the dc bus
voltage ripple amplitude through the data, three parameters
(i.e., aq, bg, and cq) need to be determined. Thus, at least
three types of data need to be captured. In other words,
three different NS currents and the corresponding voltage
ripple amplitudes need to be observed. Assuming that the grid
current can track the reference current in the steady state, that is

iq’
Hence, the NS current can be controlled by adjusting the

current reference. Thus, the NS reference currents are set to
0, i1.p0» and k @7_g, in turn, where k € (0, 1) is the coefficient to

oB8as

(28)

)
=1
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determine the distance between the NS currents. Commonly, &
can be set to 0.5 to keep the distance between the NS currents.
Then, the corresponding second-order ripple amplitude of the
dc bus voltage is observed. As a result, the required data can be
obtained.

4) Data application: The obtained data are applied to fit the
curve of the dc bus voltage ripple amplitude versus the NS cur-
rent, where u; and i; represent the ith online observational data of
the dc bus voltage ripple amplitude and the NS reference current,
respectively. Then, the NS reference current that minimizes the
dc bus voltage ripple can be calculated.

Since the process of fitting the curves is the same, the NS
active current is employed as an example to give a specific
illustration in this article.

C. Data-Driven Reference Current Calculation

As can be seen from (14) and (18), the mechanisms be-
tween the dc bus voltage ripple amplitude and the active or
reactive currents are similar. Therefore, this section takes the
active current as an example to give the calculation method of
the reference current.

Equation (14) can be further derived as follows:

(kaeaUde_ac)® = aqil ? + bail} + cq. (29)

Assuming that the ith observations of the dc bus voltage
ripple amplitude and the NS active reference current are uq;
and ¢ 4,, respectively, and the total number of the observations is
n, the sum of the squared observation errors can be expressed as
follows:

n
2
.2 .
L(aq,bq, cq) E [(acatiai)® — (aqi3; + baiai + ca)] -
=1

(30)

The cost function L(ag,bq,cq) > 0 is minimized when the

partial derivatives of aq, bq, and cq are 0, respectively. Thus,
(31) can be noted as follows:

2L =2y, [(kdcdudz)
gde =231 [(kacattas)?
S =230 [(kacauai)® —

(aqi?; + baia; + ca)}i3; = 0
— (aqi3; + baiai + ca)lig; =0
(adiii + baig; +ca)] =0.
(31
Then, to estimate aq, bq, and cq based on the sample data, ag,
b, c§ can be calculated as follows:

ag Do (05 2o (5,
bﬁ = 2?21 (Z?lz) ; i
c§ Sima (i3 20 (igy)
Sy (kaeattai) i3
x|S0 (Kaeauas) g

Sy (kaeatiai)?

Furthermore, the NS active reference current can be derived
as follows:

(32)

b

ﬁ. (33)

_—_—
Ydref = —
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Fig. 6. Experimental platform.

Similarly, the NS reactive reference current can be addressed
as follows:

o bq
Lgref = _E' (34)

Finally, by employing ig.¢, and ig as the NS reference
currents, the purpose of the dc bus voltage second-order ripple
suppression can be achieved.

D. Comparison With the State-of-the-Art

A comparison of the proposed method with the state-of-the-art
is shown in Table I. Compared with the improved proportional
quasi resonant (IPQR) controller in [17], the proposed method
can achieve synergistic suppression of the dc bus voltage ripple
and the grid harmonic currents. Compared with the output power
control (OPC) method in [19], this method does not require
the positive and NS decompositions, which reduces the system
complexity. Compared with the DPC methods in [23] and [24],
this method has a strong robustness against the grid inductance
variation. This is because the inductance is not required in the
reference current calculation. Compared with the voltage sensor-
less model predictive power control (MPPC) method in [25], this
method upgrades the mode of reference current calculation from
the model-driven to the data-driven. Since the grid and rectifier
voltages are not required in the reference current calculation, it
can effectively avoid the performance degradation. As a short
summary here, this method provides a feasible and reliable
option for the dc bus voltage ripple suppression.

IV. EXPERIMENTAL VERIFICATION

To verify the effectiveness of the proposed method, a 3 kW
experimental prototype is built. Table II gives the experimental
parameters. GJAC-PSA 33010 is used as the programmable
three-phase ac power source and ITECH 8904E is employed
as the electronic load. The experimental platform is shown in
Fig. 6.

A. Complicated Unbalanced Grid Conditions

In order to verify the control performance of the pro-
posed method, experimental results and analysis under com-
plicated unbalanced grid conditions are given in this section.
Considering the complicated unbalanced grid condition that the
grid frequency is shifted to 52 Hz, the three-phase voltage rms
values are 50 V, 110V, and 80 V, respectively, and the phases are
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TABLE I
COMPARISON WITH THE STATE-OF-THE-ART

. . . DPC with inductance Voltage-sensorless Proposed
Category IPQRin [17] - OPCin [19] DPCin [23] identification in [24] MPPC in [25] method
Inductance robustness
(Yes is better) Yes No No Yes No Yes
DC bus voltage ripple
suppression No Yes Yes Yes Yes Yes
(Yes is better)
Output power model
(No is better) No Yes Yes Yes Yes No
Sequence extraction
(No is better) No Yes No No No No
. Parameters No Yes Yes Yes No No
in reference current
calculation
(No is better) v No Yes Yes Yes Yes No
TABLE IT - 3
EXPERIMENTAL PARAMETERS Turn on i“m off
Parameters/Unit Values P [].SA / div] ’..I:.-.»; 1| l.‘SA\ /div]
Three-phase grid voltages (RMS): e/V 50/110/80(110) | ) |
Phases of the grid voltages:p./° 0/230(240)/130(120) 15%1‘5’*{*—* i J
Fundamental frequency: f/Hz 52/50 0 7.5%i) g7 b 5%i5
DC bus capacitance C: puF 200 6h H h 6 4 Iﬂ_ Tt :
DC bus voltage: Us/V 300 Time:[20ms/div]
Output power: Ppq/kW 3
Load resistance: R;/Q 30 Fig. 8. Experimental waveform of the dynamic response to suppress DC bus
Switching frequency: f/kHz 5 voltage ripple.
Sampling time: 7 /ms 0.2

52Hz
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Fig. 7. Experimental waveforms under complicated unbalanced grid. (a) DC

bus voltage and three-phase grid voltages. (b) Grid voltage of Phase-a, and
three-phase grid currents. (c) Fourier analysis of the dc bus voltage. (d) Fourier
analysis of the Phase-a grid current.

0°,230°, and 130°, respectively. Fig. 7 provides the experimental
waveforms of the rectifier before the dc bus, voltage ripple
suppression. As can be seen from Fig. 7, the dc bus voltage ripple
amplitude is 15.29 V, and the grid current rms values are 14.6 A,
13.4 A, and 14.7 A, respectively. Besides, the amplitudes of the
third-order harmonic current are 0.63 A, 0.69 A, 0.72 A, re-
spectively, and the total harmonic distortions (THDs) are 3.6%,
4.1%, and 4.0%, respectively. As a result, there is an obvious
voltage ripple in the dc bus. Meanwhile, the three-phase currents

are severely distorted and contain the third-order harmonic
current.

To illustrate the procedure of the proposed method, Fig. 8
shows the experimental waveform of the dynamic response to
suppress dc bus voltage ripple. Before 7y, the NS active and
reactive reference currents (i3 and ig*) are 0, and the voltage
ripple amplitude of the dc bus is 15.29 V. From ¢ to to, the
NS active reference current i3}* is set to 15% and 7.5% of i%",
respectively. To be specific, 75" is 2.4 A and 1.2 A, respectively.
According to (14), when the NS active current is shaped, the
voltage ripple amplitude of the dc bus will change correspond-
ingly. As one can see, the voltage ripple amplitude is 7.17 V
and 5.71 V, respectively. Based on the above-mentioned data
and (32), a§ is 48260 and b is —163800, respectively. Thus, the
final NS active reference current if.; = —b5/(2a9) is 1.69 A.
During the interval between #, and #3, the dc bus voltage ripple
is 3.62 V while the NS reactive current is 0. From 73 to 5, the NS
reactive current is shaped to 1.6 A and 0.8 A, respectively. And
the dc bus voltage ripple is 15.10 V and 8.75 V, respectively.
Similarly, based on the experimental data, it can be calculated
that ag is 43380 and b, is 15350, respectively. Therefore, the final
reactive reference current iy, = —bg/(2aq) is-0.18 A. Att;, the
reactive reference current " is set to ig,.;. Subsequently, the dc
bus voltage ripple disappears. Thus, the experiment results verify
the feasibility of the adaptive NS current generator, as shown in
Fig. 5. Meanwhile, the effectiveness of the data-driven reference
current calculation in Section III-C can be also demonstrated.

The experimental waveforms with the proposed method are
given in Fig. 9. As one can see, the voltage ripple amplitude



4778

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

A A 52Hz i 50Hz
Y L
ﬁOOV/d' 1 ﬁOOV/d' ]
o . 7138 (2] 1V €y 1\
L [100V/div] ey:[100V/div] e.:[100V/d NN el ) . iv] e [100V/div] e.: div a
e, [/ lVIfl [ ! iv] e l /div] 1,.:[%,0A/d1v] ih:[20A/div] e, [100\//’/113‘] ey [100\/{131;]\(‘7\[100\/(!1\]7 ia:ly)/\/div] in:[20A/div]
o > . 2C AN TS > <
\ . 4 \-_ _,_\' 3 /‘ ) -,,_;‘ s / \_/ \_/‘/_\
S TN e
Time:[5Sms/div] Time:[Sms/div] €,:[100V/div] ey,:[100V/div] Time:(Sms/div] Time:[5Sms/div]
(8 (b) (@) (b)
0 3 T 3
Peak value(104Hz)=0.70V THD=1.97% i Peak value(100Hz)=9.10V THD=4.40%
20
= < | = <
g i %15 3
L1 2 g 2
3 3 < 10 3
=~ o1 =~ S 1
5
5
= i) 0 \.u ot 0 .lL ||\
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
frequency/Hz frequency/Hz frequency/Hz frequency/Hz
© (d) © (d)
Fig.9. Experimental waveforms with the proposed method. (a) DCbus voltage ~ Fig. 10.  Experimental waveforms with existing DPC [23]. (a) DC bus voltage

and three-phase grid voltages. (b) Grid voltage of Phase-a, and three-phase grid
currents. (c) Fourier analysis of the DC bus voltage. (d) Fourier analysis of the
Phase-a grid current.

of the dc bus is only 0.7 V, which is only 0.23% of the dc bus
voltage component (300 V). Therefore, the reference current
calculated by the proposed method can effectively suppress the
dc bus voltage ripple. At the same time, the rms values of the
grid currents are 15.13 A, 14.23 A, and 14.25 A, respectively,
while the third-order harmonic currents are 0.31 A, 0.16 A,
and 0.19 A, respectively. In addition, the THDs are reduced
to 1.97%, 1.81%, and 1.69%, respectively. Thus, after the sup-
pression of the dc bus voltage ripple, the odd harmonics of
the grid current can be indirectly reduced. As a result, the
proposed method can achieve good performance under the com-
plicated unbalanced grid.

B. Voltage Sampling Errors Conditions

To further verify the robustness of the proposed method, the
experimental results and analysis under the voltage sampling
error condition are presented in this section.

As a comparison, the experimental waveforms of the existing
DPC and the proposed method are given in Figs. 10 and 11, re-
spectively. And the quantitative comparison of the two methods
is shown in Fig. 12. Where e,s, €bs, €cs, and uq.s are the sampling
values of the three-phase and dc bus voltages, respectively. As
can be seen from Fig. 10, the rms values of the three-phase
voltages are 50V, 110V, and 110 V, respectively. Meanwhile, the
sampling values are 0.9, 1.1, and 0.9 times of the actual values,
respectively. L’ is 0.8L, where L’ is the inductance employed to
calculate the reference power in DPC. In addition, the sampling
value of the dc bus voltage uges is 300 V (1.05 times of the
actual voltage). The dc bus voltage sampling error is smaller
than that of the grid voltages, for the dc bus voltage sampling
error will directly change the output voltage. As one can see, due
to the voltage close-loop control, the actual voltage of the dc bus
is only 286 V. And the excessive error may cause the rectifier
cannot work in the PWM rectification. However, since the DPC
[23] relies on the grid voltage sampling and the inductance L’

and three-phase grid voltages. (b) Grid voltage of Phase-a, and three-phase grid
currents. (c) Fourier analysis of the DC bus voltage. (d) Fourier analysis of the
Phase-a grid current.
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Fig. 11.  Experimental waveforms with the proposed method. (a) DC bus volt-
age and Three-phase grid voltages. (b) Grid voltage of Phase-a, and three-phase
grid currents. (c) Fourier analysis of the DC bus voltage. (d) Fourier analysis of
the Phase-a grid current.
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to calculate the compensating power, there are errors in the final
reference power, which cannot effectively suppress the dc bus
voltage ripple. As can be seen from Fig. 10(c), the voltage ripple
amplitude is 9.10 V, which is 3.0% of the dc component of
the bus voltage. Correspondingly, the third-order harmonic of
the grid current cannot be completely reduced. Furthermore, the
amplitudes of the third-order harmonic currents /,3, 1,3, and
I3 are 0.40 A, 0.35 A, and 0.39 A, respectively, and the THDs
are 4.40%, 4.12%, and 4.35%, respectively. Thus, the existing
DPC cannot achieve the good performance under the voltage
sampling and inductance errors condition.

The experimental waveforms of the proposed control method
under the same unbalanced condition are given in Fig. 11. As
one can see, the three-phase voltage sampling values are 0.6,
1.2, and 0.8 times of the actual values, respectively. Thus, the
sampling error is larger than that of the existing method. And
the dc bus voltage sampling value is 1.05 times of the actual
value. For the proposed method do not need the inductance L’
to calculate the reference current, the inductance error can be
ignored. As can be seen from Fig. 11, under the more severe
sampling error condition, the dc bus voltage ripple amplitude is
only 1.35 V, whichis just 0.47% of the dc bus voltage component.
Meanwhile, the amplitudes of the third-order harmonic currents
L3, Ivs, and I3 are 0.05 A, 0.06 A, and 0.05 A, respectively,
and the THDs are 1.52%, 2.18%, and 1.49%, respectively. Thus,
the harmonic currents can also be effectively reduced. As can
be seen from Fig. 12, the dc bus voltage ripple amplitude and
the THDs of the proposed method is smaller than that of the
DPC, which has a better performance. The main reasons are
summarized as follows: On the one hand, the proposed method
does not need the grid voltage to calculate the reference current,
relieving the side effect of the sampling error; on the other hand,
as can be seen from Fig. 2, when the dc bus voltage sampling
error is linear, the curves will shift up or down, but it does
not affect the symmetry axis of the curve. Hence, the proposed
method shows strong robustness against the voltage sampling
error.

V. CONCLUSION

In this article, the parabolic-like relationship between the dc
bus voltage ripple amplitude and the NS current is revealed.
When the NS currents are controlled as the symmetry axis
of the parabolic-like curve, the dc bus voltage ripple will be
minimized. Experimental results confirms that even under com-
plicated unbalanced and voltage sampling error conditions, the
proposed method still can effectively improve the power quality
of the rectifier. Besides, the reference current calculation is
upgraded from the model-driven to data-driven, which have
a good robustness and resistance against the parameter drift.
However, a certain time is required for data acquisition, which
is limited by the required data types. The proposed method can
show the performance of faster ripple suppression if reducing
the requirement of the data types. Overall, this article provides
an effective scheme for the cooperative suppression of the dc bus
voltage ripple and the grid current harmonics under unbalanced
grid conditions for EV charging system.
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