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An Improved 3L APF Control Strategy Utilizing the
Oscillated DC-Link Voltage Command to Enhance
the Harmonic-Compensation Performance
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Abstract—Given interactions exist between dc-link voltage oscil-
lations and ac currents in three-level active power filters (3L APF),
the output of the outer voltage loop will inevitably affect the current
control loop, impairing the harmonic-compensation performance.
In this article, the oscillated dc-link voltage command is utilized
to enhance the harmonic-compensation performance. First, the
dc-link voltage oscillations caused by ac current harmonics in 3L
APF converters are mathematically analyzed and derived. Then, to
eliminate the dc bias in the integration for calculating the oscillated
dc-link voltage command, the multiple second-order generalized
integrator frequency-locked loop is adopted and improved by com-
bining with low-pass filters. And an improved 3L APF control strat-
egy utilizing the oscillated dc-link voltage command is proposed
to enhance the harmonic-compensation performance. Finally, the
proposed 3L APF control strategy is verified by simulations and
experiments, presenting an improved harmonic-compensation per-
formance, and a fast dynamic performance of the dc-link voltage
can still be guaranteed.

Index Terms—Active power filters (APF), current harmonic
compensation, oscillated dc-link voltage command.

1. INTRODUCTION

ITH the wide adoption of nonlinear loads, such as

diode rectifiers, large quantities of current harmonics

are generated, further impairing the power quality in power

transmission systems [1], [2], [3]. The three-level active power

filter (3L APF) is an effective solution, which can extract har-

monics of nonlinear loads, and generate equal-amplitude and
opposite-phase currents for compensation.

Given interactions exist between ac currents and dc-link

voltage oscillations in 3L APF, the control strategies of ac
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currents and the dc-link voltage are both important for the
harmonic compensation [4], [5], [6]. Regarding the control
strategies for ac currents, the high gains of current controllers
at harmonic frequencies are especially important for enhancing
the control accuracy of current harmonics. In the conventional
double-loop control strategy with proportional-integral (PI) con-
trollers, increasing proportional and integral gains can obtain
a better control accuracy. But the stability may be impaired
by the increased gains [7], [8]. To overcome the drawback of
PI controllers with low gains at harmonic frequencies, current
controllers with high gains can be adopted to enhance the
control accuracy of current harmonics, such as resonant (R)
controllers [9], vector-proportional-integral (VPI) controllers
[10], and repetitive controllers [11]. To achieve better dynamic
and steady-state performances, as well as high gains at harmonic
frequencies, combined controllers can be adopted, e.g., the
P-R controllers [12], PI-R controllers [13], PI-VPI controllers
[14], and PI-repetitive controllers [15]. However, with one R
or VPI controller, only a pair of negative-and positive-sequence
harmonics can be regulated. If multiple harmonic need to be
compensated, multiple R or VPI controllers should be adopted
[16], inevitably increasing the complexity of control strategies.
In addition, other improved current control strategies can also be
adopted to achieve a satisfying harmonic-compensation perfor-
mance, such as the model predictive control [17] and the sliding
mode control [18].

Regarding the control strategies related to the dc-link voltage,
a modified APF control strategy is proposed in [19] with the
model reference adaptive system based dc voltage estimation
and the load current sensor reduction. In [20], the influence of
supply-voltage fluctuation on the dc-link voltage of the APF
is investigated. An APF control method is proposed in [21]
for suppressing the dc capacitor voltage ripple caused by the
third-order harmonic current compensation. An adaptive dc-link
voltage control strategy for the APF is proposed in [22] based
on the model predictive control. A robust dc-link voltage control
strategy is proposed in [23] to enhance the performance of the
APF without harmonic detection schemes.

Among the above APF control strategies, the most popular
and widely-adopted strategies are still improved based on the
conventional double-loop control strategy, which contains an
outer dc-link voltage loop and two inner current loops in the dg
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coordinate. Different from other power-electronic control sys-
tems, e.g., photovoltaic inverters [24] and electric vehicles [25],
no extra dc power source is connected to the dc-link capacitors
of the APF converter. Therefore, dc-link voltage oscillations
are more likely to be generated. And given interactions exist
between dc-link voltage oscillations and ac current harmonics,
the output of the outer voltage loop will affect the current
control loop, inevitably impairing the harmonic-compensation
performance. In this article, different from previous solutions,
the oscillated dc-link voltage command will be mathematically
derived and utilized to enhance the harmonic-compensation
performance.

In the proposed 3L APF control strategy, it is quite important
to precisely calculate the oscillated dc-link voltage command.
However, the calculation of dc-link voltage oscillations includes
integration algorithms, which can cause the dc bias issue. The
dc bias can be generated in two cases if the pure integration
is employed. The first case is caused by the starting point or
the initial condition of the pure integration, which may lead
to a dc bias at the output of the integrator. The second is
related to the dc component in the input signal of the integrator,
even with a quite small value, an increasing or decreasing dc
bias will be generated, finally leading to the saturation of the
integration [26].

Considering multi ac components exist in the oscillated dc-
link voltage, the multiple second-order generalized integrator
frequency-locked loop (MSOGI-FLL) can be utilized for the in-
tegration. The MSOGI-FLL has already been applied in several
applications [26], [27], [28], [29], [30]. For example, in [27] the
MSOGI-FLL is proposed for estimating not only the positive-
and negative-sequence components of the power signal at the
fundamental frequency but also other sequence components at
harmonic frequencies. The flux estimator is implemented in
[26] based on the MSOGI-FLL to output precise motor flux
over a wide speed range. The MSOGI-FLL is adopted in [28]
as a prefiltering stage under the various grid disturbances to
enhance the converter synchronization during frequency drift.
In [29] the MSOGI-FLL reference current generation strategy
is implemented for the APF to mitigate the current harmonics by
extracting the fundamental constituents from the nonlinear load
currents. The MSOGI-FLL in [30] is employed for eliminating
the current measurement noise and enhancing the phase angle
tracking performance in the encoderless control of permanent
magnet assisted synchronous reluctance generator based-stator
current vector for wind generation systems. Different from the
above MSOGI-FLL applications, in this article, an improved
MSOGI-FLL with low-pass filters (LPFs) is designed for elimi-
nating the dc bias, and the dc-link voltage oscillation command
is calculated by the improved MSOGI-FLL, to enhance the
harmonic-compensation performance of the 3L. APF.

The main contribution of this article lies in the following as-
pects. First, the interaction between dc-link voltage oscillations
and ac currents is analyzed, and the dc-link voltage oscillations
caused by ac current harmonics in 3L APF converters are
mathematically derived. Second, to eliminate the dc bias in the
integration for calculating the oscillated dc-link voltage com-
mand, an improved MSOGI-FLL with LPFs is designed. Third,
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Fig. 1. DC-link voltage oscillations caused by AC current harmonics in 3L
APF converters.

an improved 3L APF control strategy utilizing the oscillated
dc-link voltage command is proposed. Compared with the con-
ventional double-loop control strategy, the influence of the volt-
age loop on the current loop is suppressed, and the harmonic-
compensation performance is effectively enhanced. Meanwhile,
a fast dynamic performance of the dc-link voltage can still be
guaranteed in the proposed strategy.

The rest of this article is organized as follows. In Section II,
the dc-link voltage oscillations in 3L APF are mathematically
derived. Section III presents the concept of the proposed 3L
APF control strategy by utilizing the oscillated dc-link voltage
command. In Section IV, the dc bias issue in the integration is
presented, and an improved MSOGI-FLL with LPFs is designed
for eliminating the dc bias. The effectiveness of the improved 3L
APF control strategy is verified by simulations and experiments
in Section V and Section VI, respectively. Finally, Section VII
concludes this article.

II. MATHEMATICAL DERIVATION OF DC-LINK VOLTAGE
OSCILLATIONS IN 3L APF

Fig. 1 shows the paralleled 3L APF system. The output
currents i,, ip, i, are used to compensate the harmonics in
nonlinear load currents i,z, ip1, i1, SO that the quality of the
grid currents iqg, ipg, icy can be enhanced. However, there are
interactions between dc-link voltage oscillations and ac output
current harmonics. The interactions can inevitably impair the
harmonic-compensation performance, which will be analyti-
cally derived as follows.

The negative-sequence (6k — 1)th order harmonics can be
expressed as

i6k—1)a = L(6k—1)COS[(6k — 1)wit + Ogr—1)]

i(6k—1)b = I(Gk—l) CcoSs (Gk — 1)w1t + 0(6k—1) + 27T/3

i(6k—1)c = I(Gk—l) CcoS (6]47 — l)wlt + 9(6k—1) - 27T/3
ey
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TABLE I
EXPRESSION DERIVATION OF DC-LINK VOLTAGE OSCILLATIONS CAUSED BY
PHASE A BRIDGE

>
Interval .ma20 'ma<0 'm,,<0 'mﬂ_g()
i6k-1ya = 0 iok-1)a = 0 iek1a <0 i6k-1)a
Chqrge/dischgrge Discharge Charge Discharge Charge
dc-link capacitors
Duty cycle during d = d = d.=— d =
charge/discharge oMM o= o MM = M
Increased/decreased| Decreased by | Increased by | Decreased by | Increased by
de-link voltage | maiek 1)aTs/ Cac |~Maiek1)aTs/ Cac|~Mai(sk1)aTs/ Cac| Maiek1aTs/ Cac
Unified dp—llr}k MaicsinaTy Cac
voltage oscillations

where (6k — Dwi, I6r-1), and O(—1) are the frequency,
the amplitude, and the phase angle of the negative-sequence
(6k — 1)th order harmonics, respectively.

The ideal three-phase modulation waves are defined as

mg = M cos(wit + 6)
my = M cos(wit + 0 — 2m/3) (2)
me = M cos(wit + 0 4 27/3)

where M and 6 are the modulation index and the phase angle,
respectively.

The charge and discharge of dc-link capacitors in the neutral
point clamped (NPC) 3L APF converter are illustrated in Fig. 2.
Four cases are considered according to different polarities of
modulation waves and currents. Taking Fig. 2(a) with m, > 0
and i(6x-1)o > 0 as an example, the modulation wave m, is
compared with cascaded carriers generating the complementary
drive pulses S,1 and S,3. When S,; is high turning Q,; ON,
dc-link capacitors will be discharged by the current boosting
path, decreasing the dc-link voltage. It should be noted that, the
current flowing in/out of the dc-link midpoint can only generate
the midpoint oscillations, but it does not affect the total dc-link
voltage oscillations.

If the amplitudes of triangle carriers are set as 1, the duty cycle
of current boosting path d,, will be equal to m,. The expressions
of dc-link voltage oscillations caused by Phase A bridge can be
concluded in Table I and unified as

mai(kal)aTs

A‘/C{C]V = Cd

3)
where Cq. equals to the upper or lower dc-link capacitance, i.e.,
Cac = C1 = Co, and T is the switching period.

Considering the influence of all three-phase bridges, the dc-
link voltage oscillations in one switching period T's can be further
derived as

T . . .
AVgen = Cu (Mai(ek—1)a + Mbier—1)b + Mei6h-1)c) -

) @)

Submitting (1) and (2) in (4), the oscillations generated by the

negative-sequence (6k — 1)th current harmonics can be finally
derived as

. AViex . Toe1yM
Vi o= dt =
deN / T, Akwy Cae

. sin[6kw1t + Q(kal) + 9)]
4)
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Fig. 2. Charge and discharge of dc-link capacitors in the NPC 3L APF
converter. (a) my > 0 and i(6x-1)a < 0. (b) mg > 0 and i(6x-1)a > 0. (¢)
mg <0andigr-1)q >0.(d)mg <0andier—1)a <O.

Similarly, with the positive-sequence (6k 4 1)th current har-
monics, the dc-link voltage oscillations can be derived as

- AViep —I6p+1) M
Vip= dt =
deP? / Ts 4kw1 Cdc

- sin [6kw1t+9(6k+1) —9)] .
(6)
It can be indicated based on (5) and (6) that, the negative-
sequence (6k — 1)th harmonics and the positive-sequence
(6k + 1)th harmonics can both generate 6kth dc-link voltage
oscillations. Conversely, the dc-link voltage oscillations can
also affect the ac output currents, which will further impair the
harmonic-compensation performance.
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Fig. 3. Issues and improvements of voltage control loops for the 3L APE.
(a) Issues in the conventional double-loop control strategy. (b) Improvements in
the proposed strategy utilizing the oscillated dc-link voltage command.

In this article, a new control strategy will be proposed, where
the calculated dc-link voltage oscillations are added as the
command of the voltage control loop, to enhance the ability
of compensating harmonic currents from nonlinear loads.

III. IMPROVED 3L APF CONTROL STRATEGY UTILIZING THE
OSCILLATED DC-LINK VOLTAGE COMMAND

Issues and improvements of voltage control loops for the 3L
APF are illustrated in Fig. 3. As seen in Fig. 3(a), with the con-
ventional double-loop control strategy, the constant command
V. is given to the outer voltage loop. Both dc and oscillated
components Ve + Vdc can be measured in the feedback dc-link
voltage. A large tracking error is therefore generated, which will
further affect the d-axis command current 7}, , and impair the
harmonic-compensation performance.

To avoid the influence of the outer dc-link voltage loop, this ar-
ticle proposes an improved strategy, as presented in Fig. 3(b). In
the outer voltage loop, the calculated dc-link voltage oscillation
in Section ITis added as the command of the dc-link voltage loop.
The constant and oscillated voltage command V. + V. can
together counteract the measured dc and oscillated components
Vde + Vg in the feedback path, thus, a zero tracking error will
be achieved. Consequently, the influence of the outer dc-link
voltage loop on the current loop can be eliminated, and the
harmonic-compensation performance will be enhanced.

Based on the idea in Fig. 3(b), the improved 3L APF con-
trol strategy utilizing the oscillated dc-link voltage command
is further shown in Fig. 4 more specifically. Variables are
transformed from abc coordinate to dg coordinate, where the
output currents are controlled by proportional-integral-resonant
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Fig. 4. Proposed 3L APF control strategy utilizing the oscillated DC-link

voltage command to enhance the harmonic-compensation performance.

(PIR) controllers. In the harmonic detection, the nonlinear load
currents i,y,, ipr,, and iy, are first transformed as i g5, and i 4, in the
dgq coordinate, which contain both dc and multi ac components.
Then, the LPFs are adopted to eliminate the ac components ob-
taining the pure dc components i 4o and i 0. Afterwards, subtract
igo and i40 from ig4y, and i, obtaining the current harmonics 77,
and ij; 5, in the dqg coordinate. It can be noted that, in the above
harmonic detection process, the LPFs are used for obtaining the
pure dc components igo and i, which therefore will not cause
phase delays.

After the harmonics in nonlinear load currents are extracted,
the current commands with equal amplitudes and opposite
phases are given to the current loop, to compensate the current
harmonics in nonlinear loads. In the dc-link voltage loop, the
oscillated dc-link voltage command is added to enhance the
harmonic-compensation performance.

In the proposed 3L APF control strategy, it is quite important
to precisely calculate the oscillated dc-link voltage command.
However, the calculation of dc-link voltage oscillations in (5)
and (6) includes integration algorithms, which can cause the dc
bias issue. In the following section, the dc bias issue will be
analyzed and solved.

IV. ELIMINATION OF THE DC BIAS IN THE INTEGRATION FOR
CALCULATING DC-LINK VOLTAGE OSCILLATIONS

A. DC Bias Issue in the Pure Integration

Issues of the conventional 1/s pure integration are illustrated in
Fig. 5. Two cases can cause the dc bias. The first case is shown in
Fig. 5(a), where the integration is started at different transients.
Note that, the integration results have been enlarged by w for the
convenient of comparison. As seen, even though no sampling dc
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Fig. 5. Issues in the pure integration. (a) DC biases caused by the integration
started at different transients. (b) Increasing/decreasing trends with different DC
biases in the original signal.

component exists in the original signal AVy,, different biases
can still exist in the integration results with different starting
transients. The second case is shown in Fig. 5(b), a positive-to-
negative step dc component V.o is intentionally injected to the
original signal. As seen, with a positive dc component, the dc
bias will gradually increase in the integration result f/d*c. While
with a negative dc component, the dc bias will gradually decrease
in V..

In the proposed strategy shown in Fig. 4, before the calculated
dc-link voltage oscillation is added to the command of the volt-
age loop, the dc bias in the integration result must be eliminated.
Otherwise, the calculated dc-link voltage oscillation with dc
bias will affect the control of dc-link voltage, even causing the
instability of the 3L APF system.

B. DC Bias Issue in the Conventional SOGI-FLL

Other than adopting the conventional 1/s pure integration, the
SOGI-FLL [31], [32], [33], [34] can be adopted to indirectly
implement the integration in (5) and (6). Fig. 6 shows the
integration implemented by the SOGI-FLL. The corresponding
characteristic transfer functions can be given by

AVy'(s) kw's
D(s) = = 7
(5) AVie(s) 2+ kw's 4+ w'? @
gAVy'(s) kw'?
= = 8
Qs) AV (s) $2 + kw's + w'? ®

where w’ represents the frequency tracked by the FLL, AVq.'(s)
and gAVy.'(s) are two in-quadrature signals.
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Fig. 7. Frequency responses of D(s) and Q(s) with w' = 6007 and k = /2.

Fig. 7 shows the responses plotted based on (7) and (8).
As seen, D(s) has a unit gain without phase shift at w' =
6007, indicating the SOGI-FLL can track the sixth-order dc-link
voltage oscillation without errors. Q(s) has a unit gain while the
phase is delayed by 7/2, thus, it can be taken as the integration
result of the sixth-order signal. However, Q(s) has low-pass
filtering characteristics, which cannot eliminate the influence
of very low-frequency signals and the dc bias. Therefore, in this
article, an improved SOGI-FLL with dc bias elimination will be
designed.

C. Improved SOGI-FLL With DC Bias Elimination

To overcome the dc bias issue, a LPF is added to the feedback
path of the conventional SOGI-FLL, as shown in Fig. 8. The
transfer function of the LPF can be expressed as

(S _ Uout(s) _ kO

vin(s)  ko+s

The cut-off frequency w, of the LPF is equal to the gain kg,
which is selected as a relatively low-frequency of 47 (2 Hz)
in this article, so that the dc bias of the input signal can be
preciously extracted regardless of the influence from the other
low-frequency components. Compared with the conventional
SOGI-FLL inFig.7,only “ky” and ““1/s” are added in the diagram
of the improved SOGI-FLL, as presented in Fig. 8. With the

©))



15972
Adding LPF
Vin Vout
1
{1
R
LPF . SOGL-QSG
AV, AV,
FLL gain i
normalization Vdc

ko
(A Vdc')z +(gA V:lc')z
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added LPF, the dc bias V4o’ in the tracking error €, is extracted
and added in the feedback path, no extra phase delay will be
generated in ac components.

With the added LPF, the transfer function of the improved
SOGI-FLL in Fig. 8 can be derived as

Q'(s) = BVac(s)
O AVae(s) 83+ (ko + kw')s24w?s + kow'?
(10)

Submitting s = jw and w = 0 (representing the dc bias) in
(10), Q'(s) can be calculated as 0. It is, therefore, theoretically
verified that, the improved SOGI-FLL can effectively eliminate
the dc bias of the input signal.

Fig. 9 shows the root locus of the improved SOGI-FLL. As
seen, with varying k and kg, all the roots are located at the
left coordinate. The stability of the improved SOGI-FLL is,
thus, proved. Fig. 10 shows the frequency responses of the
conventional and improved SOGI-FLL. As seen, at different
center frequencies, both the two SOGI-FLL schemes can achieve
the same gain and phase responses as the pure integrator. While
the improved SOGI-FLL has obvious lower gains at low fre-
quencies, and presenting an ability on dc bias elimination.

To test the improved SOGI-FLL, AVy_ is structured by inject-
ing a step dc component V. into a sixth-order oscillation signal.
The test results are presented in Fig. 11. As seen in Fig. 11(b),
the dc bias V4co’ is gradually extracted by the added LPF. The
steady state of Fig. 11(a) is zoomed in as Fig. 11(c). As seen, the
dc bias has been successfully suppressed in the tracking signal
AV, and no dc bias exists in the integration result V. as well.

More complicated situation is further analyzed, considering
the dc-link voltage oscillations contain dc and multi ac compo-
nents. Another signal is structured to further test the SOGI-FLL,
which contains a sixth-order oscillation, a 12th-order oscillation,
and a dc step signal, as expressed by

kw's

AVe = 10sin(6wyt) + 3sin(12wy t + 7/24) + 2e(t — 0.1).

6th oscillation 12th oscillation dc component

an
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The test results are presented in Fig. 12. Though the dc bias
Vaeo® can still be extracted in Fig. 12(b), but in Fig. 12(c) the
shape of the tracking signal AV, has been changed compared
with the input signal AVy. due to the influence of the multi
ac components. Consequently, the integration results will be
no longer accurate. Therefore, an improved MSOGI-FLL with
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dc-bias elimination will be further designed for the application
with multi ac components.

D. Improved MSOGI-FLL With DC Bias Elimination

Given the 3L APF is mainly used to compensate harmonics
of low frequencies, the improved MSOGI-FLL for integrating
the 6th- and 12th-order components is designed, as shown in
Fig. 13. Correspondingly, the compensation performance of the
negative 5th- and 11th-order harmonics, as well as the positive
7th- and 13th-order harmonics can be improved.

As seen in Fig. 13, the 12th-order frequency 2w’ is doubled
based on w’ which is tracked by the FLL. And compared with the
conventional MSOGI-FLL, two LPFs are added to the feedback
paths, so that the dc bias can be eliminated in the integration
result.

The structured signal in (11) with dc and multi ac components
is adopted again to test the integration performance of the
improved MSOGI-FLL. The test results are shown in Fig. 14,
where the dc component Vg’ is gradually extracted by the
added LPF. The steady states of Fig. 14(a) and (b) are zoomed
in as Fig. 14(d) and (e), respectively. As seen, the 6th-order
integration term w’ V a6 and the 12th-order integration term
20V qe12* are effectively extracted, and the dc component is
effectively suppressed. The final integration result of f/d*c can be
obtained by adding f/dcg* and f/dclg*.

V. SIMULATION RESULTS OF THE IMPROVED 3L APF
STRATEGY UTILIZING THE OSCILLATED DC-LINK
VOLTAGE COMMAND

To test the improved 3L APF strategy, the negative-sequence
fifth-order harmonics in (12), and the negative-sequence fifth
and positive-sequence seventh-order combined harmonics in
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(13) are given to the current loop as commands, respectively, as
follows:

Z5Na = 10cos(bw1t)

@5Nb = 10 cos(bwit + 27/3) (12)

i nve = 10 cos(bwit — 2m/3)

it7, = 10cos(5wyt) + 2cos(Twyt)

i5, = 10 cos(bwit + 2m/3) + 2 cos(Twit — 27/3)

%7, = 10 cos(bwit — 2m/3) + 2 cos(Twit + 2m/3).
(13)

The diagram of the improved 3L APF strategy in Fig. 15 is
adopted to generate fifth- and seventh-order current harmonics.
As seen, the dc-link voltage oscillation is calculated by the
integration based on (4), which is implemented by the improved
SOGI-FLL. Besides the harmonic current commands 4y, and
iy, given to the inner current loop, the calculated de-link voltage

oscillation f/:i*c isemployed as an extra command of outer dc-link
voltage loop.
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Eq. (4) |

The simulated current harmonics are shown in Figs. 16
and 17. As seen in Fig. 16, with a constant dc-link voltage com-
mand, large errors exist between the de-link voltage command
VdC and the measured dc-link voltage Vg. + Ve, as well as
between the output currents and the command currents. After
the improved 3L APF strategy is applied, the dc-link voltage
successfully tracks the oscillated command. And the fifth-order
current harmonics are successfully generated, which can be
further utilized to compensate the harmonics in nonlinear load
currents. In Fig. 17, the negative-sequence fifth and positive-
sequence seventh-order combined harmonics are accurately out-
putted after the improved 3L APF strategy is applied. It can also
be seen that, the negative fifth- and positive seventh-order current
harmonics are corresponded to the sixth-order dc-link voltage
oscillation, which agrees well with the theoretical analysis in
Section II. In addition, it can be noted that, high-frequency
ripples are superposed on the currents in Figs. 16(b) and 17(b).
The peak-to-peak values of current ripples are related to several
factors [35], [36], [37], e.g., L/LCL filters, the converter topol-
ogy, the switching frequency, the adopted modulation scheme,
and the dc-link voltage. The high-frequency current ripple is
the inherent characteristic of pulse width modulation (PWM)
converters, which cannot be thoroughly avoided.

Finally, Fig. 18 shows the diagram of the improved 3L. APF
strategy for compensating nonlinear load current harmonics.
The dc-link voltage oscillation is calculated by the improved
MSOGI-FLL with LPFs, and added to the command of the
dc-link voltage loop to enhance the harmonic-compensation per-
formance, which will be tested experimentally in the following
section.

VI. EXPERIMENTAL RESULTS

To verify the proposed strategy, a harmonic compensation
system is built. As shown in Fig. 19, the grid voltage is obtained
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TABLE I
PARAMETERS OF THE TEST SYSTEM

Symbol Parameter Value
€4, €p, € Grid phase voltage (rms) 176 V
Vi Dec-link voltage command 580 V

Cye De -link capacitance 960 uF

Lo, Ly, L. Filter inductance 1 mH
La, Ly, Ly Non-linear load inductance 25 mH
Ricad Non-linear load resistance 27 Q
Jfewm Switching frequency 10 kHz
s Sampling frequency 20 kHz

from a 380 V/304 V isolation transformer. A three-phase full-
bridge diode rectifier is adopted to build the nonlinear load. The
3L APF is designed with the SKiiP 39MLI12T4V1 3L NPC
power module, and connected in parallel with the nonlinear load
to compensate current harmonics. The conventional double-loop
control strategy and the proposed strategy are implement by the
TMS320 28377D DSP.

Parameters of the experimental setup are provided in Table II.
Regarding the design of the dc-link, usually film capacitors
and/or electrolytic capacitors can be adopted as the dc-link
capacitors. The film capacitors have the merits of high reliability,
high rated voltage, low parasitic inductance, but the volume is
large with high prices [38]. Besides, a high value of the dc-link
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capacitance can increase the filtering performance and the dc-
link voltage stability, but the hardware cost will be increased
and the dc-link voltage dynamic response will be impaired.
In this article, the film capacitors with a total capacitance of
480 pF are adopted in the dc-link, to reach a compromise
among low cost, high dc-link voltage stability, high filtering
performance, and high reliability. As shown in Fig. 19(b), in the
designed main power circuit, six film capacitors are adopted in
series-parallel connection. Three upper film capacitors and three
lower film capacitors are connected in parallel forming a dc-link
capacitance Cq. of 960 uF, respectively, and then connected in
series forming a total capacitance Cqy./2 of 480 uF.

The control frequency and the sampling frequency f; are set
as 20 kHz, thus, the control period can be calculated as 1/f; =
50 us. Even though an intensive computation exits in the control
strategy, the computation should be always finished within one
control period of 50 us. Therefore, the longest computational
delay is within 50 ps. In addition, the sampling delay can
be generated by the conditioning circuit, the analog-to-digital
converter. The computational and sampling delays have the
same influence on the current and voltage control loops for
both the conventional and the proposed strategies, e.g., affecting
the control accuracy and reducing the control stability [39],
[40], [41]. Besides, in the added control loop of the proposed
strategy, the computational delay can only slightly affect the
calculated de-link voltage command Vj;, + V.. Regarding the
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influence on the harmonic-compensation performance, the short
computational delay can be neglected.

The start process of the APF experiment setup is shown in
Fig. 20. First, the dc-link voltage is gradually increased by
charging dc-link capacitors with a hardware soft-start circuit.
Then, the main circuit relay is connected and the PWM drive
pulses are enabled. Afterwards, the dc-link voltage is further
increased gradually to the final command value of 580 V by
the outer dc-link voltage control loop. Finally, the harmonic
compensation command is given in the inner current loop to
compensate the current harmonics of the nonlinear load.

For the convenient of debugging and monitoring the experi-
mental setup, an Ethernet interface software is compiled using
the Visual Studio, which can observe voltages, currents and
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internal-variable waveforms of the 3L APF system. Fig. 21
shows the experimental results observed by the Ethernet inter-
face software. As seen, the current harmonics iy, ipp, and i.p,
are extracted from the sampled nonlinear load currents i, ., ipr.,
and i. . Then, the oscillated dc-link voltage Vd*c + f/d*c is further
calculated, which will be further applied as the dc-link voltage
command to enhance the harmonic-compensation performance.

Figs. 22 and 23 present the calculated and the sampled
dc-link voltage oscillations observed by the Ethernet interface
software. With the conventional double-loop control strategy,
the calculated dc-link voltage oscillation is not adopted in the
outer voltage loop. As seen in Fig. 22, a relative large voltage
erITor €, exists between the sampled and the calculated dc-link
voltage oscillations. In the proposed strategy, the calculated
dc-link voltage oscillation is added as the command of the
voltage control loop. As seen in Fig. 23, the sampled dc-link
voltage can overall track the oscillated dc-link voltage command,

IMPROVED 3L APF CONTROL STRATEGY UTILIZING THE OSCILLATED DC-LINK VOLTAGE COMMAND

15977

+ Enable the proposed strategy

WY NWVMWJ\MWMWWW\WWWM
e

<’

\/V V\/HW‘JV/H\/

VUV
& Zoomin — vy, +Ve T
/N / \/\
~ ~ dar ~
L/ RV\/HN\“N ol RM/JN\“,J U

t(10 ms/div) 77 o+ T (100 V/AiV), iar, ige (15 A/div), iy (10 A/div)
(a)

+ Enable the proposed strategy

J\{«.{\,{’\N\f\W\f\/\f\f\/ M/\f\/uw T ’w’w\/\/\/\nﬂ/\V\MM

«/ VVVVVVVVVY ! VAV VUV vmww,

V(/L + V(/( T

\v.// \\,.//

(10 ms/div) 7+ 7 (100 V/AIV), iags iag (15 A/div), i, (10 A/div)
(b)
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and a relative lower tracking error e,q.’ is achieved. It can be
noted in both Figs. 22 and 23 that, though the dc component
V. in the dc-link voltage command is always set as 580 V, the
amplitudes of the oscillated components V. and V4. cannot
be captured exactly the same. Nevertheless, the dc-link voltage
error e,q.’ with the proposed strategy is always lower than the
error e,q. with the conventional double-loop control strategy.
And the enhanced performance of compensating harmonics will
be further verified experimentally in the remaining part of this
section.

In addition, even with the proposed strategy, a relatively large
tracking error e,q.’ can still be seen in Fig. 23(b). Several factors,
which may cause the relatively large tracking error, have been
investigated and optimized in both experiments and simulations,
e.g., the controller gain of the dc-link voltage and the sampling
bandwidth of the dc-link voltage. It turns out that, the nonideal
grid voltage may be the main factor causing the relatively large
tracking error e,q.’. The 3L APF is essentially a kind of grid-
connected converter. When faced with the distorted grid voltage,
more harmonics will appear in the output currents. The current
harmonics on the ac side will generate extra oscillations in the
dc-link voltage [42], [43], which are different from the dc-link
voltage oscillations caused by nonlinear load harmonics. In the
proposed strategy, the dc-link voltage command V. + f/(fc is
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calculated only based on nonlinear load harmonics, therefore,
a relatively large tracking error still exists, as presented in
Fig. 23. To further reduce the tracking error, existing strategies
for suppressing the influence of the distorted grid voltage [44],
[45] can be applied in the 3L APF. And how to combine the
existing strategies and the proposed strategy of this article could
be our future work on the basis of the research of this article,
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to simultaneously suppress the influence of the distorted grid
voltage and enhance the harmonic-compensation performance.

Fig. 24 shows the dynamic experimental results before and af-
ter the proposed strategy is adopted. In Fig. 24(a), the waveforms
with the conventional double-loop control strategy are zoomed
in. And in Fig. 24(b), the waveforms with the proposed strategy
are zoomed in, where the calculated the calculated Vdc + Vdc is
adopted as the command of the outer voltage loop. Comparing
Fig. 24(a) with Fig. 24(b), it can be seen that, the quality of the
sinusoidal grid current i, has been enhanced after the proposed
strategy is employed.

To compare the harmonic-compensation performance more
preciously, experimental waveforms are captured with the two
strategies in steady state, as seen in Fig. 25. And the correspond-
ing fast Fourier transform (FFT) results are shown in Fig. 26.
As seen, with the conventional double-loop control strategy, the
total harmonic distortion (THD) of the grid current i 4 calculated
up to 10 kHz is 5.32%. With the proposed strategy, the THD is
reduced to 4.46%, and the overall harmonic spectra are lower,
presenting a better ability of compensating harmonic currents.

To test the dynamic performance of the dc-link voltage loop,
a step command from 580 V to 600 V is applied to the two
strategies, respectively. As seen in Fig. 27, with both the con-
ventional and the proposed strategies, the dc-link voltages can
rise fast. After the current overshoot in the APF output current
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Fig. 29. Dynamic responses when the nonlinear load is disconnected.
(a) Using the conventional double-loop control strategy. (b) Using the proposed
strategy.
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TABLE III
COMPARISON OF EXPERIMENTAL RESULTS WITH TESTED STRATEGIES

Comparisons Conventional | Proposed
P strategy strategy
De -link voltage Results Fig. 22 Fig. 23
errors Features | Large Low
Harmonic- Results Fig. 24(a) Fig. 24(b)
compensation Fig. 25(a) Fig. 25(b)
performance Features Worse Better
Dynamic responses Results Fig. 27(a) Fig. 27(b)
with a step de-link Features | Fast dynamic response in the
voltage de-link voltage
Dynamic responses Results Fig. 28(a) ‘ | Fig. 28@)
when the nonlinear Fast dynamic response with
load is applied Features varying nonlinear-load
currents
Dynamic responses Results Fig. 29(a) | Fig. 29(b)
when the nonlinear Fast dynamic response with
load is disconnected | Features varying nonlinear-load
currents

i4, the current harmonics from the nonlinear load can still be
compensated effectively. Therefore, it can be indicated that, the
dynamic response with the step dc-link voltage is not impaired
in the proposed strategy.

Fig. 28 presents the dynamic responses when the nonlinear
load is adopted. In the dynamic process of Fig. 28(a), with the
conventional double-loop control strategy, current harmonics
are gradually extracted and compensated. Meanwhile, during
the dynamic process of Fig. 28(b), with the proposed strategy,
current harmonics are extracted and the dc-link voltage oscilla-
tion command should be calculated. In the steady state, a better
quality of the sinusoidal grid current i, is obtained with the
proposed strategy.

Afterwards, the dynamic responses, when the nonlinear load
is disconnected, are also tested, as shown in Fig. 29. As seen, the
nonlinear load current becomes zero suddenly, and the output
current i, of the APF for compensating harmonics becomes zero
gradually. With the two strategies, similar dynamic responses are
obtained.

Finally, the above experimental results are concluded in Ta-
ble III to make the verification and comparison more clear.
Through the verification, it can be indicated that, compared
with the conventional double-loop control strategy, the proposed
strategy has an improved harmonic-compensation performance,
while a fast dynamic performance of the dc-link voltage can still
be guaranteed.

Regarding the special case where the three-phase grid voltages
and/or impedances are unbalanced [21], third-order harmonic
currents and the negative-sequence currents can be generated.
If the shunt APF is used to compensate current harmonics
in this case, extra dc-link voltage oscillations will be gener-
ated. Theoretically, the proposed method in this article utilizing
the oscillated dc-link voltage command can also be employed
with unbalanced grid voltages and/or impedances. But extra
researches need to be further carried out, e.g., the oscillated
dc-link voltage command should be rederived considering the
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third-order harmonics and unbalanced grid voltages. This could
be our future work on the basis of the research of this article.

VII. CONCLUSION

In this article, the oscillated dc-link voltage command has
been utilized to enhance the harmonic-compensation perfor-
mance. The interaction between dc-link voltage oscillations and
ac currents has been analyzed, and the dc-link voltage oscilla-
tions caused by ac current harmonics have been mathematically
derived. An improved MSOGI-FLL with LPFs has been de-
signed to eliminate the dc bias in the integration for calculating
the oscillated dc-link voltage command. An improved 3L APF
control strategy utilizing the oscillated dc-link voltage command
has been proposed, to suppress the influence of the voltage loop
on the current loop. Simulation and experimental results have
verified that, compared with the conventional double-loop con-
trol strategy, an improved harmonic-compensation performance

has

been achieved. And a fast dynamic performance of the

dc-link voltage can still be guaranteed in the proposed strategy.

(1]

(2]

(3]

[4]

[3]

(6]

(7]

(8]

[91

[10]

[11]

[12]

[13]

REFERENCES

G. Li, E Ma, C. Wu, M. Li, J. M. Guerrero, and M.-C. Wong, “A
generalized harmonic compensation control strategy for mitigating sub-
synchronous oscillation in synchronverter based wind farm connected to
series compensated transmission line,” IEEE Trans. Power Syst., vol. 38,
no. 3, pp. 2610-2620, May 2023.

G. T. Heydt, “Fifth harmonic spectral voltage components in EHV
power transmission systems,” IEEE Trans. Power Del., vol. 37, no. 1,
pp. 458-463, Feb. 2022.

C. Luo, Q. Guo, Y. Hu, S. Li, Y. Zhu, and H. Guo, “Analysis and counter-
measures of harmonic instability in a practical HVDC system with fixed
series compensation and STATCOM,” IEEE Trans. Ind. Appl., vol. 59,
no. 2, pp. 2509-2518, Mar. 2023.

I. Khan, A. S. Vijay, and S. Doolla, “Nonlinear load harmonic mitigation
strategies in microgrids: State of the art,” /EEE Syst. J., vol. 16, no. 3,
pp. 4243-4255, Sep. 2022.

Q.-R. Hong, W.-K. Sou, P--I. Chan, C. Gong, and C.-S. Lam, “Review of
different current control strategies for LC-coupling hybrid active power
filter,” in Proc. IEEE 48th Annu. Conf. Ind. Electron. Soc., Brussels,
Belgium, Oct. 2022, pp. 1-6.

A.V.BarvaandS. Joshi, “A comprehensive survey on hybrid active power
filter topologies & controller and application in microgrid,” in Proc. IEEE
Region 10 Symp., Mumbai, India, Jul. 2022, pp. 1-6.

T. Abeyasekera, C. M. Johnson, D. J. Atkinson, and M. Armstrong,
“Suppression of line voltage related distortion in current controlled
grid connected inverters,” IEEE Trans. Power Electron., vol. 20, no. 6,
pp- 1393-1401, Nov. 2005.

E. Twining and D. G. Holmes, “Grid current regulation of a three-phase
voltage source inverter with an LCL input filter,” IEEE Trans. Power
Electron., vol. 18, no. 3, pp- 888-895, May 2003.

D. M. Stoji¢ and T. B. Sekara, “Digital resonant current controller for
LCL-filtered inverter based on modified current sampling and delay mod-
eling,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 10, no. 6,
pp- 7109-7119, Dec. 2022.

C. Lascu, L. Asiminoaei, I. Boldea, and F. Blaabjerg, “Frequency response
analysis of current controllers for selective harmonic compensation in ac-
tive power filters,” IEEE Trans. Ind. Electron., vol. 56, no. 2, pp. 337-347,
Feb. 2009.

H. Geng, Z. Zheng, T. Zou, B. Chu, and A. Chandra, “Fast repetitive
control with harmonic correction loops for shunt active power filter applied
in weak grid,” IEEE Trans. Ind. Appl., vol. 55, no. 3, pp. 3198-3206,
May/Jun. 2019.

P. Santiprapan, K. Areerak, and K. Areerak, “An adaptive gain of
proportional-resonant controller for an active power filter,” IEEE Trans.
Power Electron., vol. 39, no. 1, pp. 1433-1446, Jan. 2024.

H. Xu, J. Hu, and Y. He, “Operation of wind-turbine-driven DFIG sys-
tems under distorted grid voltage conditions: Analysis and experimental
validations,” IEEE Trans. Power Electron., vol. 27, no. 5, pp. 2354-2366,
May 2012.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

H. Nian and Y. Song, “Direct power control of doubly fed induction
generator under distorted grid voltage,” IEEE Trans. Power Electron.,
vol. 29, no. 2, pp. 894-905, Feb. 2014.

M. S. Ali, L. Wang, H. Alquhayz, O. U. Rehman, and G. Chen, “Perfor-
mance improvement of three-phase boost power factor correction rectifier
through combined parameters optimization of proportional-integral and
repetitive controller,” IEEE Access, vol. 9, pp. 58893-58909, 2021.
W.-K. Sou, C.-W. Chao, C. Gong, C.-S. Lam, and C.-K. Wong, “Anal-
ysis, design, and implementation of multi-quasi-proportional-resonant
controller for thyristor-controlled LC-coupling hybrid active power filter
(TCLC-HAPF),” IEEE Trans. Ind. Electron., vol. 69, no. 1, pp. 2940,
Jan. 2022.

J. Fei and L. Liu, “Real-time nonlinear model predictive control of active
power filter using self-feedback recurrent fuzzy neural network estimator,”
IEEE Trans. Ind. Electron., vol. 69, no. 8, pp. 83668376, Aug. 2022.

J. Fei, L. Liu, and Y. Chen, “Finite-time disturbance observer of ac-
tive power filter with dynamic terminal sliding mode controller,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 11, no. 2, pp. 1604-1615,
Apr. 2023.

S. Sharma and V. Verma, “Modified control strategy for shunt active
power filter with MRAS-based dc voltage estimation and load current
sensor reduction,” IEEE Trans. Ind. Appl., vol. 57, no. 2, pp. 1652-1663,
Mar./Apr. 2021.

L. Wu, E Zhuo, P. Zhang, H. Li, and Z. Wang, “Study on the influence
of supply-voltage fluctuation on shunt active power filter,” IEEE Trans.
Power Del., vol. 22, no. 3, pp. 1743-1749, Jul. 2007.

T. Mannen, I. Fukasawa, and H. Fujita, “A new control method of
suppressing dc capacitor voltage ripples caused by third-order harmonic
compensation in three-phase active power filters,” IEEE Trans. Ind. Appl.,
vol. 54, no. 6, pp. 6149-6158, Nov. 2018.

J. Zhou, Y. Yuan, and H. Dong, “Adaptive dc-link voltage control for
shunt active power filters based on model predictive control,” IEEE Access,
vol. 8, pp. 208348-208357, 2020.

R. L. A. Ribeiro, T. O. A. Rocha, R. M. Sousa, E. C. Santos, and A. M.
N. Lima, “A robust dc-link voltage control strategy to enhance the perfor-
mance of shunt active power filters without harmonic detection schemes,”
IEEE Trans. Ind. Electron., vol. 62, no. 2, pp. 803-813, Feb. 2015.

Z. Xiang et al., “A residential miniboost photovoltaic inverter with maxi-
mum power point operation and power quality compensation,” IEEE Trans.
Ind. Electron., vol. 70, no. 5, pp. 4320-4331, May 2023.

A. Abuelrub, F. Hamed, J. Hedel, and H. M. K. Al-Masri, “Feasibility
study for electric vehicle usage in a microgrid integrated with renewable
energy,” IEEE Trans. Transp. Electrific., vol. 9, no. 3, pp. 4306-4315,
Sep. 2023.

R.Zhao, Z. Xin, P. C. Loh, and F. Blaabjerg, “A novel flux estimator based
on multiple second-order generalized integrators and frequency-locked
loop for induction motor drives,” IEEE Trans. Power Electron., vol. 32,
no. 8, pp. 6286-6296, Aug. 2017.

P. Rodriguez, A. Luna, I. Candela, R. Mujal, R. Teodorescu, and F.
Blaabjerg, “Multiresonant frequency-locked loop for grid synchronization
of power converters under distorted grid conditions,” IEEE Trans. Ind.
Electron., vol. 58, no. 1, pp. 127-138, Jan. 2011.

H. A.Beshr, M. S. E. Moursi, H. A. Hamed, and A. Al-Sumaiti, “Advanced
type-1c FLL for enhancing converters synchronization during frequency
drift,” IEEE Trans. Power Del., vol. 36, no. 2, pp. 1063-1078, Apr. 2021.
P. N. Babu, J. M. Guerrero, P. Siano, R. Peesapati, and G. Panda, “An
improved adaptive control strategy in grid-tied PV system with active
power filter for power quality enhancement,” IEEE Syst. J., vol. 15, no. 2,
pp. 2859-2870, Jun. 2021.

M. M. Amin, A. S. Soliman, F. FE. M. El-Sousy, and O. A. Mohammed,
“Encoderless control of PMa-SynRG based-stator current vector for wind
generation systems,” IEEE Trans. Ind. Appl., vol. 59, no. 3, pp. 2950-2962,
May/Jun. 2023.

M. Ciobotaru, R. Teodorescu, and F. Blaabjerg, “A new single-phase PLL
structure based on second order generalized integrator,” in Proc. 37th IEEE
Power Electron. Specialists Conf., Jeju, South Korea, Jun. 2006, pp. 1-6.
Z.Xin, X. Wang, Z. Qin, M. Lu, P. C. Loh, and F. Blaabjerg, “An improved
second-order generalized integrator based quadrature signal generator,”
IEEE Trans. Power Electron., vol. 31, no. 12, pp. 8068-8073, Dec. 2016.
Z. Xin, R. Zhao, P. Mattavelli, P. C. Loh, and F. Blaabjerg, “Re-
investigation of generalized integrator based filters from a first-order-
system perspective,” IEEE Access, vol. 4, pp. 7131-7144, Nov. 2016.

C. Zhang, X. Zhao, X. Wang, X. Chai, Z. Zhang, and X. Guo, “A grid
synchronization PLL method based on mixed second- and third-order gen-
eralized integrator for dc offset elimination and frequency adaptability,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 6, no. 3, pp. 1517-1526,
Sep. 2018.



YAN et al.: IMPROVED 3L APF CONTROL STRATEGY UTILIZING THE OSCILLATED DC-LINK VOLTAGE COMMAND 15981

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Y. Jiao and F. C. Lee, “LCL filter design and inductor current ripple
analysis for a three-level NPC grid interface converter,” I[EEE Trans. Power
Electron., vol. 30, no. 9, pp. 4659-4668, Sep. 2015.

D. Jiang and F. Wang, “Current-ripple prediction for three-phase PWM
converters,” IEEE Trans. Ind. Appl., vol. 50, no. 1, pp.531-538,
Jan./Feb. 2014.

G. Grandi, J. Loncarski, and O. Dordevic, “Analysis and comparison of
peak-to-peak current ripple in two-level and multilevel PWM inverters,”
IEEE Trans. Ind. Electron., vol. 62, no. 5, pp. 2721-2730, May 2015.

H. Wang and F. Blaabjerg, “Reliability of capacitors for dc-link appli-
cations in power electronic converters—An overview,” IEEE Trans. Ind.
Appl., vol. 50, no. 5, pp. 3569-3578, Sep./Oct. 2014.

X. Zhang and J. W. Spencer, “Study of multisampled multilevel inverters
to improve control performance,” IEEE Trans. Power Electron., vol. 27,
no. 11, pp. 4409-4416, Nov. 2012.

J. R. Fischer, S. A. Gonzalez, M. A. Herran, M. G. Judewicz, and D. O.
Carrica, “Calculation-delay tolerant predictive current controller for three-
phase inverters,” IEEE Trans. Ind. Inform., vol. 10, no. 1, pp. 233-242,
Feb. 2014.

Q. Yan, X. Wu, X. Yuan, and Y. Geng, “An improved grid-voltage
feedforward strategy for high-power three-phase grid-connected inverters
based on the simplified repetitive predictor,” IEEE Trans. Power Electron.,
vol. 31, no. 5, pp. 3880-3897, May 2016.

Z.Hao, J. Gong, Y. Liu, S. Pan, and X. Zha, “Analytical calculation of the
de-link current harmonics in active power filter considering coupling ef-
fect,” IEEE J. Emerg. Sel. Topics Ind. Electron., vol. 4, no. 3, pp. 767780,
Jul. 2023.

S. Guenter, J. Yang, G. Buticchi, F. W. Fuchs, and M. Liserre, “DC-link
voltage dynamics of three-level four-wire grid-connected converters dur-
ing harmonics injection operations,” /[EEE Trans. Ind. Electron., vol. 70,
no. 8, pp. 8000-8008, Aug. 2023.

M. K. Mishraand V. N. Lal, “An advanced proportional multiresonant con-
troller for enhanced harmonic compensation with power ripple mitigation
of grid-integrated PV systems under distorted grid voltage conditions,”
IEEE Trans. Ind. Appl., vol. 57, no. 5, pp. 5318-5331, Sep./Oct. 2021.
G. Lou, Q. Yang, W. Gu, X. Quan, J. M. Guerrero, and S. Li, “Analysis
and design of hybrid harmonic suppression scheme for VSG considering
nonlinear loads and distorted grid,” IEEE Trans. Energy Convers., vol. 36,
no. 4, pp. 3096-3107, Dec. 2021.

Qingzeng Yan received the B.S. degree in electrical
engineering and its automation from China University
of Petroleum (East China), Dongying, China, in 2011,
and the Ph.D. degree in electrical engineering from
China University of Mining and Technology, Xuzhou,
China, in 2016.

He is currently an Associate Professor with the Col-
lege of New Energy, China University of Petroleum
(East China), Qingdao, China. During 2014 and 2016,
he was a Visiting Ph.D. Student with the Electrical
Energy Management Group, University of Bristol,

Bristol, UK, where he was also a Visiting Scholar in 2018. His research interests
include power electronics, photovoltaic generation systems, advanced topolo-
gies and controls of multilevel converters, and applications of wide-bandgap
devices.

Longlong Zhang (Senior Member, IEEE) received
the B.S. degree from China University of Petroleum
(East China), Qingdao, China, in 2006, and the Ph.D.
degree from Zhejiang University, Hangzhou, China,
in 2015, both in electrical engineering.

From 2009 to 2010, he was involved in research
as a Joint Ph.D. Student with the Power Electron-
ics Research Center, National University of Ireland
’ Galway, Galway, Ireland. He has been in industry on
A\ power converter development for more than 7 years
since 2015. And he was with the China University of

Petroleum (East China), Qingdao, China, in 2022, and was the Deputy Dean
with the Department of Electrical Engineering. His current research interests
include energy management and power conversion topology in renewable power
systems, and near-field wireless power transfer technology.

Longzhen Guo received the B.S. degree in electrical
engineering from the College of Electrical Engineer-
ing, Zhengzhou University, Zhengzhou, China, in
2022. He is currently working toward the M..S. degree
in electrical engineering with the China University of
Petroleum (East China), Qingdao, China.

His research interests include advanced topologies
and modulations of multilevel converters.

Zixu Zhang received the B.S. degree in electrical
engineering from the College of Electrical Engineer-
ing and Automation, Shandong University of Science
and Technology, Qingdao, China, in 2022. He is cur-
rently working toward the M.S. degree in electrical
engineering with the China University of Petroleum
(East China), Qingdao, China.

His research interests include photovoltaic gen-
eration systems, modulation, and control of current
source inverters.

Hailiang Xu (Member, IEEE) received the B.S.
degree from China University of Petroleum (East
China), Qingdao, China, in 2008, and the Ph.D. de-
gree Zhejiang University, Hangzhou, China, in 2014,
both in electrical engineering.

He is currently a Professor with the College of
New Energy, China University of Petroleum (East
China), Qingdao, China. His current research inter-
ests include wind power generation, microgrid, and
power quality.

Jinkui He received the B.S. degree in electrical engi-
neering and the M.S. degree in control engineering
from China University of Petroleum (East China),
Qingdao, China, in 2010 and 2012, respectively, and
the Ph.D. degree in electrical engineering from the
Aalborg University, Aalborg, Denmark, in 2022.

He is currently an Experimental Lecturer with
the College of New Energy, China University of
Petroleum (East China). His research interests include
the design of grid-connected converters and the reli-
ability in power electronics.

Rende Zhao (Member, IEEE) received the B.S. and
M.S. degrees in electrical engineering from Shandong
University, Jinan, China, in 1999 and 2002, respec-
tively, and the Ph.D. degree in electrical machinery
and apparatus from the College of Electrical Engi-
neering, Zhejiang University, Hangzhou, China, in
2005.

He s currently a Professor with the College of New
Energy, China University of Petroleum (East China),
Qingdao, China. His research interests include renew-
able energy generation and motor control.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


