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Abstract: In order to ensure the continuity of the DC-side inductor current, current source converter
(CSC) needs to add overlap time between the drive signals, but the overlap time will introduce
low order (mainly fifth and seventh) harmonics to the grid current, which seriously degrade the
harmonic performance of grid current. At present, some research has been conducted to theoretically
analyze and mitigate the overlap-time effect in CSC, including the use of positive-slope sawtooth
wave or negative-slope sawtooth wave as the carrier wave, turning on the switch early or delaying
turning it off, and eliminating the deviation effect by compensation algorithms, etc. However, existing
overlap-time suppression schemes takes the nearest three vector synthesis reference vector scheme as
the object of study, in other words, the effect of overlap time on the non-nearest three-vector synthesis
reference vector scheme has not been considered. To address these issues, this paper takes the
non-nearest three-vector synthesis reference vector scheme as the object of study to analyze the effect
of overlap time on the driving signal and establishes the quantitative relationship between the current
harmonics introduced in the grid current and overlap time through Fourier decomposition. Then,
the design process of the proposed improved space vector modulation by constructing freewheeling
check for channels to replace the overlap time is presented in detail. Finally, simulation and experimental
updates results verify that the overlap-time suppression effect of the proposed scheme is about 100%.
Citation: Ding, H.; Li, Q.; Yuan, J.;
Wang, W.; Li, M; Guerrero, J.M. A Keywords: current source converter; overlap time; space vector modulation
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1. Introduction

PWM converters are divided into voltage-source converters (VSC) and current-source

Academic Editor: Adolfo Dannier converters (CSC) according to the DC side energy storage element. The VSC has the
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current source converter will be further improved [9-11], which will improve the problem
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of low efficiency of a current-source converter and further promote the development of
current-source converters.

For voltage-source converters, dead time must be added between the switch drive
signals to prevent direct conduction of the upper and lower bridge arm switches [12]. By
contrast, current-source converters allow direct conduction of the upper and lower bridge
arm switches, but they require a delayed turn-off or early turn-on of the drive signal to
ensure the continuity of the DC side inductive current and to avoid the damage of power
devices caused by the instantaneous drop of the DC side energy storage inductor current,
and the delayed turn-off or early turn-on time is called the overlap time [13]. However, the
overlap time brings additional low-order (mainly fifth and seventh) harmonics to the grid
current, which aggravates the degree of grid current distortion.

So far, some research has been conducted to theoretically analyze and mitigate the
overlap-time effect. A study on system stability revealed that the overlap time affects
the system stability, but it is not explained in detail [14]. A study compared losses due
to overlap time in different power devices and analyzed the degree of loss reduction
in different power device combinations [15]. A natural soft-commutation PWM scheme
reduces the overlap duration by achieving natural soft commutation during the switching
process, but it only considers the unity power factor [16]. A comparative study of the grid
current distortion caused by the overlap time under different space vector modulation
segmentation has been investigated [17], but it did not consider the effect of overlap time
on different vector synthesis methods. An overlap-time effect suppression is proposed by
using positive-slope sawtooth wave or negative-slope sawtooth wave as the carrier wave,
according to the polarity relationship of current and voltage [18], and this modulation
strategy does reduce the number of overlap time in one switching cycle compared with
the traditional modulation strategy, but there is still an overlap time effect, which does not
completely suppress the nonlinear error caused by the overlap time. In [19], the switches
are reasonably early turned on or delayed turned off according to the relationship between
grid voltages in each sector, so as to achieve the effect of overlap-time effect suppression, but
the algorithm is more complicated and difficult to implement. In [20], the vector deviation
error of the output current waveform was analyzed, and a compensation algorithm was
designed to eliminate the deviation effect. However, the compensation algorithm increased
the complexity and processing time of the system, and the application of overlap time led to
the loss of half-cycle symmetry of the modulated current, which could not be solved by the
compensation method. In addition, the existing overlap-time effect suppression schemes
are mainly designed for the nearest three-vector synthesis reference vector scheme, in other
words, the effect of overlap time on the non-nearest three-vector synthesis reference vector
scheme is not considered.

Aiming to solve these problems, this paper presents a method to ensure the continuity
of DC-side inductor current by constructing a freewheeling channel without setting the
overlap time. The main contributions of this paper are as follows:

(1) The effect of overlap time on grid current under the non-nearest three-vector synthesis
reference vector scheme is analyzed, and the relationship is derived between the
overlap time and the introduced harmonics in grid current.

(2) A novel overlap-time suppression method is proposed, that is, constructing a free-
wheeling channel by controlling specific switch (Freewheeling switch) to maintain
conduction, thus ensuring the continuity of the DC-side inductor current, so that the
proposed scheme does not need to incorporate overlap time.

(38) The experimental results obtained when the laboratory demonstrator uses a power of
200 W and the simulation results verify the correctness of the theoretical analysis and
the effectiveness of the proposed overlap-time effect mitigation scheme.

The rest of this article is structured as follows. Section 2 analyzes the operation mech-
anism and the effect of overlap time on the non-nearest three-vector synthesis reference
vector scheme. Then in Section 3, the improved modulation strategy by diode-clamp
according to the relationship between the different grid voltage in each sector is described
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in detail. In Section 4, simulation results and experimental results are given to verify the
correctness of the theoretical analysis and the effectiveness of the proposed scheme. In
Section 5, the experimental and simulation results are discussed, and the limitations of the
proposed scheme are presented. Finally, the conclusion is reached.

2. Related Work

The schematic diagram of the current-source converter is shown in Figure 1. S1~56
represent six insulated gate bipolar transistors (IGBT), which are connected in series with
six diodes VD;-VDg to improve the reverse blocking capability of the device. The DC-side
inductor L and capacitor C form a low-pass filter, which mainly plays the role of filtering
the high harmonics and assisting the device to change the current.

VD, VD, x VD, x T
s 37 s51

Ly o

[}
& v

Figure 1. Schematic diagram of current-source converter.

At each moment, the CSC has an upper bridge arm switch and a lower bridge arm
switch conducting. Therefore, the CSC has nine switching modes corresponding to nine
current space vectors, consisting of six active vectors i;—ig and three zero vectors iy (i7—ig)
as shown in Table 1.

Table 1. Switching states and space vectors of CSC.

Type Space Vector Switching States
i 51, Se
iz Slr SZ
1 S, S
Active Vectors 1.3 2073
iy S3, 54
i5 S4, S5
g S5, Se
i7 Sl/ 54
Zero Vectors ig Ss, Se
g S, S5

2.1. Operation Mechanism for Non-Nearest Three Vectors Scheme

Figure 2 shows the space current vector diagram and Figure 3 shows the terminal
voltage for each phase. As shown in Figures 2 and 3, the non-nearest three-vector scheme
divides the space current vector diagram into 6 sectors (Sector x1—x4), and each sector
includes two grid voltage relationships, so even if the same switching sequence is used
in the same sector, the corresponding overlap time effects are not the same, while the
non-nearest three-vector scheme divides the space current vector diagram into 12 sectors
(Sectors 1-12), and the grid voltage relationships in each sector is determined.
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Figure 2. Space current vector diagram.

X,
0] 1

The midpoint voltage of
three-phase bridge arm

Figure 3. Terminal voltage for each phase.

To reduce the DC-side current ripple for a CSC, Guo et al. [21] proposed the non-
nearest three-vector (iy, iy+1 and iy42, 1 = 1, 2, ..., 5) synthesis reference vector scheme.
Taking the sector 1 as an example, the reference vector I, is synthesized through the non-
nearest three vectors i1, i, and i3, and the dwell times of the three vectors can be calculated
according to the principle of the ampere-second balance.

In the odd (1, 3, 5,7, 9, 11) sectors, the dwell times for the three vectors are:

Ty = Ts — mTssin(% +0)

Ty+1 = V3mTssin(Z +0) — Ty )
Tn+2 =Ts— T, — Tn+1

m = Iref/idc

where 6 denotes the reference vector angle and 6 € (0,71/6), Ts denotes the switching
period, m denotes the modulation index and i;, denotes the DC-side inductor current.
In the even (2, 4, 6, 8, 10, 12) sectors, the dwell times for three vectors are:

Ty = V3mTssin(F — 0) — T
Tpp1 = mTssin(0 — Z) + Ts )
Ty1=Ts—Tn— Tn+1

where 6 denotes the reference vector angle and 6 € (—7/6,0), Ts denotes the switching
period, m denotes the modulation index.

The mechanism of the non-nearest three-vectors modulation scheme in sector 1 as
shown in Figure 4.
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Figure 4. Mechanism for CSC With Non-Nearest Three Vectors modulation scheme in sector 1.

2.2. Effect of Overlap Time with Non-Nearest Three Vectors Modulation Scheme

Taking sector 1 as an example to analyze the influence of overlap time, and the
switching sequence is i1 (51, S6) i (51, S2) i3 (S2, S3). When S6 switches to S2, S2 receives
the turn-on signal but the 56 is not yet turned off due to the existence of overlap time,
however, VD, bears the forward voltage u, (e > 0), so the commutation from S6 to S2 can
be changed in time, and there is no overlap-time effect. When S1 switches to 53, S3 receives
the turn-on signal but S1 is not yet turned off due to the existence of overlap time. However,
VDj bears the reverse voltage uy, (4p, < 0), so the commutation from S1 to S3 cannot be
changed in time, and there is an overlap-time effect. The distribution of the overlap-time
effect in sector 1 is shown in Figure 5, compared with the ideal drive situation. The current
flows in phase A are extended by one overlap time f,y, and in phase B is reduced by one
overlap time. Affected by the overlap time, the ampere-second balance equation becomes:

Tyiy + (T2 4 top )iz + (T3 — top)is = LiefTs

. . . . 3
= Ty + Toix + Taiz + topin = LietTs ®)
| T >
| on | %
S — I
ST
T L
se [ 1~ L
o 71 b
W]
Ly |_|_iu(

Figure 5. Overlap time effect in sector 1.

The deviation of dwell time of active vectors iy, i3 results in a current deviation from
the expected reference current vector and introduces additional low-order harmonics in
the modulated rectifier current waveforms.

Figure 6 shows the current deviation iy, (izey = (ton/Ts) X i1), which is mapped onto
the three-phase coordinate axes to investigate the effect of current deviation on the grid
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current of the converter, where Aig,, Aig, and Aig, are the deviation components of iz, on
the a-axis, B-axis and C-axis, respectively.

[Aisa] = gy c08(E) = P2 ir] = iactoo f
|Agy| = —igeo COS(%) = _§%|il| = —igctonfs 4)
|Ase| = igepcos(5) =0
By (52,83
\
7,(S3,84) ,(S1,S2)
Zero Vectors Z}
77 (S1, S4) o i
i, (S6,56) i, =l
i, (S2,85) A B T
i,(S4,85 i(S1,S6)

/
/o
Cy i(8556)
Figure 6. Mapping of the current deviation iy, of ij.

By the above method, the relationship between the current error of each phase due to
the overlap-time effect and the sector in one switching cycle can be obtained, as shown in
Table 2.

Table 2. Effect of overlap time with the non-nearest three vector.

Terminal

Sector Voltage Aig, Aig, Nige

1 Ug > Up > Uc idctgyfs 7idctgyfs 0

2 Ua > Up > Ue 0 idcto’vfs _idctovfs
3 Up > Ua > Uc igctoo fs 0 —igctoofs
4 Up > Uy > U —lgctonfs igctoufs 0

5 Up > Uc > Uy 0 idctovfs _idctovfs
6 Up > Uc > Ua —igctovfs 0 igctoo fs
7 Ue > Up > Uy —lgctonfs igctovfs 0

8 Ue > Up > Uy 0 —igctovfs igetoofs
9 Uc > Ug > Uy, —igctoofs 0 igctoo fs
10 Ue > Ua > Up igctoufs —igctonfs 0

11 Ug > U > Up 0 _idctovfs idctovfs
12 Ua > Uc > Uy, igetoofs 0 —igctoofs

To theoretically analyze influence introduced by overlap time, Fourier decomposition
is applied to obtain the harmonic distribution of Ais,;, Aig, and Aig.. Since the deviation of
current vectors is symmetric in three phases, only the decomposition result of Aig, is given
in the following:

Aigy = @(6 —2V/3) |cos(wt) + ¥ (-1)"@ - cos(6k + 1)wt - - - (5)

According to Equation (5), the overlap time not only affects the fundamental modula-
tion waveform, but also introduces 6k + 1 (k =1, 2, ...) harmonics to the rectifier current.
These harmonics are only related to the overlap time and the switching frequency f;. To
ensure correct switching commutation, a sufficiently long overlap time should be chosen.
However, higher switching frequencies and larger overlap time lead to a worse harmonic
distribution of the grid current, so it is very necessary to address the effects caused by the
overlap time.
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3. Materials and Methods

In order to increase the reverse blocking capability of the switch, a diode is usually
connected in series with the switch. However, the conduction of the diode is determined
by the voltage at the terminals of the diode, so even if the switch receives a turn-on
signal, the current cannot flow through the switch if the diode cannot conduct due to the
reverse voltage.

Based on the above discussion of the diode-clamp, a novel overlap-time suppression
method is proposed, that is, by analyzing the relationship between the different grid voltage
in each sector to control a specific switch (Freewheeling switch) to maintain conduction
to build a freewheeling channel. Specifically, leave the switch of the upper bridge arm
corresponding to the lowest voltage of u,, uy, 1. and the switch of the lower bridge arm
corresponding to the highest voltage of u,, uy,, 1. on as a freewheeling switch to prevent
inductor current discontinuity.

When the switching characteristics cause the switch waiting to be turned off to be
turned off, and the switch waiting to be turned on has not been turned on, the current
can flow to the freewheeling channel, thus ensuring the continuity of DC side inductive
current. In addition, since the freewheeling switch is selected by analyzing the grid voltage
in each sector, the diode in series with the freewheeling switch is subjected to reverse
voltage when the system is operating normally, and the current does not flow through
the freewheeling channel, thus not affecting the normal operation of the current source
converter. Take sector 1 as an example, 1, is the maximum and . is the minimum, so let S5
of the upper bridge arm and 54 of the lower bridge arm turn on. The freewheeling switch
for each sector is shown in Table 3.

Table 3. Freewheeling switch in each sector.

Sector Terminal Voltages Freewheeling Switch
1 Uy > Up > U S4, S5
2 Uy > Up > U 54, S5
3 Up > Uy > Ue S5, S6
4 Up > Uy > U S5, S6
5 Up > Ue > Uy S1, S6
6 Up > Ue > Uy S1, S6
7 Ue > Up > Uy S1,S2
8 Ue > Up > Uy S1,S2
9 Ue > Uy > Uy S2,S3
10 Ue > Uy > Up S2,S3
11 Uy > U > Up S3, 54
12 Uy > U > Uy S3,54

Taking sector 1 as an example, the grid voltage relationship is u, > up, > 1., and the
corresponding switching sequence is i1 (S1, S6) iy (S1, S2) i3 (52, S3). By looking up Table 3,
it can be seen that the switch 54 and S5 are always left on as the freewheeling switch, and
the overlap time is not set. Figure 7 shows the switching process. The block diagram for
implementation is shown in Figure 8. The specific operation process is as follows:

(1) Asshown in Figure 7a, the switches 51, 56, 54, S5 receive the turn-on signal and are
turned on, but the current can only flow from high voltage to low voltage. In other
words, the diodes VD4 and VD5 are subject to reverse voltage because u, > uy, > 1,
there the inductor current only flows through S1 and S6 at this time.

(2) Asshown in Figure 7b, when S6 switches to S2, if the switch S6 to be turned off has
been turned off and the switch S2 to be turned on has not been turned on due to the
switching characteristics, the current will flow through the freewheeling switch S4,
which will avoid discontinuity in the inductor current, and the inductor current flows
through S1 and 5S4 at this time.
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(3) Asshown in Figure 7c, when the switch S2 is turned on, VD4 is subjected to a reverse
voltage at this time, so the inductor current cannot flow through S4, and the inductor
current flows through S1 and S2 at this time.

(4) As shown in Figure 7d, when the S1 switches to S3, if the S1 to be turned off has
been turned off and the S3 to be turned on has not yet been turned on due to the
switching characteristics, the current will flow through the freewheeling switch S5,
thus avoiding discontinuity in the inductor current, and the inductor current flows
through 52 and S5 at this time.

(5) Asshown in Figure 7e, when the switch S3 is turned on, VD5 is subjected to a reverse
voltage at this time, so the inductor current cannot flow through S5, and the inductor
current flows through S3 and S2 at this time.

p N 4 P
f +
VD & VD& VD] + VD, 4 VD & VD, VD & VD X VD, +
ERER N ¥y € AE N
S s3 s5 SI'}- 837} 85 STH S3°H S5
— - —A
B B Uy B B Uge B Uy
C C : C
S41 86 s2 $4 }.56 L 52 sS4l S6 | s2
IERIE R Ly WY1 1lEAIC A
VD, X VD & VD _ VD 4 VD& VD I VD,&VD X VD B
n h n
(a) (b) (c)
p i p
T 1 +
VD X VDX VD + VD4 VDF VD,
@ A 1 QA 1
SI'H s3}H 85 SIH 83783
A —1A
B U, - B udc
C = C
S4 [ S6 [ S2 S4 | S6 | S2
1 1 1 1 1 1
VD & VD & VD B VD & VD & VD, _
n n

(e)

Figure 7. Switching process diagram. (a) S1, S6 are effectively turned on. (b) S6 switches to S2. (c) S1,
S2 are effectively turned on. (d) S1 switches to S3. (e) S2, S3 are effectively turned on.
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Figure 8. Block diagram for implementation.

4. Main Results

In order to verify the effectiveness of the proposed control strategy, a simulation model
was built using MATLAB/Simulink. In addition, the effectiveness and feasibility of the
proposed control strategy were verified by experiments on a three-phase CSC prototype
in Figure 9. The control algorithm was implemented on a TMS320F28335 DSP + XC35400
FPGA digital platform. A Chroma Programmable ac Source 61511 was used as the three-
phase power source to provide three-phase voltages to the CSC, and the switching device
IGBT on the CSC platform was selected from Infineon’s 1IKW40T120. Each power IGBT
was connected in series with a diode, which was selected as a fast recovery diode of model
DSEI30-10. The system and control parameters are shown in Table 4.

Controller Grid-side
filter inductor | £4

8 . - =R
Switch Mode
Power Supply

Three-phase power source

Figure 9. Experimental system of a three-phase current source converter.

Table 4. System and control parameters.

Parameter Symbol Simulation Experiment
Phase Voltage Vi 220V 40V
DC Inductance Lp 5mH 5mH
DC Capacitor Cdc 940 uF 940 uF
Filter Inductance L 2.5 mH 4mH
Filter Capacitor C 20 uF 9.4 uF
Load R 20 Q) 3002

The driving waveform of switches are shown in Figure 10, and the proposed method
controls switch differently to maintain conduction in different sectors. In sectors 1, 2, 3,
4, u. is minimum, so S5 of the upper bridge arm is always turned on; In sectors 5, 6, 7, §,
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U, is minimum, so S1 of the upper bridge arm is always turned on; In sectors 9, 10, 11, 12,
up is minimum, so S3 of the upper bridge arm is always turned on; In sectors 1, 2, 11, 12,
U, is maximum, so S4 of the lower bridge arm is always turned on; In sectors 3, 4, 5, 6, uy,
is maximum, so S6 of the lower bridge arm is always turned on; In sectors 3, 4, 5, 6, u, is
maximum, so 56 of the lower bridge arm is always turned on. In sectors 3, 4, 5 and 6, uy, is
the largest, so S6 of the lower bridge arm is always turned on; In sectors 7, 8, 9 and 10, u. is
the largest, so S2 of the lower bridge arm is always turned on.

Tek stop . i X e MoiseFiterOff Tek sStop
S 2 BB sears, 6,78

— Noise Fiter Off
Sector:5+ 6+ 7+ 8
o L

i i i i P T i i
J & 7 -soomv asess0tifzaaia 500% Jaooms -800mY 172354 Ha[22:623
(a)
Teksip § = Yoise Fiter 011 Tek stop —_— Hoise Fiter Off
Sector 97 10, T1-112

e Secor 9, 107 1112 Seclor 3. 4L 50 65, e
VRSO D CRATREN D o N .o

© s0v

500V

H i f i N i i
Jlaoms ] 7 —B00mY R B 500V Ja.00ms | - -s00my 264103 Hafoz:3010
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_az Sector 7+ 85 9+ 10 -
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Sector 7. 8. 9. : :
..CC.(:W RN --‘/scc-terh 2.3 4

500V

 =500mi

383 H 222105 o S0V

(c)

Figure 10. Switch drive waveform (a) Switch 51, S4. (b) Switch S3, S6. (c) Switch 52, S5. (Left: without
overlap-time suppression scheme; right: proposed scheme).

4.1. Results Analysis of Overlap-Time Variation

Figure 11 shows the grid current simulation waveforms and spectrum analysis for
different overlap times at a switching frequency of 10 kHz. As shown in Figure 11, the
total harmonic distortion (THD) of grid currents without adding the overlap time is 3.29%,
and the 5th and 7th harmonic components are small. When the 3 pus overlap time is added,
although the grid current distortion is 4.58%, which satisfies the requirements of IEEE Std
519-2014, the 5th and 7th harmonics increase significantly, and with the continued increase
of overlap time, the 5th and 7th harmonic components increase more obviously, and the
grid current distortion does not even satisfy the requirements of IEEE Std 519-2014.



Energies 2022, 15, 6035

11 0f 16

Fundamental (50Hz) = 17.37 , THD= 3.29%
20F 14F T T T T T T T T T

0.8 b

0.6/ b

Grid-side Current (A)
Mag(% of Fundamental)

|
S

041 1

| |
o o=
S &

bl ot o Lo ol Ji bl H.mlh|| ||m\|\lm‘ bl
100 200 300 400 500 600 700 800 900 1000
031 032 033 034 035 036 037 Frequency (Hz)

Time (s)

|
N}
G

o

—~~
o
~

)
o3

Fundamental (50Hz) = 17.4 , THD=4.58%
T T T T T T

- =
S » S

Grid-side Current (A)
S
Mag(% of Fundamental)

20 sl Db b bl ) \‘IMum.u\umlh
0 100 200 400 500 600 700 800 900 1000
035 036 03 Frequency (Hz)

(b)

0.31 0.32 033 0.34
Time (s)

Ny
G

Fundamental (50Hz) = 17.41 , THD=5.13%
T T T T T T

| - =
“w o wn o n S

Grid-side Current (A)

L
o

Mag(% of Fundamental)
n
T
I

| |
o o
S w

sl oty s bt oot vt sl syttt bt bl ‘ n\luh|\||hl
03T 033 033 034 033 036 03 0 100 200 300 400F 500 H@O 700 800 900 1000
Time (5 requency (Hz)

|
N
G

~~
(g
~

Fundamental (50Hz) = 17.42 , THD=5.32%
T T T T T T T

1)
S
w
T
L

)

i
i
L

IS}
u
L

Grid-side Current (A)
S w
Mag(% of Fundamental)
in
T
I

|
3
o
0
T

—20F (Ll ‘,‘|h. Dttt ottt sl gl sl \lmm.u Wl
a5t 0 100 200 300 400 500 600 700 800 900 1000
031 032 033 035 036 037 Frequency (Hz)

(d)

Figure 11. Simulation results of the grid current with different overlap times at 10 kHz switching
frequency. (a) top = 0 ps. (b) toy =3 ps. (c) foy =5 ps. (d) top =7 ps.

0.34
Time (s)

Figure 12 shows the grid current experimental waveforms and the corresponding fast
Fourier transform (FFT) analysis for different overlap times at a switching frequency of
10 kHz. It can be seen that the lower harmonics, especially the 5th and 7th harmonic com-
ponents, increase significantly with the increase in overlap time. As shown in Figure 12a,
the 5th and 7th harmonic components are —29 dB (5th) and —25 dB (7th) when the overlap
time is not added, while when the overlap time of 7 ps is added, the 5th and 7th harmonic
components are —14 dB (5th) and —16 dB (7th), respectively. Figure 13 shows the 5th and
7th harmonic amplitudes with different overlap times at 10 kHz switching frequency. As
show in Figure 13, compared with the harmonic component amplitude without the overlap
time, the 5th and 7th harmonic component amplitude corresponding to the overlap time of
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7 us is about double, and the grid current distortion increases due to the increase in the 5th
and 7th harmonic components.
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Figure 12. The experimental waveforms of the grid currents and the corresponding FFT analysis
for different overlap times at 10 kHz switching frequency. (a) fop = 0 ps. (b) fop =3 ps. () toy =5 ps.
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Figure 13. Experimental waveforms of the 5th and 7th harmonic amplitudes with different overlap
times at 10 kHz switching frequency.

In general, the simulation results are consistent with the experimental results, showing
that the 5th and 7th harmonic components introduced in the grid current increase with the
overlap time, which proves the correctness of the theoretical analysis of Equation (5).

4.2. Results Analysis of Switching Frequency Variation

Figure 14 shows the grid current simulation waveform and spectrum analysis when
the switching frequency is 40 kHz and the overlap time is set to 5 us, which shows that
the grid current distortion is 7.69%. Compared with Figure 11c, the 5th and 7th harmonic
components and the THD of the grid current at the switching frequency of 40 kHz are
significantly larger than those at the switching frequency of 10 kHz.
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Figure 14. Simulation results of grid currents with switching frequency of 40 kHz.

Figure 15 shows the grid current experimental waveform and the corresponding FFT
analysis when the overlap time is 3 pus and the switching frequency is 40 kHz, whose 5th
and 7th harmonic component amplitudes are —10 dB (5th) and —12 dB (7th), respectively,
while the 5th and 7th harmonic component amplitudes are —23 dB (5th) and —22 dB (7th)
at the switching frequency of 10 kHz as shown in Figure 12b. Compared with the 5th
and 7th harmonic component amplitude at 10 kHz, the 5th and 7th harmonic component
amplitude at 40 kHz switching frequency is about double, and the grid current waveform
distortion is obvious.
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Figure 15. The experimental waveforms of the grid current and the corresponding FFT analysis for
the 3 us overlap time at 40 kHz switching frequency.

In general, the simulation results are consistent with the experimental results, showing
that the 5th and 7th harmonic components introduced in the grid current increase with the
switching frequency, which proves the correctness of the theoretical analysis of Equation (5).

4.3. Result Analysis of The Proposed Scheme

Figure 16 shows the grid current simulation waveform and spectrum analysis of the
proposed method. It can be seen that the grid current THD of the proposed scheme is 3.30%
and the 5th and 7th order harmonic components are low, which is almost the same with
the ideal situation of the grid current without overlap time in Figure 11a.
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Figure 16. Simulation results of grid current with proposed method.
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Figure 17 shows the experimental results of the grid current and the corresponding
FFT analysis for the proposed method. It can be observed that the 5th and 7th harmonic
components of the proposed scheme are —29 dB (5th) and —25 dB (7th), which are the same
as the 5th and 7th harmonic components of Figure 12a when no overlap time is added.
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Figure 17. The experimental waveforms of the grid current and the corresponding FFT analysis for
the proposed scheme at 10 kHz switching frequency.

Figure 18 shows the grid current THD of the proposed scheme at different switching
frequencies. As shown in Figure 18, the proposed scheme can operate properly at different
switching frequencies, and the THD decreases as the switching frequency increases.

SO - S 4
nw o o w o wn
S & © & © S o

Total Harmonic Distortion (%)
18]

e
1=
S

10 15 20 25 30
Switching frequency (kHz)

Figure 18. The grid current THD with different switching frequencies.

Overall, the simulation results are consistent with the experimental results, which
show that the proposed method improves the harmonic performance of the grid current and
suppresses the low-order harmonics introduced by the overlap time through controlling
the freewheeling switch to maintain conduction, and the proposed scheme can be used in
different frequency situations.

5. Discussion

In this paper, the experimental and simulation results in Part 4.1 show that the 5th and
7th harmonic components introduced in the grid current increase with the overlap time.
The experimental and simulation results in part 4.2 show that the 5th and 7th harmonic
components introduced in the grid current increase with the switching frequency. Overall,
the experimental and simulation results in Parts 4.1 and 4.2 verify that the theoretical anal-
ysis on Equation (5) is correct, i.e., the harmonic amplitude introduced in the grid current
is proportional to the overlap time and switching frequency. In addition, the experimental
and simulation results in Part 4.3 show that the proposed scheme can effectively suppress
the overlap-time effect. Although the proposed overlap-time suppression scheme can effec-
tively suppress the overlap-time effect, there are also limitations. First, the overlap-time
suppression strategies in this paper are proposed on the basis of space vector modulation,
so whether the proposed scheme can be applied to other modulation strategies needs to be
further studied. Second, the diode connected in series with the switch will penalize the
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system’s efficiency. At present, the literature [22] proposed that two thyristors can be used
instead of diodes to reduce system losses, and the literature [10] indicated that the use of
new semiconductor power devices such as RC-IGBT, a SiC metal oxide semiconductor field
effect transistor (MOSFET) and diodes can further improve the efficiency of current-source
converters, in other words, follow-up study can try to use other active components to limit
the losses.

6. Conclusions

In this paper, the non-nearest three-vector synthesis reference vector method is taken
as the object of study to analyze the effect of overlap time on the current-source converter
in detail, and the current deviation introduced due to the overlap time is analyzed by
Fourier decomposition. The relationship between introduced harmonic and overlap time is
derived numerically. An overlap suppression scheme method is proposed and verified by
simulation and experimental results. The conclusions obtained are relisted as follows:

(1) The overlap time introduces the 6k + 1(k =1, 2, 3, ... ) harmonics in the grid cur-
rent, and these harmonic components increase with the switching frequency and the
overlap time.

(2) The proposed method of constructing a freewheeling channel by controlling a specific
switch (Freewheeling switch) to maintain conduction can eliminate the low-order
harmonics introduced in the grid current by overlap time.

(3) Simulation and experimental results verify the correctness of the theoretical analysis
and the validity of the proposed scheme. Moreover, it is worth noting that the overlap-
time suppression effect of the proposed scheme is about 100%.
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Abbreviations
The following abbreviations are used in this paper:
CSC Current-source converter
VSsC Voltage-source converter
DC Direct current
AC Alternating current
THD Total harmonic distortion
IGBT Insulated gate bipolar transistors

RC-IGBT  Reverse conducting insulated gate bipolar transistors
MOSFET Metal oxide semiconductor field effect transistor

tov Overlap time

FFT Fast Fourier transform
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