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Abstract: Suitable space vector modulation (SVM) with reduced high-frequency common-mode volt-
ages (HF-CMVs) for grid-connected current-source inverters (CSIs) have not been well investigated
yet. In this study, the potential of active zero-state SVM (AZS-SVM) to suppress high frequency
common-mode voltages (HF-CMVs) is revealed and theoretically analyzed, which is different from
existing approaches of modifying topology. A special five-segment sequence with an optimally
selected third active space vector for AZS-SVM is proposed and applied for CSls. Simulation and
experiments were completed on a (2.5 kW /208 V/6.94 A) grid-connected three-phase CSI. The re-
sults indicate that the proposed AZS-SVM mitigates HF-CMVs around unity and double control
frequency by a factor of at least four times in contrast to that by conventional SVM, which validates
the effectiveness of the proposed AZS-SVM to mitigate HF-CMVs generated by a grid-connected CSI.

Keywords: current-source inverter; common-mode voltage; space vector modulation

1. Introduction

Grid-connected power electronics converters have been widely used in renewable
energy conversion systems [1-3]. As the interface between renewable energy sources and
the grid, grid-connected power converters can be categorized into with transformer and
transformerless [4]. Due to isolation transformers’ bulky size, large footprint, and more
power losses, transformerless grid-connected inverters are more attractive. Unfortunately,
power devices’ fast switching would impose high-frequency common-mode voltages
(HF-CMVs) onto the systems. For example, Figure 1 shows a photovoltaic (PV) power
conversion system without an isolation transformer. CMVs induce leakage currents flowing
through a PV panel’s parasitic capacitors, which imposes an adverse impact on line currents,
electromagnetic interference (EMI), and potential human safety problems [5]. Since the
reactance of capacitor decreases when the frequency increases, HF-CMVs would easily
induce leakage currents in the system, which should be meticulously dealt with.

In this study, the potential of active-zero state space vector modulation (AZS-SVM)
to mitigate HF-CMVs in a three-phase grid-connected CSI is revealed and analyzed. AZS-
SVM synthesizes a zero-state vector with two active-state vectors in opposite directions
during each control period. A special five-segment sequence is proposed to realize optimal
HF-CMV mitigation under various power factor (PF) conditions in contrast to conventional
SVM. The optimal selection of the third active space vector is analyzed. The simulation and
experimental results are presented to verify the effectiveness of the proposed AZS-SVM to
suppress HF-CMVs.

Based on the simulated and experimental results, the proposed AZS-SVM can achieve
the mitigation of HF-CMVs around unity and double control frequency under various
modulating indexes and different phase angle differences between the capacitor voltage
vector and output pulse-width modulated (PWM) current vector by the CSI. With output
PWM current vector aligning with capacitor voltage, the proposed AZS-SVM mitigates
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HF-CMVs around unity and double control frequency by a factor of at least four times in
contrast to that by conventional SVM.
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Figure 1. Impact of HF-CMVs on transformerless PV system.

The paper is organized as follows. In Section 2, a review of the state-of-the-art literature
on CMV mitigation is presented, which is followed by the generation of CMV in a CSI
in Section 3. Conventional SVM and the proposed AZS-SVM are presented in Section 4,
where a discussion on selecting the third active space vector for the proposed AZS-SVM is
included. Sections 5 and 6 present the simulated and experimental results in contrast to
conventional SVM. Finally, some conclusions are drawn in Section 7.

2. Review of the Literature

To tackle the issue associated with HF-CMVs, many topologies and modulation
schemes have been presented, of which the basic objective was to generate unipolar voltage
pulse so as to mitigate HF-CMVs [4,6]. They are mainly designed for voltage-source
inverters (VSIs). However, a huge electrolytic DC capacitor typically used in a VSI degrades
the whole system’s lifespan [7]. In addition, a potential risk of overcurrent fault due to
the phase-leg short circuit error would reduce the system reliability further. In contrast,
CSIs have a simple structure, with the inherent current limiting capability, and enhanced
reliability [8], since a DC choke instead of a DC capacitor is used at the DC side of a
CSI. Though various modulation schemes have been introduced for CSIs, SVM is an
online scheme, and normally regarded as the most flexible [9]. Since CSIs are mainly
adopted in high-power medium-voltage motor drive applications, the existing research
mainly focuses on reducing CMV peak value and mitigating low-order harmonics in
CMVs [10,11]. In [12], AZS-SVM is presented to mitigate the peak value of CMVs in
high-power medium-voltage CSI-fed motor drives, where the switching device’s switching
frequency is limited to around 500Hz. In addition, AZS-SVM in [12] aims at mitigating
low-order harmonics in PWM currents, which are naturally reduced with the increase in
switching frequency. Furthermore, the four-segment space vector sequence in [12] was
not available to mitigate HF-CMVs, so it cannot be directly applied for a transformerless
grid-connected CSI. Various modifications on topologies of CSIs have also been studied
so as to reduce HF-CMVs [13-15]. A CHS5 inverter for single-phase PV systems was
presented in [13], which eliminates HF-CMVs with an extra added switching device.
Similarly, a four-leg CSI for three-phase PV systems was presented in [14], which mitigated
HF-CMVs via augmenting one more phase leg. A single-phase CSI with six switches
was presented in [15], which achieved the elimination of HF-CMVs by adding two more
switching devices. In comparison to the existing methods, the proposed AZS-SVM does not
require topology modification, and solely depends on modulation schemes and different
space vector arrangements over one control period. Furthermore, the proposed AZS-SVM
focuses on mitigating HF-CMVs rather than peak or average values of CMVs as in the
existing literature.
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3. CMV of a CSI

The schematic diagram of a grid-connected CSI is depicted in Figure 2. In Figure 2a,
Lgc1 and L, denote the coupling differential-mode chokes. I is the DC current. P and
N denote the positive and negative DC rails, respectively. The six switching devices with
anti-voltage blocking capability are denoted by S; to S, and realized by connecting an
IGBT in series with a diode. Cy and Ly are three-phase filter capacitors and inductors,
respectively. At the AC side, iy, vc Fxr and isy (x = 4, b, ¢) denote inverter output currents,
capacitor voltages, and line currents, respectively. g is the ground and O is the neutral

point of the CSL.
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Figure 2. Grid-connected CSI: (a) topology, and (b) space vector.
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The voltages vpp and vyo can be given by:
vpo| _ [S1 S3 S5 Zcfa )
ono)  [Sa Se So) | TP
Ucfc
Similarly, the currents iy, iy, and iy can be given by:
iwa Sl S4
. Iy
fwp | = |53 Se||_] ()
fwe SS 52 de
where
10N .
S; { 0 OFF (i=1,2,...,6) 3)
With L;.q equal to L;.p, ven can be written as:
vpo + v

2

It can be found that the CMV of a CSl is directly relevant to the applied switching state.
A CSI's space vector diagram is illustrated in Figure 2b, which includes six active-state
vectors and three zero-state vectors. Meanwhile, the CMV generated by each switching
state is also shown in Figure 2. The CMVs generated by active-state vectors are only equal
to half of instant capacitor phase voltages, whereas zero-state vectors produce CMVs as
high as instant capacitor phase voltages. Hence, it can be deduced that CMV transitions
between active-state vectors and zero-state vectors more easily impose high-frequency
component onto CMVs.

4. Proposed Five-Segment Sequence AZS-SVM for HF-CMV Mitigation
4.1. Conventional SVM

In this study, the five-segment space vector sequence shown in Figure 3, which com-
pares two references with a triangular carrier waveform, is applied for SVM. In Figure 3, T
is the control period of SVM, and also defined by the period of the triangular carrier. Dur-
ing one control period, conventional SVM generates two transitions between active-state
vectors and a zero-state vector. For instance, when the applied space vector transits from

— —

I to I7,the induced CMV steps from —0.50¢p, to vcy,, which results in higher magnitudes
of HE-CMVs. For the five-segment sequence, each vector’s dwell time, which is represented
by Tj, T, and Tj, can be given by:

Ty = mgsin(7t/6 — 0)Ts
T, = mgsin(rt/6+0)T; for —m/6 <60 < /6 ®)
To=Ts— T — T»

where 11, is the modulating index, and 6 is the angular displacement of the reference output
—x
current vector, I, with respect to the middle line of each sector.
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Figure 3. Five-segment sequence for conventional SVM.

4.2. AZS-SVM

The principle of AZS-SVM is to use active-state vectors (ASVs) in opposite directions
to synthesis and replace the zero-state vector (ZSV). ASVs, which are adjacent to original
ASVs in conventional SVM, will not be chosen, since induced CMVs are different from
that by original ASVs and impose instant changes on CMV. Hence, only ASVs, which are
opposite to original ASVs in conventional SVM, can be selected.

The space vector plane for a CSI is divided into twelve regions in Figure 4. Each region

corresponds to a combination of three ASVs The case in region 1is selected as an example,
- =
inwhich I4, I 2 and I 4 are selected. I 1 is opposite to I 4,50 the synthesized effect of I 4

and the part of I 1 can be neutralized to replace original I 0- The proposed five-segment
sequence for AZS-SVM is presented in Figure 4a. The modified dwell time for three ASZs
in region 1 can be given by:

T#:ﬂ+TW2:050—w@mﬁm@n
Ty = mygsin(7t/6 + 6) Ts for —t/6 <6< 0 (6)
T,=Ts—T; — T}
In Figure 4a, over one control period, AZS-SVM generates no transitions between
ASVs and a ZSV, which rmtlgates the large 1nstant changes on the CMV, and leads to lower

HF-CMVs. Similarly, in region 2, I 1 I 2, and I 5 are chosen and the proposed five-segment
sequence is shown in Figure 4b. The dwell time of three ASVs in region 2 can be given by:

T, = mgsin(7t/6 — 6)T;
ﬂ::B+TW2=050+w@Mﬁm®n for0 <6 < /6 %)
T =T,— T/ — T}
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Figure 4. Five-segment sequence for AZS-SVM and region distribution: (a) region 1, and (b) region 2.
4.3. Discussion on Third Active-State Vector Selection

Different space vector combinations are applied to minimize the magnitudes of HF-

—
CMVs in region 1 and region 2. The phase angle displacement, ¢, between ?C rand Iy is
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taken into consideration. In addition, filter capacitor voltages are assumed constant inside
each control period. vc s can be given by:

UcfaA: chCOS [9 —t 60O (Nsec — 1) —+ 4)] .
vcpy = Vepeos [0 +60 (Nsee — 1) + ¢ — 120 | 8)
vcse = Vepeos [0 460" (Nsee — 1) + ¢ 41207

where Ve 7 is the capacitor voltage peak value and N is the sector number. To prove the
effectiveness of applying different third ASVs to respective regions, the CMVs in region
1 and region 2 are picked as an example, where N, is equal to 1. As Figure 4 shows,
both CMV waveforms have the line of symmetry at ¢t = % According to Fourier series
expansion, both waveforms’ fundamental components can be written as:

o}, = ajcos(wst) )

where w; is the angular control frequency and equal to 27t/ Ts, and a5 is the amplitude of
the control frequency component. In region 1 and 2, a1 can be given by:

ay = %fOTS 0L (1) cos(wst)dt = %fo s [vém(t) +0.50Cfc} cos(wst)dt+

. T (10)
L J5" (~050cs. ) cos(eostydt = L [ Jo 2 (=050 +050ck ) cos(wst)dt]
g/l/ = % OTS z)/clm(t) cos(wst)dt = % fO s [v/c/m(t) + O'SUCfb:| cos(wst)di+
X 1 £/+T§/ JrT// (11)
L 5" (~050cp,) cos(wst)dt = L 2o (~050csc +0.50cp, ) cos(wst)dt
Y

Substituting (8) with N of 1 into (10) and (11), 4} and 11'1/ can be further written as:

T,+T/

/ . . e o ]
ay = —Aysin(6 4 ¢) sin(wst)| v,
T

Té’ +T§l JrTl//

(12)

a/{ = A1 sln(G —+ (P) Sin(wst) | Té,JrTé/
2,3

where A; is equal to \/g‘;cf .

Substituting (6) and (7) into (12), the absolute values of @} / A1 and “,1, / Ay with different
¢ from —90° to 90 are plotted over 6 between —7r/6 and 71/6 in Figure 5. Blue and purple
lines represent 4} and 4], respectively. It can be observed that when 6 is between —71/6

-
and 0, the absolute value of 11’1 is smaller, which indicates that I 4 should be selected as the

5
third active space vector. In contrast, I 5 should be applied over the range between 0 and
7t/6. The rule for third AZS selection can be applied to all the other ten regions. The space
vector combinations for each region are illustrated in Table 1.
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Figure 5. Amplitude of control frequency component in CMV with proposed AZS-SVM in region 1
and region 2.

Table 1. Selected space vectors in different regions.

Region Selected Vectors Region Selected Vectors

- = = - = =

1 L1, 1o, 14 7 La Is, Iy

2 Ly, 12, 15 8 Ty Is 1o

3 T2, 13,15 ? Is Te 1o

4 T2 I3, Tg 10 Is Te I3

> I 14, 16 1 Lo 1 13

6 12

13/ 14/ Il

16/ Il/ I4

A flowchart diagram of the proposed AZS-SVM is shown in Figure 6. The steps during
every control period can be described as below.

First, a phase-lock loop is used to detect the phase angle of the filter capacitor voltage
vector, 0 5

Then, the phase angle of the output PWM current, 6y, can be obtained by subtracting
¢ from Ocy;

Next, the sector and the angle 0 of the output PWM current reference vector inside the
sector can be determined based on 6;

According to 6, the third space vector can be chosen, and the dwell time can be
calculated from (6) or (7);

Finally, the switching signals for six switching devices can be generated.
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Figure 6. Flowchart diagram of proposed AZS-SVM.

5. Simulation Verification

Since the core of this study is to assess HF-CMV mitigation by AZS-SVM in a grid-
connected CSI, the generated CMV by a CSI is measured, and compared in various working
conditions with a constant DC current of 10A. Figure 7 shows the diagram of the simulation
system, where a grid-connected current-source rectifier (CSR) is used to maintains the DC
current at 10A. Both the modulation index, m,, and the phase angle difference, ¢, between
the filter capacitor voltage vector and output PWM current vector are adjustable for the
SVM stage in the CSI to realize different working points, such as various power factors.
The parameters of the grid-connected CSI are listed in Table 2. To validate the effectiveness
of AZS-SVM, the performance of a conventional SVM with a five-segment sequence is also
presented for comparison. In the following sections, conventional SVM and AZS-SVM are
referred to as SVM1 and SVM2, respectively.

Table 2. System parameters.

Variable Description Value
Ven Nominal line-to-line voltage 208V
Py Nominal power 25 kW

Ly Filter inductance 5mH
Cr Filter capacitance 66 uF
Lgc DC link inductance 10 mH
Ts Control period 1/3240s
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Figure 7. Diagram of the simulation system.

In both Figures 8 and 9, ¢ is 0, which means that wa aligns with ?C . Figure 8 shows
the output performance when m, is equal to 0.833. From top to down, the generated CMV,
the phase A grid current, and the CMV’s harmonic spectrum are illustrated. In the spectrum
of the CMYV, the fundamental frequency is 180 Hz. The major high-frequency components
are located at 17th, 19th, 35th, and 37th orders, which are around the control frequency of
3240 Hz and its double value of 6480 Hz. The total harmonic distortion (THD) of the phase
A grid current with SVM2 is close to that of SVM1. At the same time, significant difference
can be observed in the CMV’s waveform of SVM2 in comparison to that of SVM1. With
SVM2, the magnitude of 17th order harmonic is reduced from 31.4 V to 7.01 V and the 19th
order harmonic’s magnitude is mitigated from 36.0 V to 7.20 V. The 35th and 37th order
harmonics are reduced from 22.1 V and 30.9 V to only 5.56 V and 4.68 V, respectively.
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O O
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(a) (b)

Figure 8. CMV and ig, (m, = 0.833): (a) SVM1 and (b) SVM2.
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Figure 9. CMV and ig, (m, = 0.417): (a) SVM1 and (b) SVM2.

Figure 9 shows the output performance with m, equal to 0.417. Due to the rearrange-
ment in the space vector sequence, SVM2 generates higher THD in the grid current, but
the grid current’s magnitude is relatively low due to the applied small m,, which implies
the impacts of harmonic components on grid currents are not severe. In terms of the
HEF-CMVs, SVM2 is better than SVM1. With SVM2, the magnitudes of the 17th and 19th
order harmonics in the CMV can be reduced from 44.8 V and 63.0 V to only 3.89 V and
4.23 V, respectively. Moreover, the magnitudes of the 35th and 37th order harmonics are
suppressed from 25.2 V and 10.6 V to only 3.83 V and 3.75 V, respectively. With lower
HEF-CMVs, the leakage current in a transformerless grid-connected CSI can potentially
be suppressed.

The results in Flgures 8and 9 are obtalned when the angle of I w aligns with that of

v cf- The case when I leads or lags v cf is shown in Figures 10 and 11. With a constant
m, of 0.8333, there is no noticeable difference in terms of the grid current’s THD by SVM1

ﬁ o
and SVM2, as shown in Figures 10 and 11. When I lags 3C i by 30, the 17th, 19th, and
37th order CMYV harmonics are reduced from 45.3 V,51.0V, and 16.1 V to 14.3V, 123V,
and 10.3 V, respectively by SVM2, as shown in Figure 10. An increment from 6.68 V to

14.6 V appears at the 35th order. In Figure 11, Yw leads ?C + by 30°. With SVM2, the 17th
and 19th order CMV harmonics are mitigated from 12.7 V and 15.4 V to 10.7 V and 13.3 V,
respectively. Furthermore, the 35th and 37th order CMV harmonics are reduced from 31.9 V
and 37.1 V to 10.3 V and 8.14 V, respectively. The results verify the effectiveness of SVM2 in
mitigating high-frequency harmonics under various phase angle differences with respect
to the filter capacitor voltages.
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Figure 11. CMV and ig, (m, = 0.833 and ¢ = —30°): (a) SVM1 and (b) SVM2.

6. Experimental Verification

A back-to-back current-source converter (CSC) (2.5 kW /208 V/6.94 A) is used to verify

the proposed SVM. The parameters are listed in Table 2. Each switching device in the
CSCs is realized by connecting a IGBT (IRG7PH42U-EP-ND from Infineon Technologies)



World Electr. Veh. ]. 2022, 13, 236

13 of 15

with a diode (DSE60-12A-ND from IXYS) in series. The control platform consists of a DSP
(TMS120F28335) to conduct a control algorithm, and a FPGA (EP4CE10E22C8) to sample
analog variables and generate switching signals. The control period is still 1/3240 s. The
rectifier keeps the DC current at 10A. The generated CMV by the CSI is measured. In CS]I,
both m,; and ¢ are adjustable.

Figures 12 and 13 show the CMV and ig, by SVM1 and SVM2 with various m, and ¢
of 0, where CMV’s harmonic spectrum with the fundamental frequency at 180Hz is also
included. The major HF-CMVs (17th, 19th, 35th, and 37th) are around 1st and 2nd order
control frequency. The increment in the grid current’s THD in contrast to the simulation
results is mainly caused by low-order harmonics contained in the grid voltages. Though
SVM2 increases the grid current distortion slightly in low modulating index conditions
due to the rearranged space vector sequence, it can effectively mitigate all major HF-CMVs
by at least four times, as shown in Figures 12 and 13, which validates the effectiveness of
SVM2 in mitigating HF-CMVs.
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Figure 12. CMV and ig, (m, = 0.833): (a) SVM1 and (b) SVM2.

Table 3 summarizes HF-CMVs with a constant 1, of 0.833 and various ¢ by SVM1 and
SVM2. With a negative ¢, SVM2 can mitigate all the listed order HF-CMVs, except the 19th
order CMV, which increases by 7.4 V with ¢ of —60". With a positive ¢, SVM2 can mitigate
17th and 19th order CMVs by more than two times in contrast to SVM1, but the 35th
order CMYV increases. The main reason is that with various phase angle differences, filter
capacitor voltages associated with each space vector are varied. The shapes of generated
CMVs are changed. Though the mitigation of HF-CMVs around unity control frequency
can always be maintained, while the performance around higher frequency, such as double
control frequency would be impacted by various phase angle differences. Due to the
capacitive currents imposed by Cy, filter capacitor voltages make it easier to lag inverter
output PWM current, which means a negative ¢. Hence, in most operating conditions, the
performance of SVM2 in HF-CMV mitigation can still be maintained.



World Electr. Veh. ]. 2022, 13, 236

14 0of 15

T T R

[4.00ms

I aimA

53,9665 He)

[4.00ms

60.0912Ha ;

I \4DDm:A
70 0y | Jogzsr ) 70 100 J@mr-pe sy | e
17th 19th Fupdamental (180Hz) = 153 , THD= 84.5% Fundamental (180Hz) =42.6 , THD= 40.9%
60 i 60
0 17th : 58.1, 19th : 61.3 5 17th: 4.50, 19th : 4.32
s 35th:15.7,37th: 20.2 | S 35th:4.11,37th: 3.86
3 40 g 40
',Eg, 30 a5 37 é, 30
20 N 20
35th 37th
101 I 1 1 17th 19th i
Y
P |.JJ|,,J|J rl JrIJ,..IrJ. ..IJT[.”,II...JI.. o Iutess [J‘( .r\ *__L
1 5 10 15 20 25 30 35 40 45 nth 1 5 10 15 20 25 30 35 40 45 nth
(a) (b)
Figure 13. CMV and ig, (1, = 0.417): (a) SVM1 and (b) SVM2.
Table 3. HF-CMVs with Different ¢.
HF-CMV/(V)
¢ Modulation
17th 19th 35th 37th
60° SVM1 56.5 62.2 20.6 11.7
SVM2 27.2 40.1 28.3 20.2
300 SVM1 54.8 61.7 8.08 19.5
SVM2 14.9 23.5 17.7 12.5
30° SVM1 154 18.5 38.6 449
- SVM2 12.9 16.1 12.5 9.85
60° SVM1 13.4 15.7 39.2 40.3
B SVM2 6.05 23.1 21.3 16.0

7. Conclusions

A special five-segment AZS-SVM is proposed for grid-connected CSIs to mitigate
HE-CMVs. The mechanism of the proposed sequence to mitigate HF-CMVs is analyzed,
and the reason why distinct third ASV and sequence is selected and applied in each region
is explained. Through simulation and experimental results on a grid-connected CSI, the
effectiveness of the proposed five-segment AZS-SVM is validated. It can mitigate HF-
CMVs around unit and double control frequency in a wide operating range. With the
output current vector aligning with the capacitor voltage, the proposed AZS-SVM mitigates
HF-CMVs by a factor of at least four times, in contrast to that by conventional SVM.

On the other hand, the proposed AZS-SVM adds two more switching actions during
every control period, which induces higher switching frequency and switching losses. In the
future, the performance of mitigating HF-CMVs under various PF conditions can be further
improved. In addition, the impact of the proposed AZS-SVM on control performance can
be studied.
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Abbreviations

Ljc DC inductance

Iy DC current S, switching signal
vcy  Filter capacitor voltage

i Output PWM current

ig Line current

Vem Common-mode voltage
iy

X Space vector

Vcy  Amplitude of filter capacitor voltage

Nsec  Sector number

Ts Control period

ws Control frequency

fcy  Phase angle of filter capacitor voltage vector

¢ Phase angle difference

0 Phase angle of output PWM current inside one sector
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