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A Full-Range and High-Dynamic Control Method of
Neutral Point Potential for Parallel Three Level
Inverters Considering Zero-Sequence
Circulating Current

Zhongrui Li"?, Ziling Nie

Abstract—Parallel three-level inverters (PTLIs) are widely used
in high-power applications to improve the system capacity and
reliability. However, the three-level topology in PTLIs inevitably
introduces the imbalance of neutral-point potential (NPP), and
the NPP control (NPPC) of PTLIs must consider zero-sequence
circulating current (ZSCC). The existence of ZSCC may cause the
failure of NPPC methods for a single TLI to be directly applied
to PTLIs. To solve this issue, a full-range and high-dynamic con-
trol method of NPP for PTLIs considering ZSCC is proposed in
this article. First, the independent zero-sequence voltage injection
(ZSV]) method is extended to PTLIs with the consideration of
ZSCC. Meanwhile, treating PTLIs as one six-phase TLI for NPPC
is proposed in this article, and the uniform ZSVI method for PTLIs
is analyzed in detail. Based on the uniform ZSVI method, the
modulation wave decomposition (MWD) method is implemented
to balance NPP in the full modulation index range. Furthermore,
to improve the dynamic performance of NPPC, an online neutral
compensation current estimation (ONCCE) method combining a
proportional regulator and a nonlinear disturbance observer is pro-
posed. Combining the uniform ZSVI, MWD, and ONCCE methods
organically, the full-range and high-dynamic NPPC is achieved,
and the balance effect, control range, and dynamic performance
are obviously improved. The experimental results obtained from an
industry prototype of PTLIs verify the effectiveness of the proposed
method.

Index Terms—Modulation wave decomposition (MWD), neut-
ral-point potential control (NPPC), online neutral compensation
current estimation (ONCCE), parallel three-level inverters
(PTLIs), zero-sequence circulating current (ZSCC), zero-sequence
voltage injection (ZSVI).

NOMENCLATURE
FESS Flywheel energy storage system.
TLI Three-level inverter.
PTLIs Parallel three-level inverters.

Manuscript received 12 July 2023; revised 19 September 2023; accepted 17
October 2023. Date of publication 20 October 2023; date of current version
6 December 2023. This work was supported by the National Natural Science
Foundation of China under Grant 52077219. Recommended for publication by
Associate Editor M. Narimani. (Corresponding author: Sheng Ai.)

The authors are with the State Key Laboratory of Electromagnetic Energy,
Naval University of Engineering, Wuhan 430033, China (e-mail: lzrui@zju.
edu.cn; nzl23@nue.edu.cn; aisheng23 @nue.edu.cn; baboo_x23 @nue.edu.cn;
lihuayu23 @nue.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3326307.

Digital Object Identifier 10.1109/TPEL.2023.3326307

, Sheng Ai, Jie Xu

NPP
7ZS5CC
CMVD
NPPC
CBPWM
SVPWM
ZSVI
MWD
ZSV
NCC
ONCCE
NDOB
PMSM
TLI-k
Vo Iy
Vaks l'rk
los Vo
iok, Vok
INCC

Uo

Vemks Lk
lyk, N
id, lde
idns idu

Cu, Cr,
C,AC
UcH, UcL
Udc

kp, 0

m, I,

w, ¢

T, fr

dzk'o
Vak'ps Vak'n
UobH> UobL
*

, and Huayu Li

Neutral-point potential.

Zero-sequence circulating current.
Common-mode voltage difference.
Neutral-point potential control.

Carrier-based pulsewidth modulation.

Space vector pulsewidth modulation.
Zero-sequence voltage injection.

Modulation wave decomposition.
Zero-sequence voltage.

Neutral compensation current.

Online NCC estimation.

Nonlinear disturbance observer.

Permanent magnet synchronous motor.

kth TLI of PTLIs.

Reference voltage and phase current of PTLIs.
Reference voltage and phase current of TLI-%.
Neutral current and ZSV of PTLIs.

Neutral current and ZSV of TLI-k.

NCC of PTLIs.

NPP of PTLIs.

Common-mode voltage and inductor of TLI-%.
ZSCC and amplitude ratio of TLI-k.

Total disturbance and its estimated value.
Effects of nonlinearities and external uncertainties
on NCC.

Dc-link Capacitors.

Capacitance and capacitance variation.
Capacitor voltages.

Dc-bus voltage.

Proportional and NDOB gains.

Modulation index and phase current amplitude.
Angular frequency and power factor angle.
Switching period and fundamental frequency.
Zero duty cycle.

Positive and negative reference voltages.
Upper and lower limits of the activation band.
Reference value.

I. INTRODUCTION

N RECENT years, there has been an increasing demand
for high-power inverters in certain industrial applications.
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For example, FESS has received extensive attention due to the
ability of storing and releasing massive energy with high power
(MW) during short periods (seconds) [1]. Since the inverter is
an essential part of FESS, it also requires high-power operation.

For high-power applications, compared with conventional
two-level inverters (TLIs), TLIs have the advantages of high
voltage level, low harmonic content, and high working efficiency
[2], [3], which are more attractive and widely employed. Be-
sides, to overcome the current capacity limitation of a single
TLI, parallel operation is a practical alternative solution. PTLIs
can extend the current capacity, increase the power rating, and
improve the system reliability [4], [5], the topology of which has
been widely used in high-power applications such as renewable
energy generation, photovoltaic grid connection, and energy
storage systems [6], [7], [8]. However, an inherent issue of PTLIs
is NPP imbalance, including dc-imbalance, and ac-imbalance
due to the dc bias and ac fluctuation of capacitor voltages. The
NPP imbalance can overstress devices, increase harmonics, and
reduce efficiency, affecting the safe and efficient operation of
PTLIs [9]. Besides, the ZSCC inevitably emerges due to the
excitation of CMVD in PTLIs [10], which has an undeniable
effect on NPP and causes the inability of NPPC methods for a
single TLI to be directly applied to PTLIs.

Numerous NPPC methods for a single TLI have been pro-
posed in the literature, which can be classified as SVPWM and
CBPWM methods. The conventional SVPWM performs NPPC
by distributing the dwell time of redundant small vectors [11],
[3], which can control the dc-imbalance of NPP, but cannot
completely eliminate the ac-imbalance under high modulation
index and low power factor. The virtual SVPWM can achieve
the full-range control of NPP [12], [13], but the switching loss
is increased due to extra virtual vectors. The hybrid SVPWM
combining the conventional SVPWM and the virtual SVPWM
can simultaneously control NPP in full range and reduce switch-
ing losses [14], [15]. However, all SVPWM methods require
complex sector division and duty cycle calculation, making it
difficult to extend to PTLIs because with the number of TLIs
increases, the number of voltage vectors also increases sharply,
which seriously increases the computational burden.

Compared with SVPWM methods, CBPWM methods are
easier to implement, including the ZSVI, MWD and hybrid
methods. In [16] and [17], the ZSVI method is used for three-
phase and dual three-phase TLIs, achieving NPPC by injecting
an optimal ZSV calculated with interpolation. Although the
ZSVI method is simple and convenient to implement, it cannot
completely eliminate the ac-imbalance of NPP just like the
conventional SVPWM method. To control ac-imbalance of NPP
in full range, the MWD method is proposed in [18] and [19]
for three-phase and multiphase TLIs, which decomposes one
modulation wave per phase into two modulation waves and
adjusts the neutral current with three-level switching in each
period. However, extra switching actions significantly increase
switching losses and worsen harmonic characteristics. Combin-
ing ZSVI and MWD, lots of hybrid methods are proposed. In
[2], a hybrid method based on proportional integral regulator
is proposed, which combines ZSVI and MWD organically and
activates MWD only when necessary. In [20], the hybrid method

performs ZSVI or “ZSVI+-MWD” to offer the optimal perfor-
mance regarding controllability, switching losses, and output
harmonics. In [21], a hybrid method with three degrees of free-
dom is proposed, which can realize the maximum controllability
of NPP.

All of these NPPC methods are designed for a single TLI, but
the PTLIs cannot be simply treated as a single TLI for NPPC.
The effective NPPC of PTLIs needs to consider ZSCC. In [22],
a coordinated strategy based on SVPWM is proposed to provide
ZSCC suppression and NPPC. In [6], an improved modulation
method is proposed, which modifies the dwell time of positive
small vectors considering ZSCC suppression and NPPC. How-
ever, these researches pay more attention on ZSCC suppression
and the effect of ZSCC on NPPC is not considered. Besides,
the NPPC methods used are too simple and limited to achieve
better range and performance. In this article, the PTLIs applied
to FESS is studied. To achieve the effective NPPC of PTLIs, the
NPPC methods presented in this article are implemented with
the consideration of ZSCC. In these methods, it is found that
the balance effect of NPP is sensitive to the accuracy of NCC.
In [17], the NCC is obtained from simple calculation. However,
the capacitance variation in the operation of PTLIs can affect
the calculation of NCC. In practice, parameter inaccuracies and
external disturbances can affect the accuracy of NCC and result
in poor dynamic performance. To ensure the effective NPPC and
obtain the high-dynamic performance, the NCC can be estimated
online.

The main contributions of this article are as follows.

1) In PTLIs, the NPPC has to consider the effect of ZSCC.
The NPPC methods for a single TLI does not taken this
issue into account and cannot be directly applied to PTLIs.
To solve this issue, the independent ZSVI method is ex-
tended to PTLIs considering ZSCC. Besides, treating the
PTLIs as one six-phase TLI to achieve NPPC is proposed
in this article, and the uniform ZSVI method is analyzed
in detail.

2) For applications of PTLIs with high modulation in-
dex, the ZSVI method cannot effectively control the ac-
imbalance of NPP. To overcome this limitation, the MWD
method for PTLIs is also implemented by treating the
PTLIs as one six-phase TLI in this article. The MWD
method can achieve a full-range NPPC, meaning it can
balance NPP with a modulation index range of 0 to
1.15.

3) The NCC has an obvious effect on the effectiveness
of ZSVI and MWD methods. To degrade the effect of
parameter inaccuracies and external disturbances on the
accuracy of NCC, an ONCCE method combining a pro-
portional regulator and a NDOB, called as “P-+NDOB,”
is proposed to estimate the NCC of PTLIs. The ONCCE
method can improve the dynamic performance of NPPC
by obtaining an accurate NCC, thereby achieving the
high-dynamic NPPC.

4) In order to achieve the full-range NPPC and the high-
dynamic NPPC simultaneously, the uniform ZSVI, MWD
and ONCCE methods are organically combined in this
article.
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Fig. 1. Topology of PTLIs in FESS.

The rest of this article is organized as follows. Section II
analyzes the mechanism of NPP imbalance for PTLIs. Section III
discusses the ZSVI methods of PTLIs. Section IV presents the
MWD, ONCCE and proposed methods. Section V shows the
experimental results. Finally, Section VI concludes this article.

II. MECHANISM OF NPP IMBALANCE FOR PTLIS

Fig. 1 shows the topology of PTLIs in FESS. The PTLIs
consists of two TLIs with the same structure, namely TLI-1 and
TLI-2. The two TLIs share the same dc-bus and are connected
to the PMSM and flywheel through common-mode inductors in
the output side. In this figure, Uy, is the dc-bus voltage, Cy; and
Cry, are two dc-link capacitors, Ly (k= 1, 2) is the common-mode
inductor, i, (x = a, b, ¢) is the phase current of TLI-k, and i, is
the phase current of PTLIs.

Normalized based on Ug./2, the reference voltages of PTLIs
can be expressed as

Uy = mcos(wt)
vy, = mcos(wt — 27/3)
ve = mcos(wt + 27/3)

ey

where m is the modulation index of the range [0, 1.15] and w is
the angular frequency. Meanwhile, the phase currents of PTLIs
can be expressed as

ia = Iy cos(wt — @)
in = Iy cos(wt — o — 27/3)
ic = Iy cos(wt — @ + 2m/3)

@)

where I, is the amplitude of phase currents and ¢ is the power
factor angle, which is typically 0 in FESS with PMSM.

The inverter nonlinear characteristics, such as dead time,
can lead to an original common-mode voltage for TLI-k [10].
Normalized based on Ug./2, the common-mode voltage is

3

Vemk = My cos(3wt)

where my, is the amplitude ratio.
Due to parameter differences, the common-mode voltages of
TLI-1 and TLI-2 are different, and the CMVD of PTLIs is not
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zero. According to the relationship between CMVD and ZSCC
[10], the ZSCCs of TIL-1 and TIL-2 with the same magnitude
and opposite direction can be expressed as

_ Uge(my —mso)

—ly0 = in(3wt).
152 60(ly T 1o) sin(3wt)

iz = “)

For PTLIs, a phase current causes the NPP imbalance only
when the phase is clamped to the neutral-point. The reference
voltage of TLI-k is calculated as v, = v, + Ve . From (1)—(4),

the average neutral current of PTLIs in one period [17] is

‘ 1. ,
1o = — Z Z (27/1;|Um + Vemk| + Gk Ve + vcmk|).

k=1,2 z=a,b,c
5)

Obviously, the existence of ZSCC has an undeniable effect on
the neutral current, which can further affect NPP. From Fig. 1,
the NPP of PTLIs can be expressed as

1 )
ﬁ/zodt—’_Uo

where u.y, Ucr,, and C are the voltages and capacitance of Cyy
and Cy,, U, is the initial NPP due to the dc bias of u.y and u.r,.

Equation (6) shows that the NPP has an ac-imbalance due to
the ac fluctuation of the neutral current and a dc-imbalance due
to the dc bias of the capacitor voltages. The essence of NPPC
is to generate a desired NCC to simultaneously eliminate the dc
and ac imbalances [17]. The NCC can be calculated as

~ UcH — UL

Uy = 5 (6)

ince = —2Cuo /Ty (7

where Ty is the switching period.

III. ZSVI METHODS FOR PTLIS CONSIDERING ZSCC

The NPPC of PTLIs has to consider the effect of ZSCC. The
traditional ZSVI method [16] designed for a single TLI does not
consider ZSCC and cannot be directly applied to PTLIs. With the
consideration of ZSCC, the independent ZSVI method [17] is
extended to PTLIs, treating the PTLIs as two three-phase TLIs.
Besides, the PTLIs is proposed to be treated as one six-phase
TLI and the uniform ZSVI method is designed to obtain one
optimal ZSV of PTLIs to balance NPP.

A. Independent ZSVI Method

The independent ZS VI method injects two ZS Vs into the two
TLIs separately. The average neutral current of TLI-k is
Tok = 3lgk — Z (lvpk + ok |ipk) (8)

p=1,2,3

where v, is the injected ZSV of TLI-k, vy, vy, v3y are the
reference voltages of TLI-k sorted from small to large, i1, iag,
i3, are the corresponding phase currents.

From (8), for different v, values, it is necessary to consider
ZSCC to analyze the relationship between i, and v, .

1) For vy, <-v3y, i can be expressed as

ok = Vikl1k + Vaklok + Uskisk + SVoklzk + 3izg. (9)
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Fig. 2.

2) For -v3,<vop<-vay, i can be expressed as

lok = V1kl1k + Vagliok — U3kisk — 2Uoki3k

+ 3Uoktzk + 3lyk. (10)
3) For -vor<vorp<-vik, io) can be expressed as
lok = V1kl1k — V2ki2k — U3ki3k + 2Voki1k
— 3Voklyk + iy (11D
4) For voi>-vig, iok can be expressed as
lok = —V1kl1k — V2kl2k — U3kI3k — SVokizk + 3izk.
(12)

From (9)—(12), it can be seen that the relationship between
iox and v, is piecewise linear, and three key points P1, P2, P3,
the neutral currents of which are iy 5 p1, iox P2, lok'P3, Can be
calculated when the ZSVs are -v3y, -vai, -1, respectively.

To avoid overmodulation, there is a range restriction [-1-vq g,
1-v3] for v, . Due to the restriction, two boundary points PL and
PH, the ZS Vs of which are -1-v ;, and 1-v3}, can be calculated for
different modulation indexes. The relationship curve between
i and v, can be divided into three cases.

Case 1: When v3;-v1 <1, the corresponding neutral currents
of PL and PH, i, pr, and i, py, are calculated using (9) and
(12), and the relationship curve includes four-line segments.

Case 2: When v vy >1 and -1-v1 <-v9 . <1-v3g, iok-pr, and
iox'pr are calculated using (10) and (11), and the relationship
curve includes two-line segments.

Case 3: When v3-vip>1 and -vop>1-v3p or -vorp<-1-vipg,
ioxpr and i,,py are calculated using (10) or (11), and the
relationship curve includes one line segment.

The process of the traditional ZSVI method is similar to
that of the independent ZSVI method. The difference is that
the traditional ZSVI method does not consider the existence
of ZSCC, which means i, is 0 in the above process, so the
final calculated ZSV is inaccurate. The comparison between the
traditional ZSVI method and the independent ZSVI method is
shown in Fig. 2.

B. Uniform ZSVI Method

The uniform ZSVI method only injects one ZSV into the
PTLIs. At this time, the average neutral current of PTLIs is

fo=— Y

¢=1,2,3,4,5,6

(Jvg + voliq) (13)

» T
Vok -1-vik ! V.
|
Lok PH [~============

(c)

TABLE I
PIECEWISE LINEAR RELATIONSHIP FOR UNIFORM ZSVI
Zero-sequence voltage Average neutral current

VoS-Vs VI HVaiy Vi3 tvaigtvsistveis
“Ve<VoS-Vs Vil Vol V3 i Vgl vsis-Veie-2 Vol
SVsSVeS-vy V111 Vaiatv3istvais-vsis-Veie-2Vo(istis)
Vi<Ve<-1y Vii1+Vaiatvsis-Vais-Vsis-Veig-2Vo(iatistis)
V3V V1T HV2la-V3i3-Vala-Vsis-VeleT2Vo(i1 1)
VSV Sy V1i1=Vala=V3i3-V4ig-Vsis-Veigt2 Vol

Vo=V “V111-V2l2-V3i3-V4ig-Vsis-Veis

where v, is the injected ZSV of PTLIs, vy, va, v3, V4, V5, Vg are
the reference voltages of TLI-1 and TLI-2 sorted from small to
large, iy, io, i3, i4, 5, ig are the corresponding phase currents.

From (13), for different v, values, the relationship between
i, and v, can be analyzed in detail, as shown in Table 1. The
relationship between i, and v,, is also piecewise linear, and six
key points P1, P2, P3, P4, P5, and P6 can be determined when
the ZSVs are -vg, -vs, -V4, -V3, -Va, -V1, respectively. And, the
corresponding neutral currents i,'p1, io'P2, lo'P3s lo'P4s Lo P5s
io'pe are calculated according to Table 1.

Similarly, to avoid overmodulation, a range restriction [-1-vq,
1-vg] for v, determines that there are also two boundary points
PL and PH, the ZSVs of which are -1-v{ and 1-vg. For different
modulation indexes, the average neutral currents i, py, and i, pi
can be calculated from Table I, and six cases of the relationship
curve between i, and v, exist.

Case 1: When vg-v; <1, the relationship curve includes seven-
line segments, as shown in Fig. 3(a).

Case 2: When vg-v1>1 and -1-v; <-v5<-v4<-v3<-vo<1-vg,
the relationship curve includes five line segments, as shown in
Fig. 3(b).

Case 3: When -vg<-1-v1 <-v5<-v4<-v3<1-vg<-vy Or -v5<-
1-vy <-v4 <-v3<-vo<1-v4<-vq, the relationship curve includes
four line segments, as shown in Fig. 3(c).

Case 4: When -v5<-1-v1 <-v4<-v3<1-v4<-vy, the relation-
ship curve includes three line segments, as shown in Fig. 3(d).

Case 5: When -v5<-1-v1<-vy4<1-vg<-vg or -v4<-1-v1<-
v3<1-vg<-vy the relationship curve includes two line segments,
as shown in Fig. 3(e).

Case 6: When -v5<-1-v1 <1-vg<-v4 or -v,<-1-v1 <1-vg<-v3
or -v3<-1-v1 <1-vg<-vo, the relationship curve includes one line
segment, as shown in Fig. 3(f).

The optimal ZSV is calculated through interpolation [16].
By finding, which linear segment ixcc locates in, two segment
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Obtain the NCC incc.
v

Sort reference voltages and phase
currents as vi to vs and i to i.

v
CObtain the piecewise linear relationship betwee:

n
io and v, and determine the key points P1 to P6.>

)

o Select v. that corresponds
to smallest |ince-io|.

)

(

Calculate the range of vo, determine the
boundary points and identify the cases.

Is ixcc in any linear N
segment?

Calculate v, with interpolation.
T

END

Fig. 4. Flowchart of the uniform ZSVI method for PTLIs.

points are determined, and the optimal ZSV is calculated. It
is noted that any line segment can be selected when incc is
located in multiple linear segments, while the average neutral
current closest to incc is selected to calculate the optimal ZSV
when incc is not located in any linear segment. The flowchart
of the uniform ZSVI method for PTLIs is shown in Fig. 4, and
the process of the independent ZSVI method is similar.

IV. FULL-RANGE AND HIGH-DYNAMIC CONTROL OF NPP
A. MWD Method

For PTLIs, the ZSVI method cannot completely eliminate the
ac-imbalance of NPP when the modulation index is high [17].
To achieve NPPC in full range, the PTLIs is also treated as one

®

six-phase TLI and the MWD method is designed. All phases
of PTLIs can switch between the positive, neutral-point, and
negative of the dc-bus in one switching period, and the zero-
duty cycle of each phase can be reduced and set to the desired
value [19]. Besides, to maintain the switching loss and waveform
distortion of PTLIs under reasonable limits, it is necessary to
reduce the number of phases switching between three voltage
levels in each switching period to the minimum. The flowchart
of the MWD method for PTLIs is shown in Fig. 5 and the specific
process is as follows.

1) Obtain the NCC incc.

2) The ZSV -(v1 + vg)/2 is injected to extend the linear mod-
ulation region [19]. For simplicity, the reference voltage
of TLI-k after ZSVI is still represented as vy.

Calculate i, with (5), sort subneutral currents from small
to large as i n1, fo_n2s fo_n3s fo_nds fo_n5s fo_ne, and define
the corresponding zero duty cycles and phase currents as

3)

do_nla do_n27 d0_1139 do_n4a do_n57 do_nﬁ and inla in27 in3’
inds Inss Ing- It is noted that the x-phase subneutral current
of TLI-k is (1-|voi|izk.

According to i, and iNcc, the phases commutating be-
tween three voltage levels are selected and the zero duty
cycles are modified, which can be divided into three cases.
Case A. i, = incc: In this case, the average neutral current
generated by PTLIs can compensate for the imbalance
of NPP, so the modulation waves of all phases are not
decomposed.

Case B. i, < incc: In this case, it is necessary to in-
crease i, making it equal to incc. Therefore, some of the
phases with negative contribution to i, have to commutate
between three voltage levels. The phase with the most
negative contribution to i, is taken as an example. First,
it is important to determine whether the phase can be
decomposed according to the value of i, ;. If iy ;1 <O,
the phase can be decomposed and i, can increase after
decomposition. On the contrary, if i, ,1>0, the phase

4)
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Fig. 5.

Calculate do » to
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START)
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v
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v

Compare i, with ixcc and start decomposition.

j\./vv
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N
(o n=isce-io)ine <

____________________________ Yes _ |

Calculate do s to

d. w1 in sequence.

A 4

( End decomposition and output dxc.. )
v
( Calculate vu » and vu » and compare with carriers. )
END

Flowchart of the MWD method for PTLIs.

cannot be decomposed because i, cannot increase after
decomposition. Then, assuming the zero-duty cycle of
the phase is completely decomposed, i, is recalculated
and compared with ixcc. If i, is still less than incc, the
zero-duty cycle remain at zero. Otherwise, the zero-duty
cycle is recalculated. Finally, the corresponding phases
from i, 1 to i, ne are decomposed in sequence and the
new zero duty cycle d,j_, is obtained.

Case C. i, > incc: In this case, it is necessary to decrease
i, making it equal to incc. Therefore, some of the phases
with positive contribution to i, have to commutate between
three voltage levels. The phase with the most positive
contribution to i, is taken as an example. First, it is
important to determine whether the phase can be de-
composed according to the value of iy 6. If ig ,6>0,
the phase can be decomposed and i, can decrease after
decomposition. On the contrary, if i, ,6<0, the phase
cannot be decomposed because i, cannot decrease after
decomposition. Then, assuming the zero-duty cycle of the
phase is completely decomposed, i, is recalculated and
compared with ixcc. If i, is still greater than incc, the
zero-duty cycle remain at zero. Otherwise, the zero-duty
cycle is recalculated. Finally, the corresponding phases
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from i, ne to i_n1 are decomposed in sequence and d, o
is obtained.

5) The positive and negative reference voltages, v, , and
Vak_n. are calculated using (14) and compared with carriers
to generate gate signals

vfk_P = (1 + Vg — dmk_n)

(14)

N[= N

VUgk_n = (]- — Ugk — drk_o)

B. ONCCE Method

It can be seen that the implementation of the above ZSVI and
MWD methods requires an accurate NCC. Commonly, the NCC
is calculated using (7) or measured by hardware. However, the
system cost greatly increase due to additional hardware. Besides,
there are some nonideal factors such as parameter differences,
nonlinearities, and external uncertainties that can affect NCC
and lead to the considerable discrepancy between the calculated
value using (7) and the actual value of NCC. An inaccurate NCC
can significantly decrease the dynamic performance of NPPC.
To quickly and accurately obtain the desired NCC and improve
the dynamic performance of NPPC, an ONCCE method based
on “P+NDOB” is presented. All nonideal factors are regarded
as the total disturbance, estimated by the NDOB, and rejected
by the feedforward compensation. The concept of the total
disturbance and its estimation and rejection was first introduced
in [23]. The fundamental idea is to lump various known and
unknown quantities that affect the system performance as a total
disturbance. Therefore, the control problem is transformed to
that of estimation and rejection of the total disturbance.

The calculation of NCC using (7) assumes the accurate value
of Cis available, which may not be the truth in practice. In order
to calculate an accuracy NCC, the capacitance variation must be
considered, and a more complete model can be rebuilt

duo du,
dt dt

where AC is the capacitance variation.

In addition to the capacitance variation, some nonlinearities
and external uncertainties in PTLIs can also affect NCC. Taking
all these factors into account, the total disturbance iq is defined
as

2C =incc — 2AC

15)

due | . .
dt + %dn + du
where ig, and iq, are the effects of nonlinearities and external
uncertainties on iNcc, respectively.
Therefore, (17) can be obtained from (15) and (16)

iq = —2AC

(16)

du, 1 1
=—1 —iq. 17
&~ ao™ect gt (n
The NDOB can be designed as
% = —abllu)z — (o) [gop(u) + ginee]

ide = 2+ (o)

where z, p(u,), and I(u,,) are the internal state variable, nonlinear
function to be designed, and gain function, iq. is the estimated
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Fig. 6. Block diagram of the ONCCE method.

value of the total disturbance. Besides, the relationship between
I(u,) and p(u,) can be expressed as l(u,) = Op(u,)/Ou,.

To make the error between ige and ig converge quickly,
l(u,) = 6 (0>0) is selected [10]. Performing Laplace transform
on (18), the transfer function of NDOB can be obtained as

_200s (5)— 5 (5
We = 505 400\ T o0 g el

Besides, the transfer function of the controlled plant is a
typical integral link, and a proportional regulator can be adopted
as the controller based on the internal principle [24]. Fig. 6
is the block diagram of the ONCCE method. In the figure,
the superscript “x” represents the reference value, and kj, is
the proportional coefficient. Then, the transfer function of the
close-loop control system can be obtained as

(5) = =2 us(s) + 2Cs
Ul = 90+ ky 0 T (2Cs + 0)(2Cs + k)

19)

Zd(s)

(20)

It can be seen that u,(s)/u}(s) is a first-order inertial link,
the bandwidth frequency of which is k,/2C. Obviously, with
the increase of kj,, the bandwidth frequency increases, and the
dynamic performance is improved. But, k;, cannot be too large
to prevent noise from being amplified. Besides, the magnitude
diagrams of u,(s)/iq(s) with k, and § when the disturbance
frequency is 1 Hz, 300 Hz, and 2000 Hz are shown in Fig. 8.
It can be seen that the magnitudes of u,(s)/ig(s) for different
disturbance frequencies decrease with the increase of k, and
0, especially when the disturbance frequency is in the low
frequency band. In the middle and high frequency bands, the
magnitude is already very small. The small magnitude means
that the influence of disturbance on the NPP is weakened and
the accuracy of NCC is improved. Therefore, considering the
dynamic performance of NPPC and the accuracy of NCC, kj,
and 0 can be chosen as 10 and 1, respectively.

C. Proposed Full-Range and High-Dynamic Control Method

Although the MWD method can achieve the full-range NPPC
for PTLIs, it can increase switching losses and deteriorate
harmonic characteristics due to the three-level switching of
some phases in one switching period. Therefore, it is desirable
to perform the MWD method only when the ZSVI method
cannot balance NPP. In addition, the ZSVs of TLI-1 and TLI-2
calculated by the independent ZS VI method may be inconsistent,
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TABLE II
EXPERIMENTAL PARAMETERS

Symbol Quantity Value
Uye DC-bus voltage 800V

Cy, Co. DC-link capacitor 1.14 mF

Ly, L, Common-mode inductor 90 uH
R Load resistance 1Q
Ts Switching period 100 us
1 Fundamental frequency 100 Hz

which can lead to an increase of ZSCC and reduce the stability
and efficiency of PTLIs. The uniform ZSVI method injects the
same ZSV to TLI-1 and TLI-2 and achieves NPPC without
affecting ZSCC, which is more attractive to be combined with
the MWD method for PTLIs. Therefore, only the uniform ZSVI
is used when it can effectively balance NPP, and the “uniform
ZSVI + MWD’ is used when the NPP is uncontrolled by the
uniform ZSVI. The switching process is achieved by setting
activation bands. There are two activation bands [uspL, UobH ]
and [—uoby, —UobL], Where uypy and u,pr, are defined as upper
and lower limits, respectively. When u,, is in any activation band,
the “uniform ZSVI + MWD” is performed to achieve NPPC.
Fig. 8 shows the implementation of the proposed method for
NPPC of PTLIs. The control block diagram and flowchart of
the proposed method are shown, as Fig. 8(a) and (b), respec-
tively. The proposed method can be divided into three parts:
1) ONCCE, 2) uniform ZSVI, and 3) MWD. The ONCCE is
implemented to obtain an accuracy NCC for the uniform ZSVI
and MWD to achieve the high-dynamic NPPC. The uniform
ZSVI is implemented to calculate the optimal ZSV. The MWD
is implemented based on the injection of the optimal ZSV to
achieve the full-range NPPC. According to the value of NPP,
the proposed method performs “uniform ZSVI + MWD” or
“uniform ZSVI”. Finally, the CBPWM is used to compare
carriers and reference voltages to generate switching signals.

V. EXPERIMENTAL RESULTS

An experimental prototype of the PTLIs has been built to
verify the effectiveness of the proposed method. Fig. 9 shows
the experimental platform, which consists of a dc source, a
digital controller, a main power circuit, a three-phase resistive
load, and some dc capacitors and common-mode inductors.
The digital controller adopts the combination of the digital
signal processor TMS320F28346 and the field programmable
gate array EP3C80F48417. The insulated-gate bipolar transistor
module of FF1000R171E4 from Infineon is used for the main
power circuit. The rated power of the PTLIs is 500 kW, and the
experimental parameters are shown in Table II.

Figs. 10 and 11 show the experimental results of the tradi-
tional, independent and uniform ZSVI methods when m is 0.8.
As shown in Fig. 10, when there is no original ZSCC in the
PTLIs, all three methods can effectively balance NPP, and the
NPP amplitudes of the three methods are 3.1 V, 4.7 V, and
2.1 V, respectively. As shown in Fig. 11, when the original
ZSCC, the amplitude of which is about 34.6 A, exists in the
PTLIs, the traditional ZSVI has an ac-imbalance of NPP, the
amplitude of which is about 17.5 V. The independent ZSVI
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Implementation of the proposed method. (a) Control block diagram. (b) Flowchart.

Experimental platform of the PTLIs.

and uniform ZSVI can still balance NPP, the NPP amplitudes
of which are 5.2 V and 2.3 V. It can be seen that the tra-
ditional ZSVI cannot suppress the ac-imbalance of NPP due
to the lack of consideration for ZSCC while the independent
ZSVI will increase ZSCC and distort phase currents of two
TLIs due to the injection of two different ZSVs. Therefore,
the uniform ZSVI can satisfactorily control the ac-imbalance of
NPP and balance the voltages of Cy; and Cr, without affecting
ZSCC.

Figs. 12 and 13 show the experimental results of the uniform
ZSVI, MWD and proposed method under different modulation
indexes. The original ZSCC still exists in the PTLIs. From
Fig. 12, it can be seen when m is 1, all three methods can balance
NPP, and the NPP amplitudes of the three methods are 3.9 V,
3.2V, and 2.4 V, respectively. However, the MWD significantly
increases the switching loss due to some three-level switching
states of the phase voltages for TLI-1 and TLI-2. The uniform
ZSVTI and proposed method will not generate extra switching
actions, and the amplitude of NPP for the proposed method is
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Fig. 12.  Experimental results (m = 1). (a) Uniform ZSVI. (b) MWD. (c) Proposed method. (Time scale: 5 ms/div.)

smaller due to a more accurate NCC compared with the uniform
ZSVI. From Fig. 13, it can be seen when m is 1.15, the NPP
amplitudes of the three methods are 12.4 V, 3.4 V, and 3.7 V,
respectively. The results show when the PTLIs operates at a
high modulation index, the uniform ZSVI cannot suppress the
ac-imbalance of NPP while the MWD and proposed method can
achieve NPPC in full range. Compared with MWD, the proposed
method has fewer three-level switching states, so the switching
loss is smaller while the harmonic characteristic is better. For
the proposed method, the uniform ZSVI based on ONCCE is

performed when m is 1, while the “uniform ZSVI + MWD”
based on ONCCE is performed when m is 1.15.

The waveforms of the phase voltages u,; and u,2 of TLI-1 and
TLI-2, as well as the waveform of the line voltage u.;, of PTLIs,
are shown in Fig. 14. From Fig. 14, when m is 1, only the MWD
has three-level switching states among the three methods, the
switching loss of which is highest. When m is 1.15, the proposed
method and MWD both have extra three-level switching states,
but the three-level switching states of the proposed method is
fewer, indicating a lower switching loss. Fig. 15 shows the THD
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comparison of u,}, of the three methods. The results of the three
methods are 6.14%, 7.83%, and 5.42% when m is 1, and 5.55%,
8.48%, and 6.31% when m is 1.15, respectively. Compared with
the other two methods, the proposed method can achieve the
full-range NPPC with better harmonic characteristics.

The power loss and efficiency of the experimental prototype
has been measured by the power analyzer Zimmer LMG671.
Fig. 16 shows the power loss and efficiency curves for the three
methods under different modulation indexes. It can be seen that
the MWD has the highest power loss and the lowest efficiency.
Compared with the uniform ZSVI, the proposed method has
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Fig. 16. Comparison of power loss and efficiency.

lower power loss and higher efficiency under most modulation
indexes, except for high modulation indexes. Therefore, the
power loss and efficiency of the proposed method are optimal un-
der low modulation indexes, while the power loss and efficiency
of the proposed method is compromise under high modulation
indexes.

Fig. 17 shows the dynamic experimental results of the three
methods for NPPC under different modulation indexes. The
original difference between u.yy and ucr, is 200 V, and the
dc-imbalance of NPPis 100 V. When m is 1, the balance times of
the three methods are 2.8 ms, 4.0 ms, and 1.9 ms, respectively.
Although the proposed method only performs “uniform ZSVI”
at this time, its balance time is shorter than that of the uniform
ZSVI method due to the online estimation of NCC. When m
is 1.15, the balance times of the three methods are 6.7 ms,
7.5 ms, and 3.3 ms, respectively. The proposed method performs
“uniform ZSVI + MWD’ at this time, and its balance time is
also the shortest due to the ONCCE method. Therefore, it can be
seen that the proposed method has the best dynamic performance
of NPPC under different modulation indexes.

To further verify the effectiveness of the ONCCE method, the
dynamic experiment of the proposed method is conducted with
inaccurate capacitance values of Cy and Ct,. For comparison, the
proposed method without or with ONCCE is performed under
different modulation indexes. The dynamic experiment results
with inaccurate capacitance values are shown in Fig. 18. When m
is 1, the balance times of the proposed method without and with
ONCCE are 4.5 ms and 2.5 ms. When m is 1.15, the balance
times of the proposed method without and with ONCCE are
10.6 ms and 4.7 ms. It can be seen that the balance times with
ONCCE is shorter than that without ONCCE under different
modulation indexes.
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Fig. 17.  Dynamic experimental results. (a) Uniform ZSVI (m = 1). (b) MWD

(m =1). (c) Proposed method (m = 1). (d) Uniform ZSVI (m = 1.15). (¢) MWD
(m = 1.15). (f) Proposed method (m = 1.15). (Time scale: 5 ms/div.)

To verify the performance of the proposed method during
modulation index transients, the experimental results when m
changes from 0.8 to 1.15 without ZSCC suppression are pre-
sented in Fig. 19(a). The experimental waveforms show the NPP
can still be well balanced, which proves the effectiveness of the
proposed method during modulation index transients. Besides,
the dynamic experimental results with ZSCC suppression are
presented in Fig. 19(b). The ZSCC suppression method proposed
in [10] is adopted. It can be seen that the NPP can remain
balanced and the ZSCC can be well suppressed.

VI. CONCLUSION

This article proposes a full-range and high-dynamic control
method of NPP for PTLIs considering ZSCC. The traditional
ZSVI method cannot balance NPP when ZSCC exists in PTLIs.
The independent ZSVI and uniform ZSCI methods are extended
to PTLIs, balancing NPP whether ZSCC exists in PTLIs or not.
The independent ZSVI method will increase ZSCC, while the
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uniform ZSVI method will not. Besides, the MWD method is
extended to PTLIs, treating the PTLIs as a multiphase TLI, to
achieve the full-range NPPC. The proposed method generally
performs the uniform ZSVI, and only activates MWD when
necessary, which moderates switching losses and harmonics.
The ONCCE method can quickly and accurately obtain the NCC,
achieving the high-dynamic NPPC. Since the proposed method
is simple and reliable, it can be easily applied to multiple TLIs
in parallel.
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