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Flywheel energy storage system is a popular energy storage technology, in which inverters
are the center of electrical energy conversion, directly affecting the power capacity. Parallel
operation of three-level inverters is an effective approach to achieve larger motor drive
power and the interleaved operation can improve the harmonic characteristics. However,
harmonic analysis models of the interleaved parallel three-level inverters are rare in the
literature and how the neutral-point potential imbalance affects the harmonics
characteristics has not been discussed. This article establishes the harmonic
calculation for balanced and unbalanced neutral-point potential through the five-level
voltage capability of the interleaved parallel three-level inverters. Moreover, a neutral-point
potential control method based on zero-sequence voltage injection is proposed. The
implement process of the method is proposed, and how the operating frequency affect the
ability of the neutral-point potential balance is studied. Finally, the simulation and
experiment results verify the feasibility and practicability of the established harmonic
analysis models and the neutral-point potential control method.

Keywords: flywheel energy storage system, parallel operation, three-level inverter, interleaved, harmonic analysis,
neutral-point potential control, zero-sequence voltage injection

INTRODUCTION

Flywheel energy storage system (FESS) is a sustainable and environmentally friendly energy storage
system for the efficient and safe utilization of intermittent renewable energy (Mir and Senroy, 2018;
Rafi and Bauman, 2021). FESS completes the mutual conversion of electrical energy into mechanical
energy, stores energy as kinetic energy and generates no pollution, which mainly has the advantages
of high power density, short charging and discharging time, high energy conversion efficiency, low
maintenance cost, long service life (Zhang and Yang, 2017; Zhang and Yang, 2018; Ghanaatian and
Lotfifard, 2019; Ho et al., 2019). Benefiting from these advantages, FESS is currently an indispensable
energy storage method in modern power systems.

In the flywheel energy storage system, the power converters are the center of electrical energy
conversion. The electrical machine used in the system has large rotational mass, high speed, and low
loss (Gengji and Ping, 2016). However, traditional two-level inverters cannot meet the requirement
of voltage level and harmonic content. Compared with two-level inverters, three-level inverters
(TLIs) have the merits of low voltage stress, low harmonic content and high power rating (Nabae
et al, 1981; Gao et al.,, 2021; Zhang et al., 2021). Moreover, parallel operation of TLIs can achieve

Frontiers in Energy Research | www.frontiersin.org 1

January 2022 | Volume 9 | Article 811845


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.811845&domain=pdf&date_stamp=2022-01-05
https://www.frontiersin.org/articles/10.3389/fenrg.2021.811845/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.811845/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.811845/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.811845/full
http://creativecommons.org/licenses/by/4.0/
mailto:ai__sheng@163.com
https://doi.org/10.3389/fenrg.2021.811845
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.811845

Lietal

larger current capacity (Jiang et al., 2021). The parallel operation
can be classified into synchronous operation and interleaved
operation. The two inverters receive synchronous switching
signals in the synchronous operation while asynchronous
switching signals in the interleaved operation.

Pulse width modulation (PWM) inevitably produces
undesired harmonics. Industrial applications such as motor
drive require total harmonic distortion (THD) within the
specified range (generally less than 5%). When the
synchronous operation is used, the current capacity of parallel
TLIs can increase but the harmonic characteristics cannot be
improved. The interleaved operation can improve the current
distortion and increase the waveform quality. Identification of
harmonics for parallel TLIs in the interleaved operation is
essential to improve the harmonic characteristics of the motor
speed regulation system. Double Fourier integral can establish an
accurate analytical model of harmonics through strict
mathematical derivation, which is an intuitive and effective
method for harmonic analysis. The harmonics of TLIs for
carrier-based PWM have been calculated (Mazzucchelli et al.,
1981; Holmes and Lipo, 2003; Dolguntseva et al., 2015). Besides,
the harmonic analysis model of TLIs with popular space vector-
based PWM is discussed (Chen et al., 2020). For interleaved
parallel two-level inverters, the analysis of harmonics is illustrated
(Zhang et al,, 2011). However, little literature is found on the
interleaved parallel three-level inverter harmonic analysis model.

In addition, the interleaved parallel three-level inverters have
both inherent problems of neutral-point potential control and
circulating current suppression. Undesirable characteristics of
capacitors and loads, as well as inherent defects of the control
algorithm, result in unbalanced capacitor voltages (Stala, 2013;
Liu et al., 2021; Dargahi et al., 2022). The imbalance increases the
harmonic contents, reduces the device life and affects the system
operation. Based on space vector PWM, the control of neutral-
point potential is realized by adjusting the vector action time, but
complex sector division and duty ratio calculation are inevitable
(Yamanaka et al., 2002; Jiang et al., 2020). Zero-sequence voltage
injection (ZSVI) is a commonly used neutral-point potential
control method for TLIs with carrier-based PWM, which
maintains the balance by injecting specific zero sequence
components into three-phase modulation waves and has the
merits of simplicity, utility and easy implement (Tallam et al,
2005; Song et al, 2013; Xing et al, 2020). The neutral-point
potential control algorithms based on ZSVI for TLIs have been
proposed (Wang and Li, 2010; Chaturvedi et al., 2014; Chen et al.,
2018; Wan et al., 2021), but the interleaved operation of inverters
is not considered.

Moreover, the interleaved operation can improve current
distortion, but high-frequency circulating current unavoidably
occurs due to inconsistencies of two parallel inverters. Therefore,
different circulating current suppression methods for parallel
three-level inverters have been proposed in literature. From
the perspective of control (Liu et al., 2021; Xing and Chen,
2021) and modulation (Zhang et al, 2019; Tcai et al, 2021),
the circulating current is suppressed. In the flywheel energy
storage system, the parallel circuit series filter inductors, which
can effectively suppress circulating current but also decrease the
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system power factor, especially when the system operates at a
higher frequency. The way of the ZSVI for high operating
frequency and low operating frequency is different.

This article is organized as follows. Parallel Three-Level
Inverters Model develops the basic model of parallel TLIs and
the mechanism of neutral-point potential imbalance. A novel
perspective of harmonic analysis for interleaved parallel TLIs
under balanced and unbalanced neutral-point potential is
discussed in Harmonic Analysis of the Interleaved Operation,
which considers the five-level capability of the output voltage. A
neutral-point potential control algorithm is analyzed in Neutral-
Point Potential Control. The model of average neutral current is
derived by using the equivalent duty ratio calculation thus the
calculation method of zero sequence voltage is introduced. The
implementation of the ZSVI method at low operating frequency
is analyzed, while the problem and improvement for high
operating  frequency is  proposed.  Simulation  and
Experimentation shows and compares the simulation and
experimental results, verified the validity of theoretical
analysis. Finally, the conclusion is summarized in Conclusion.

PARALLEL THREE-LEVEL INVERTERS
MODEL

Topology and Modulation Strategy
The topology of the parallel TLI system is shown in Figure 1A.
Two TLIs called TLI-1 and TLI-2, share the common neutral
point (O) of the capacitors (C; and C,) and the DC bus (Uy. =
2E). Each phase leg of two parallel TLIs is connected through a
filter inductance Ly (x = g, b, ¢; k = 1, 2), while the output is
connected to a flywheel motor. The principle of interleaved
parallel PWM is shown in Figure 1B. Both TLI-1 and TLI-2
are modulated by carrier phase disposition PWM. The
modulation waves of two TLIs are the same while the carriers
are interleaved, and phase shifted by n. The carriers of TLI-1 are
Ve1.1 and v, _,, while the carriers of TLI-2 are v.,.; and v,.,. The
modulation wave v, is compared with the four carriers to generate
the switching signal of the parallel TLI system.

Considering O as the reference point, x phase voltage of TLI-k
can be expressed as

Uuo =S - E (1)

where S, (x = a,b,c; k = 1,2) is x phase switching signal of TIL-k
inverter, and E is the voltage level. While S, has three possible
values (S,x = -1, 0, 1), Uxo can have three voltage levels from (2),
and it is possible for U,q, the x phase voltage of the system, to
obtain five voltage levels. The waveforms of U,o and U,o is
shown in Figure 1B.

Although parallel legs of the system use the same modulation
wave, the switching pulses is asynchronous because of the
different carriers, leading to unequal instantaneous values of
leg output voltages. Then, according to Kirchhoffs law, the
voltage equation of the parallel circuit can be expressed as

diy

Uwo =1L
kO dt

+ UxO (2)
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FIGURE 1 | Topology and modulation of the parallel system: (A) topology, (B) interleaved parallel PWM.
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where L is the inductance value of Ly, and i is the x phase
current of TIL-k.

From (1) (2), owing to the asynchronous switching pulses, the
circulating current iy, of x phase inevitably emerges, which can be
expressed as

dihx (le - SxZ)E

dt 2L (3)

In order to suppress circulating current, improving the stability
of the parallel TLI system, the parallel circuit series filter inductors.
Ignoring the magnetic saturation of the filter inductors, the
inductive resistance in the AC circuit is proportional to the
angular frequency of the current passing through the inductors.
Therefore, although filter inductors can effectively suppress
circulating current, the system inductive resistance increases,
reducing the power factor when operating at high frequency.

Mechanism of Neutral-Point Potential

Imbalance

The essential reason for the neutral-point potential imbalance is
that the flow of the neutral current causes the neutral voltage to
fluctuate. Assume that the reference direction of the neutral
current is positive when it flows out of the neutral point, as
shown in Figure 1A. According to Kirchhoff's law, the
relationship between neutral current and capacitor currents
and the relationship between neutral voltage and capacitor
voltages can be expressed as

ig (t) = ic1 (£) —ica () (4)
t) — t
uo(t):ucz()zum() (5)
From (4) (5), the relationship between the neutral voltage and
the neutral current can be expressed as

1 J;io (Bdr + U, 6)

uy (t) = 2C

where C is the capacitor value and U is the steady-state error of
the neutral-point potential.
Then, during a switching period T, (6) can be expressed as

1

E iO_avetage Ts + UO (7)

Ug_average = —
where 4 ayerage and iy_ average are the averages of ug(f) and ig(f)
during a switching period, respectively.

From (7), the neutral-point potential can be balanced by
eliminating the DC offset of the capacitor voltages and
controlling the average neutral current iy_ sverage t0 0.

HARMONIC ANALYSIS OF THE
INTERLEAVED OPERATION

Harmonic Characteristic
In the flywheel energy storage system, the output harmonics of
the inverter generate the motor stator harmonics, which directly
affect the motor harmonic losses, and then affect the stable
operation of the system. Therefore, this paper regards the
parallel TLIs as an integrated system to analyze its harmonic
characteristic.

From Double Fourier Transform theory, the spectrum of the
system switched phase output voltage can be expressed as
(Holmes and Lipo, 2003)

f@)= Z AOn cos (ny) + Z Amo cos (mx)

+ Z 712 oo Amn cos (mx + ny) (8)
(n#0)
1 4 o
A, = 2—712[ I f (x,y) cos(mx + ny)dxdy, x = w.t,y = w,t
)

where m and n are the index variables of carrier and baseband, w,
and w, are the carrier angular frequency and the fundamental
angular frequency, respectively.

The harmonic characteristic of the parallel TLI system in the
synchronous operation is the same as a single TLI, so it is
unnecessary to repeat it. Moreover, for harmonic analysis of
the interleaved operation, the per unit of the carrier frequency is
used to simplify the analysis. The carrier waves of TLI-1 and TLI-
2 in a switching period are shown in Figure 2A, while the
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FIGURE 2 | Harmonic analysis of interleaved parallel PWM: (A) carrier waves, (B) the unit cell.
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modulation wave expression in the switching period is f(y) =
Mcosy, where M is the modulation ratio. A direct comparison
between the amplitudes of the carrier waves and the modulation
wave is used to determine the distribution region of the switching
function f(t), which is shown in the unit cell Figure 2B.

The distribution of the switching function is related to the
modulation ratio M, for instance, the value of M determines that
the regions of voltage level + E and -E exist or not in the unit cell. In
fact, the output voltage is able to obtain five levels when M > 0.5,
and the harmonic content is less because the non-zero levels of
TLI-1 and TLI-2 tend to be synchronous. In the switching period,
the moments when the leg output non-zero voltages of TLI-1 and
TLI-2 is the same increase with M, as well as the number of
synchronous switching pulses. However, when M < 0.5, the output
voltage can only obtain three levels and the non-zero levels of TLI-1
and TLI-2 are asynchronous, hence, the harmonic content is larger.
Actually, the number of synchronous switching pulses is zero in the
switching period, thus there is no moments when the leg output
non-zero voltages of TLI-1 and TLI-2 is the same.

When the integral limits are determined, the harmonic
characteristic of different modulation ratios in the interleaved
operation is calculated as follows

U, = EM cos w,t
ZEZ 1
m Lam=12m

+ (2n+ 1)w,t]

700]2,“1 (2maM) cos (nrm) cos[2mw, t

(10)

where J (.) is the n-order Bessel function. A significant feature of
the phase voltage U, in the interleaved operation is only
composed of the fundamental component and even carrier
frequency with odd fundamental frequency sideband harmonic
components. The fundamental component is identical to the
synchronous operation, while the harmonic components is
different. Also, the amplitude of the fundamental waveform is
related to the modulation ratio M and DC voltage, while the
amplitudes of harmonics are determined by Bessel functions

when certain modulation ratio M and DC voltage are chosen.
Further, the harmonics of the phase voltage U, in interleaved
operation have following characteristics:

1) When m is an odd number, partial harmonic components of

TLI-1 and TLI-2 are offset, and there is no odd carrier

harmonic components or odd carrier frequency with even

fundamental frequency sideband harmonic components in
the parallel system output voltage, compared with the
synchronous operation.

When m is 0, the fundamental component of the parallel

system output voltage is the same as the synchronous

operation, and there is no DC component or baseband
harmonic components.

3) When m is a non-zero even number, the harmonic
components of the parallel system output voltage are in
common with synchronous operation, containing even
carrier frequency with odd fundamental frequency
sideband harmonics.

2

~

The interleaved operation does not affect the fundamental
waveform of the parallel system but can eliminate odd carrier
harmonics and odd carrier frequency with even fundamental
frequency sideband harmonics, compared with the synchronous
operation, therefore, the system output voltage harmonic content
is lower.

Harmonic Characteristic Under Unbalanced

Neutral-Point Potential.
For harmonic analysis of the interleaved parallel TLI system when
DC offset inevitably emerges in neutral-point potential, the
distribution regions of the switching function are unchanged,
but the values in the regions, also called the leg output levels are
different in the unit cell.

In the interleaved operation, the possible values of the parallel
TLI system output levels are + E + Eq (+E + Ey)/2, 0, (-E + E,)/2,
-E + E,, where E, is the DC offset. Hence, the Fourier series
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FIGURE 3 | Diagram of the equivalent duty ratio calculation.
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FIGURE 4 | Implementation of ZSVI: (A) block diagram, (B) flowchart of NPPR.
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expression of the output voltage for the parallel TLI system is
calculated as follows

2ME,

U, = + EM cos (w,t)

N 4ME, Zoo cos (n)
T n=1 (1 -2n)(1 + 2n)

2E 1
T Zm 12m

+ (2n+ 1)w,t]

cos[2n (wyt)]

(o]
70012,,“ (2mnaM) cos (nrm) cos[2mw, t

8E0 Tk [2maM] (2k — 1) cos (nmr)
T lemZ:-OOZ"l (2k—1+2n)(2k—1—2(n))
11

cos[2mw,.t + 2nwyt]

In the interleaved operation, the imbalance of neutral-point
potential leads to DC bias and harmonics of even baseband
component and even carrier frequency with even fundamental
frequency sideband component. Furthermore, the amplitude of

the DC bias is related to M and Ey, as well as the amplitudes of
additional harmonics which is also related to Bessel functions.
An obvious merit of the interleaved operation is odd carrier
harmonics and odd carrier frequency sideband harmonics are
eliminated whether the neutral-point potential is balanced
or not.

NEUTRAL-POINT POTENTIAL CONTROL

Zero-Sequence Voltage Injection Method
Zero-sequence voltage injection method is an effective approach
to achieve the neutral-point potential balance of multilevel
inverters using carrier-based PWM. The method has been
widely used in TLIs, achieving excellent results. However,
applications on parallel TLIs, especially interleaving, have not
been discussed in the literature.

The steady-state expression of the three-phase positive
sequence modulation signal v, in the parallel TLI system can
be written as
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Vo | = (12)

Define the x phase duty ratio of TIL-k inverter as d,. Based
on the model analysis in Section 2.1, it can be seen that
carriers of the parallel legs for TLI-1 and TLI-2 in the
interleaved operation are different, therefore, the duty
ratios d,; and d,, are not equal, which causes the three-
phase positive sequence modulation signal v,, cannot be
directly equivalent to the duty ratio d,; and d,, using the
impulse equivalent principle. To this end, this paper proposes
an equivalent duty ratio calculation method. Based on
the carrier and modulation wave of TLI-1, TLI-2 is
equivalent to be modulated by carriers the same as the
TLI-1 carriers and two modulation waves phase shift by a
certain angle, as shown in Figure 3. The modulation wave
vrx21 phase shifts forward woT,/2 while the modulation wave
Vixa2 phase shifts backward w,Ty/2, compared with wv,,.
Consequently, the impulse equivalent principle can be
applied to calculate d,; and d,,.

Hence, the duty ratio d,; of TLI-1 is equivalent to v,,, while the
duty ratio d,, of TLI-2 can be approximately calculated in the
following way

Va1 T Vix22 Wo Ts
de_f cos 2 Vi
When a certain phase leg is clamped at the neutral point,
this phase current flows through its corresponding clamp diode
into the neutral point. Considering the existence of circulating

current, the instantaneous neutral current iy(f) can be expressed
as

(13)

o)==, (@bs(Sa) +abs(Sa) S - Y
— abs (8x2))ins

(abs(S.)

(14)

where abs (.) is the absolute value function, and i, is x-phase load
current of the parallel TLI system.

From (13) (14), the mathematical model of the average neutral
current during a switching period is given by

'X ﬂTS .
fo_average = — zx:a,b’c abs(vx)<% (1 + cos<w )) + 1hx(1

(1))

where v, is the actual three-phase modulation signal. From
section 1.2, the balance control of the neutral-point potential
is to keep the average neutral current at 0 while eliminate the DC
offset of capacitor voltages. Based on the mathematical model of
the average neutral current, a control degree of freedom must be
introduced to ensure the average neutral current is 0. The control
degree of freedom is the zero-sequence voltage vy.

From (15), the mathematical expression of the zero-sequence
voltage v, is calculated as

Y o Sig (V) Ve (5 (1 + c08(22%)) + i (1 - cos(225:)))
Zx—achIgn(Vx)(lx (1 + COS(w"TS)) + ihx(l — COS(w"TS)))
(16)

(15)

Vo =

where sign (.) is the symbol function.
Since it is not possible to determine the symbol of the three-phase
modulation signal v,, the three-phase positive sequence modulation
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FIGURE 7 | Improved ZSVI: (A) improved voltage feedback controller, (B) improved NPPR algorithm.

signal v, is generally used to estimate zero sequence voltage. The
estimated value of zero sequence voltage is calculated as (17), which is
used to control the neutral-point potential. (17) indicates that v, can
be decoupled into two control objectives: voltage feedback control
Vost.1 and current feedback control vqg . Firstly, the elimination of the
DC offset between capacitor voltages is realized by voltage feedback
control vopg.;. Then, the variation of the average neutral current is
controlled to 0 by current feedback control vy ,, maintaining the
neutral-point potential balanced.

_i’O
Serancsn (v (5 (1 + cos(57)) + (1~ cos(%55))) froucs
T o581 (Ve ) Ve (B (1 + cos(“5) ) + i (1 — cos(2%)))
Y eS8 (Ve Ve (35 (1 + cos(45%2) ) + e (1 = cos(“5) )) [ Vo2
17)

where iy’ is the capacitor voltage feedback controller output value.

Vost =

Implementation and Problem

Figure 4A is the block diagram of the interleaved parallel TLI
system, the center of which is the Neutral Point Potential
Regulator (NPPR) based on the zero-sequence voltage

injection method. The flowchart of the NPPR algorithm is
shown in Figure 4B V.., Vimia and v, are the maximum
value, the middle value and the minimum value of the three-
phase positive sequence modulation signal v,,, respectively.

The voltage feedback controller is a PI controller. Obviously,
Vost.1 i obtained by the voltage feedback controller, while vy, is
obtained by the current feedback controller.

In fact, vog is not necessarily the final injected zero sequence
voltage and needs to be verified. The vy that cannot satisfy the
verification condition should be revised. There are three possible
correction values for vy, calculated as follows:

1) Vmid = Vra

l; - sgn(vra) *Vra* ia + Sgn(vrb) * Vb * ih + sgn(vrc) *Vee® ic
- Sgn(vra) : ia + sgn(Vrb) . ib + sgn(v,c) : ic

Vost' =

(18)
2) Vmid = Vib

iy + SgN(Vra) - Via - ia — SGN (Vi) - Ve - B + 5GN (Vi) - Vi - e
sgNn (Vea) - ig — sgN (Vi) - iy + sgn (Vi) - e

vOst” =

(19)
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3) Vmid = Vrc

iy + g (Vea) - Vig - g + 58N (Vi) - Vip - i — g (V) - Ve - e
sgn (Vea) - ig + SgN (Vi) - iy — sgN (Vi) - i

Vost!" =
(20)

However, in order to suppress circulating current, parallel
circuit series filter inductors which causes the emergence of zero-
crossing and positive-negative jumping of vy denominator.
Figure 5A shows the function surface of the variables f and ¢,
and the function curve when fis 400 Hz for vy, denominator. As
the operating frequency increases, the v, denominator is going
to be 0 or even negative, and the function curves gradually change
from flat curves to sawtooth curves. Hence, the phenomenon of
zero-crossing and positive-negative jumping is further analyzed
by taking the function curve when fis 400 Hz as an example.

For voltage feedback control, iy is only related to the
capacitor voltage difference and the controller internal
parameters. The polarity of i, is constant while zero-crossing

Harmonic Analysis and NPP Control

and positive-negative jumping of 44 denominator inevitably
emerge, leading to a sudden change of the wy., polarity.
Consequently, the charging and discharging ability of the parallel
TLI system to the neutral-point is unbalanced, and the neutral-point
potential can be completely out of control. For current feedback
control, theoretically, the polarity of vog, is determined by its
numerator. However, zero-crossing and positive-negative jumping
of the denominator cause the polarity of vy, to be uncontrolled by
its numerator, resulting in two extreme cases of vy, as shown in
Figure 5B. It can be seen from the function surface of vy, that
when the operating frequency is high, vy, reaches extreme values.
Furthermore, the function curve of vy, when fis 400 Hz shows that
extreme case 1 occurs when the denominator has a zero-crossing,
thus the value of vy, is uncertain. Extreme case 2 occurs when the
denominator has a positive-negative jumping, the numerator
polarity remains unchanged while the vy, polarity mutates.

For the existence of filter inductors, the inductance of the parallel
TLI system increases with the operating frequency, while the power
factor decreases. Hence, the phase difference between the phase
current and the modulation signal changes to +m/2, which causes
zero-crossing and positive-negative jumping of vo., denominator.
The function surfaces of vy, denominator, vy, numerator, and
Vost.2 at different power factors are shown as Figure 6.

Although the aforementioned method can verify and revise
Vosw> it 18 not possible to correct case 1 and case 2 because of the
existence of filter inductors. In order to effectively control the
neutral-point potential balance of the interleaved parallel TLI
system, the aforementioned method must be improved.

Improvement
Figure 7A shows the voltage feedback controller of the improved
method, consisting of hysteresis controller, PI controller, etc.
Based on the DC offset between capacitor voltages caused by
interference or other factors, hysteresis controller chooses
whether to use the PI controller or not.

In order to solve the problem mentioned above, a variable called
Symbol Factor (SF) is introduced to the NPPR. SF is calculated as

1 sgn (v,)i, >0
SF _ Zx:a,b,c g

- 21
0 zx:abcsgn(vx)ixSO ( )

According to SF, vy, is verified and revised, or just revised. The
improved NPPR algorithm is shown as Figure 7B.

B C D
400 40! 400 400
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3 3 S Wi W - WMM%
20 20 20 20
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-200 =200} -200 =200}
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FIGURE 9 | Simulation results of phase voltage for various operation modes and conditions: (A) parallel, (B) interleaved, (C) unbalanced parallel, (D) unbalanced
interleaved.
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FIGURE 11 | Harmonic spectrums of phase voltage for calculation, simulation and experimentation: (A) balanced, (B) unbalanced.
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FIGURE 12 | Resullts of line-to-line voltage THD for different modulation ratios: (A) simulation, (B) experiment.

SIMULATION AND EXPERIMENTATION

In order to verify the feasibility of the developed harmonic
models and the proposed neutral-point potential control

method, a MATLAB/Simulink model of 200kW parallel TLI
system is constructed. Figure 8 shows the experimental

platform. The consistent parameters

are used for the

simulation and the experiment, as listed in Table 1. In
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1Msa/s

( 10.0Mpts )

addition, TMS320F28346 (DSP) and EP3C80F48417 (FPGA) are
used to implement the experiment.

Harmonic Characteristic Comparison

Figure 9 and Figure 10 show the simulation and experimental
waveforms of phase voltage for synchronous and interleaved
operation under balanced and unbalanced neutral-point
potential when the modulation ratio is 0.8 and the operating
frequency is 400 Hz. The phase voltage waveforms for various
operation modes and conditions have three and five clearly
separated levels, respectively. But, there is an obvious
asymmetry for the positive half wave and the negative half
wave of the phase voltage when the neutral-point potential is
unbalanced.

Figure 11 shows the calculated harmonic spectrum, the
simulated harmonic spectrum and the experimental
harmonic spectrum of phase voltage with the developed
model. The main components among calculation, simulation
and experimentation are compared clearly. Obviously, the
simulated and experimental results match well with the
calculated result. In fact, dead time will impact the
harmonics amplitude, but the dead time of the developed
system is small (3.5% of the switching period), thus its
impact on harmonics is very small and can be neglected.

Figure 12 shows the line-to-line voltage THD with modulation
ratios from 0.1 to 0.9 stepped by 0.1, when various parallel operations
and neutral-point conditions are applied. It can be seen from the
results that the harmonic contents of different operations and
conditions are smaller when the modulation ratio is larger. The
interleaved operation has remarkably reduced THD compared with
the synchronous operation at every modulation ratio, regardless of
whether the neutral-point potential is balanced. However, when the
neutral-point potential is unbalanced, the line-to-line voltage quality is
decreased while the harmonic content is increased at modulation
ratios in the range of 0.1-0.9. Therefore, it is necessary to control the
neutral-point potential to improve the harmonic characteristics. The
experimental results are consistent with the simulation analysis.

Neutral Point Balancing Process

The neutral-point potential balancing algorithm is developed to
the experiment platform to verify its feasibility and practicability.
Figures 13A,B show the simulation and experimental waveforms
of the capacitor voltage dynamic control, respectively. At the
beginning, the voltage offset of the upper capacitor and the lower
capacitor is 100V, and the neutral-point potential is uncontrolled
thus unbalanced. The initial operating frequency of the system is
100 Hz. Figure 13A shows that at ¢ = 30 ms, the proposed ZSVI
method is enabled, the capacitor voltages are balanced quickly
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TABLE 1 | Simulation and Experiments Parameters.

Symbol Quantity Value
Uge DC link voltage 300
C DC link capacitor 9.12mF
L Inverter inductor 90 uH
fo Switching frequency 10 kHz
f Fundamental frequency 400 Hz

and remain at 150 V. However, at t = 70 ms, the operating
frequency is suddenly changed to 400 Hz, the balance is
disrupted, and the voltage offset increases rapidly. To remain
the balance when the operating frequency is high, the improved
ZSVI method is used shortly after the frequency change, thus the
capacitor voltages are controlled effectively.

Figure 13B shows the same control process, and the dynamic
performance of capacitor voltages is consistent with the

simulation result. The slightly different is that at about 5.4s,
the capacitor voltages are out of control and the lower capacitor is
100 V higher than the upper for approximately 3s, while the
frequency changes from 100 to 400 Hz. But the capacitor voltages
can quickly eliminate the offset and maintain the balance because
of the enablement of the improved ZSVI. The results prove the
ZVI1 method has outstanding dynamic performance when the
operating frequency is low while the improved ZVI method
works more evidently when the operating frequency is high.

The simulation and experimental waveforms for a phase currents
of TLI-1 (i,;), TLI-2 (i,,), and the output current (i,) before and after
the balancing algorithm is enabled with the corresponding process of
Figure 13 are shown in Figure 14. When the neutral-point potential
is unbalanced, the phase currents are distorted severely. The ZVI
method can restore balanced capacitor voltages and subsequently
reduce the phase current distortion when the frequency is 100 Hz,
while the improved ZVI method can achieve the same effect when
the frequency is 400 Hz.
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CONCLUSION

This article proposes the harmonic analytical model and neutral-
point potential control method for interleaved parallel TLIs. First,
the harmonic characteristic and calculation of interleaved parallel
TLIs under balanced and unbalanced neutral-point potential are
developed. The harmonic characteristics of interleaved operation
is significantly better than the synchronous operation. Besides,
the unbalance of the neutral-point potential can increase the
harmonic content.

Second, the ZSVI method is proposed, which can be directly
applied to balance the neutral-point potential at a lower operating
frequency. However, when the system operates at a higher
operating frequency, the ZSVI method is useless. The problem
that the ZSVI method cannot be directly applied when the
operating frequency is high is studied, and an improved
neutral-point  potential control algorithm is proposed.
Simulation and experimental results demonstrate the validity
of proposed models and algorithms.
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