:' frontiers ‘ Frontiers in Energy Research

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Marif Daula Siddique,
Swinburne University of Technology, Australia

REVIEWED BY
Ahmed Hussein,

INESC TEC Institute for Systems and
Computer Engineering, Technology and
Science, Portugal

Nithin Kolli,

North Carolina State University, United States

*CORRESPONDENCE
Jun Wang,
liaozh_hieu@sina.cn

RECEIVED 18 August 2025
REVISED 14 October 2025
accepTeD 20 October 2025
PUBLISHED 26 November 2025

CITATION
Wang J (2025) A neutral-point voltage
balance control method for 3L-NPC
converters.

Front. Energy Res. 13:1688128.

doi: 10.3389/fenrg.2025.1688128

COPYRIGHT

© 2025 Wang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research

Type Original Research
PUBLISHED 26 November 2025
pol 10.3389/fenrg.2025.1688128

A neutral-point voltage balance
control method for 3L-NPC
converters

Jun Wang*

Department of Electronic Information, Hunan International Economics University, Changsha, Hunan,
China

The inherent problem of neutral-point potential imbalance in three-level
neutral-point-clamped (3L-NPC) converters increases the risk of overvoltage
in switching devices, causes increased output harmonic content, and seriously
affects the performance and safe operation of the converters. To achieve
neutral-point voltage balance control, this article proposes a neutral-point
voltage balance control method based on zero-sequence component injection.
The proposed method has the advantage of low computational complexity
and can achieve balance control of neutral-point potential under various
operation conditions. Finally, the experimental results validated the correctness
and effectiveness of the presented method.
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Introduction

Compared with the traditional two-level inverter, the three-level neutral-point-clamped
(3L-NPC) converter has the advantages of large capacity, high output voltage, and low output
current harmonic content; therefore, it is widely used in new energy power generation,
medium-high voltage, and high-power applications (Lewicki et al., 2024; Lee et al., 2025;
Sarker et al., 2024). However, due to its topological structure, there is a problem of neutral-
point potential imbalance. The neutral-point potential imbalance not only leads to increased
output harmonics but also causes overvoltage damage of power devices, which affects the
output performance and safety of the converter (Guo et al., 2022).

With the deepening research on the problem of neutral-point voltage (NPV) balance,
some NPV balance strategies have been proposed, mainly divided into hardware balance
methods and software balance methods. The former uses additional devices or circuits to
balance the neutral-point potential, which requires additional hardware, such as increasing
the capacitance of the DC-link capacitors or adding additional voltage equalization circuits.
The hardware balance methods increase the system’s volume and maintenance costs and
also reduce the power density of the system (Von Jouanne et al, 2002; Rivera et al,
2015). The software balancing scheme achieves balance control of the neutral-point
potential by improving the control algorithm. Many improved pulse width modulation
(PWM) techniques have been developed, which are mainly classified as space vector PWM
(SVPWM) and carrier-based PWM (CBPWM) (Chen et al., 2021).

The balance scheme based on SVPWM utilizes the principle that different
vectors have different effects on the neutral-point potential to achieve NPV balance
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(Liu et al, 2018; Jiang et al, 2020). A vector allocation factor
is introduced to adjust the action time of two small vectors. It
uses the opposite effect of small vectors on the neutral-point
potential to achieve NPV balance (Liu et al, 2018). However,
it increases the output harmonic content, and the SVPWM
method involves complex trigonometric function calculation
and sector judgment. The nearest triangle vectors (NTV) SVM
method realizes the NPV balance by selecting proper redundant
small vectors (Yamanaka et al., 2002). However, this cannot operate
effectively under the conditions of high modulation index and low
power factor.

The commonly used methods in CBPWM include dual-
modulation signals and zero-sequence voltage injection. The former
injects appropriate offset signals into the dual reference signal to
generate dual-modulation signals, balancing the DC-link voltages.
In Giri et al. (2017) and Giri et al. (2019), dual-modulation signals
are generated to balance the capacitor voltage and eliminate its
ripple. However, generation of the offset signals relies on real-time
acquisition of the voltage vector angles, which involves calculation
of inverse trigonometric functions and requires high computational
resource overhead. Another approach to achieving NPV balance is
to inject a zero-sequence voltage signal into the original modulation
signals (Wang et al., 2016; Mukherjee et al., 2019). Zero-sequence
voltage affects the direction and magnitude of neutral-point current,
thereby achieving NPV balance. Wang et al. (2016) propose a
carrier-based PWM strategy with zero-sequence voltage injected
for the 3L-NPC inverter, which achieves NPV balancing by
decomposing the modulation wave in a specific mode after injecting
zero-sequence voltage. This method effectively expands the NPV
equilibrium region, but the decomposition of modulated waves
involves the calculation of many trigonometric functions, which
undoubtedly increases the computational burden. In addition, this
method requires prior knowledge of the load power factor, which
is difficult to obtain in some practical applications. In Li et al.
(2018), atriangle carrier-based discontinuous PWM (TCB-DPWM)
method is proposed, which improves system efficiency. However,
this method requires calculating the sign of the three-phase voltage
and calculating the average neutral-point current within a switching
period, which requires multiple multiplication, division, addition,
and other operations on the voltage and current. In Zhang et al.
(2017) and Mukherjee et al. (2019), the injected zero-sequence
voltage signals are generated by a closed-loop controller, which is
designed to regulate the deviation of the two DC-link capacitor
voltages to be zero. However, the NPV balancing performances, such
as steady-state NPV fluctuations and balancing speed, depend on the
introduced discontinuity control parameter (Mukherjee etal., 2019).
with
computational burden have been proposed (Wan et al, 2021;
Alsofyani and Lee, 2021; Wang et al., 2020). The calculation of ideal
NP current (Alsofyani and Lee, 2021) and hysteresis capacitance

Some easy-to-implement methods relatively  low

voltage bands (Wang et al., 2020) requires prior knowledge of
capacitor parameters, which may affect the performance in cases
of unbalanced capacitor parameters or parameter drift caused by
aging or heat. The proposed method takes into account the situation
of capacitor parameter imbalance.

The neutral-point potential balance is a problem that must
be addressed when applying a 3L-NPC converter. Although many
scholars have proposed various solutions, most existing solutions
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FIGURE 1

Topology of the 3L-NPC converter.

lack low computational complexity characteristics. Therefore,
this article proposes a neutral-point voltage balance control
method based on zero-sequence component injection for 3L-
NPC converters. Compared with most existing CBPWM schemes,
the proposed method has the advantage of low computational
complexity and good adaptability to operation conditions.

Materials and methods

Figure 1 shows the topology diagram of the 3L-NPC converter.
C, and C, are the upper and lower DC-link capacitors, and u; and
u, are the voltages of the DC-link capacitors. Each phase of the 3L-
NPC converter can generate three states, which are defined as “P;
“0; and “N”

Based on Kirchhoff’s current law, the averaged neutral-point
current can be obtained as Equation 1:

=i —ig = daOia + dbOib + chic

1

where i, (x = a,b,c) is the phase current, and d, {x = a,b,c} is the

~.

o

duty cycle of “O” i, and i¢, are the currents of each capacitor.

It can be seen that the averaged neutral-point current within a
switching period is the sum of the instantaneous values of the phase
currents in the “O” state of the three-phase system.

NPV balance control method

This section proposes a zero-sequence voltage injection method
based on the phase disposition pulse width modulation (PD-PWM)
to suppress the neutral-point potential fluctuation of 3L-NPC
converters. The averaged neutral-point current can be controlled by
injecting zero-sequence voltage components into the three-phase
modulation signals to change the duty cycle of state “O” First,
the compensation zero-sequence voltage calculation method of the
proposed method is introduced. In addition, a controller is designed
to achieve closed-loop control of the neutral-point potential.

The basic principles

The proposed NPV balancing method includes two key
procedures:
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1. Inject the zero-sequence components u.

To improve the utilization rate of DC-link voltage, a
zero-sequence component is injected into the original three-

phase modulation signals. The zero-sequence voltage is

designed as Equation 2:

2)

uy = mid{u,, up,u.}/2

where u,, u,, and u. indicate the original three-phase

modulation signals.

The obtained three-phase reference voltage can be
expressed as Equation 3:
*
u; = u, +u,
*
uy =y, + g (3)
* _
ul =u.+u,
1. Calculate u,,,> Uyigs Upin A0 iy s> by mic> bt min-
Uy Umid> Umin  TEPresent  the maximum, medium, and

minimum values of the three-phase reference voltage, respectively,

i is the instantaneous value of the phase current corresponding

u max
to the maximum value of the three-phase reference voltage, i,,,4
is the instantaneous value of the phase current corresponding to
the medium value of the three-phase reference voltage, and i is

u min
the instantaneous value of the phase current corresponding to the
minimum value of the three-phase reference voltage.

Uypas> Upmid> Unmin 1€ expressed as Equation 4:
Uy = U] =max{u2,uz,uf} l€(a,b,c)
Upyiq = Uy = mid{u;,uz,u:} m € (a,b,c) (4)
umm:u,jzmin{u;,uz,u:} n € (a,b,c)
iy maxe> by mid> by min 1€ €xpressed as Equation 5:
iy max = 11 le(a,b,c)
iy mid = im m € (a,b,c) (5)
iy min = In n € (a,b,c)
1. Calculate the compensated zero-sequence voltage ucom.
According to the proposed neutral-point potential

compensation strategy in this article, calculate the required
compensation zero-sequence component and inject it into the three-
phase reference voltage modulation signals to achieve control of
neutral-point potential balance. The final modulation voltage is
expressed as Equation 6:

%

umax = umax + MCDWI
* —
umjd = Upig + Ucom (6)
* —
umin - umin + ucom
Frontiers in Energy Research

03

10.3389/fenrg.2025.1688128

Duty cycle calculations

The calculation of the duty cycles varies under different
carrier modulation strategies. This section derives the PD-
PWM as an example. Under the PD-PWM modulation strategy,
the modified modulation signals within each switching period
exhibit the following four situations based on their amplitude,
as shown in Figure 2.

When v} > 0,(x = max, mid, min), the duty cycle of the “P” and
“O” states is expressed as Equations 7, 8:

(7)

de = u:/ul

d

. (®)

o=1-ug/u
When u} <0, (x = max,mid, min), the duty cycle of the “N” and
“O” states is expressed as Equations 9, 10:

)

dey= I”;|/“2 =-uy/u,

d

o=1+u}/u, (10)

Normalize the compensated modulation signals, and the
corresponding duty cycles are expressed as Equation 11:

Anaxp = Upas /U1 = (U  Uco )ty (tpiax 2 0)
Ao = Ul = ~(Upngy + Ucom) /1y (Usax < 0)

) Ayigp = U0/ Uy = (i + thom) [t (u:m'd 2 O)
Aoian = =1ty = = (Ui + o) [ (ufm.d < 0)
Apinp = Upyi 1y = (Ui + o) /11 (4312 0)
Apiny = ~Unin = = (Upniy + Uicom) /142 (431 < 0)

(11)

where subscripts “P” and “N” indicate the output voltage state.

The compensated zero-sequence voltage

The averaged neutral-point current within a modulation period

(1— )i,. (12)

It can be observed that adjusting the compensated modulated
signal u} can alter the duty cycle of the state “O” d,,. Because

is expressed as Equation 12:

|u |

d i
! V.2

1071
i=a,b,c

(1 - diP_diN)ii = Z

i=a,b,c

Zoz

i=a,b,c

the controlled component of the compensated modulated signal

Uy

solely consists of the compensated zero-sequence voltage

component u_,,, it can be concluded that changing u_,,,, can modify

com com

the duty cycle of the state “O,” thereby achieving control over the
averaged neutral-point current and ultimately suppressing neutral-
point potential fluctuations.

The averaged neutral-point current corresponding to the
four types of modified modulation signals is analyzed as
Equations 13-16:

frontiersin.org
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TABLE 1 The averaged neutral-point current under different situations.

The modulation voltages and compensated zero-sequence voltage

up > 0,ur <0,u <0514 < Uy, < —min fur,u’}

2(—u;ia+u;i,,+

The averaged neutral-point current

14: it)/th: - 4ummia/vdc

* * 0. w ok «
g > 0,1, > 0,1 <O,—max{ua,ub} < Ugyy, < — U

2wy, — ujiy +

ulic) Vet 4ttconicl Ve

. « £yt g
wy < 0,up > 0,u) < 05— < iy, < —min {u;,ul}

2wy — iy + uli, )/ Ve = Attegpin] Vi

uy < O,u; >0,u; >O;—max{

* ok *
ub’uc}<ucom a

i, = iy = 28,) | Vg + At Ve

* " o 0t I
g <0,uy <0,u; > 05—u; <, < mm{uu,ub}

2, + iy — i) Vg = St Vo,

. . . - .
wy > 0,1 < 0,u; > 0;—max {uy, u}} < g, < —u;

s e
2(—uuz”+ub1b—

u: ic)/vdc + 4ucomib/vdc

FIGURE 3
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u i
——sgn(u,,,;)

1. Casel:uy,, > 0,u) . 2 0,u
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min =
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1

u
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Uy

Ly min
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= u_ (_umaxlu max = Umidlumid T Uminlu min) +
1

com . . "
(_114 max ™ tumid T 1y min)

(13)

2. Casell: u* >0,u*‘d
mi

max —

<0,u*. <0

min

Z: (1 _dmax P)iu maxt (1 _dmid N)iumid"' (1 _dminN)iu min

= (_umuxlu max T Umidlumid + Ymintu min)

U

o com .
_1d2_2 u Ly max

04

Ucom

U

+

(_iu max iumid + iu min)

(14)
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TABLE 2 The required compensation zero-sequence component and
phase current sign relationship for different neutral-point potential
fluctuations.

<0

com =

up > u,Au>0 i,20 ‘ u,

uy < uAu <0 i Ueom > 0

Original three-phase modulation voltage

¢Ua\ Ub~ Uc

Inject zero-sequence
components u, according to (2)

Calculate Umax, Umid, Umin and i max,
iumid, Iuminaccording to (4),(5)

v

Calculate u.omand the final thred
phase modulation voltage

according to (23),(6)

FIGURE 4
Flow chart of the proposed neutral-point voltage balancing method.

FIGURE 5
Experimental setup of 3L-NPC converters.

3. Caselll:uy,,, >0,u; . >0,u;. >0

> Ymin

E = (1 - dmaxP)iu max + (1 - dmid P)iumid + (1 - dmin P)iu min
u . . . .
;Om (lu max T lumid ¥ 1y min) =iz
1

(15)

= u_ (_umuxlu max ~ Wmidlumid = Ymin
1

1

umin)_
4. CaselV:u <O,u;id<0u* <0

max = > “'min
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TABLE 3 Parameters of the experimental setup.

Parameters Value Parameters Value
Output power 5kwW DC-link capacitor 2200 uF
Grid phase voltage 220V Unbalanced capacitor 840 pF
(RMS)
Grid frequency 50 Hz Unbalanced resistance | 100 kQ, 50 kQ
Switching frequency 20 kHz Filter inductor 3 mH

Z = (1 - dmuxP)iu max T (1 - dmid P)iumid + (1 - dmin P)iu min

1 : Ucom (. . . .
= u_ (umaxlu max + u (lu max T lumid T 1y min) =lag
1

(16)

F Umialumid + Uminlu mivx)

where iy, i, i3, and iy, are the neutral-point fluctuation currents.

The analysis reveals that the averaged neutral-point current
contains compensated zero-sequence components when the
compensated modulation signal is as shown in Figure 2 in Case
I and Case II. The signs of three-phase modulation signals are
not the same, which means that the averaged neutral-point
current can be compensated and controlled by changing the
compensating zero-sequence component, thereby controlling the
neutral-point potential. When the compensated modulation signal
is in Case III and Case IV, as shown in Figure 2, the signs of the
three-phase modulation signals are the same, and the averaged
neutral-point current does not contain the compensated zero-
sequence component. This indicates that injecting zero-sequence
components does not affect the averaged neutral-point current,
thus making it impossible to control the neutral-point potential.
Therefore, when using the compensation zero-sequence component
injection to achieve balanced control of neutral-point potential, it
is necessary to avoid the situation where the modulation signals
maintain consistent polarity after injecting the zero-sequence
component.

The averaged neutral-point current after injecting the
compensating zero-sequence component is expressed as Equation 17:

— s U +u *y
i0=<1— |ua ucom|>ia+ 1- | b com| ih+<1— |HC Mmm|>ic
Vacl2 Vael2 Val2
(17)

Assume  that u; >0,u; <0,uf <0 and

max {“Z’ ur }, Equation 17 can be expressed as Equation 18:

*
U, <Uggy <

Ucom

(_ia +ip+ ic) =g+ icom

(18)

_ 2
iy= (i, +iy +i,) + i(—u;ia iy Ul +
Vdc

de

According to (18), there are three parts included in the averaged
neutral-point current: 1) The sum of the grid side currents. This
component is zero in a three-phase three-line system. 2) The
second part is the neutral-point fluctuation current generated by
the PD-PWM modulation strategy, represented as iy. This item is
uncontrollable and the fundamental cause of neutral-point potential
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Experimental results under an unbalanced capacitance condition.
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Experimental results of an unbalanced equivalent leakage current condition.
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fluctuations. 3) The third part is the compensation current generated
by injecting the zero-sequence component, represented as i..,,. The
proposed method utilizes icom to compensate for the neutral-point
fluctuation current id, thereby controlling the averaged neutral-
point current.

The averaged neutral-point current for other modulation
voltages and compensated zero-sequence voltages can be derived
similarly. Therefore, the averaged neutral-point current under
different situations is summarized in Table 1.

To avoid the situation where the modulation signals maintain
the same polarity after injecting the zero-sequence component, the
compensation voltage must meet Equation 19:

—max (1) < tg,,, < —min (u]") (19)
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According to Equations 13, 14, it can be seen that the
expression of the compensating zero-sequence component
related the

as follows:

is to signof u” . and can be expressed
mid

1. When u ., >0, the compensation zero-sequence component
is derived as Equation 20:

Uy

Ucom = (_ ldl) 2i (20)

u min

2. When u’ .,
mi
is derived as Equation 21:

<0, the compensation zero-sequence component
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TABLE 4 Comparison of the existing methods and the
proposed method.

Zero- Model Proposed
sequence predictive method
voltage control
injection (
( )
)
Computational High High Medium
burden
Parameter Yes No No
dependency
- . U
Ucom = (lo_ldz)_zl- (21)
umax

Therefore, the control block diagram of the compensation zero-
sequence component is designed as shown in Figure 3.

Where iy is the phase current whose polarity is different from
that of the other two phases, Au = u; — u, is neutral-point potential
fluctuation, sgn() is the sign function, and i is the unified expression
for the neutral-point fluctuation current, expressed as Equation 22:

sgn(u),4) -1
-2

sgn(u:m. d) +1
2

ig=1iy in (22)

The required compensation zero-sequence component and
phase current sign relationship for different neutral-point potential
fluctuations are shown in Table 2. It can be concluded that the
sign of the compensating zero-sequence component is related
to the fluctuation of neutral-point potential and the sign of
the phase current involved in generating the compensating
neutral-point current. From the above derivation, the sign of
the modulation signal after adding the compensating zero-
sequence component determines the phase current used to generate
the compensating neutral-point current. Therefore, the sign of
the required compensating zero-sequence component can be
obtained.

Therefore, the expression for the compensation zero-sequence
component can be obtained as Equation 23:

k.
Ucom = _kp<1 + ?1> : |Au| ' sgn(Au ! iu min) (23)
where k, and k; are the proportional coefficient and integral
coefficient of the proportional-integral (PI) controller, respectively.
In summary, the flow chart of the proposed neutral-point voltage
balancing method is shown in Figure 4.

Discussion

The experimental prototype of the 3L-NPC converter is shown
in Figure 5, and the main parameters are listed in Table 3.

The experimental results of the proposed control method
under unbalanced capacitance are shown in Figure 6. The
experimental results showed that when there is a difference in
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the DC-link capacitance of the inverter, the proposed neutral-
point potential balance control method can effectively balance
the neutral-point potential. The corresponding total harmonic
distortion (THD) values of the currents are 3.98%. The THD
is smaller than 5%, which meets IEEE Std. 519-2014. The DC
capacitor voltage ripple is less than 1.5V in the steady state,
indicating that the proposed method has good steady-state
performance.

Figure 7 shows the experimental waveforms under unbalanced
equivalent leakage current (unbalanced parallel resistance simulates
unbalanced equivalent leakage current). The experimental
showed that when there in the
equivalent leakage current of the DC-link capacitors, the
presented method can also effectively balance the neutral-point
potential.

results is a difference

Figure 8 shows the experimental results of the proposed method
under unbalanced capacitance and with a power factor of 0.7.
It can be observed that after applying the proposed neutral-
point potential balance control method, even when the inverter
operates at a non-unity power factor, it can effectively balance
the neutral-point potential caused by the difference in DC-link
capacitance.

A comparison between the proposed method and other existing
methods is shown in Table 4. The zero-sequence voltage injection
method based on modulation wave decomposition involves the
calculation of many trigonometric functions. The model predictive
control (MPC) method based on virtual space vectors requires
the calculation of a cost function, which has strong parameter
dependence, which is not expected in practical applications.
In addition, the MPC method involves the selection of weight
factors. In contrast, the proposed method has a relatively smaller
computational burden and is not dependent on circuit parameters.

Conclusion

This article proposes a neutral-point potential balance control
method based on zero-sequence component injection to address the
issue of neutral-point potential imbalance in 3L-NPC converters.
The basic principle and the compensation zero-sequence voltage
calculation of the method are introduced. Based on the relationship
between the averaged neutral-point current and the neutral-point
potential, a neutral-point potential balance controller is designed.
Finally, a 3L-NPC converter prototype is developed to verify the
feasibility of the proposed neutral-point potential balance control
method under the conditions of unbalanced DC-link capacitance
and unbalanced equivalent leakage current. The experimental
results show that the developed control method can effectively
balance the neutral-point potential with hardware differences under
different operating conditions, ensuring safe and stable operation of
the system.
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