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Abstract — Three-level neutral point clamped  

PWM inverters overcome some limitations of two-

level inverters in medium voltage applications, 

leading to lower device ratings and greater efficiency. 

However, they are burdened by an intrinsic drawback 

of the neutral point clamped structure, which causes, 

under some operating conditions, a voltage imbalance 

of the DC link capacitors.  In this paper, such an issue 

is faced on a system driven by a dual-carrier PWM 

strategy through a simple hysteretic control. The 

proposed technique features a very low computational 

burden and does not need additional power circuits or 

sensors. It is first presented theoretically, then its 

performance is evaluated through simulations. 

1. Introduction 

Conventional two-level inverters largely dominate the 

field of low-voltage electric motor drives, however, 

three-level inverters are often preferred for equipping 

high-power, medium-voltage drives [1], HVDC 

transmission systems [2], STATCOM [3], active 

power filters [4], as well as wind and solar generation 

plants connected to medium voltage grids [5]. In fact, 

three-level inverters overcome some structural issues 

of two-level inverters when used in medium voltage 

applications, such as reduced efficiency and 

impractical voltage ratings of power devices. By 

partitioning the DC input voltage by two series 

connected dc-bus capacitors, the power devices 

equipping 3-Level NPC inverters must withstand only 

half of the total DC input voltage, resulting in lower 

voltage and thermal stress. Hence, the DC-link voltage 

can be made higher, thus reducing the DC-link current, 

phase conductor size and the associated losses. 

Compared with two-level PWM, three-level PWM 

operation achieves lower switching power losses, a 

lower output voltage THD and lower electromagnetic 

emissions. As a result, three-level inverters can operate 

not only at higher DC input voltages, but also at higher 

switching frequencies, than two-level inverters 

equipped with power devices of the same technology 

and with the same current rating. This is an essential 

advantage, because it not only allows to reduce the size 

and cost of the magnetic components and the cooling 

system, but also to achieve greater efficiency. Among 

the three-level inverter topologies developed over the 

last decades, the 3-Level NPC is one of the most 

popular, being the simplest and cheapest [6], [7]. 

Thanks to these advantageous features, three-level 

NPC inverters have been recently used even on low 

voltage drive applications,  successfully competing 

with two-level inverters [8]. However, an intrinsic 

issue of the 3-Level NPC inverter structure hindering a 

wider usage, is the occurrence of a fluctuation of the 

voltage of the Neutral Point (NP), which is the point of 

connection of the two dc link capacitors [8].  A neutral 

point voltage oscillation at three times the frequency of 

the output voltage is structural on 3-Level NPC 

inverters, being correlated to voltage clamping and 

three level operation.  This oscillation leads to 

unsatisfactory operation, because deteriorating the 

output ac voltage waveform, which exhibits low-order 

even harmonics, moreover, it causes unbalanced 

voltage stress on the power devices and increased 

output current ripple, which may lead to unexpected 

inverter failures [9]. Neutral point voltage drifts may 

also occur, caused by difference on parameters of dc 

link capacitors and power switches as well as by 

unbalanced load operation.  A reasonably equal voltage 

sharing between the two dc link capacitors must be 

guaranteed to obtain on 3-Level NPC inverters the best 

possible performance. The simplest way to achieve it 

being the use of large dc link capacitors [8]. However, 

this easily leads to unacceptably bulky and expensive 

capacitors, powering the development of active neutral 

point voltage control approaches. These can be 

grouped into two categories: techniques based on 

additional power circuits and techniques exploiting 

purposely modified PWM strategies. The neutral-point 

voltage can be controlled through two additional power 

converters managing the voltage of the dc link 

capacitors; however, this requires the introduction of 

extra power devices, transformers and control systems, 

which increase the cost and complexity of the inverter 

[10].  Hence the control of the neutral point voltage 

through purposely developed PWM strategies has 

gained great interest, being cheaper and more efficient 

[11]. The basic principle of these techniques is to 

measure the actual capacitor voltages and then select a 

proper switching path to correct the voltage imbalance.  

They can be divided into two groups, being derivative 



of basic space-vector (SV) and carrier-based (CB) 

techniques.  In SV based techniques, which are widely 

used in machine drive applications [12]-[14], dc link 

voltage balancing is achieved by properly selecting 

redundant voltage vectors on the basis of the amplitude 

of the voltage imbalance and the direction of the 

current circulating through the neutral point. Even 

effective, these techniques are however characterized 

by a high computational burden. CB techniques 

generally feature a lower computational burden [15]-

[19].  They rely on addition of zero-sequence 

components to the output AC voltage reference to 

regulate the charging and discharging of the dc-bus 

capacitors.  This is achieved by acting on the voltage 

reference or on carrier signals.  Both SV and CB based 

techniques require information on dc link capacitors 

voltage and phase current, leading to the introduction 

of voltage and current transducers, that would not 

otherwise be required in several applications, such as 

motor drives using scalar volt/hertz control. In this 

paper, a simple neutral point voltage control strategy 

for 3-Level NPC inverters is described requiring no 

voltage or current transducers, moreover, being mainly 

based on analog electronic circuits, the additional 

computation burden is negligible, so it can be 

implemented even on systems equipped with cheap 

microprocessors. The proposed technique is based on 

preventing the occurrence of null voltage switching 

combinations, which are responsible for the variation 

of the neutral point voltage, every time that this 

exceeds some predefined thresholds. The proposed 

technique negligibly impacts on output voltage THD 

and is able to limit the magnitude of the oscillation of 

the neutral point voltage, as well as to compensate for 

any drift of its mean value. The effectiveness of the 

proposed technique in controlling the neutral point 

voltage on a system driven by a dual carrier CB PWM 

strategy is demonstrated through simulations. 

 

2. 3-Level NPC inverter operation 

A 3-Level NPC inverter is depicted in Fig. 1, the DC-

link is splitted into two buses by means of a voltage 

divider composed of two series-connected capacitors 

CH and CL. Each leg features four switches and two 

diodes whose common point is connected to the 

common point of the two DC-link capacitors. As 

shown in Table 1, three switching combinations are 

possible for a generic j-phase leg, namely P, N and O, 

respectively giving a leg output voltage equal to 

VDC/2, -VDC/2 and 0. In the P combination, Sj1 and Sj2 

are turned on, in the N combination Sa3 and Sj4 are 

turned on while the O combination is obtained by 

turning on the switches Sj2 and Sj3.   
As shown in the vector diagram of Fig. 2 a total of 27 
(33) switching combinations are possible on a three-
phase 3-Level NPC inverter, out of which three are 

null or zero vectors and 24 are active vectors. The 24 
active voltage vectors can be in turn grouped into 12 
small vectors, 6 medium vectors and 6 large vectors, 
respectively featuring a voltage vector of magnitude 

Vdc/3, 3Vdc/3 and 2Vdc/3. 

 

Fig. 1: Schematic of a three-phase 3-Level NPC inverter 

TABLE 1: 3L NPC inverter leg 
Switching   

combination 

Pole          

Voltage 

On-state   

devices 
inj 

 Sj1 Sj2 Sj3 Sj4    

P ON ON OFF OFF +VDC/2 
ij>0  Sj1, Sj2 

0 
ij<0 Dj1, Dj2 

O OFF ON ON OFF 0 
ij>0  Dj1, Sj2 

ij 
ij<0  Dj2, Sj3 

N OFF OFF ON ON -Vdc/2 
ij>0  Dj4, Dj3 

0 
ij<0   Sj3, Sj4 

 
Fig. 2: Voltage vector diagram for a 3-Level NPC converter 

The clamping diodes Dj1 and Dj2, are connected to the 

DC link neutral point n, to limit the maximum voltage 

sustained by power switches to half of the DC-link 

voltage VDC. However, in practice, the potential of the 

neutral point n is not stable, because the voltages of 

the two dc link capacitors VCH and VCL continuously 

oscillate around VDC/2. In fact, if a positive current in 

circulates through the connection between the 

common point of the clamping diodes and the neutral 

point n, CL is charged and CH is discharged, while a 

negative in leads to charging CH and discharging CL.  

In each sector of the 3-Level NPC inverter voltage 

vector five types of vector combinations exist, which 



have different effects on the gradient of the neutral 

point voltage Vn, as shown in Table 2 dealing with the 

vectors of the sector 1. 

TABLE 2: Sector 1-Effects of voltage vectors on Vn 

Voltage vector        

type 

Switching 

combination 
d(Vn)/dt  

Null 

PPP 

OOO 

NNN 

0 

Medium PON ≠0 

P-small 
POO 

PPO 
≠0 

N-small 
ONN 

OON 
≠0 

Large 
PNN 

PPN 
0 

Neutral point voltage drift is caused by small and 

medium voltage vectors which include some O 

switching combinations, causing the circulation of the 

current in. Under the hypothesis that CH=CL=C it can 

be found that: 

𝑑𝑉𝑛

𝑑𝑡
=

𝑑(𝑉𝐶𝐿 − 𝑉𝐶𝐻)

𝑑𝑡
=

1

𝐶
𝑖𝑛 =

1

𝐶
∑ 𝑖𝑛𝑗

𝑗=𝑎,𝑏,𝑐

           (1) 

being inj the contribution of the j leg (j=a,b,c) to the 
current in, which is given by: 

𝑖𝑛𝑗 = 𝑖𝑗𝑠𝑗                                       (2) 

where ij=Isin(t+) is the phase current and the duty 
cycle sj (0<sj<1) is defined as: 

𝑠𝑗 =
𝑇𝑂𝑗

𝑇𝑠

                                     (3) 

where Ts is the inverse of the switching frequency and 
TOj the amount of time within Ts for which the j leg 
takes the switching combination O. The duty cycle sj 
is given by: 

𝑠𝑗 = 1 − 𝑚 |𝑠𝑖𝑛(𝜔𝑡)|                          (4) 

where: m=2Vref/VDC (0<m<1) is the voltage 

modulation index. 

Hence: 

𝑖𝑛𝑗 = 𝐼𝑠𝑖𝑛(𝜔𝑡 + 𝜑)|1 − 𝑚 |𝑠𝑖𝑛(𝜔𝑡)||          (5) 

As shown in Fig. 3, under steady-state conditions the 

current inj exhibits an oscillation at the frequency of 

the reference voltage signal, or fundamental 

frequency, whose amplitude is a function of the 

amplitude of the phase current, the angular 

displacement  between voltage and current  and of 

the modulation index [19]. This impresses an 

oscillation at three times the fundamental frequency 

to the current in. According to (1) the oscillation of in 

generates in turn a ripple on the neutral point voltage 

at three times the fundamental frequency, which is 

proportional to the magnitude of in and inversely 

proportional to the fundamental frequency and to the 

capacitance C of the dc link capacitors. Such an 

oscillation leads to additional voltage stress on the 

power switches and the rise of unwanted low-order 

even harmonics on the output voltage.  

 
t 

Fig. 3: Current inj (I= 50A, j=01.57rad, m=0.8) 

 
t 

Fig. 4: (red) Current in, (blue) Vn (C=10 mF, I= 50A, =.7rad, m=0.8) 

Moreover, a drift of the neutral point voltage can be 

generated by parametric differences between the dc 

link capacitors, causing different gradients of the 

voltages VCH and VCL, as well as, by the parametric 

spread of power switches, or by unbalanced load 

operation, which may lead to uneven inj current 

components. 

 

3. Neutral Point Voltage Control 

According to a dual carrier PWM approach, on a 

generic j leg during the positive fundamental half-

period, the switch Sj2 is kept on, while the output 

voltage is regulated by acting on Sj1 and Sj3, thus 

generating a sequence of P and O switching 

combinations, as shown in Fig. 5. During the negative 

fundamental half-period instead the switch Sj3 is kept 

on, while the output voltage is regulated by acting on 

Sj2 and Sj4, leading to a sequence of N and O switching 

combinations. The occurrence of O switching 

combinations is the cause of the circulation of the 

current inj and, according to (1), of fluctuation of the 

neutral point voltage. Hence, the variation of the 

neutral point voltage can be avoided by preventing the 

occurrence of O switching combinations. This can be 

easily achieved by switching from three level PWM 

operation to a two-level switching strategy, as that of 



Fig. 6, leading to a sequence of only P and N 

switching combinations. 

 

Fig. 5: Dual carrier, three three-level PWM. 

 

Fig. 6: Single carrier, two two-level PWM. 

3.1 Attenuation of neutral point voltage oscillation  

The magnitude of the fluctuation of the neutral point 

voltage at three times the fundamental frequency can 

be clamped to a given value by means of the 

hysteresis controller shown in Fig. 7.  

 

Fig. 7: Neutral point voltage hysteresis control. 

When the neutral point voltage reaches the borders of 

the hysteresis band, the PWM is switched from three 

to two levels, leading to a null current in and so 

locking the neutral point voltage at half the width of 

the hysteresis band. When the first fourth of the period 

is reached over the positive half period, or the third 

one is reached on the negative half period, the 

hysteresis regulator is disengaged, and the inverter 

turns back to three-level operations. Periodical 

disengagement of the hysteresis regulator is obtained 

by exploitation of a signal Vn90 in quadrature with the 

neutral point voltage ripple, obtained through a PLL 

system. The sign of  Vn and Vn90 signals are processed 

to detect the end of the first and third quarter of the 

period of the neutral point voltage ripple providing a 

synchronization, which while not required for ripple 

limiting, is essential to compensate for neutral point 

voltage drifts.  In fact, it allows to differently act on  

positive and negative half-periods of the in waveform. 

A schematic of the basic PLL system generating the 

quadrature signal Vn90 is shown in Fig. 8. 

 

 

 

Fig. 8: PLL quadrature signal generator.  

A peak limitation of the neutral point voltage 

waveform is then obtained, fully independent from 

operating conditions, and not affecting the phase 

current waveform, as it is shown in Fig. 9. 

2L-PWM 3L-PWM

Without NP Voltage Control With NP Voltage Control

 
Fig. 9: Neutral point voltage oscillation peak control. 

 
3.2 Compensation of neutral point voltage drift  

Any drift of the neutral point voltage vn is caused by 

a variation of the average value of the current in, 

which under ideal conditions is null. The proposed 

hysteretic regulator is able to compensate for any 

drift of the neutral point voltage by acting on the 

average current circulating through the neutral point. 

In fact, in case of a positive drift, the neutral point 

voltage waveform shifts upwards within the 

hysteresis band, causing an asymmetrical vn peak 

limitation, the positive half-periods being cut down 

more than the negative ones. This results in an 

asymmetrical in waveform, featuring a negative 

mean value, which leads to a reduction of the 

average value of in. This in turn lowers the mean 

value of vn, thereby compensating for the positive 

drift, as shown in Fig. 10. A similar automatic 

compensation takes place also in case of a negative 

drift of the neutral point voltage. 

Vn 

 

Vn90 
 



Without NP Voltage Control With NP Voltage Control

 
Fig. 10: Neutral point voltage drift compensation  

4. Performance assessment  

Simulations have been carried out using MATLAB-

Simulink to assess the consistence consistency of the 

proposed approach in limiting the oscillation of the 

neutral point voltage and in compensating any drift. A 

3-Level NPC converter is considered connected to a 

three-phase RL wye wye-connected load (R=1Ω and 

L=10-20mH). Inverter parameters are listed in Table 3. 

Table 3: 3L NPC inverter parameters 

Parameter Value 
VAC (peak)  325 V 

VDC 800 V 
CH, CL  0.75 mF 
CD 10mF 

RH, RL 200 𝛺 

The proposed control technique can be implemented 

according to a mixed analog/digital approach, 

requiring no voltage, nor current transducers. The 

neutral point voltage is simply achieved as the 

difference between the real neutral point n and a 

virtual one n' obtained through a capacitive voltage 

divider CD, as shown in Fig. 11. 

 
Fig. 11: Detection of the neutral point voltage.  

In Figs. 12-14 simulations are shown dealing with the 
effect of the neutral point voltage ripple control when 
progressively increasing the load current from 10A to 
100A.  The higher the magnitude of the load current the 
more evident is the operationintervention of the 
hysteretic control to keep within ±15V the neutral point 
voltage ripple.   
The inverter operating at 100A without neutral point 

voltage control is shown in Fig. 15, a ±50V ripple is 

generated. Phase voltage harmonic spectra are shown in 

Fig. 16 to compare the performance of the inverter with 

and without neutral point voltage control. In the low 

low-frequency range, the proposed technique performs 

better eliminating some harmful harmonics, as a result, 

the THD computed up to the 37th harmonic is 5.3% with 

voltage limitation and 7.9% without voltage limitation. 

Hence a  2.6% reduction of the THD is achieved, 

however, at high frequency the harmonics generated by 

two-level modulation are higher than those achieved 

with the three three-level PWM. As shown in Fig. 17, 

two 2 mF dc link capacitors are  required to obtain 

without control a ±15V ripple. Hence, thanks to the 

proposed control approach the dc link capacitors can 

be reduced up to 63%.  An optimal width of the 

hysteresis band than should be identified leading to an 

optimal trade-off between dc-link capacitance 

reduction and high high-frequency harmonics impact. 

 
Fig. 12: Vn ripple control: 50Hz, 10A, 15V hysteresis band. 

 
Fig. 13: Vn ripple control: 50Hz, 50A, 15V hysteresis band. 

 

Commentato [C1]: Sembra che ci sia una differenza di 

formattazione rispetto a tutto il resto del paragrafo. 

Probabilmente c’è un errore relativo all’interlinea. 



Fig. 14: Vn ripple control: 50Hz, 100A, 15V hysteresis band. 

 
Fig. 15: No Vn control: 50Hz, 100A. 

 
Fig. 16: Voltage FFT and THD with and without Vn control. 

 
Fig. 17: No Vn control: 50Hz, 100A and C=2mF. 

The proposed approach is effective not only at steady 
state, but also in case of speed and load variations, as 
shown in Figs. 18 and 19. 

 
Fig. 18: Vn ripple control: 50 to 100 Hz, 100A, 15V hysteresis band. 

 
Fig. 19: Vn ripple control: 50Hz, 10 to 100A, 15V hysteresis band. 

Compensation of a neutral point voltage drift is 
addressed in Fig. 20. A 200 𝛺  resistance is parallel 
connected to the upper dc link capacitor CH to generate 
a permanent current unbalance, which would lead to a 
progressive drift of the neutral point voltage without the 
hysteretic control, leading the capacitor CH to be 
completely discharged and the voltage on CL reaching 
the DC Bus voltage. The compensation of neutral point 
drifts is fully achieved also in the case of speed and load 
variations, as shown in Figs. 21 and 22. 

 
Fig. 20: Vn drift control: 50Hz, 75A, 15V hysteresis band. 

 
Fig. 21: Vn drift control: 50Hz, 50 to 100A, 15V hysteresis band. 



 
Fig. 22: Vn drift control: 100A, 50 to 100Hz, 15V hysteresis band. 

5. Conclusion 

To overcome the dc-link capacitors voltage imbalance 

in neutral point clamped three-level inverters, a 

simple control technique has been proposed in this 

paper for  inverterinverters driven by a  dual carrier 

PWM. The proposed technique prevents the 

occurrence of null voltage switching combinations, 

which are responsible for dc-link capacitors voltage 

imbalance, every time that the variation of the neutral 

point voltage exceeds some predefined thresholds. 

The proposed technique does not require voltage or 

current transducers, neither additional power circuits 

while, as it has been demonstrated by simulations, it 

is able to effectively limit the magnitude of the ripple 

of the neutral point voltage, as well as to compensate 

for any drift of the mean value. Future works will 

address the development of suitable criteria to 

optimally selecting the width of the hysteresis band, 

in such a way to achieve an optimal trade-off between 

size of the dc-link capacitors and the impact of high 

high-frequency switching harmonics. 
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