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Abstract 

 

This paper presents a neutral point deviation and ripple compensation control method for application to 3-level NPC 
converters. The neutral point deviation and its harmonic components are analyzed with a focus on the average current flowing 
through the neutral point of the dc-link. This paper also proposes a control scheme to compensate for the neutral point deviation 
and dominant harmonic components under generalized unbalanced grid operating conditions. The positive and negative sequence 
components of the pole voltages and ac input currents are employed to accurately explain the behavior of 3-level NPC converters. 
Simulation and experimental results are presented to verify the validity of the proposed method. 
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I. INTRODUCTION 

Multilevel converters are widely used in high-power 
applications such as motor drives, utility applications and 
wind generation systems. Extensive research has been carried 
out/on multilevel topologies, modulation and control strategies 
[1]. Multilevel converters can provide more than two voltage 
levels at the output. Therefore, relatively high voltages can be 
handled on both the dc and ac sides of a converter in a more 
efficient way. As a result, the input/output voltage and 
current waveforms tend to have a lower Total Harmonic 
Distortion (THD) [2]. The multilevel converter topology that 
is the most extensively applied at present is the 3-level 
Neutral-Point-Clamped (NPC) Voltage Source Converter 
(VSC) shown in Fig. 1. In a 3-level NPC VSC, maintaining 
balanced dc link voltages (having the same upper and lower 
half dc-link voltages) is an important issue. If the neutral 
point potential is not controlled properly, the output voltage 
of the converter deviates from the reference value, which 
might damage devices and equipment [3]. In the practical 

operation of a 3-level NPC VSC, the neutral point potential 
variation often causes a fault-trip of the converter due to the 
over-voltage of either the upper dc-link capacitor or the lower 
dc-link capacitor. 

The control strategies of neutral point potential that have 
appeared in the literature can be grouped according to the 
Pulse Width Modulation (PWM) method utilized. In the 
control strategies using Space Vector Modulation (SVM), the 
voltage vectors can be divided into four categories, 
depending on the amplitude of the reference vector such as 
the zero, small, middle and large vectors. The relationship 
between the neutral point potential and each of the switching 
state vectors can be used. While the zero and large vectors do 
not affect the neutral point potential, the middle and small 
vectors are known to influence it. Notice that there are two 
different switching states (positive or negative) with reverse 
directions (either charged or discharged) for the neutral point 
potential corresponding to one particular small vector. 
Therefore, the main task is to adjust the dwell time between 
the redundant switching states of the small vectors [4]-[9]. In 
many solutions using the SVM strategy for 3-level NPC 
converters, one or two switching sequences are strictly 
assigned to a particular subsector [10], [11]. DC-link voltage 
balancing control strategies are based on a change in the 
switching sequence under an imbalance dc-link voltage [12]-  
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Fig. 1. PMSG wind turbine with a back-to-back 3-Level NPC VSC. 

 
[17]. If carrier-based PWM (CBPWM) is used, the control of 
the neutral point potential can be considered an issue to 
identify zero sequence voltages. The voltage of the zero 
sequence added to the reference voltage does not change the 
output line voltage. However, it does affect the switching 
state and the neutral point potential. Neutral point voltage 
fluctuations due to injected zero sequence voltage have been 
studied, and several methods injected an appropriate zero 
sequence voltage to maintain the neutral point voltage 
balance [18]-[24]. 

Among the many possible causes of the neutral point 
deviation and ripple in 3-level NPC converters, an unbalanced 
grid supply can generate significant amounts of neutral point 
deviation and ripple. The impact of an unbalanced grid input 
on the neutral point deviation and ripple together with 
suitable compensating control strategies have been given less 
attention considering their importance in practical operations. 
In addition, previous works have not deeply analyzed the 
relationship between an unbalanced grid input and neutral 
point deviation under a wide range of unbalanced conditions. 
This paper investigates the characteristics of neutral point 
deviation and its ripple in terms of the sequential components 
of the grid voltage and input current. The positive and 
negative sequence components of the converter pole voltages 
and ac input currents are employed to derive a model of 
neutral point current. Based on this model, this paper 
proposes a unique control strategy to minimize the ripple of 
neutral point deviation particularly under various unbalanced 
operating conditions by nullifying the negative sequential 
component of the ac input current, i.e. achieving a balanced 
ac input current. The control strategy is implemented as a 
positive and negative sequential dq component current 
regulator in both the positive-rotating and negative-rotating 
synchronous reference frames. 

This paper is structured as follows. First, a basic model 
describing the relationship between the neutral point 
deviation and the neutral point current in a 3-level NPC VSC 
is introduced in Section II. Based on this model, the behavior 
of the neutral point deviation and its voltage ripple under  

 
Fig. 2. 3-level NPC voltage source converter with a simplified 
topology using SPTT switches. 

 

unbalanced operating conditions is investigated in Section III. 
In Section IV, a proper control method to reduce this voltage 
ripple is presented. Section V provides simulation verification 
results for a 5MW PMSG wind turbine model. Finally, 
experimental results obtained with a laboratory prototype of 
15kW is presented in Section VI. 

 

II. RELATIONSHIP BETWEEN NEUTRAL POINT 

DEVIATION AND NEUTRAL POINT CURRENT 

Fig. 2 illustrates a simplified 3-level NPC VSC using 
Single-Pole Triple-Throw (SPTT) switches in the grid-side 
converter of a wind generation system. The operation of the 
simplified 3-level NPC VSC using SPTT switches can be 
better described by employing the corresponding switching 
functions (Sx) defined in (1). In general, the converter output 
voltages (vx) with respect to the mid-point of the dc-link, i.e. 
the neutral point, can be represented by switching functions 
as (2). 
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The neutral point current (inp) can be correlated with the 
phase currents (ix) and the switching functions as shown in 
(3). Therefore, by applying (2) into (3), the neutral point 
current can be explained by the converter output voltages and 
phase currents as in (4). 
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In general, the 3-level NPC converter output voltage can be 
approximated by a PWM waveform with voltage levels of 
Vdc/2, 0 and -Vdc/2. The converter output voltages of the 
PWM waveforms can be effectively resolved into three 
components in a frequency spectrum: the fundamental 
frequency component (vx_fund), the harmonic frequency 
components (vx_harmonics), and the zero sequence component of 
the non-fundamental frequency (vcomp). These three 
components are described in (5). The zero sequence 
component of the non-fundamental frequency component is 
the added to compensate for the deviation of the neutral point 
voltage in the control systems [16]-[20]. 

In this paper, the harmonic frequency components are 
ignored in the neutral point current model as shown in (6), i.e. 
in the localized average model. Only the fundamental 
frequency component of the pole voltage and the AC input 
current are considered in the localized average model 
described in this paper. Simulations and experiment tests 
have focused on the fundamental frequency component of the 
neutral point current. These assumptions do not lead to 
significant errors in controlling the neutral point deviation 
because the high-order harmonics are effectively attenuated. 
In addition, in most cases, they does not contribute to a 
neutral point deviation or voltage ripple. 

cbaxvvvv compharmonicsxfundxx ,,,__ 
   

(5) 

cbaxv harmonicsx ,, ,0_ 
             

(6) 

In Fig. 2, it is readily understood that as long as the neutral 
point current (inp) is kept zero, the voltages of the upper and 
lower dc-link capacitors become equal to each other, i.e. zero 
neutral point deviation. This is because the upper and lower 
capacitors are charged or discharged at the same current level. 
However, even if the SPTT switches have this switching 
vector connected to a neutral point, the localized average 
model of the neutral point current can still be controlled as 
zero. This is made possible by the fact that the higher 
harmonics component of the neutral point current has been 
continuously ignored in the proposed model as described in 
(6). Consequently, a localized average model with a zero 
neutral point current is required to maintain the voltage 
balance at the upper and lower dc-link capacitors. 

It should also be noted that this zero neutral point current 
value is not sufficient to achieve dc-link voltage balance. In 
other words, even when the neutral point current is zero, it is 
likely that the upper and lower dc-link voltages that do not 
match the upper and lower dc-link voltages are same as the 

initial charge conditions of the capacitor. In this paper, these 
effects were not considered in the modelling of the neutral 
point deviation in order to simplify the problems of dc-link 
imbalance, and to focus more on the effects of the AC grid 
imbalance on the neutral point and ripple voltages in dc-link 
capacitors. In this paper, the final goal of the investigation is 
to minimize the deviation of the neutral point voltage. 
However, an analysis and validation have been performed 
with respect to the variable of the neutral point current. This 
is because the variable of the neutral point current, instead of 
the neutral point voltage, is better characterized by the 
sequential components of the ac input current. 

 

III. ANALYSIS OF NEUTRAL POINT DEVIATION 

UNDER UNBALANCED THREE-PHASE GRID 

CONDITIONS 

Under unbalanced ac grid conditions, the three-phase input 
currents flowing through the input filter stage of the grid-side 
converter become unbalanced unless proper compensating 
control measures are employed. This means that the ac input 
currents start to contain the negative sequence component 
under an unbalanced grid input. This negative sequence 
component of the ac input current further deteriorates the 
neutral point deviation and ripple of a 3-level NPC converter 
on top of the typical causes of dc-link imbalance such as the 
mismatch of the upper and lower dc-link capacitance, 
switching dead time, asymmetric modulation effects, etc. 
Therefore, in order to correctly explain the behavior of 
neutral point deviation and neutral point current under an ac 
grid imbalance, the negative sequence components of the ac 
input current as well as the negative sequence components of 
the converter output voltage at the pole of the converter 
should be incorporated into the description of the neutral 
point current in (4). Equation (4) is only valid for balanced 
dc-links; same upper and lower dc-link voltage. However, 
this model can still be applied to investigate ripples, i.e. the 
harmonic terms of the neutral point current under an 
unbalanced ac grid, which is the target variable of this paper. 
The symmetric components of the ac input current and 
converter output voltage are defined as shown in (7). In (7) 
the subscript p, n and o represent the positive, negative and 
zero sequence components, respectively. Applying (7) into 
the description of the neutral point current in (4) leads to (8). 
The signum function is employed to further simplify (8). In 
(8), it is intended to analyze the neutral point current under 
unbalanced operating conditions. The direct influence of the 
negative sequence components of both the ac input current 
and the converter output voltage upon the neutral point 
current needs to be investigated. 
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In this paper, the influence of the grid imbalance upon the 
neutral point current is analyzed by employing the positive 
and negative sequential components of both the converter 
output pole voltages and the ac input currents. The sequential 
components of the converter output pole voltages and ac 
input currents are defined as shown in (9) and (10). It is more 
intuitive to derive the target model on the basis of the 
sequential components defined in (9) and (10) when 
compared to the positive and negative sequential component 
in the positive-rotating and negative-rotating synchronous 
reference frames, respectively. 
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After integrating (9) and (10) into (8), the description of 
the neutral point current becomes (11). 
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The coefficients employed for a simpler expression of (11) 
are defined in (12), (13) and (14). 
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TABLE I 
SIGN VALUES OF THE CONVERTER OUTPUT VOLTAGE 

Case )sgn( _ fundav )sgn( _ fundbv  )sgn( _ fundcv  

1 + + + 
2 + + - 
3 + - + 
4 - + + 
5 + - - 
6 - + + 
7 - - + 
8 - - - 
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Therefore, further development of (11) requires information 
on the sign of each converter output voltage. In general, there 
can be eight different combinations of sign values for 
converter output voltages. These eight cases are described in 
Table I. 

It can be readily understood that these sign combinations 
are closely related to the variable power factor operation of 
the grid-side converter. The description of the neutral point 
current in (11) can be further simplified as shown in (15). 

 1
( ) ( ) ( ) cos 2 sin 2

2npi t X Z X Z t Y t      
 

(15) 

The numerical description of the neutral point current in 
(15) changes depending on the sign combination of the 
converter pole voltages during one complete line period. This 
means the coefficient values of X, Y and Z in (15) depend on 
the sign combination of the converter pole voltages. The 
coefficient values of X, Y and Z of (15) under all possible 
sign combinations of the converter pole voltages from Table I 
are obtained and presented in (16). 

Case 1(= -Case 8): 

Case 2(= -Case 7): 

Case 3(= -Case 6): 

X AC A C A C

Y AD BC A D B C A D B C

Z BD B D B D

X AC A C A C
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Z BD B D B D
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Case 4(= -Case 5): 

A C A C

Y AD BC A D B C A D B C

Z BD B D B D

X AC A C A C

Y AD BC A D B C A D B C

Z BD B D B D

  
              
      

      
             
         

(16) 

According to IEEE Standard 1159 [25], the Imbalance 
Factor, the metric indicating the unbalanced depth of a 
three-phase system, is defined as the ratio of the magnitude of  
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TABLE II 
IF ACCORDING TO THE UNBALANCED DEGREE 

Voltage (PU) 
Imbalance Factor (%) 

Type B Type C Type D 

1 0 0 0 

0.9 3.45 3.45 3.57 

0.8 7.14 7.14 7.69 

0.7 11.11 11.11 12.5 

0.6 15.38 15.38 18.18 

0.5 20 20 25 

0.4 25 25 33.33 

0.3 30.43 30.43 43.75 

0.2 36.36 36.36 57.14 

0.1 42.86 42.86 75 

0 50 50 100 

 

the negative sequence component to the magnitude of the 
positive sequence component as shown in (17). The 
definition of IF (Imbalance Factor) in (17) is adopted to 
quantitatively describe the unbalanced depth of the grid in 
this paper. Equation (17) is further developed into (18) using 
the variables considered in this paper. 
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The proposed model and control technique are evaluated 
under these representative types of grid imbalance. However, 
the proposed concept is not necessarily limited to these four 
types of grid imbalances since the proposed model and the 
control technique are formulated on the basis of generalized 
unbalanced operating conditions. The Imbalance Factor can 
effectively describe the unbalanced depth, which is the metric 
of how the grid is unbalanced, in all four cases. Therefore, the 
different behaviors of converter under different types of grid 
imbalance can be compared with each other in a more 
consistent manner. 

As an example, the correlation of IF against the per unit 
amplitude of the smallest phase voltage for Type B, Type C 
and Type D are given in Table II. Using the model of the 
neutral point current described in (11)-(16), the effect of an 
unbalanced ac grid on the neutral point deviation and its 
voltage ripple can be analyzed. 

Fig. 3 presents the frequency spectrum of the neutral point 
current using the proposed model of (15) under three 
different types of unbalanced ac grids: Type B, C and D. 
without applying the proposed compensation control scheme. 
The dominant low-order harmonic components up to the 
3rd-order including the dc offset and the fundamental 
component are plotted with respect to various Imbalance  

 

 

 

Fig. 3. Harmonic components of the neutral point current [A] vs. 
the Imbalance Factor [%] under unbalanced three-phase 
conditions using the conventional control scheme. 

 
Factor values. All of the types (B, C and D) exhibit a similar 
pattern of increased fundamental component vs. increased IF. 
It is noted from Fig. 3 that even under normal balanced grid 
input conditions (IF = 0) the neutral point current is rich in 
the 3rd-order harmonic component. This observation is 
consistent with the models of (4) and (A-4). 

When the grid input becomes unbalanced, the uncontrolled 
negative sequential component of the ac input current is 
generated, i.e. the ac input current becomes unbalanced. This 
uncontrolled negative sequential component of the ac input 
current interacts with the second-order harmonic of the 
absolute value of the switching function to generate the 
fundamental component of the neutral point current as 
described in (A-4) of the Appendix. As a result, it can be 
concluded that an unbalanced ac grid causes a significant 
fundamental component of the neutral point current which 
may lead to a neutral point deviation and ripple in dc-link 
voltage. 
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IV. CONTROL OF NEUTRAL POINT DEVIATION 

UNDER UNBALANCED THREE-PHASE GRID 

CONDITIONS 

In this paper, a control strategy is proposed to reduce ripple 
under a neutral point deviation and unbalanced AC grid. This 
control strategy is based on (15) and observations are shown 
in Fig. 3. As noted before, the statement of the neutral point 
current in (15) has different values (X, Y and Z) depending 
on the symbolic values of the converter pole voltage shown in 
Table I. Table I has eight combinations of symbol values. 
However, case 5 is only the inverse of the symbol in case 1. 
Therefore, if focusing on the absolute amplitude of the 
neutral point current, only four different combinations of 
symbols need to be considered during one fundamental line 
cycle of 16.76ms. The proposed control strategy is to 
minimize the peak of the neutral point current, especially for 
the basic component under an unbalanced AC grid input. It 
should be noted that the numerical description of (15), i.e. the 
values of the coefficients, is dependent on the combination of 
symbols in the converter poles. During one primary line period, 
a neutral point current (15) can follow several different 
explanations. Therefore, the dc and second harmonic terms 
described in (15) are not necessarily equivalent to dc and twice 
the input line frequency terms of the neutral point current for 
one complete line period. It is found from a graphical 
reconstruction of the neutral point current based on (15) that 
the localized twice harmonic terms of (15) are associated 
more with the generation of the higher-order harmonic terms 
of the neutral point current for one complete line period. In a 
similar manner, the localized dc offset term of (15) is 
associated more with the generation of the fundamental 
component of the neutral point current which is shown to be 
almost linearly proportional to the Imbalance Factor of the ac 
grid in Fig. 3. Therefore, this paper focuses on this localized 
dc offset term in order to minimize the fundamental 
component of the neutral point current under an unbalanced 
ac grid input. Therefore, in other words, it may be possible to 
minimize the peak of neutral point current by decreasing the 
localized dc offset term in (15). The localized dc offset term 
in (15) corresponding to a particular sign combination under 
which the neutral point current reaches its peak is described 
in (19) for a 3-phase imbalance condition of Type B. 
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There are many ways to minimize or even nullify (19) in 

order to reduce the fundamental component of neutral point 
current under unbalanced operating conditions. Among these 
many possible methods, this paper employs a control scheme  

 

 
Fig. 4. Reconstruction of neutral point current based on (16) 
under imbalance type B condition.  

 

 
Fig. 5. Overall control block diagram for the proposed control 
method in a grid-side converter. 

 
to keep the negative sequential component of the ac input 
current zero; In = 0. It is understood from (19) that keeping 
the zero negative sequential component of ac input current 
reduces the absolute value of the dc offset term in (15). In 
order to further validate the reasoning of the proposed control 
scheme, the localized dc offset term and total neutral point 
current in (15) are reconstructed under both the conventional 
and proposed control schemes. 
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Fig. 6. Proposed control block diagram (dual frame current regulator). 

 
At the top of Fig. 4, the localized dc offset term during one 

complete line period is compared. In addition, the total 
neutral point current during one complete line period is 
compared in the bottom of Fig. 4. This control action is 
intended to reduce the localized dc offset term (X+Z) of the 
neutral point current as described in Fig. 4. It is noted that 
this localized dc offset term (X+Z) is not directly related to 
the conventional dc component of the neutral point current. 
This localized dc offset term (X+Z) is more directly 
associated with the fundamental frequency component of the 
neutral point current. When compared to uncompensated 
control action, the proposed control strategy can successfully 
reduce the value of (19) even under the existence of the Vn 
term. It is noted from the comparison result of Fig. 4 that the 
localized dc offset term of X+Z in (19) is influenced more by 
In than Vn. The regulation of the negative sequence 
component of the ac input current to zero greatly reduces the 
twice fundamental frequency ripple of the dc-link voltage. As 
a result, this paper adopts this regulation of the negative 
sequence component of the ac input current to zero. 

The overall control structure consists of two nested 
regulating loops: the outer dc-link voltage regulating loop and 
the inner ac current regulating loop, as shown in Fig. 5. The 
proposed control scheme is implemented in dual current 
regulators, i.e. positive sequence and negative sequence 
synchronous frame current regulators, as shown in Fig. 6. The 
inner current loop is made up of two parallel dq synchronous 
frame current regulators: one for the positive sequence and 
the other for the negative sequence. It is required that the 
bandwidth of the current regulation loop is high enough to 
maintain the fast dynamics of the entire system. In general, 
the sequence separation method of the input current involves 
a low pass filter or notch filter to filter out the negative 

(positive) sequential component of twice the input frequency 
in the positive (negative) sequence reference frame. The low 
pass filter and notch filter in the current feedback path usually 
undermine the bandwidth of the current regulation loop or 
phase margin of the system. 

 

V. SIMULATION RESULTS OF THE PROPOSED 

COMPENSATING METHOD 

The proposed control method is verified through the 
simulations and the results are presented in this section. The 
simulations are performed based on the circuit parameters 
and operating conditions summarized in Table III. 

Fig. 7 shows the dc-link voltages along with its frequency 
spectrum under unbalanced grid input conditions (IF=20) for 
two different control methods: the conventional control and 
the proposed control method. The conventional control 
method refers to a single frame current regulator that only 
regulates the positive sequential component of the ac input 
current. It is noted from Fig. 8 that the voltage ripple of the 
dc link is smaller for the proposed control method in both the 
time domain and the frequency domain. 

The dominant 2nd-order harmonic component is clearly 
reduced by the proposed controller when compared to the 
conventional case. Simulated waveforms of the neutral point 
current under the same conditions as Fig. 7 are presented in 
Fig. 8. The proposed control scheme reduces the amplitude of 
the dominant harmonic of the fundamental component. Figs. 
7 and 8 confirm the target of the proposed control scheme, 
which is to minimize the fundamental component of the 
neutral point current by nullifying the negative sequential 
component of the ac input current (In) in (19). 

A comparison of the conventional and proposed control  
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TABLE III 
CIRCUIT PARAMETERS AND OPERATING CONDITIONS FOR THE 

SIMULATION 

Parameters Values 

Rated power (Prated) 5 MW 

Rated line voltage (Vllrated) 4160 V 

Rated ac input current (Irated) 693 A 

Frequency (fin) 60 Hz 

DC link voltage (VDC) 7000 V 

DC link capacitance (CDC) 2 mF 

Converter switching frequency (fsw) 1020 Hz 

Grid side line inductance (Ls) 0.46 mH (0.05 pu) 

Transformer leakage inductance (Ltr) 1.1 mH (0.12 pu) 

Filter inductance (Lf) 1.5 mH (0.16 pu) 

Filter capacitance (Cf) 0.34 mF (0.45 pu) 

Filter resistance (Rf) 0.92 Ω (0.267 pu) 

 

 

 

Fig. 7. Waveforms and frequency spectrums of dc-link voltage 
under unbalanced operating conditions. 

 

 

Fig. 8. Waveforms and frequency spectrums of neutral point 
current under unbalanced operating conditions.  

 

 
Fig. 9. Frequency spectrums of dc-link voltage under various 
unbalanced operating conditions using the conventional and 
proposed control methods.  
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Fig. 10. Frequency spectrums of neutral point current under 
various unbalanced conditions using the conventional and 
proposed control methods. 

 

schemes under various values for the Imbalance Factor has 
been carried out in simulation and the key harmonic spectrum 
is provided in Figs. 9 and 10. Fig. 9 presents the harmonic 
spectrum of dc-link voltage under various values for the 
Imbalance Factor for both the conventional and proposed 
control schemes. In addition, the harmonic spectrum of the 
neutral point current is given in Fig. 10. It is noted from Figs. 
9 and 10, that the 2nd-order harmonic of the dc-link voltage 
and the fundamental component of the neutral point current 
are clearly reduced by employing the proposed control 
scheme. 

 

VI. EXPERIMENT RESULTS 

The proposed control method is also verified through 
experiments. The experiments have been performed using a 
laboratory prototype of 15kW. The circuit parameters and 
operating conditions of the experiments are given in Table IV. 

Fig. 11 shows the experiment setup for the proposed 
control strategy in a 3-level NPC converter. The experiment 
setup consists of a DSP controller, a power stage and a load. 
The unbalanced operating conditions are implemented by 
connecting an additional filter inductor in the ac input side of 
c-phase during the experiment. 

The depth of the grid imbalance in terms of the proposed 
metric (Imbalance Factor) corresponding to the condition 
employed in the experiment is given in Table IV. All of the 
experimental result presented in this paper have been 
obtained under this particular imbalance implementation 
setup unless otherwise noted. Figs. 12 and 13 show 
experimental waveforms of the conventional control method 
under unbalanced grid operating conditions. Three-phase ac 
input currents and dc-link voltage are given in Fig. 12. It is 
noted from Fig. 12 that the ac input currents are unbalanced. 
This unbalanced ac input current is caused by an ac grid 
imbalance condition without a proper compensation method. 

 

Fig. 11. Experimental setup. 
 

TABLE IV 
PARAMETERS AND OPERATING CONDITIONS FOR THE EXPERIMENTS 

Parameters Values 

Rated power (P) 11 KW 

Rated line voltage (Vll) 346 V 

Rated ac input current (I) 18 A 

Frequency (fin) 60 Hz 

DC link voltage (VDC) 300 V 

DC link capacitance (CDC) 2 mF (9.6 J/kVA) 

Converter switching frequency (fsw) 4 KHz 

Imbalance Factor (IF) 3.5% 
Balance grid 

condition 
Grid side line 

inductance (Ls) 
0.56 mH(0.02PU) 

Unbalanced grid 
condition 

A-phase line 
inductance (Las) 

0.56 mH(0.02PU) 

B-phase line 
inductance (Lbs) 

0.56 mH(0.02PU) 

C-phase line 
inductance (Lcs) 

3.86 mH(0.11PU) 

 

 

Fig. 12. Waveforms of input currents and dc-link voltage using 
the conventional control method under unbalanced condition.  

 
Fig. 13 presents the d-component and q-component of the 

ac input currents in a positive rotating synchronous reference 
frame and a negative rotating synchronous reference frame, 
respectively. The negative sequential component becomes a 
ripple component of 120 Hz in the positive rotating 
synchronous reference frame. In addition, the positive 
sequential component becomes a ripple component of 120 Hz 
in the negative rotating synchronous reference frame. The  
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Fig. 13. Waveforms of the dq-components of the ac input 
currents in positive and negative rotating synchronous reference 
frames using the conventional control method under unbalanced 
condition. 

 

 

Fig. 14. Waveforms of input currents and dc-link voltage using 
the proposed control method under unbalanced condition.  

 

 

Fig. 15. Waveforms of the dq-components of ac input currents in 
the positive and negative rotating synchronous reference frames 
using the proposed control method under unbalanced condition. 

 

different offset and ripple size of the waveforms in Fig. 13 
are due to the fact that the positive and negative sequential 
component have different amplitudes. 

An experiment is performed under the same unbalanced 
operating conditions for the proposed control scheme and the 
results are shown in Figs. 14 and 15. As expected from the 
control target, the ac input currents are kept balanced in 

 

 
Fig. 16. Waveforms and frequency spectrum of dc-link voltage 
using the conventional control method under unbalanced 
condition (Ch.1: Vdc; Ch.2: Vdc_upper; Ch.3: Vdc_lower). 

 

Fig. 14. Since the negative sequential component of the ac 
input current is almost negligible, the ripple component of 
120 Hz in the positive rotating synchronous reference frame 
is also almost zero as shown in Fig. 15. On the other hand, 
the d-component and q-component of the ac input currents in 
the negative rotating synchronous reference frame have a 
dominant ripple component of 120 Hz due to the positive 
sequential component. This observation verifies the intended 
function of the proposed control scheme, which is to regulate 
the negative sequential component of the ac input currents at 
zero. 

In Fig. 16, the dc-link voltage along with the upper and 
lower half of the dc-link voltage are described for the case of 
the conventional control method. The neutral point current 
under the same unbalanced operating conditions as in Fig. 16 
is presented in Fig. 17. The measured neutral point current 
has been averaged in a localized time window and plotted in 
Fig. 17. 

In other words, the higher order harmonics due to the 
switching frequency are filtered out from the scope data in 
order to better display the lower order harmonic components 
of the neutral point current. The frequency spectrum of the 
local averaged neutral point current is shown at the bottom of 
Fig. 17. It is noted from Fig. 17 that the fundamental and 
3rd-order harmonic components are dominant as expected 
from the theoretical result of Fig. 3. 
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Fig. 17. Spectrum of local averaged neutral point current using 
the conventional control method under unbalanced condition. 

 

 

 
Fig. 18. Waveforms and frequency spectrum of dc-link voltage 
using the proposed control method under unbalanced condition. 

 

 
Fig. 19. Spectrum of local averaged neutral point current using 
the proposed control method under unbalanced condition. 

 
The performance of the proposed control method has been 

tested and some waveforms are presented in Fig. 18 and 19 
under unbalanced operating conditions (IF=3.5). The dc-link 
voltage along with the upper and lower half of the dc-link 
voltage are described in Fig. 18. When compared to the 
waveforms in Fig. 16, the dc-link voltage has a reduced size 
of the ripple component in Fig. 18. 

The local averaged neutral point current is illustrated in Fig. 
19. This figure also gives the frequency spectrum of the local 
averaged neutral point current. When compared to the 
frequency spectrum shown in Fig. 17, the proposed control 
method clearly reduces the fundamental component of the 
neutral point current. This observation is in line with the 
simulation results confirming the intended feature of the 
proposed control scheme. 

 

VII. CONCLUSION 

This paper presents an analysis of the neutral point 
potential variation and its harmonic contents for a 3-level 
NPC converter under an unbalanced ac grid input. The 
analysis is carried out based on a model of the average 
current flowing through the neutral point of the dc-link. In 
this paper, the control scheme for compensating neutral point 
deviations and the dominant harmonic components under 
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unbalanced ac grid conditions is also investigated. This 
control scheme can be effectively analyzed by using both the 
positive and negative sequence components of the converter 
output voltages and ac input currents. The proposed control 
scheme is intended to nullify the negative sequential 
component of the ac input currents, which keeps the ac input 
currents balanced. Simulation and experimental results 
confirm that the proposed control scheme makes it possible to 
reduce the neutral point potential variation and its ripple 
under unbalanced ac grid operating conditions. 

 

APPENDIX 

The proposed model of the neutral point current in (3) is 
repeated in (A1). 

)( ccbbaanp isisisi 
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It is assumed that the switching modulation functions of 
the converter output pole voltages are balanced without any 
added negative sequential components. Then the absolute 
value of the switching function can be effectively represented 
by a dc offset term and a dominant second-order harmonic 
term as shown in (A2). 
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It is also assumed that the ac input current becomes 
unbalanced due to the influence of grid imbalance. Then the 
ac input current can be represented by both the positive and 
negative sequential components as in (A3). 
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It is noted from (A4) that the neutral point current finally 
has two major frequency components: the fundamental and 
the third-order. The fundamental frequency component of the 
neutral point current depends on the negative sequential 
component of the ac input current, while the third-order 
harmonic component depends on the positive sequential 
component of the ac input current. Equation (A4) is 
expressed to illustrate the features of Fig. 3. There are two 
main features shown in Fig. 3. Under balanced grid 
conditions, the dominant frequency term of the neutral point 
current is 180Hz. However, under unbalanced grid conditions, 
the 180Hz component is kept similar to that of the balanced 
condition while the 60Hz component is clearly increased. 
Thus, equation (A4) explains the characteristics of the neutral 
point current according to various grid conditions. 
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