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Abstract 

 

Based on the space vector pulse width modulation (SVPWM) theory, this paper realizes an easier SVPWM strategy, which is 
equivalently implemented by CBSPWM with zero-sequence voltage injection. The traditional SVPWM strategy has no effect on 
controlling the neutral-point voltage balance. In order to solve the neutral-point voltage unbalance problem for 
neutral-point-clamped (NPC) three-level inverters, this paper proposes a neutral-point voltage balance controller. The proposed 
controller realizes controlling the neutral-point voltage balance by dynamically calculating the offset superimposed to the 
three-phase modulation waves of an equivalent SVPWM strategy. Compared with the traditional SVPWM strategy, the proposed 
neutral-point voltage balance controller has a strong ability to balance the neutral-point voltage, has good steady-state 
performance, improves the output waveforms quality and is easy for digital implementation. An experiment has been carried out 
on a NPC three-level inverter prototype based on a digital signal processor-complex programmable logic device (DSP-CPLD). 
The obtained experimental results verify the effectiveness of the proposed neutral-point voltage balance controller. 
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I. INTRODUCTION 

Multi-level inverters have been widely used in high power 
and medium voltage conversions [1], [2]. As a result, their 
topologies and control strategies have been the focus of a lot 
of research. Compared with two-level inverters, multi-level 
inverters have better performances, such as lower voltage 
derivatives (dv/dt), reduced voltage stress on power switching 
devices, and lower total harmonic distortion (THD) of output 
waveforms [3]-[10]. Akira Nabae proposed a new 
neutral-point-clamped (NPC) pulse width modulation (PWM) 
inverter in 1980, which is a typical topology for three-level 
inverters [11], as shown in Fig. 1. Among various PWM 

strategies for three-level inverters in industrial applications, 
space vector pulse width modulation (SVPWM) is preferred 
[12]. When compared with carrier-based sinusoidal PWM 
(CBSPWM), the SVPWM strategy has a higher dc bus voltage 
utilization [12]-[15], which is suitable for digital signal 
processor (DSP) implementation. Based on the relationship 
between the space vector and the carrier modulation of 
two-level inverters, Ref. [16] presents a similar equivalence 
between the phase disposition carrier and the space vector 
modulation strategies for multilevel inverters, which is the 
same as the phase disposition modulation, which has the 
lowest THD [17]. 

For NPC three-level inverters, in order to realize that the 
line voltage of the output leg contains five-levels and that the 
phase voltage of the output leg contains three-levels, this 
circuit uses two dc bus capacitors in series. Ideally, the 
voltage on each capacitor is equal to half of the dc bus voltage. 
However, due to capacitance errors, different parameters of 
the switching devices, unbalanced three-phase operation and 
so on [8], the neutral-point voltage unbalance problem exists. 
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It increases the voltage stress of switching devices, and 
influences the output waveform quality [9], [18], [19], Even 
worse, if the neutral-point voltage unbalance problem 
becomes serious, it may damage switching devices and 
magnetic components, and prevent the system from working 
normally.  

Therefore, to solve this problem, many methods have been 
proposed [5], [6], [8]-[10], and [19]-[33]. An optimized 
modulation strategy that balances the neutral-point voltage is 
proposed in [5], [6], [23], which modifies the dwell time of 
the positive and negative small vectors by correctly selecting 
other vectors. Those do not have an impact on the 
neutral-point voltage when they the small vectors. In [9], [20], 
[27], [31], modified zero-sequence voltage strategies are 
proposed to control the neutral-point voltage balance. Ref. [9] 
proposes a control strategy based on SVPWM by injecting 
zero-sequence voltage which is calculated by using an optimal 
search and interpolation method to achieve the neutral-point 
voltage balance. However, its algorithm is complex and not 
easy to implement. In [22], [24], [25], novel modified 
SVPWM strategies are proposed to solve the neutral point 
voltage problem. In [30], a novel controller is proposed by 
intentionally re-injecting a third-harmonic NP current pattern 
with a gain modification. Ref. [32] uses a neutral-point 
voltage balance controller based on SVPWM by modifying 
the angle of the reference vectors to balance the neutral-point 
voltage. However, the parameter design of its controller has 
not been presented. Based on the CBSPWM strategy, an 
optimal controller using two modulation waveforms per phase 
is presented in [33]. However, its drawbacks are an increased 
switching frequency and an increased THD of the output 
waveforms [33], which results in the need for extra filters. Ref. 
[34] proposes a new average d-q model and a control 
approach with a carrier-based PWM implementation for 
VIENNA-type rectifiers, which controls the neutral-point 
voltage balance. Ref. [35] proposes a new modulation strategy, 
which maintains the current balance of the intermediate link 
inductors based on available redundant space vector selections. 
In [36][37], a simple neutral-point voltage regulator for NPC 
three-level inverters is presented, which uses a 
multiple-carrier sine-triangle modulator in conjunction with a 
closed-loop controller for neutral-point regulation. 

The objective of this paper is to propose a neutral-point 
voltage balance controller for the equivalent SVPWM strategy, 
which is implemented by CBSPWM with zero-sequence 
voltage injection for NPC three-level inverters. Based on an 
analysis of the neutral-point voltage unbalance, the average 
neutral-point voltage module is derived in this paper. In 
addition, the neutral-point voltage balance controller is 
designed in this paper, which dynamically calculates the offset 
value superimposed to the three-phase modulation waves. 
Therefore, the neutral-point voltage balance control can be 
realized. According to the experimental analysis presented in  
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Fig. 1. Main circuit of NPC three-level inverter. 
 

this paper, the designed neutral-point voltage balance 
controller has a strong ability to balance the neutral-point 
voltage, has good steady-state performance, improves the 
output waveforms quality, and effectively decreases the ripple 
value of the neutral-point voltage, when compared with the 
traditional SVPWM strategy. 

 

II. ANALYSIS OF THE EQUIVALENT MODULATION 

STRATEGY FOR SVPWM IMPLEMENTATION 

Fig 1 shows the main circuit of a NPC three-level inverter. 
Taking phase a as an example, its output leg has 4 switches 
(Sa1, Sa2, Sa3, Sa4), 4 anti-parallel free-wheeling diodes (Da1, Da2, 
Da3, Da4), and 2 clamping diodes (D1, D2). Vdc is the dc bus 
voltage, supposing that the voltage of the capacitor C1, C2 is 
equal to Vdc/2, so that each phase leg outputs three different 
levels (P, 0, N). Where “P”, “0”, and “N” represents “Vdc/2”, 
“0”, and “-Vdc/2”, respectively. Each phase has 3 working 
states. Therefore, this inverter has 27(33) working states in 
total, which corresponds to 27 space vectors.  

When the SVPWM strategy operates, the space vector 
diagram is divided into 6 main sectors. There are 4 regions in 
each main sector, as shown in Fig. 2. In addition, there are 27 
space voltage vectors in the space vector diagram, which 
including 6 big vectors, 6 medium vectors, 12 small vectors 
and 3 zero vectors. 

In order to realize the SVPWM strategy more easily, the 
SVPWM can be equivalently implemented by a CBSPWM 
with a zero-sequence voltage injection. Ideally, suppose that 
the carrier amplitude is unity. Then the three phase 
sinusoidal modulation waves for CBSPWM can be 
expressed as: 
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Where m is the modulation ratio were 0<m<1, and ω is the 
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Fig. 2. The space vector diagram of NPC three-level inverter. 
 
angular frequency of the modulation waves. 

In a line cycle, max(ua, ub, uc) and min(ua, ub, uc) are defined 
as the maximum and minimum instantaneous values of the 
three-phase sinusoidal modulation waves, which can be 
expressed as: 
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The zero-sequence voltage is shown as follows: 
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Therefore, using the equivalent SVPWM strategy, the 
expressions of its three-phase modulation waves can be 
expressed as: 
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From (1)-(5)，uaz, ubz, ucz can be derived as: 
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Fig. 3. The waveforms of uaz, ubz, ucz at m=1. 
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For example, when m=1, the three-phase modulation 
waveforms are shown in Fig. 3. 

 

III. NEUTRAL-POINT VOLTAGE UNBALANCE 

PROBLEM 

A. Analysis of Neutral-Point Voltage Unbalance 

The three-phase load currents are defined as: 
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Where Im is the amplitude of the phase load current, and φ is 
the load power factor angle. 

In a switching cycle, the duty cycle of the “0” state for each 
leg output level can be expressed as: 

xz xz
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D
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 (10)

Where Dxo(x=a,b,c) represents the duty cycle of the “0” state 
for each output leg level in a switching cycle. uxz(x=a,b,c) 
represents the three-phase modulation waves of the equivalent 
SVPWM strategy. 

Define io so that it represents the average value of the 
neutral-point current in a switching cycle (Ts), and io is 
approximately the instantaneous neutral-point current, which 

flows out from the neutral-point O, as shown in Fig. 1. In 
addition, io can be expressed as: 

o ao a bo b co c=i D i D i D i   (11)

In Fig. 1, the relationship among io, i1 and i2 is: 

1 c1

2 c2

o 1 2

i C dv dt
i C dv dt
i i i

 
  

 (12)

Where vc1 and vc2 are the instantaneous voltages of the 
capacitors C1 and C2; i1 and i2 are the instantaneous currents of 
the capacitors C1 and C2; and C is the capacitance value of C1 
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Fig. 4. Curves of io and vc. 

 
and C2. 

Define vc so that it represents the voltage difference 
between vc1 and vc2. As a result, vc can be expressed as: 

c c1 c2v v v   (13)

From (12)-(13), the expression of vc can be derived as:  

s s
c 0 00

1 T T
v i dt i

C C
   (14)

Where Ts is a switching cycle. 
Substituting (11) into (14), (14) can be expressed as: 

s
c ao a bo b co c( )

T
v D i D i D i

C
    (15)

According to (15), when Im, Ts and C are normalized, the 
curves of vc and io, are shown in Fig. 4. 

From Fig. 4, it can be seen that the wave shapes of io and 
vc are same. They both fluctuate at three times the line 
frequency in a line cycle, not considering the values. The 
fluctuation of the neutral-point voltage is caused by a 
fluctuation of the neutral-point current. 

B. The Influence of the Space Vector on the Neutral-Point 
Voltage 

The space vector classification is described in Section II. 
When the zero vector operates, the neutral-point current is 
zero. Therefore, the zero vector has no effect on the 
neutral-point voltage. When the big, medium and small 
vectors operate, the influence of space vectors on the 
neutral-point voltage can be obtained. 

The impact of the load currents on the neutral-point voltage 
is shown in Fig. 5, where the big vector [PPN], medium vector 
[P0N], positive small vector [PP0], and negative small vector 
[00N] operate. 
Where ia, ib, ic represents the three-phase load currents 
respectively, vo represents the neutral-point voltage, io 
represents the neutral-point current. 

Suppose the three-phase loads are symmetrical, as shown in 
Fig. 5(a). When the big vector [PPN] operates, the three-phase 
loads are not connected with the neutral-point O. Therefore, 
the load currents have no effect on the neutral-point voltage. 
From Fig. 5(b), it can be seen that the flow direction of ib 

cannot be determined when the medium vector [PON] is 
operating. Therefore, its influence on the neutral-point voltage  

 
Fig. 5. The impact on the neutral-point voltage of load currents. 

 
cannot be determined. From Fig. 5(c), it can be seen that when 
the positive small vector [PP0] operates, io is equal to -ic, and 
ic flows into the neutral-point O, and vo increases. When the 
negative small vector [00N] operates in Fig. 5(d), it can be 
seen that io flows out of the neutral-point O, and vo decreases. 

Comparing Fig. 5(c) with Fig. 5(d), it can be seen that when 
the positive small vector [PP0] and the negative small vector 
[00N] operate, their impact on vo is opposite. Therefore, the 
neutral-point voltage unbalance problem can be solved by 
selecting proper dwell times for the positive and negative 
small vectors. 

 

IV. DESIGN OF A NEUTRAL-POINT VOLTAGE 

BALANCE CONTROLLER 

Based on the analysis of the neutral-point voltage 
unbalance, and the influence of the space vector on the 
neutral-point voltage in Section III, a neutral-point voltage 
balance controller is designed in this section. 

A. The Principle of Neutral-Point Voltage Balance Control 

When an equivalent SVPWM strategy that is implemented 
by a CBSPWM with zero-sequence voltage injection is 
operated, a block diagram of the neutral-point voltage balance 
control is shown in Fig. 6. It can be seen that the neutral-point 
voltage balance is controlled by a proportional controller (P 
controller), which dynamically calculates the offset value 
superimposed to the three-phase modulation waves based on 
the equivalent SVPWM strategy. 

Therefore, the following equations must be met: 
,

az az 0

,
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,
cz cz 0

u u u

u u u
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              (16) 

Where uaz, ubz, and ucz represent the three-phase modulation 
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Fig. 6. Block diagram of the neutral-point voltage balance 
control. 
 
waves without the proposed P controller. uaz’, ubz’, and ucz’ 
represent the modified three-phase modulation waves with the 
proposed P controller. vc+ and vc- represent the positive and 
negative triangle carrier waves, respectively. u0 represents the 
offset value superimposed to the three-phase modulation 
waves. 

When the equivalent SVPWM strategy operates, taking 
Region 1 of Sector I as an example, Fig. 7 shows the 
modification of the three-phase modulation waves. Define 
vc_ref=0, and suppose vc>0. According to the influence of the 
space vector on the neutral-point voltage, the dwell time of 
[P00] should be increased, and the dwell time of [00N] should 
be decreased. As a result, by (16), the three-phase modulation 
waves are modified, and the neutral-point voltage balance can 
be achieved. 

In order to dynamically calculate the offset value u0 for 
controlling the neutral-point voltage balance, the P controller 
must be designed. 

B. Design of the Neutral-Point Voltage Balance Controller 

With the P controller for the neutral-point voltage balance, 
the duty cycle of the “0” state for each leg output level can be 
obtained by: 
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            (17) 

Where Dxo’(x=a,b,c) represents the duty cycle of the “0” state 
for each leg output level. 
 Therefore, from (11), with the P controller, the average value 
of io can be derived by: 
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Where Tline represents the line cycle time. Ioa
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represent the average value of io for each phase: 
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Fig. 7. Modification for the equivalent modulation waves. 
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From (6)-(9), (16)-(17), and (19), the average value of io for 
phase a can be obtained by: 
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Where: 

0
0

3
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3

u
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                 (23) 

As a result, Iob
avg，Ioc

avg can be derived, and Io
avg can be 

expressed as: 

avg m
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From (24), it can be seen that the relationship between u0 
and Io

avg
 is non-linear. Therefore, the average neutral-point 

current module should be linearized. Then the classical control 
theory can be utilized. Io

avg can be linearized as: 
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Therefore, the linearized average neutral-point current 
module is a first-order module, as follows: 

avg m
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6 cos( )
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I
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From (12)-(13) and (27), the relationship between vc and u0 

can be expressed as: 
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Fig. 8. Simplified control diagram of the neutral-point voltage. 
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By a Laplace transformation of (28), the transfer function of 
the input offset value u0 to the output vc is given as: 

c m
V

0

( ) 6 cos( ) 1
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( ) π
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u s sC


   (29)

Thus, the average neutral-point voltage module is given by 
(29), and the average neutral-point voltage module is a 
first-order integral system. Therefore, a proportional controller 
(P controller) can be used for the neutral-point voltage balance. 
A simplified control diagram of the neutral-point voltage is 
shown in Fig. 8. 
Where kp is the proportional parameter of the P controller for 
the neutral-point voltage balance. 

From Fig. 8, the open-loop transfer function of the 
neutral-point voltage control system is given by: 

  m
OL p v p

6 cos( ) 1
( )

π

I
G s k G s k

sC


    (30)

Meanwhile, the close-loop transfer function of the 
neutral-point voltage control system can be obtained as: 

 CL
p v

1
S

1 1/ ( (S))
G

k G



 (31)

According to the gain characteristic of the system, the gain 
crossover angular frequency (ωc) is given by: 

m
c p

6 cos( )

π

I
k
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  (32)

The bandwidth of the close-loop transfer function should be 
smaller than the switching frequency under all conditions [36], 
and kp should be designed for the maximum output power. 
Meanwhile, in order to decrease fluctuations of the 
neutral-point voltage at three times the line frequency in a line 
cycle, ωc of the control system is selected at fs/10, where fs is 
the switching frequency [37], [38]. Therefore, according to the 
parameters of the system, kp can be easily obtained as: 

c
p

m

π
= = 0.516

6 cos( )

C
k

I




            (33) 

Bode plots of GV(s) and GOL(s) are shown in Fig. 9. 

 

V. EXPERIMENTAL VERIFICATION 

In order to demonstrate the validity of the proposed P 
controller, a prototype of a NPC three-level inverter has been 
built and tested in the lab. It is based on a digital signal 
processor and complex programmable logic device 
(DSP-CPLD). 

The specifications of the prototype are as follows: 
DC bus voltage: Vdc=200V, 

VG ( )s

OLG ( )s

VG ( )s

OLG ( )s

 
Fig. 9. The bode plots of GV(s) and GOL(s). 

 
DC bus capacitors: C1=C2=150uF, 
Switching frequency: fs=20kHz, 
Output power: Po=200W, 
Digital Process Unit: TMS320F28335 DSP, 
Logical Driving Unit: EPM1270T(CPLD), 
Power switch module: IGBT FZ06NPA070FP, 
Output phase filter: L: 1.5mH, C: 10uF, 
A resistor is parallel to capacitor C1 of the NPC three-level 

inverter in Fig. 1. Therefore, a neural-point voltage unbalance 
appears. When the equivalent SVPWM strategy operates, the 
waveforms of vc1, vc2, vA, ia are shown in Fig. 10. Where vA is 
the leg voltage of phase a, and ia is the load current of phase a. 
Before and after the proposed p controller is operated, the 
different voltage numbers of vc1 and vc2 are shown in TABLE I. 

At the different load power factor conditions in Fig. 10, 
before using the proposed P controller, the neutral-point 
voltage is unbalanced, and the average value of vc2 is higher 
than that of vc1. In a line cycle, the amplitude of vA in the 
negative half cycle is higher than that in the positive half cycle. 
When the proposed P controller operates, the voltage 
difference between the average value of vc2 and that of vc1 
decreases almost to zero, and the ripple of vc1 or vc2 becomes 
very low. The system reaches the steady-state rapidly. 

Fig. 11-12 shows a THD analysis of the output waveform 
with or without P controller at different load power factor 
conditions. Where irms and urms represent the root-mean-square 
(rms) value of the load current (ia) and voltage (va) for each 
phase.  
  From Fig. 11(a) and Fig. 12(a), it can be seen that when 
using the P controller, the THD value of ia decreases from 
4.81% to 2.8%, and the THD value of va decreases from 
4.77% to 2.78% at cos(φ)=1. In addition, at cos(φ)=0.866 as 
shown in Fig 11(b) and Fig. 12(b), the THD value of ia  
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(a) cos(φ) = 1. 
 

 

(b) cos(φ) = 0.866. 
 

Fig. 10. Experimental waveforms. 
 

TABLE I 

THE EXPERIMENTAL RESULTS ANALYSIS 

Load condition 

The average voltage difference 
of vc1 and vc2 / The ripple of vc1 or vc2

Before the 
proposed P 
controller 

After the 
proposed P 
controller 

cos(φ)=1 20V/4.5V 0V/0.8V 

cos(φ)=0.866 20V/6V 0V/0.6V 

 
decreases from 4.82% to 2.39%, and the THD value of va 
decreases from 5.52% to 2.77%. 

Therefore, under different load power factor conditions, the 
proposed P controller has a strong ability to control the 
neutral-point voltage balance. In addition, the output 
waveforms quality has been effectively improved. 

Fig 13-14 show the THD of the output current and the 
ripple value of vc1 under different resistive load conditions 
with and without the proposed P controller. When using the P 
controller under different output power conditions, the ripple 
value of the neutral-point voltage is effectively decreased, and 
the output waveforms quality is improved. 

According to the experimental results above, when the 
neutral-point voltage is unbalanced, the P controller has a 
strong ability to control the neutral-point voltage balance 
under different load conditions, which shows a good dynamic 
response ability and a low steady-state error. It also effectively 
improves the quality of the output waveforms. 

 
 

(a) Without P controller at cos(φ)=1. 
 

 
(b) Without P controller at cos(φ)=0.866. 

 

Fig. 11. The THD analysis of output waveforms without P 
controller. 

 

 
(a) With P controller at cos(φ) = 1. 
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(b) With P controller at cos(φ) = 0.866. 

Fig. 12. The THD analysis of output waveforms with P controller. 
 

 
Fig. 13. Measured THD of the output current. 
 

 
Fig. 14. Measured neutral-point voltage ripple. 

 

VI. CONCLUSION 

This paper proposes a neutral-point voltage balance 
controller for the equivalent SVPWM strategy, which is 
implemented by a CBSPWM with zero-sequence voltage 
injection for NPC three-level inverters. The principle of the 
equivalent SVPWM strategy and its expressions for 
three-phase modulation waves are derived. The neutral-point 

voltage unbalance, and the influence of space vectors on the 
neutral-point voltage are analyzed. Based on the derived 
average neutral-point voltage module, the neutral-point 
voltage balance controller is designed. It has good steady-state 
performance, improves the output waveforms quality, and 
effectively decreases the ripple value of the neutral-point 
voltage. A theory analysis and experimental results verify the 
effectiveness of the proposed neutral-point voltage balance 
controller. 
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