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A Hybrid Modulation Strategy with Reduced Switching Losses and 
Neutral Point Potential Balance for Three-Level NPC Inverter 
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Abstract – In this paper, carrier-based pulse width modulation (CBPWM), space vector PWM 
(SVPWM) and reduced switching losses PWM (RSLPWM) for the three-level neutral point clamped 
(NPC) inverter are introduced. In the case of the neutral point (NP) potential (NPP) offset, an 
asymmetric disposition PWM (ASPDPWM) strategy is proposed, which can output PWM sequences 
correctly and suppress the lower order harmonics of the inverter effectively. An NPP balance strategy 
based on carrier based PWM (CBPWM) is analyzed. A hybrid modulation strategy combining 
RSLPWM and the NPP balance based on CBPWM is proposed, and hysteresis control is adopted to 
switch between the two modulation strategies. An experimental prototype of the three-level NPC 
inverter is built. The effectiveness of the hybrid modulation is verified with a resistance-inductance 
load and a permanent magnetic synchronous motor (PMSM) load, respectively. The experimental 
results show that reduced switching losses and an acceptable NPP can be effectively achieved in the 
hybrid modulation strategy. 
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1. Introduction 
 
Multilevel inverter topologies have received special 

attention during the last two decades due to their 
significant contributions to medium/high-voltage and high-
power applications [1], such as ac motor drives [2, 3], 
electric energy quality management and reactive power 
compensation [4, 5]. Even in low-power low-voltage fields, 
this topology is used in more and more applications [6, 7]. 

Compared to the two-level inverters, multilevel inverters 
reduce the voltage stresses by each semiconductor, eliminate 
the problems associated with direct series interconnection 
of switching devices, and lower the harmonic distortion 
of the output voltage. However, a larger number of semi-
conductor devices is needed, which results in a more 
complex PWM strategy being required.  

In order to exert the advantages of the three-level 
topology, the following requirements must be satisfied: (1) 
ensure the neutral point potential (NPP) balance; (2) reduce 
switching losses; (3) reduce the output harmonics as much 
as possible, especially for lower order harmonics. 

PWM strategies for three-level voltage source inverters 
can be broadly categorized into carrier based PWM 
(CBPWM) [8-10] and space vector PWM (SVPWM) [11, 
12]. Some existing literature has introduced discontinuous 
PWM strategy [13, 14]. The output pulse signals are 

generated by comparing the modulated wave with the 
carrier under CBPWM; SVPWM calculates the application 
time of every basic space voltage vector, and then the 
pulse signals are output in a predetermined order. Injecting 
proper common-mode voltage (CMV) can achieve the 
equivalent between CBPWM and SVPWM [15]. Compared 
with SVPWM, CBPWM is easier to implement. 

Unbalanced DC-link voltage will affect the normal 
operation of the inverter. In order to exert the advantages of 
the topology, the voltages of the upper and lower capacitors 
must be confined to half of the DC-link voltage. The 
available methods for NPP balance in the existing literature 
can be classified as follows. 

(1) Add extra hardware circuitry to balance the NPP [16, 
17], by controlling the change rate of the charging and 
discharging currents of the upper and lower capacitors. 
The control method, depending on the hardware 
circuitry, will increase system costs, and become more 
complicated. 

(2) Ameliorate the control strategy based on CBPWM and 
SVPWM [18-23].  

 
Each of the aforementioned studies tries to control the 

charging and discharging of the capacitors such that the 
NPP is balanced. By adopting CBPWM, three different 
methods are designed to balance the NPP by common 
mode voltage (CMV) injection, and the balance abilities of 
each method are compared in [18]. A proposed modulation 
replaces the P-type or N-type small switching states with 
other switching state to balance the NPP in [23], however, 
this method increase the switching events and output total 
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harmonic distortion. SVPWM adjusts the application time 
of the redundant space vectors to balance the NPP, but the 
control effect of this method is not satisfactory [19]. 
However, the problem of the NPP offset or low frequency 
oscillation is inevitable in the three-level NPC inverter [20]. 

Virtual SVPWM (VSVPWM) is capable of controlling 
the NP voltage under full modulation indexes and full 
power factors. A modified virtual space vector modulation 
scheme with the reduced uses of the medium voltage vectors 
is proposed in [21]. However, this modulation strategy is 
more complex than SVPWM, increases the switching 
frequency, and deteriorates the output waveforms of the 
inverter.  

Another key technology for the three-level inverter is 
to reduce the switching losses. With the development of 
power semiconductor technology, the switching frequency 
of the switching device can be very high, and then the 
harmonic content of the inverter output can be reduced, 
especially for higher order harmonics. Nevertheless, with 
the increase of switching frequency, switching losses will 
increase simultaneously. A generalized power loss algorithm 
for multilevel neutral-point clamped (NPC) PWM inverters 
is presented, which is applicable to any level number of 
multilevel inverters in [24]. In order to reduce the 
switching losses, some other works have been researched 
[13, 25-27]. Although the soft-switching technique can be 
adopted to reduce switching losses effectively, it not only 
results in a higher system cost and control complexity, 
but is also limited by the modulation period [25]. Some 
studies proposed a discontinuous PWM strategy to reduce 
switching losses [26], which does not consider the problem 
of the NPP offset. SVPWM is adopted in [28], and the 
redundant vectors are used to reduce switching losses, 
which is to avoid switching the largest phase current by 
selecting the small vectors properly. But the experimental 
result is not obvious because of the limitation of the 
redundancy vectors. None of the aforementioned research 
discusses the modulation strategy under the NPP offset. 
Some studies introduce many multiple circuits replacing Si 
diode with SiC diode to reduce the switching loss [29]. 
Even the switching loss can be considerably reduced by the 
proposed method; the cost of the system is increased. 

In this paper the CBPWM, SVPWM and RSLPWM 
for three-level NPC are first introduced. An ASPDPWM 
is proposed to modulate a three-level inverter under the 
NPP offset, which can output PWM sequences correctly 
and suppress the lower order harmonics of the inverter 
effectively. The mathematical model of the NPP with 
injected CMV is analyzed, and the calculation method of 
CMV for CBPWM is derived. Then, an NPP balance 
algorithm based on CBPWM is proposed. A hybrid 
modulation strategy combining RSLPWM and CBPWM 
with the NPP balance is proposed. Hysteresis strategy is 
adopted to switch between RSLPWM and the NPP balance 
based on CBPWM, so that both reduced switch losses 
and an acceptable NPP can be achieved. An experimental 

prototype of a three-level NPC inverter is built. The 
effectiveness of the hybrid modulation is verified with a 
resistance-inductance load and a PMSM load. The 
experimental results show that the hybrid modulation 
strategy can not only reduce switching losses but also 
control the NPP effectively. 

Section 2 gives the structure and operating principle of 
the three-level inverter. Section 3 presents the modulation 
strategies of the three-level inverter. CBPWM with injected 
CMV is presented in Section 4. Section 5 presents the 
modulation strategy with the unbalanced NPP. Section 6 
gives the principle of the NPP balance based on CBPWM. 
Hybrid strategy with the reduced switching losses and the 
NPP balance based on CBPWM is presented in Section 7. 
Experimental verification of the proposed strategy is given 
in Section 8. 

 
 
2. Structure and Operation of the Three-Level 

Inverter 
 
The topology of the three-level NPC inverter is shown in 

Fig. 1. Each phase consists of four switching devices with 
an anti-parallel freewheeling diode and two clamping 
diodes. 

The NP is selected as a reference point. When S11 and 
S12 are ON, the output voltage is UC1, denoted by 1 level. 
When S12 and S13 are ON, the output voltage is zero, 
denoted by 0 level. When S13 and S14 are ON, the output 
voltage is -UC2, denoted by -1 level. 

 
 

3. Modulation Strategies for the Three-level 
Inverter 

 
3.1 CBPWM 

 
CBPWM for the multilevel inverter is derived from the 

PDPWM strategy proposed by Carrara [30]. The PWM 
wave is generated by comparing the multi-carriers with 
multi-modulation waves. Fig. 2 shows the principle of 
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Fig. 1. The topology of the three-level NPC inverter 
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PDPWM. 
If the dual carriers are arranged in the same phase but 

different position, the PDPWM strategy is achieved, 
which is one of CBPWM, where ux ( , , )x A B C=  is the 
instantaneous value of the modulation wave. When the 
NPP is balanced, the duty cycle of the three-phase output 
level can be expressed as: 

 

 
1 0 1

1 0 1

, 1 , 0,( 0)
2 2

0, 1 , , ( 0)
2 2

x x
x x x x

DC DC

x x
x x x x

DC DC

u ud d d u
U U

u ud d d u
U U

−

−

⎧ = = − = ≥⎪⎪
⎨ −⎪ = = − = <
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 (1) 

 
where 1−xd , 0xd , and 1xd  are the duty cycle of the -1, 0 
and 1 level, respectively. The modulation waves will be 
changed by the injected CMV, so that a variety of 
modulation strategies will be produced. These strategies 
are based on the synthesis principle of seven-segment 
modulation or the simplified five-segment modulation. 

 
3.2 SVPWM 

 
SVPWM strategy is based on the principle of vector 

synthesis. In one sample cycle, the reference vector is 
synthesized by the combination of the basic voltage vectors 
according to the volt-second equation principle.  

The voltages of each level are substituted into (2), and 
the basic voltage vector, output from the inverter, can be 
obtained. Then the space vector for the three-level inverter 
is given in Fig. 3 (a). As the output voltage of each phase 
has three levels, 33 space voltage vectors can be obtained 
in the three-level inverter. 

 

 
2 4

0 3 32 ( )
3

π π

= + +u e e e
j jj

A B Cu u u  (2) 

 
According to the vector length, the vectors of the three-

level inverter can be divided into zero voltage vectors 
(ZVVs), large voltage vectors (LVVs), medium voltage 
vectors (MVVs), upper small voltage vectors (USVVs) and 
lower small voltage vectors (LSVVs). The classification is 
shown in Table 1. When the NPP is balanced, the effects 

on the load of USVV and LSVV are equal. 
For example, when the reference vector refu  is located 

in the small triangle A2, as shown in Fig. 3 (b), according 
to the Nearest Three Vector principle of SVPWM (NTV-
SVPWM), the following conditions need to be met: 
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When the upper and lower capacitor voltages are equal, 

the effect of voltage vector 1Lu  is consistent with voltage 
vector 1Uu , but the effects of 1Lu  and 1Uu  on the NPP 
are reversed. While keeping the 1 1U Lt t+  unchanged, the 
NPP can be controlled by rearranging their application 
time. But when the upper and lower capacitor voltages are 
different, these conditions are untenable.  

 
 

4. CBPWM with the Injection of CMV 
 
In the control system of the three-phase inverter, the 

Uu
Lu xu phasev

linev

 
Fig. 2. PDPWM for the three-level inverter produced by 

comparing dual carriers with single-modulation 
wave 

Table 1. Space vector of three-level inverter 

 Vector Symbol 
ZVV u00[0,0,0],u0L [-1,-1,-1],u0U [1,1,1] 

LSVV u1L[0,-1,-1], u2L[0,0,-1], u3L[-1,0,-1], u4L-1,0,0], u5L[-1,-1,0],  
u6L[0,-1,0] 

USVV u1U[1,0,0],u2U[1,1,0],u3U[0,1,0],u4U[0,1,1],u5U[0,0,1],u6U[1,0,1]
MVV u7[1,0,-1],u8[0,1,-1],u9[-1,1,0],u10[-1,0,1],u11[0,-1,1],u12[1,-1,0]

LVV u13[1,-1,-1],u14[1,1,-1],u15[-1,1,-1],u16[-1,1,1],u17[-1,-1,1], 
u18[1,-1,1] 

 

17V

 
(a) Space vector of three-level inverter  

 
(b) Space vector of sector A 

Fig. 3. Space vector diagram of three-level inverter 
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transformations and inverse transformations of Park and 
Clarke are usually adopted. The inverse Clarke trans-
formation transforms the voltage to the three-phase 
stationary frame, and the transformation is expressed as: 

 

 

1 0

2 3 1 2 3 2

1 2 3 2

A
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C

u
u

u
u

u

α

β
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 (4) 

 
Without the injection of CMV, the modulation wave ux 

of phase-x can be calculated from (4) directly, and then it 
is compared with the carriers to generate PWM signals. 
Different forms of CMV can be injected to achieve some 
specific PWM strategies and then the modulation wave ′xu  
can be expressed as: 

 
 x x CMVu u u′ = +   (5) 

 
4.1 Equivalence between SVPWM and CBPWM  

 
By adjusting the allocation time of the SVV, a variety 

of SVPWM strategies can be produced. The Centered 
SVPWM (CSVPWM) strategy which assigns the appli-
cation time of the SVV equally has an optimum harmonic 
characteristic. The equivalence between SVPWM and 
CBPWM can be obtained by injecting CMV ,CMV CSVu . 
The injection of CMV is given as follows [4]: 
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+′′ = − =   (6) 

 [ ]modulo( )x x DC DCu u u u′′′ ′′= +   (7) 
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2
DC x x x x

CMV
u max u min u max u min u

u
′′′ ′′′− − − −

= −  

  (8) 
 

where N-1 is the number of equal-amplitude carriers, and 
modulo is the remainder function. 

 
4.2 RSLPWM 

 
When the three-phase inverter is in operation, if the 

switching devices of one phase have no switching actions, 
switching losses can be reduced effectively. In order to 
ensure the modulation is in linear range, the following 
conditions need to be met. 

For example, when 0, 0, 0A B Cu u u> < < , CMV 
( ,CMV RSLu ) is injected into the three-phase modulation 
voltages. The modulation voltage of phase-A is raised to 
the upper capacitor voltage 1Cu , the devices of phase-A 
have no switching action, and 1 level outputs in this control 
cycle. The injected CMV can be expressed as: 

 
 , 1CMV RSL C Au u u= −   (9) 

xu

,CMV RSLu

xu′

 

xu

,CMV CSVu

xu′

(a) CMV and modulated 
wave of RSLPWM 

(b) CMV and modulated 
wave of SVPWM 

Fig. 4. CMVs and modulation waves of RSLPWM and 
SVPWM based on CBPWM 

 
When 0, 0, 0A B Cu u u< > > , CMV is injected into the three-

phase modulation voltages. The modulation voltage of 
phase-A is reduced to the lower capacitor voltage 2Cu− , 
the devices of phase-A have no switching action, and -1 
level outputs in this control cycle. The injected CMV can 
be expressed as: 

 
 , 2CMV RSL C Au u u= − −   (10) 

 
Fig. 4 shows the CMVs and modulation waves of 

RSLPWM and SVPWM based on CBPWM. Actually, in 
order to balance the NPP, other forms of CMVs need to be 
injected, and the relations of the injection of CMV 
analyzed in (8) - (10) cannot be used. 

 
 
5. Modulation Strategy under the Unbalanced 

NPP 
 
If the NPP of the three-level inverter is unbalanced, 

there will be two situations as follows: (1) The NPP 
fluctuates; (2) the NPP offsets. The former can be treated 
with a special modulation strategy, such as VSVPWM; the 
latter should be avoided as far as possible, or controlled 
within an acceptable range. Even though the NPP is mild 
unbalanced, the output of the inverter is also required to 
meet the requirements of harmonics, especially for lower 
order harmonics. 

With the NPP offset, the heights of the upper and lower 
carriers are no longer equal, so ASPDPWM strategy is 
adopted, as shown in Fig. 5. 
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Fig. 5. Modulation principle of ASPDPWM 
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In Fig. 5, uU is the upper carrier and 1Cu  is the height; 
and uL is the lower carrier and 2Cu  is the height. When 

x Uu u> , 1 level outputs; when x Uu u<  and x Lu u> , 0 
level outputs; when x Lu u< , -1 level outputs. 

When ux > 0, 1 and 0 level output, and their 
corresponding duty cycles are given as: 

 

 1 0 1 1
1

, 1 , 0x
x x x x

C

ud d d du −= = − =  (11) 

 
When ux < 0, 0 and -1 level output, and their 

corresponding duty cycles are given as: 
 

 1 0 1 1
2

0, 1 , x
x x x x

C

ud d d d u− −
−= = − =  (12) 

 
When ASPDPWM strategy is adopted, even if the NPP 

offset occurs, the inverter can still output the correct PWM 
sequences without increasing the harmonics of the output 
voltage. 

 
 

6. The Principle of the NPP Balance  
 

6.1 The NPP balance based on CBPWM 
 
Positive or negative current will be extracted from the 

NP by one phase that outputs 0 level (generally, the 
positive direction is defined as the outflow direction of the 
current), which will result in NPP offset. Within one carrier 
cycle, the magnitude and direction of the three-phase 
output currents can be considered as constant. According to 
(1), within one carrier cycle, the application time of 0 level 
can be expressed as: 

 

 0 1
2

x
x

DC

u
d

u
= −  (13) 

 
In order to achieve the modulation, the average current 

extracted from the NP within one carrier cycle can be 
expressed as: 

 

 0 (1 ) (1 ) (1 )
2 2 2

CA B
A B C

DC DC DC

uu u
i i i i

u u u
= − + − + −   (14) 

 
In a three-phase three-wire system, if CMV is not 

injected, the following conditions should be satisfied: 
0A B Cu u u+ + = and 0A B Ci i i+ + = .  

CMV ( ,CMV NPu ) is injected into the three-phase voltages 
without changing their polarities. The average current 0i ′  
extracted from the NP within one carrier cycle can be 
expressed as:  

 
, , ,

0 (1 ) (1 ) (1 )
2 2 2

A CMV NP B CMV NP C CMV NP
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DC DC DC

u u u u u u
i i i i

u u u
+ + +

′ = − + − + −  (15) 

When 0, 0, 0A B Cu u u> < < , , min{ , }A CMV NP B Cu u u u− < < , 
(14) and (15) can be simplified to (16) and (17) 
respectively: 

 

 0
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When 0, 0, 0A B Cu u u> > < , ,min{ , }A B CMV NP Cu u u u− − < < − , 

(14) and (15) can be simplified to (18) and (19) 
respectively: 
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u
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4
= +CMV NP C
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u i
i i i i

u
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From (16) to (19), 0i  is the current used to achieve the 

modulation, extracted from the NP. 0i′′  is the current 
increment, extracted from the NP after the CMV is injected 
and it is controlled by selecting proper ,CMV NPu  to achieve 
the control of the NPP. 

( , , )yu y A B C=  is assumed to be the phase voltage with 
the opposite sign to the other two phase voltages, and (17) 
and (19) can be written as a united expression: 

 

 ,
0 0 0 0

4
sgn( ) CMV NP y

y
DC

u i
i i u i i

u
′ ′′= − = +  (20) 

 
where sgn()  is the sign function. 

 
6.2 Calculating CMV according to the load current, 

DC-link voltage and capacitance 
 
The equivalent model of the NPP is the upper and lower 

capacitors in parallel. The capacitance and the voltage 
value of the upper and lower capacitors are 1C , 1Cu  and 

2C , 2Cu , respectively. The voltage deviation value of the 
upper and lower capacitor voltages is 2 1C C Cu u uΔ = − . In 
order to eliminate the voltage deviation value, within one 
carrier cycle, the average current that needs to be extracted 
from the NP is given as: 

 

 0
( 1 2) C

s

C C ui
T

+ Δ=  (21) 

 
To balance the NPP, , 1CMV NPu  must be injected: 
 

 , 1
( 1 2)

sgn( )
4

C DC
CMV NP y

y s

C C u u
u u

i T
+ Δ

= −   (22) 

 
In order to balance the NPP offset caused by 0i , 
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, 2CMV NPu  needs to be injected as: 
 

 0
, 2 sgn( )

4
DC

CMV NP y
y

i u
u u

i
=  (23) 

 
The total CMV should be injected as: 
 

, , 1 , 2 0

sgn( ) 1 2
4

y DC
CMV NP CMV NP CMV NP C

y s

u u C Cu u u i u
i T
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In Fig. 6(a), the difference between *

CuΔ  and the 
voltage-deviation feedback value CuΔ  inputs into the 
NPP regulator (NPR), and ,CMV NPu  output from the NPR 
is transformed into the current 0i′′  which is used to balance 
the NPP by a multi-branch switch model. The total current 

0i′  injected into the NP is the sum of the current 0i′′  and 
the disturbance term current 0i . The actual voltage 
deviation of the upper and lower capacitor voltages is 
obtained by 0i′  after getting through the integral link of 
the capacitor. CMV is injected into the three-phase 
voltages to change the average current extracted from the 
NP. Then, CuΔ is changed by the average current to control 
the NPP. 

In Fig. 6(b), the current 0i  is treated as the feed forward 
term, and by using (23), CMV ( , 2CMV NPu ) is acquired. 

 
6.3 Amplitude limiting of CMV 

 
After the injection of CMV, to guarantee the 

achievement of modulation, the amplitude of the injected 
CMV needs to be limited. There are two principles: (1) the 
polarities of the voltages should not be changed; (2) over-
modulation should be avoided. 

When 0, 0, 0A B Cu u u> < < , the CMV should be 
limited as: 
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u u u u
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When 0, 0, 0A B Cu u u< > > , the CMV should be 

limited as: 
 

 
,
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C B C CMV NP C A

u u u u
u u u u u u
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In (25) and (26), the first one is the constraints of 

condition (1), and the second one is the constraints of 
condition (2). 

 
 
7. Hybrid Strategy with the Reduced Switching 
Losses and the NPP Balance Based on CBPWM 
 
In order to achieve the modulation strategy of the three-

level inverter, the following requirements must be satisfied. 
(1) Reduce the harmonics as much as possible, especially 
for lower order harmonics; (2) ensure the NPP balance, or 
control NPP offset within an acceptable range; (3) reduce 
switching losses and achieve high efficiency. According to 
the voltage value of the upper and lower capacitors, the 
degree of the NPP offset can be defined as follows: 

 

 
1 2

100%C

C C

u
e

u u
Δ

= ×
+

 (27) 

 
According to the analysis in Section 4.2 and Section 5, 

injecting CMV can not only reduce switching losses of 
switching devices to achieve RSLPWM, but also control 
the NPP offset. However, of the two conditions, only one 
can be selected and satisfied at a time. 

In this paper, the proposed hybrid modulation strategy 
not only ensures NPP balance, but also reduces switching 
losses. So the existence of the NPP offset must be allowed. 
But it should be controlled within an acceptable range.  

To achieve the hybrid modulation strategy, hysteresis 
control is adopted to switch between RSLPWM and 
CBPWM with NPP balance, as shown in Fig. 7. The 
hysteresis control has some advantages like real-time 
control, rapid response speed, and good robustness. The 
loop width is determined by the predefined NPP offset. 
The real-time NPP offset can be gained by measured the 
upper and lower capacitor voltages. When the NPP offset 
is over the predefined upper limit, CBPWM with the NPP 
balance becomes effective until the NPP offset is lower 
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(a) Control block diagram of the NPP regarding i0 as a disturbing term
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Fig. 7. The hysteresis control logic of hybrid modulation 
strategy
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than the predefined lower limit, and the process is named 
as Region of CBPWM with the NPP balancing. Otherwise, 
then RSLPWM with the reduced switching losses becomes 
effective until the NPP offset is over the predefined upper 
limit and the process is named as Region of RSLPWM. 
The system switches between the two regions to generate 
the correct PWM sequences and suppress the lower order 
harmonics. At the same time, the switching loss is reduced 
effectively. 

Fig. 8(a) shows the control diagram of the entire system, 
and the required outputs uα  and uβ  of the inverter are 
calculated by the other control algorithm. After 2S/3S 
transformations, outputs uA, uB and uC of the inverter are 
calculated. The NPP processing logic determines whether 

the NPP needs to be balanced according to the difference 
between the upper and lower capacitor voltages. If 
necessary, CMV is injected according to NPP balancing 
algorithm which is introduced in Section 5. The NPP 
balancing algorithm can be divided into following steps. 
First, substituting the inverter output voltages Au , Bu , Cu  
and output currents Ai , Bi , Ci  into (14), the current 
used to achieve the modulation 0i  can be calculated. 
Second, the voltage symbol judge is used to pick out the 
phase voltage and current ( yu , yi ) which is different from 
others. Third, substituting the capacitance and voltage 
deviation value of the upper and lower capacitors ( 1C , 

2C , cuΔ ), DC-link voltage DCu  and yu , yi  into (22), 
the injected CMV , 1CMV NPu  can be calculated. Substituting 

1Cu2Cu
BiAi

2Cu
1Cu

,y yu i

0i

, ,A B Ci i i2Cu

1Cu DCu

, 2CMV NPu

Δ Cu

, 1CMV NPu
,CMV NPu

,u uα β , ,A B Cu u u

,1 2C Cu u

,CMV NPu

, , −1 0 1x x xd d d

  
(a) The system block diagram of the entire control system 

 
(b) The flow chart of the entire control system 

Fig. 8. The system block diagram and the flow chart of the entire control system 
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0i , yu , yi , DCu  into (23), the injected CMV , 2CMV NPu  
can be calculated. Last, the total CMV can be obtained by 
adding , 1CMV NPu  with , 2CMV NPu . Otherwise, CMV is 
injected according to the method of Section 4.2. As the 
inverter needs to run at the condition of the NPP offset, 
the ASPDPWM strategy given in Section 5 is adopted to 
ensure that the output of the PWM sequences is correct and 
the duty cycle is written into the compare value register of 
DSP. Finally, the output pulses are generated by comparing 
uA, uB and uC with the triangular carrier. The flow chart of 
the entire control system is shown as Fig. 8(b). 

 
 

8. Experimental Verification 
 
In order to verify the effectiveness of the control strategy 

proposed in this paper, an NPC three-level inverter 
experimental prototype was built, as shown in Fig. 9. DSP 
MC56F8345 manufactured by Freescale is used as the 
main control chip, the switching device is IGBT 
G60N100BNTD, and the clamp diode is RHRG50120F. 
DC-link voltage is obtained by using a diode rectifier or 
batteries. Table 2 shows the system parameters. 

 

 
(a) Three-level experimental prototype 

 

 
(b) Section layout of switching devices 

Fig. 9. Experimental prototype of the NPC three-level 
inverter 

 
Table 2. System parameters 

UDC 250 V 
C1 705 uF 
C2 705 uF 

Switching frequency 6 kHz 
NPP offset high limiting ±4% 
NPP offset low limiting ±0.5% 

8.1 Comparison between SVPWM and RSLPWM 
 
CSVPWM and RSLPWM are compared under the NPP 

balance (using two independent power supplies to maintain 
the NPP balance), and the phase-voltage, line-voltage 
waveforms and corresponding higher order harmonics are 
shown in Fig. 10 and Fig. 11. In Fig. 11 (a), the switching 
devices have no switching action within about one third 
sinusoidal cycle under RSLPWM, which is consistent 
with the above theoretical analysis. Comparing Fig. 10(d) 
and Fig. 11(d), the harmonic of the line voltage around 
the switching frequency and the double switching 
frequency under RSLPWM is slightly greater than that 
under CSVPWM. Therefore, to reduce switching losses, 
meanwhile, certain harmonic characteristics must be 
sacrificed. 
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Fig. 10. The waveforms and spectrums of voltages under 
CSVPWM 
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8.2 Comparison between CBPWM and ASPDPWM 
under the NPP offset 

 
Fig. 12 shows the line-voltage and phase voltage 

waveforms, and their corresponding lower order harmonics 
under ASPDPWM and CBPWM, respectively. When the 
NPP offset is serious (e=20%), the line and phase voltages 
of ASPDPWM do not contain the lower order harmonics. 
But a certain amount of the even lower order harmonics 
appears in the line and phase voltages under CSVPWM. 
When the NPP offset is serious, ASPDPWM can substitute 
the upper and lower capacitor voltages into the calculation 
of the duty cycle effectively, thereby reducing the harmonic. 

 
8.3 Comparison of the NPP under different modulat-

ion algorithms  
 
Fig. 13 shows the offset and fluctuation of the NPP 

under CSVPWM and RSLPWM without the NPP balance 

and CBPWM with the NPP balance at the condition of 
different modulation degrees (m = 0.4 and m = 0.8). It can 
be seen that the NPP offset and fluctuation exist under 
CSVPWM and RSLPWM, and the form of fluctuation 
under CSVPWM is close to a sinusoidal wave with a 
frequency three times that of the fundamental, while the 
fluctuation of RSLPWM is close to a triangular wave with 
the frequency three times that of the fundamental. From 
Fig. 13 (a) to (d), the impact of the unbalanced NPP on the 
inverter is more serious than the fluctuation. With the 
difference of capacitor voltage, the NPP offset accelerates, 
and ultimately, the inverter will stop running because of 
the protection of the NPP.  

From Fig. 13 (e) and (f), when CBPWM with the NPP 
balance is adopted, although the high-frequency fluctuation 
of the NPP exists around the switching frequency, the 
average value of fluctuation is small and the waveforms of 
the upper and lower capacitor voltages substantially 
coincide. Therefore, the CBPWM is able to deal with the 
NPP balance problem effectively. 

 
8.4 Verification of the Proposed Algorithm with a 

Resistance-Inductance Load 
 
The experimental results of the hybrid modulation 

strategy proposed in this paper are shown in Fig. 14 and 
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Fig. 15, where the three-level inverter has a resistance-
inductance load. The upper limit of the NPP offset is set to 
4% of the DC-link voltage, and the lower limit is 0.5% of 
the DC-link voltage. 

Fig. 14 and Fig. 15 show the waveforms of the phase 
voltage and the capacitor voltage of the inverter under 
different modulation degrees. When m=0.4, the application 
time of RSLPWM is about 280 ms and that of CBPWM is 
about 31 ms in the hybrid modulation strategy. When m = 
0.8, the application time of RSLPWM is about 320 ms and 
that of CBPWM is about 12 ms in the hybrid modulation 
strategy. As the modulation degree is high, the output 
current from the inverter is larger, which can better balance 
the NPP. From the results, RSLPWM is the major strategy 
adopted in the entire hybrid modulation strategy rather than 
CBPWM with the NPP balance. Therefore, the hybrid 
modulation strategy can effectively improve the efficiency 

of the system by reducing switching losses and the device 
heating. The specific experimental process can be seen in 
the next subsection. 

 
8.5 Comparison of efficiency and heating of systems 

with a resistance-inductance load  
 
Fig. 16 and Fig. 17 show the comparison of conventional 

CBPWM with the hybrid modulation strategy proposed in 
this paper in terms of the efficiency and the heating of the 
system. The efficiency of the system can be increased by 
0.5% to 1% by using the proposed strategy in this paper. 
Fig. 17 shows the infrared thermography of power switches 
in phase A. The power switches in other phase is as same 
as phase A. As the heating of S2 and S3 is the highest, the 
device temperature needs to be tested and recorded. The 
initial temperature was 18°C, and the final temperature 
under the hybrid modulation strategy was 39.9°C for an 
hour’s operation, while the final temperature using 
CBPWM was 41.9°C. The temperature of D1, D2, S1 and S4 
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Fig. 16. Comparison of efficiency of CBPWM and the 

proposed strategy with a resistance-inductance 
load 

 

S1S2S3S4 D1D2

(a) Temperatures curve       (b) Layout of single-phase 
switching devices 

40.5 C°39.2 C° 40.7 C° 39.1 C° 39.5 C°38.6 C° 39.3 C° 38.4 C°

 (c) Infrared thermography of     (d) Infrared thermography of 
CBPWM                 the proposed algorithm 

Fig. 17. The temperatures of devices under CBPWM and 
the proposed strategy 
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is also marked in Fig. 17. It can be concluded that the 
proposed hybrid modulation strategy can improve the 
efficiency and reduce switching losses. 

 
8.6 Verification of the proposed hybrid algorithm 

with dynamic load  
 
To verify the dynamic response of the proposed 

modulation algorithm, the PMSM is chosen as the control 
object. When the PMSM is accelerated, the three-level NPC 
inverter should output the higher power instantaneously. 
The DC-link voltage decreases during this process and 
the expanded views are shown in Fig. 18 (b) and (c). It 
can be seen that, during this process, both the upper and 
lower capacitor voltages are reduced, while the difference 
between the upper and lower capacitor voltages is located 
within the predefined threshold. When the difference 
reaches the predefined value, the NPP balance algorithm 
becomes effective, and then the difference is decreased. 
When the upper and lower capacitor voltages are consistent, 
RSLPWM becomes effective, and then the NPP offset 
occurs. The process of the NPP offset is repeated, so the 
NPP can be controlled in an acceptable range, and 
switching losses are reduced. 

For the deceleration of the motor, as shown in Fig. 18 
(d), (e), similar results can be obtained, showing that the 
hybrid modulation strategy proposed in this paper is 

effective for this type of load, which has fast dynamic 
response requirements. 

 
 

9. Conclusion 
 
In this paper, a hybrid modulation strategy combining 

RSLPWM and CBPWM with the NPP balancing algorithm 
is proposed. The NPP can be controlled within acceptable 
values by using CBPWM with the NPP balance algorithm, 
and switching losses are reduced when RSLPWM is 
adopted. The proposed hybrid modulation strategy can be 
carried out by injecting different CMVs. Because CBPWM 
with the NPP balancing algorithm proposed is not used in 
every sample cycle, the fluctuation and offset on the NPP 
are bound to exist. Therefore, ASPDPWM, which is a 
modification of traditional CBPWM, is proposed in this 
paper. It can generate the correct PWM sequences and 
suppress the lower order harmonics effectively. 
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