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Abstract. This paper investigates the power losses in 

semiconductors for a three-phase, three level neutral point 
clamped (3L-NPC) inverter. Analytical expressions for the 
switching and conductor losses are derived. Three different 
modulation strategies are analyzed: sinusoidal modulation 
(SPWM); sine modulation with injection of the third harmonic 
(THIPWM); carrier based space vector modulation (CB-
SVMPWM). Based on these strategies, the inverter losses are 
estimated through computational simulation under different 

operating conditions. The influence of these strategies on the 
losses is also analyzed. 
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1. Introduction 

Among the multilevel topologies, the most well know is 
the 3L-NPC inverter [1], which the power stage that can 

be seen in Figure 1. The main disadvantage of this 

structure is the imbalance in the distribution of loss in its 

semiconductor devices, leading to poor thermal 

distribution. Losses in power semiconductors depend on 

the PWM strategy adopted. This paper calculates and 

compares the losses in the inverter for three different 

PWM strategies: SPWM, THIPWM e CB-SVPWM. The 

operation limits of the converter, critical cases are 

determined and analyzed as show in Table I [2]. 

Operating under these limits the losses in the inverter 

have their maximum imbalance , limiting the switching 
frequency and the phase current of the converter. 

Initially a mathematical approach for the inverter losses 

is developed, which allows to compare the losses in the 

NPC inverter for different modulation techniques. Then, 

the three techniques used will be presented and 

compared.  

 

Table I. Critical operation cases for the 3L-NPC inverter for 
maximum loss imbalance among the power switches 

3L-NPC 
Power 
Factor 

Modulation 
index 

More 
losses  

Case 1 1  max. S11, S14 

Case 2 1 min. Dc11, Dc12 

Case 3 -1 max. Df11, Df14 

Case 4 -1 min. S12, S12 

Losses in the inverter are estimated by computer 

simulations, taking into account  different operating 

conditions. 
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Fig. 1. Three-level NPC inverter.  
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2. The Three-level NPC Inverter 

The three-phase inverter consists of three arms, as 

illustrated in Figure 1. Each arm of the inverter is 

composed of four-way switches and two clamping diodes 

(Dc11 and Dc12). Each switch consists of a IGBT (S11, S12, 

S13 and S14) and a anti-parallel diode (Df11, Df12, Df13 and 

Df14). The first switch is composed by bidirectional IGBT 

S11 and the diode Df11. The IGBTs S11 and S14 are called 

external semiconductors; S12 and S13 internal. S11 and S13 

are controlled in a complementary way, as well as S12 and 

S14. Three states of control are possible: P, O and N 

(Table II). 

Table II. 3L-NPC inverter switching states 

Driving 
state 

Voltag
e(Eao) 

Driven switches 

S11 S12 S13 S14 

P   E/2 1 1 0 0 

O 0 0 1 1 0 

N   -E/2 0 0 1 1 

In order to analyze the switching states, the PWM 

modulation is initially considered. A sinusoidal reference 

voltage is compared with two triangular carriers which 

determine the voltage level desired as show in Figure 2. 

So: 

 The converter is switched to +Edc/2, when the 

reference is larger than both carriers. 

 The converter is switched to -Edc/2, when the 

reference is smaller than both carriers. 

 O converter is switched to zero when the 

reference is larger than the lower carrier and 

smaller than the higher carrier. 

For a positive output voltage, the inverter is switching 

between the states P and O - S11 and S13 are active 

alternately. When S11 stops conducting - state P, Dc11 

begins to conduct - state O. S12 stays in conduction and 

S14 remains blocked. The determination which device is 

conducting, diode or IGBT, is determined by the 

direction of current. 

Reciprocally, for a negative voltage, the inverter is 

switching between the states N and O - S13 and S14 are 

activated alternately. A summary of the operation of the 

converter is shown in Table III [3]. 

Table III. Operating states of the NPC converter 

Current 
Devices 

conducting 
Conduction 

intervals 
Output 
Voltage 

0oI  
S11, S12 [θ,π] E/2 

Dc11, S12 [θ,π] e [π,π+θ] 0 

Df14, Df13 [π,π+θ] -E/2 

0oI  
S13, S14 [π+θ,2π] -E/2 

S13, Dc12 [π+θ,2π] e [0,θ] 0 

Df12, Df11 [0,π] E/2 

 

3. Modulation Techniques 

A. Sinusoidal Modulation (SPWM) 

In a sinusoidal PWM modulation a sinusoidal reference is 

compared with two triangular carriers, as illustrated in 

Figure 2. 
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Fig. 2. Sinusoidal PWM modulation (SPWM) 

The function of the sinusoidal modulation is shown in 

equation (1)  

( ) sin( )SPWMf t M t                           (1) 

The pulse command devices on the 3L-NPC inverter 

occur in different periods and its role in modulation 
differs for each period. A summary of the conduction 

intervals for each semiconductor, and related functions of 

modulation is given in Table IV. With this information is 

possible to determine the average and RMS values of 

currents for each switch. 

B. SVPWM with third harmonic injection (THIPWM) 

The maximum modulation index can increase the drive 

without entering in the region of over-modulation, when 

added a zero sequence component in the sinusoidal 

reference [4]. This signal does not influence the 

fundamental component of line voltage at the converter 

output. The equation (2) comes from (1) with the 

inclusion of the third harmonic. 

2 1
( ) sin( ) sin(3 )

63
THIPWMf t M t t        (2) 

The new reference signal in which is included a 3rd 

harmonic waveform is seen in Figure 3. 
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Fig. 3. SPWM with third harmonic injection (THIPWM) 

The states defined in Table III are also valid for this 

modulation technique. 

C. Carrier-based space vector modulation (CB-SVM) 

The space vector modulation has been widespread and 

diverse works exploring their relationship to PWM-based 

carrier has been published [5] - [9]. SVM can be 

implemented by a sinusoidal reference with the addition 

of a zero-sequence duty cycle. The algorithm proposed in 

[9] for the case of NPC inverter is considered. 

For all references {Ea, Eb, Ec}, with x = a, b, c: 

max min min

min max min max

min max max

( 0.867 0.867)

(1 )

( 0.867)

(1 2 ) 1

( 2 2 ) 1

x

z

x

z

z

if E

E k

else if E

E k

else

E k
 

The new reference is given by: 

2
( ) ( ) ( )

3
CB SVMPWM x zf t E t E t               (3) 

Figure 4 illustrates the CB-SVPWM modulation. 
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Fig. 4. Carrier-based space vector modulation (CB-SVM). 

4. Losses Modeling 

The losses in a semiconductor device comprising the 

conductor losses, losses due to conduction block in the 

output (usually neglected), losses by into in conduction 

and switching off losses. The switching losses at the turn 

on are affected by the reverse recovery of diodes. The 

device technology and the modulation strategy adopted 

influence these losses. The method used to estimate 

losses in this paper is an extension of the methods 

discussed in [10] e [11]. 

The total losses are the summation of the commutation 
plus the conduction losses 

X conX swXP P P                         (4) 

A. Static characteristics of the devices 

The characteristic curve of voltage/current of an IGBT 

can be approximated by: 

0
0

CEN CE
CE C CE

CN

V V
V I V

I
               (5) 

In the same manner the static behavior of a fast reverse 
diode is given by: 

0
0

FN F
F C F

CN

V V
V I V

I
                   (6) 

Then, 

0CEN CE
dS

CN

V V
r

I
 e 0FN F

dD

CN

V V
r

I
            (7) 

Those parameters can be obtained directly from IGBT 

manufacturer datasheet. 

The load current is supposed to be sinusoidal (8). 

sin( )C CMi I t                        (8) 

B. Conduction losses 

The switches conduction losses conSP  and diodes 

conduction losses conDP are mathematically represented 

by (9) e (10). 

2

0conS avg CE rms dSP I V I r                       (9) 

2

0conD avg F rms dDP I V I r                       (10) 

Where avgI and rmsI are average and RMS values of the 

current through the device. 0CEV  and 0FV  are threshold 

voltages of the IGBT and diode, respectively. dSr and 

dDr are the device resistences. 

The average value of the current avgI is given by: 
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Table IV. Modulation functions and conduction intervals 

 

2

1

1
sin( ) ( )

2
avg CM XI I t f t dt        (11) 

The rms value is given by: 

2

1

21
sin( ) ( )

2
rms CM XI I t f t dt    (12) 

Where ( )Xf t  is the specified modulation function. It 

should be considered the current though the device for 

interval 1 2[ , ] .  

As an example, the procedure to calculate the losses on 
S11 with THIPWM is presented. From Table III and Table 

IV it is seen that S11 conducts during the interval [ , ]  . 

The modulation function is expressed by (13). 

11

2 1
( ) sin( ) sin(3 )

63
THIPWMSf t M t t     (13) 

The average and rms values of the current through S11 

can be represented by (14) and (15). 

11

1 2 1
sin( ) sin( ) sin(3 )

2 63
CMavgS

t M t t dtI I  (14) 

21 2 1
sin( ) sin( ) sin(3 )

2 63
CMrms

I t M t t dtI (15) 

For other devices the calculation is done in a similar way 

by taking the appropriate modulation function in the 

conduction interval of the required device.  

C. Commutation losses  

The commutation losses for the 3L-NPC inverter occur at 

the intervals shown in Table V. The commutation losses 

on diodes Df12 e Df13 can be neglected. 

1)  IGBT turn on commutation losses 

The switching losses during the turning on interval are 

influenced by the rise time of the current and reverse 

recovery current of clamping diodes. These losses are the 

result of energy lost and switching frequency. Equation 

(17) is applied when the switch is influenced by the 

reverse recovery current of a diode. 

 

2

1

2 2

12

1
sin ( )

4 2
swon sw rN CM

E
P f t I t dt      (16) 

2

1

2

1

23

sin( )1
0.35 0.15

3 2

sin( ) (17)

dc CM
swon sw rrN rrN

CN

CM

V I t
P f t I dt

I

I t dt

 

Where 

sin( )
0.8 0.2 CM

CN

I t

I
                 (18) 

The total commutation losses during the turn-on is given 

by: 

12 23sw sw swP P P                               (19) 

2) IGBT turn-off commutation losses 

The losses during the turn-off interval are given by: 

2

1

21 1
sin( ) sin ( )

2 3 6

CM

CN

off sw CM fN

IE
P f I t t t dt

I
 

(20) 

3) Diode commutation losses 

Most of the diode commutation losses are due to the 

reverse conduction current, and it is given by: 

2

1

sin( )1
0.8 0.2

6 2

CM

CN

swD sw rrN

I tE
P f t

I
dt  (21) 

where 

sin( )
0.35 0.15 sin( )

CM

rrN rrN CM

CN

I t
I I I t

I
(22) 

Tabela V. Commutation intervals 

3L-NPC S11 Df11 S12 Dc11 

Interval [ , ]  [0, ]  [ , ]  [ , ]  

 

 

 

 

3L-NPC S11 Df11 S12 Df12 Dc11 

Interval [ , ] [0, ]  [ , ]  [ , ]  [0, ]  [ , ]  [ , ]  

( )f t  sin( )M t  sin( )M t  1  1 sin( )M t  sin( )M t  1 sin( )M t  1 sin( )M t  
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5. Simulation Results 

A software for the proposed equations has been 

developed and the losses on the NPC inverter have been 

determined under different operating conditions. 

Total Loss 

[W]

Current Phase Angle 

[rad]
Modulation Index 

[M]
 

(a) 

Total Loss 

[W]

Current Phase Angle 

[rad]Modulation Index 

[M]  
(b) 

Total Loss 

[W]

Current Phase Angle 

[rad]
Modulation Index 

[M]

 
(c) 

Fig. 5. Total losses for the modulations: (a) SPWM, (b) 
THIPWM and (c) CB-SVPWM 

 
Figure 5 is shown the behavior of the losses as a function 

of the modulation index and the power factor. Analyzing 

the losses value provided by  the studied modulations, it 

can be observed a similarity on the values of the 

estimated losses. 

Figures 6 and 7 show the conduction and switching 

losses (Pcon e Psw) for a power factor PF = 1. In this 
condition, for a modulation index M = 0.9 switches S11 

and S12 are subject of the greatest voltage stress. For M = 

0.1, the greatest voltage stress is across switches S11 and 

DC11. 

For a power factor PF =- 1, the distribution of losses is 

shown in Figures 8 and 9. For high modulation indices 

(M = 0.9), the free-wheeling diodes are subject of the 

greatest voltage stress. For lower modulation index in 
switch S12 and clamping diode DC11 are subjected to 

greater voltage stress. 

The conduction losses are considerably higher than the 

commutation losses 
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Fig. 6. Losses distribution (E=500V, ICM=20, fsw=2460, M=0.9, 
PF=1): (a) SPWM, (b) THIPWM and (c) CB-SVPWM. 
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Fig. 7. Losses distribution (E=500V, ICM=20, fsw=2460, M=0.1, 
PF=1): (a) SPWM, (b) THIPWM and (c) CB-SVPWM. 
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Fig. 8. Losses distribution (E=500V, ICM=20, fsw=2460, M=0.9, 
PF=-1): (a) SPWM, (b) THIPWM and (c) CB-SVPWM. 
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Fig. 9. Losses distibution (E=500V, ICM=20, fsw=2460, M=0.1, 

PF=-1): (a) SPWM, (b) THIPWM and (c) CB-SVPWM. 

 

6. Conclusion 

This paper has proposed mathematical modeling and a 

methodology to determine and investigate the losses 
distribution on a NPC inverter under different PWM 

modulation strategies: SPWM, THIPWM and CB-

SVPWM. Besides the determination of the value of the 

total losses, it can also be seen the imbalance in the 

distribution of losses. The imbalance limits the switching 

frequency and the rated current due to temperature rise. 
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