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Abstract 
Inverter dead-time effects have been investigated in past for 
three-phase voltage source inverters. Also, there have been 
some studies about multi-phase (more than three phase) in-
verters with reference to multi- phase drives. Recently, a great 
deal of research has concentrated on PWM methods suitable 
for multi-phase VSIs. All PWM methods theoretically pro-
duce sinusoidal output voltages without low-order harmonics. 
This paper analyzes the dead–time effects on output variables 
of voltages source inverters if no any compensation technique 
is applied. In particular, an overview of three-phase inverters 
is considered first. Then, a generalized extension to multi-
phase inverters is proposed and investigated in details. Theo-
retical analysis has shown that particular low-order harmonics 
appear as result of dead-times, and simulation results confirm 
the proposed analytical approach. 

1 Introduction 
Pulse-width modulation inverters have widely been used in 
motor drives. However, these inverters produce voltage dis-
tortion due to nonlinear characteristics of switching devices 
such as turn-on/turn-off times, voltage drops on switches and 
diodes. A further important non-linearity is caused by neces-
sary dead-time introduced o avoid the so-called shoot-through 
of the dc link. In fact, to guarantee that both switches never 
conduct simultaneously, a small time delay is added to the 
gate signal of the turning on device. This small time, in order 
of µs, introduces magnitude and phase errors in the output 
voltage. The voltage distortion increases with switching fre-
quency, introducing harmonic components that may cause in-
stabilities and additional losses in the machine being driven. 
Relative voltage deviation effect is more significant for 
smaller inverter output voltages [1]-[5]. 
The dead-time problem has already been investigated by the 
industry [2], [3] and various solutions have been proposed. In 
most cases the compensation techniques are based on an av-
erage value theory, the lost volt-seconds are averaged over an 
entire period and added to the commanded value. A pulse-
based compensation method has been proposed in [2], where 
the compensation is realized for each pulse. The compensa-
tion voltages in [3] are calculated by using dead-time, 
switching period, current command and dc-link voltage. Re-

gardless of the method used, all dead-time compensation 
techniques are based on polarity of the current. This is espe-
cially true around the zero-crossing where an accurate meas-
urement is needed to correctly compensate for the dead- time. 
In [4] an on-line dead-time compensation technique is pre-
sented, acquiring the additional computation burden to deter-
mine the phase angle of currents.  
The area of multiphase variable-speed motor drives, in gen-
eral, and multiphase induction motor drives, in particular, has 
experienced a substantial growth since the beginning of this 
century. Detailed overview of the current state-of-the-art in 
this area is given by [6]. The inverter dead-time effect on the 
steady-state and dynamic performances of a multi-phase in-
duction machine with current control is analyzed in [7]. The 
paper suggests a modified current control scheme that is able 
to compensate inverter dead-time and provides sinusoidal cur-
rents.

 
Although in this case it is possible to have perfect com-

pensation of dead-times, the problem remains for the drives 
that are based on machine flux estimation, since dead-time 
introduces errors if input dc voltage and switch patterns are 
used for calculations instead of actual ac output voltages. 
Analysis and compensation method for a five-leg inverter 
driving two three-phase ac motors independently has been 
done in [8]. Practically, this analysis can be simplified as for 
three-phase inverters, since the motors are independent. 
Even though the compensation of dead-times can be done on 
bases of measurement of current, never it is perfect since the 
turn-on/turn-off times are not known exactly and are depend-
ing on many factors [9], leading to either an overcompensa-
tion or undercompensation. 
This paper firstly presents a brief review of the dead-time ef-
fects in three-phase inverters, which is almost well known and 
investigated. Then, a generalized extension to n-phase invert-
ers is given, analyzing the low-order harmonics introduced in 
output phase voltages. Finally, it has been verified by numeri-
cal simulations what is the effect on output voltage of five- 
and seven-phase inverters, as examples of multi phase invert-
ers, getting results in good agreement with the proposed theo-
retical developments.   

2 Review of dead-time effect in 3-phase VSI 
The typical three-phase PWM inverter with a passive load is 
shown in Fig. 1(a). Fig. 1(b) shows a one leg PWM converter. 
It is convenient to analyze the dead-time effects from one 
phase leg converter and then to extend the results to more legs 
(phases). During the dead-time td, both of the switching de-



vices in Fig. 1(b) cease to conduct, and one of the two diodes 
conducts. If the current polarity is positive, the lower diode 
will conduct, otherwise the upper diode will conduct. 
The corresponding switching patterns and output voltages are 
shown in Fig. 2. The ideal gating pattern is shown in blue 
colour. However, in practical applications, the turn-on time of 
each switch is delayed by the dead-time td, leading to the real 
gating signals shown in red colour.  
The actual pole voltage of k-th leg (k = 1, 2, 3), ek , can be 
evaluated on the basis of the reference pole voltage, ek

*, ac-
cording to the direction of the phase current ik as: 

dkkk Visignee ∆−= )(* , (1) 

where ∆Vd is the averaged voltage contribution due to the 
dead-time td over the switching period Tc , ∆Vd =  td / Tc Vdc . 
It is assumed that the system is balanced in further analysis. 
The effects on three-phase inverters can be emphasized on the 
basis of the actual load voltage vk expressed by pole voltages: 

( ) 3/321 eeeev kk ++−= . (2) 

Introducing in (2) the actual pole voltages (1) leads to                             

kkk uvv += * ,  (3) 

being vk
* the reference load voltage 
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and uk the average load voltage error introduced by dead-time 

{ ] }3/)()()([)( 321 isignisignisignisignVu kdk +++−∆= . (5) 

The time diagram uk(t) is depicted in Fig. 3 for the first phase 
(k=1), considering three-phase sinusoidal balanced load cur-
rents, [ ]3/2)1(sin πω −−= ktIi oMk , being ωo = 2π/T. In this 
case, the harmonics content of load voltage error developed as 
Fourier series, as also mentioned in [9], is 
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Fig.  2.  Switching patterns and output voltages   

Fig. 3. Currents ik (top) and load voltage error u1 (bottom, 
normalized with respect to ∆Vd ) for three-phase inverters. 
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Fig. 1. Three-phase PWM inverter (a), and one-leg converter (b) with passive load (R-L). 



3 Extension to n-phase inverters 
Equation (2) can be generalized to multi-phase inverters as: 
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where vk and ek are load and pole voltages, and the number of 
phases n ≥ 3 is odd integer. 
Equation (7) together with (1) leads to 
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The voltage error expressed by (10) can be seen as the sum of 
two contributions: the first one corresponds to a simple unity 
square wave signal with period T, whereas the second one 
corresponds to a square wave signal with amplitude 1/n and 
period T/n, as shown in Fig. 4 (a) and (b), respectively. 
By considering also in this case sinusoidal balanced currents 

[ ]nktIi oMk /2)1(sin π−−ω= , the Fourier development of 
the load voltage error can be obtained as a combination based 
on these two signals, leading to 
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where ωo = 2π/T
 
is the fundamental frequency. 

It can be noted that all harmonic components of the second 
signal completely erase with corresponding harmonics of the 
first signal, leading to the following simplified expression 
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where h is odd integer not multiple of n. Equation (12) states 
that the harmonic spectrum of voltage error introduced by 
dead-time td almost coincides with the one of a square wave 
signal having period T and amplitude ∆Vd, just the harmonics 
with order multiple of the phase number are missing. 
The amplitude of harmonics is calculated according to (12): 

dh V
h

U ∆
π

= 14 .     (h odd integer not multiple of n) (13) 

Note that harmonics amplitude is independent of both output 
voltage amplitude and load power factor (PF = cos φ), but it 
depends on the dead-time duration td only. 

4 Effect of load power factor on output voltage 
As mentioned above, the output voltage error depends on the 
current direction, which is a function of the load power factor. 
The amplitude of fundamental voltage error is given by (13) 
with h = 1: 

dc
c

d V
T
tU

π
= 4

1 . (14) 

Defining the amplitude of the output voltage reference V*
 as 

function of modulation index m: 

dcmVV =*  (15) 
enables calculation of the fundamental of the load voltage V 
on the basis of the load power factor as [1] 

φφ 22
1

2*
1 sincos UVUV −+−= . (16) 

From (16) is possible to evaluate the amplitude of fundamen-
tal voltage error as 

2
)(4cos4)(cos2 22*22

2,1
1

VVVV
U

−+±−
=

φφ
, (17) 

where just one solution is acceptable. Eq. (17) can be used with 
simulation results to calculate U1 on the basis of V*, V, and 
cos φ. This value can be compared to the one given by (14). 
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Fig. 4. Waveforms of the two contributions to the voltage error uk  normalized with respect to ∆Vd. 



5 Numerical verification 
In order to verify the theoretical developments shown in pre-
vious sections, circuit simulations are carried out by Sim-
PowerSystems of Matlab considering three-, five- and seven-
phase inverters supplying sinusoidal balanced current sources 
having  f = 50 Hz, IM = 20 A. 
The dead-time duration is td = 20 µs, the switching frequency 
is 1/Tc = 2 kHz, and the dc voltage supply is Vdc = 200 V. 
A couple of relevant cases are considered in relation with dif-
ferent load power factors: load current in phase with voltage 
(φ = 0°, PF = 1) and load current in opposite phase with volt-
age (φ = 180°, PF = –1). 
Furthermore, different values of modulation index m are in-
vestigated (0.1, 0.2, 0.45). The harmonic spectrum of the volt-
age error is shown in all cases up to 19th harmonic compo-
nent. 

5.1 Three-phase inverters 

The output voltage error introduced by dead-time in three-
phase inverters is considered first, with reference to Section 2.  
In particular, Fig. 5 shows the harmonic spectrum of voltage 
error calculated by theory (black column at left side), and the 
corresponding values obtained by circuit simulation, consid-
ering different modulation index (m = 0.1, 0.2, 0.45, columns 
from left to right side). In Fig. 5(a) is considered the case of 
load power factor PF = 1, whereas in Fig. 5(b) is considered 
the case of load power factor PF =  –1. 
As expected, only odd-order harmonics appear also in simu-
lation results, and harmonics with order multiple of three are 
practically missing (i.e., 3rd, 9th, 15th), according to (6), with 
the only exception of small numerical noises. Furthermore, 
the amplitude of the harmonic components are practically the 
same in all cases, with a good approximation, resulting to be 
independent of both the modulation index and load power 
factor.  
 

5.2 Five-phase inverters 

Actual load voltages of five-phase inverters can be expressed 
starting from the general expressions for n-phase inverters 
(7)-(10) developed in Section 3 by setting n = 5, as 
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The time diagram uk(t) is depicted in Fig. 6 for the first phase 
(k=1), considering five-phase sinusoidal balanced load cur-
rents, [ ]52)1( /ktsinIi oMk π−−ω= . 
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Fig. 5. Harmonic spectrum of voltage error obtained by theory (calculated) and by circuit simulation for three-phase inverter 
with different modulation indexes and load power factors. 

 
Fig. 6. Currents ik (top) and load voltage error u1 (bottom, 
normalized with respect to ∆Vd ) for five-phase inverters. 



The resulting harmonic content of output voltage error can be 
expressed by setting n = 5 in (11), leading to 
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Fig. 7 shows the harmonic spectrum calculated by (21) (black 
column at left side), and the corresponding values obtained by 
circuit simulation, considering different modulation index (m 
= 0.1, 0.2, 0.45, columns from left to right side). In Fig. 7(a) 
is considered the case of load power factor PF = 1, whereas in 
Fig. 7(b) is considered the case of load power factor PF =  –1. 
As expected, also in this case, only odd-order harmonics ap-
pear in simulation results, and harmonics with order multiple 
of five are missing (i.e., 5th and 15th), according to (21). Fur-
thermore, amplitude of harmonic components are practically 
the same in all cases, resulting to be independent of both the 
modulation index and load power factor. 
 
5.3 Seven-phase inverters 

Also the actual load voltages of seven-phase inverters can be 
expressed starting from the general expressions for n-phase 
inverters (7)-(10) developed in Section 3 by setting n = 7, as 
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The time diagram uk(t) is depicted in Fig. 8 for the first phase 
(k=1), considering seven-phase sinusoidal balanced load cur-
rents, [ ]72)1( /ktsinIi oMk π−−ω= . 
The resulting harmonic content of output voltage error can be 
expressed by setting n = 7 in (11), leading to 





+



 π−−ω+



 π−−ω+





 π−−ω+



 π−−ω+









 π−−ω+



 π−−ω

π
∆−=

...)ktsin)ktsin

n
ktsin)ktsin

)ktsinktsinVu

oo

oo

oodk

13
2)1((13

13
1

5
2)1((11

11
1

)2)1((9
9
1

7
2)1((5

5
1

7
2)1((3

3
1

7
2)1(4

.
(25) 

Fig. 9 shows the harmonic spectrum calculated by (25) (black 
column at left side), and the corresponding values obtained by 
circuit simulation. Also in this case, different modulation in-
dex are considered (m = 0.1, 0.2, 0.45, columns from left to 
right side), whereas the load power factor is set to 1 and to –1  
with reference to Fig. 7(a) and Fig.7(b), respectively. 

 
Fig. 8. Currents ik (top) and load voltage error u1 (bottom, 
normalized with respect to ∆Vd ) for seven-phase inverters. 
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Fig. 7. Harmonic spectrum of voltage error obtained by theory (calculated) and by circuit simulation for five-phase inverter with 
different modulation indexes and load power factors. 



As expected, also in this last case, only odd-order harmonics 
appear in simulation results, and harmonics with order multi-
ple of seven are missing (here just 7th can be noticed), ac-
cording to (25), with the only exception of small numerical 
noises. Furthermore, amplitude of harmonic components are 
practically the same in all cases, resulting to be independent 
of both the modulation index and load power factor. 

6 Conclusion 
The switching time delay in a PWM inverter has effects on 
inverter operation. It causes a decrease in the fundamental 
component of output voltages and it introduces low-order 
harmonics. This paper initially presents a brief review of the 
dead-time effects in three-phase inverter and, further on, an 
analytical extension to n-phase inverters, analyzing the low-
order harmonics introduced in output phase voltages. Using 
numerical circuit simulations it has been shown that the effect 
on output voltage of three- five- and seven-phase inverters, as 
examples of n phases, is in good agreement with proposed 
analytical developments. 
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Fig. 9. Harmonic spectrum of voltage error obtained by theory (calculated) and by circuit simulation for seven-phase inverter 
with different modulation indexes and load power factors. 


