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Abstract 

 

This paper presents two advanced hybrid pulse-width modulation (PWM) strategies for multilevel inverters (MLIs) that 
provide both common-mode voltage (CMV) elimination and current ripple reduction. The first PWM utilizes sequences that 
apply one switching state at the double ends of a half-carrier cycle. The second PWM combines the advantages of the former and 
an existing four-state PWM. Analyses of the harmonic characteristics of the two groups of switching sequences based on a 
general switching voltage model are carried out, and algorithms to optimize the current ripple are proposed. These methods are 
simple and can be implemented online for general n-level inverters. Using a three-level NPC inverter and a five-level CHB 
inverter, good performances in terms of the root mean square current ripple are obtained with the proposed PWM schemes as 
indicated through improved harmonic distortion factors when compared to existing schemes in almost the entire region of the 
modulation index. This also leads to a significant reduction in the current total harmonic distortion. Simulation and experimental 
results are provided to verify the effectiveness of the proposed PWM methods. 
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I. INTRODUCTION 

In recent years, multilevel inverters (MLIs) have been 
increasingly used in industry, especially in high-power inverter- 
fed medium-voltage (MV) drive applications [1]. Fig. 1 presents 
two popular topologies of an inverter-fed induction motor using 
MLIs including a five-level (5L) NPC inverter [Fig. 1(a)] and a 
5L CHB inverter [Fig. 1(b)]. MLIs with multiple output 
voltage levels offer advantages over conventional two-level 
(2L) inverters such as an increased power rating, generation of 
output voltages with improved harmonic distortion, and reduced 
CMV [1]. In addition, based on a high number of switching 
states, many PWM techniques (PWMs) involving efficiency 
improvements such as reduced CMV, reduced current distortion, 

and lower switching losses have been developed. 
Common-mode voltages (CMVs) are associated with 

excessive bearing currents, which can cause premature motor 
bearing failure and electromagnetic interference [2], [3]. To 
mitigate the ill effects of CMV, enhanced PWMs using MLIs 
have attracted a lot of attention from researchers. In general, 
reduced CMV PWMs are classified into two groups. One 
group is related to partially eliminated CMV PWMs [4]-[7], 
while the other group is related to ZCMV PWMs [8]-[15]. 

In the application of PWM inverter-fed drives, current 
ripple is closely related to undesirable torque pulsation and 
additional PWM loss. For decades, harmonic investigation has 
been a subject of intensive research. Methods for reduced 
current ripple mainly involve the division of zero vector time 
[18]-[20], discontinuous PWMs [16], [24], [25], the division 
of active vector time [27], [33], and hybrid PWMs [20], [23].  

Despite a greatly improved CMV when compared to 
traditional PWMs, the load current distortion with ZCMV 
PWMs is increased due to the use of the non-nearest vector in 
the space vector diagram [12]. This effect becomes more  
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(a) 

 
(b) 

Fig. 1. Five-level inverter-fed induction motor. (a) Five-level 
NPC inverter. (b) Five-level CHB inverter. 

 
obvious in applications where a low switching frequency is 
preferred, such as high-power medium-voltage drives.  

Up to now, most of the works concerning the improvement 
of current distortion have been confined to PWMs without 
consideration of the CMV. Recently, reduced current ripple 
PWMs for MLIs under the ZCMV condition have been reported 
in [13]-[15]. In [13], the sequences of three switching states per 
half-carrier cycle are covered. Based on switching voltage 
modeling generalized for a three-state PWM scheme with 
reduced switching loss, namely RL3ZS-PWM [12], a three- 
state ZCMV PWM strategy for reduced current ripple, namely 
RR3ZS-PWM, is developed. This method results in an improved 
root mean square (RMS) current ripple when compared to the 
RL3ZS-PWM in the entire modulation region of an n-level 
inverter, under various phase displacements [13]. The authors 
of [14] introduced a reduced current ripple PWM scheme, 
namely RR4ZS1-PWM, which covers four-state sequences of 
identical first and third states (or second and fourth states). The 
authors of [15] focused their investigation on sequences with 
identical first and fourth states for a three-level inverter. They 
also proposed an optimal algorithm that achieves a considerably 

improved harmonic performance when compared to previous 
works.      

Four-state sequences, which are characterized by the double 
application of one among three active ZCMV vectors in a 
half-carrier cycle, can be classified into two groups. Group I 
includes the modified sequences presented in [14], while group 
II contains those with identical first and the fourth states [10], 
[15]. So far, the current ripple characteristics in a general 
n-level related to the four-state sequences in group II have not 
been investigated.  

In this paper, two enhanced online PWM schemes for 
reduced current ripple in MLIs are proposed. Firstly, this paper 
formulates four generalized PWM patterns. Based on these 
patterns, all of the available four-state switching sequences in 
MLIs from group I and group II are deduced. This paper also 
thoroughly investigates the current ripple characteristics 
pertaining to the two groups of sequences. Secondly, an optimal 
PWM for a reduced RMS current ripple based on the sequences 
in group II, namely RR4ZS2-PWM, is generalized for an 
n-level inverter. Finally, an online hybrid PWM scheme, 
hereafter referred to as HRR4ZS-PWM, that combines the 
optimal sequences of the two mentioned groups is proposed to 
further improve the RMS current ripple.  

The harmonic performances with the generalized RR4ZS2- 
PWM, and the further developed hybrid scheme HRR4ZS- 
PWM are investigated, and compared with those of the 
RR3ZS-PWM [13] and RR4ZS1-PWM [14].  

This paper has analytically verified that both the proposed 
RR4ZS2-PWM and HRR4ZS-PWM have considerably 
improved RMS current ripple. In particular, the HRR4ZS- 
PWM, which combines the advantages of the proposed 
RR4ZS2-PWM and the RR4ZS1-PWM in [14], has the best 
harmonic performance when compared to the PWMs presented 
in [12]-[15]. The algorithms are straightforward to implemente 
online for a general n-level inverter using a digital signal 
processor controller.    

Simulation and experimental results obtained from a 5L 
CHB inverter-fed volt-per-hertz (V/f) controlled induction 
motor have been presented to confirm the effectiveness of the 
proposed PWMs in eliminating CMV and reducing current 
distortion. 

 

II. GENERALIZED ZCMV PWM SEQUENCES FOR 

MULTILEVEL INVERTERS 

A. Switching Voltage Modeling of ZCMV PWM Control 
for Multilevel Inverters 

CMV can be expressed in terms of pole voltages (each of 
which is measured from one output terminal to the mid-point 
O of the DC-link voltage) as [4]-[7]: 

 = = ( + + )3 	 (1)
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Assume that each DC-link voltage, defined as  in Fig. 
1, is an ideal DC voltage. For a three-phase n-level inverter, 
the modulation index can be defined as: 

 = − 1√3  
(2)

 

where  is the peak magnitude of the fundamental phase 

voltage, and ( − 1) /√3 is the maximum value of  
that the inverter can produce in the linear PWM control. Under 
the ZCMV condition, the maximum value of is( −1) /2, which limits the maximum modulation index in (2) 
to 0.866. 

It has been demonstrated in [12] that the analytical 
processes for the NPC MLIs and CHB MLIs can be unified 
by a simple voltage modeling related to the normalized 
switching voltage ( = , , ). is defined by (3), 
where , , ,…,  represent the states of the 
switches , ,…,	 , which are designated in 
Fig. 1 for the A-phase, and  is 1 if  is on; 
otherwise, its value is 0. 

 = = + − 12 , = , ,  (3)

 

For diode-clamped inverter topologies, the additional 
constraint of , ∈ {1, … , − 1} in (3) is expressed as:  

 ≤ ≤ ⋯ ≤ ( ) ≤ ( ) , = , ,  (4)
 

The voltage  can be decomposed into two components 
as in (5), where represents the base component of , 
and  is the active component of , where the value is 0 
or 1.  = + , = , ,  (5)

The average value of  can be expressed as:  
 = + , (0 ≤ ≤ 1, = 1	 	 = − 1) (6)
 

where	 ( , , ) is the average value of  in a carrier cycle. 
The base voltage and active voltage components are 

deduced from  as follows: 
 = ( )	 	 < − 1− 2			 	 = − 1  (7)0 ≤ ≤ − 2; = , , 	 = − , = , ,               (8) 

where	 ( ) is a function that returns the nearest lower 
integer value of .   

B. Four Generalized ZCMV PWM Patterns 

The total base voltage  and total active voltage  are 
defined as: 

 = + +  = + +  
(9)

Fig. 2. Conditions of FL and the active switching states due to 
the ZCMV PWM control. 

 

(a) (b)

Fig. 3. Two generalized PWM patterns for the sequences of 
group I (in one half-switching cycle). (a) Pattern I (FL = 
3(n-1)/2-1). (b) Pattern II (FL = 3(n-1)/2-2). 

 

(a) (b) 
Fig. 4. Two generalized PWM patterns for the sequences of 
group II (in one half-switching cycle). (a) Pattern I (FL = 
3(n-1)/2-1). (b) Pattern II (FL = 3(n-1)/2-2). 

The ZCMV constraint leads to the conditions of  (or ) 
and the active switching states ( ,  and ) as illustrated 
in Fig. 3.  

Fig. 3 and Fig. 4 present four generalized PWM patterns 
that can be utilized to derive all of the four-state PWM 
sequences in MLIs. The two pairs of patterns presented in Fig. 
3 and Fig. 4 cover the sequences from group I and group II, 
respectively. The method of generating optimal sequences is 
presented in [14] for the sequences of group I. Meanwhile, it 
has yet to be developed for group II.   

Considering Fig. 4, the -phase is defined as the phase 
where the corresponding first half of the active sequence is 
0→1→0→0 for pattern I (or 1→0→1→1 for pattern II). 
Similarly, the -phase and -phase correspond to the 
sequences 0→0→1→0 for pattern I (or 1→1→0→1 for 
pattern II) and 1→0→0→1 for pattern I (or 0→1→1→0 for 
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pattern II). ,  and  denote the three phase active 
switching states corresponding to the ,  and  phases. 
In the first half of pattern I, it is shown that ( , , ) = 
(0, 0, 1) is applied during the first and third time intervals of 
the half-carrier cycle with the sequences in group I, while it is 
distributed at the two ends with the sequences in group II. 

The average values of ,  and  in one carrier 
cycle are defined as ,  and . Different three-phase 
mappings result in different three-phase active switching 
sequences. The duty cycles based on the two generalized 
PWM patterns of group II can be calculated as follows:  

 = /4= /2= /2 − − for Pattern I (10)

 = (1 − ) /4= (1 − ) /2= /2 − −  for Pattern II (11)

III. PROPOSED PWM ALGORITHMS FOR REDUCED 

OUTPUT-CURRENT RIPPLE IN MULTILEVEL 

INVERTERS 

A. Current Ripple Characteristics in MLIs under the 
Condition of Zero CMV 

The approximate current ripple expression of an X-phase 
in the Nth carrier cycle is described as follows [16]: 

 ̃ = 1 ( − ∗ ) , = , ,( )
 (12)

 

where  and ∗  are the phase voltages measured from 
an X-terminal (X = A, B, C) to the load neutral N and its 
average value over one carrier cycle, respectively.  ̃  in (12) can also be expressed in terms of the X-phase 
harmonic flux as: 

 ̃ = 1 , = , ,  
(13)

 

It has been demonstrated in [13] that the load current ripple 
analysis of an n-level inverter under the condition of ZCMV 
can be simplified to that of a 2L inverter. This is due to the 
X-phase harmonic flux derived in the following equation:  

 = − 1 ( − ) , = , ,( )
 

 
(14)

 

where = ( − 1) , known as a generalized voltage 
factor, has a value that is the same for MLIs with an equal 
maximum linear output voltage.  

For example, considering the two generalized PWM patterns 
described in Fig. 4, six types of active switching voltage 
waveforms can be classified. Since these waveforms are 
double-sided, it is sufficient to analyze the harmonic fluxes in  

Fig. 5. Harmonic flux trajectories in the first half-carrier cycle 
corresponding to the phases of the sequences in group II. (a) 

-sequence (pattern I). (b) -sequence (pattern II). (c) - 
sequence (pattern I). (d) -sequence (pattern II). (e) 

-sequence (Pattern I). (f) -sequence (Pattern II).   

 
one half-carrier cycle. The harmonic flux trajectories in the 
first half-carrier cycle corresponding to the switching voltage 
waveforms in Fig. 4 are illustrated in Fig. 5.  

B. Proposed Generalized Optimal Algorithm for Reduced 
RMS Current Ripple Based on the Sequences in Group 
II 

A four-state ZCMV PWM with reduced RMS current 
ripple generalized for an n-level inverter using sequences from 
group I was presented in [14]. In this paper, a generalized 
optimal algorithm based on sequences from group II is firstly 
investigated. Then a hybrid PWM that combines the optimal 
sequences from groups I and II is further developed. 

The mean-square value of the harmonic flux (over one 
carrier cycle) corresponding to the -sequence (i = 1, 2, 3) in 

Fig. 6 is determined as:  
 

= 2 ( )
( ) , ( = 1,2,3)  

(15)

 

By using a mathematical development similar to those used 
in [13], [14], , ,  are obtained as follows: 

 = ( + 3 − 2 + 1)  = ( + 3 − 2 + 1)  = (1 − )  

(16)

(17)

(18)
 

where = /(48( − 1) ). ( = 1,2,3) is defined as the normalized value of  
expressed as: 

 = , ( = 1,2,3) (19)

Then the total normalized mean-squared harmonic flux of  
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(a) 

 
(b) 

Fig. 6. Characteristics of  corresponding to PWMs with    → , →  and → , and the RR4ZS2-PWM at: (a)  
= 0o. (b)  = 15o. 

 

three phases (over one carrier cycle) is expressed as follows: 
 = +	 +  (20)
 

In total, there are six possible three-phase mappings:    ( → , → , → ) ,  ( → , → , → ) ,  ( →, → , → ) ,  ( → , → , → ) ,  ( →, → , → ), and ( → , → , → ). Since the 
sum of  and	  is the same when altering the roles of 
the sequences  and , the values of  are limited to 
those corresponding to three ways of single-phase mapping 
:	 → , →  and → . 

To achieve the objective of reducing the RMS current ripple, 
a method for determining the optimal mapping corresponding 
to the lowest  of the sequences in group II is investigated. ( → ) (X = A, B, C) is defined as the value of  

due to mapping X→Y3. At the instant of sampling, the 
mapping A→Y3 is selected when the condition expressed 
below is satisfied: 

( → ) = min ( → ), ( → ), ( → ) , 
 	 = , ,                 (21) 

Taking (16)-(20) into account, solving (21) leads to the 
following condition: 

 = ( , , ) (22)
 

For pattern II, the calculating process regarding the 
harmonic flux trajectories illustrated in Fig. 5(b)-(f) leads to:  

 = ( , , ) (23)
 

Similarly, the conditions of using the mappings B→Y3 and 

C→Y3 are derived as: = ( , , )	 	 	= ( , , )	 	 	  (24)= ( , , )	 	 	= ( , , )	 	 	  (25)

 

The rules for the  and  sequences selection are 
designed for the symmetrical distribution of output voltage 
waveforms. Suppose the mapping A→  is utilized. Then 
the mappings of the B and C phases are obtained from the 
conditions as: ≥ : → , →< : → , →  for Pattern I 

(26)
 

and: 
 < : → , →≥ : → , →  for Pattern II 

(27)

 

Fig. 6 shows the comparative characteristics of  due to 
four PWMs using the sequences from group II, including 
those with → , →  and → , and the optimal 
RR4ZS2-PWM, at = 0 (Fig. 6(a)) and = 15  (Fig. 
6(b)). As can be seen in Fig. 6(a), the curve corresponding to 
the RR4ZS2-PWM at = 0  is the lowest when compared 
to the others. The optimal curve is identical to one with the 
mapping →  in the ranges of 0 ≤ m ≤ 0.29 and 0.58 ≤ m 
≤ 0.866, which is identical to the slices corresponding to the 
mappings →  and →  in the remaining range. At m 
= 0.43, the worst value of  is 6.4x10 , which falls into 
the case of → . In addition, by using the optimal 
mapping of →  (or → ),  can be reduced by up 
to 74.6%. Similarly, the comparison in Fig. 6(b) indicates the 
optimal curve of with the RR4ZS2-PWM at = 15 . 
The optimal mappings of →  at m = 0.24 and →  
at m = 0.866 result in  with 56.4% and 64.57% 
reductions when compared to the worst case.   

C. Proposed Hybrid Optimal PWM for Reducing RMS 
Current Ripple 

From (16)-(23), optimal surface of the total normalized 
mean-squared harmonic flux of three phases based on the 

sequences from group II can be determined. ,  and 

 are defined as the maximum, medium and minimum 

values of ,  and . Then the optimal value of  for 
pattern I based on group II is derived as: 

 _ = ( + 3 − 2 + 1 +( + 3 − 2 + 1)+ (1 − )  
(28)

 

where = 1/(48( − 1) ).  
For group I of the sequences, a similar mathematical 

development as in (16)-(23) for group II results in the optimal 
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(a)                   (b) 

Fig. 7. Regional divisions of two medium triangles with the 
proposed HRR4ZS-PWM. 

 

 

 
Fig. 8. Regional division of a space-vector diagram of a five- 
level inverter with the proposed HRR4ZS-PWM. 

 
 = 4 (1 −  

     + ( + 3 − 2 + 1) 

     + ( + 4 − )) 
 
(29) 
 

Since the proposed hybrid PWM HRR4ZS-PWM covers 
the groups I and II, its minimum  is the lowest between 
the two values in (28) and (29), which is expressed as: 

 _ = min 1, 2  (30)

 

By solving (30), a simple condition for optimal sequences 
selection with the HRR4ZS-PWM is finally derived for 
pattern I as: 2 (1 − ) ≥ : 4 2 

else: RR4ZS1 

(31) 

 

A similar mathematical development applied to pattern II 
leads to the following condition: 

 2 (1 − ) ≥ (1 − )(1 − ) ∶ 4 2 

else: RR4ZS1 

(32)

 
Fig. 9. Proposed flow diagram of a hybrid ZCMV PWM applied 
to MLIs for reducing current ripple. 
 

Fig. 7 illustrates the regional divisions of the two medium 
triangles in Fig. 2 using the HRR4ZS-PWM. In each medium 
triangle, three regions in green, which are contiguous to its 
three sides, are applied with the RR4ZS1-PWM. Meanwhile, 
the middle region is applied with the RR4ZS2-PWM. The 
regional division can then be generalized for a 5L inverter as 
shown in Fig. 8. 

A flow diagram of the proposed hybrid PWM is illustrated 
for an n-level inverter as shown in Fig. 9. The RR4ZS2-PWM 
algorithm has been presented in Section II.B of this paper. A 
detailed description of the RR4ZS1-PWM can be found in 
[14].     

Fig. 10(a)-(c) shows the evaluated characteristics of  
due to the RR4ZS1-PWM, the RR4ZS2-PWM and the 
HRR4ZS-PWM in the range of −30 ≤ 	 ≤ 30  using a 
5L inverter.  

The  characteristics due to the three PWMs at           = 0 and = 15 are shown in Fig. 11(a) and Fig. 11(b), 
respectively. It can be seen that the proposed RR4ZS2-PWM 
has a better performance in terms of  over the RR4ZS1- 
PWM in a wide modulation region. For example, at ( = 0 , 
m = 0.29) and ( = 15 , m = 0.54), the RR4ZS2-PWM 
yields 33.1% and 37.1% reductions of  over the 
RR4ZS1-PWM. In the regions of 0.39≤ m ≤ 0.48 at = 0 , 
0.39 ≤ m ≤ 0.48, 0.63 ≤ m ≤ 0.77 and 0.84 ≤ m ≤ 0.866 at = 15 , the RR4ZS1-PWM has lower . For example, at 
( = 0 , m = 0.42) and ( = 15 , m = 0.86), the values 
with the RR4ZS1-PWM are 6.05% and 11.3% lower when 
compared to those of the RR4ZS2-PWM.   
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(a) 

 
(b) 

 
(c) 

Fig. 10. Total normalized mean-squared harmonic flux characteristic 
in the range of−30 ≤ 	 ≤ 30 due to: (a) RR4ZS1-PWM. (b) 
Proposed RR4ZS2-PWM. (c) proposed HRR4ZS-PWM. 
 

 
(a) 

 
(b) 

Fig. 11. Characteristics of  corresponding to the RR4ZS1- 

PWM, the proposed RR4ZS2-PWM and the HRR4ZS-PWM at: 
(a) =0o. (b) =15o. 

As indicated in Fig. 11, by further combining advantages 
of the sequences from groups I and II using the algorithm in 
Fig. 9, the HRR4ZS-PWM results in the optimal  among 
those due to the four-state RR4ZS1-PWM and the RR4ZS2- 
PWM in the entire modulation region.   

 

IV. HARMONIC DISTORTION FACTOR 
 

The RMS value of the total normalized mean-squared 
harmonic flux in one output phase (for example, A-phase) is 
determined as follows: 

= 1 ( )  

 
(33)

where: = →→→ , 	 	  
 
(34)

= →→→ , 	 	  
 
(35)

 

and = 2 ,  is the output fundamental frequency. 
The  in (33) is utilized as a harmonic distortion 

factor to theoretically evaluate the A-phase RMS current 
ripple [13], [14]. Since there is a total of eight commutations 
per carrier cycle with the three-state ZCMV PWM and twelve 
commutations with four-state ZCMV PWM, utilizing the 
same carrier frequency results in a 1.5 times increase in the 
average switching frequency (over one fundamental period) 
with the latter over the former. In order to equalize the 
average switching frequencies, the carrier frequency of the 
three-state PWM must be 1.5 times that of the four-state 
PWM. This leads to	 values corresponding to the four- 
state PWMs being multiplied by a factor 1.5 [13], [14].  

The  function is evaluated with existing reduced 
current ripple PWMs including the RR3ZS-PWM, RR4ZS1- 
PWM, and the proposed RR4ZS2-PWM and HRR4ZS-PWM. 
Comparative characteristics of the are shown in Fig. 
12(a) for a 3L inverter and in Fig. 12(b) for a 5L inverter.  

As indicated in Fig. 12(a), the RR4ZS2-PWM has superior 
harmonic performance over both the RR3ZSPWM and the 
RR4ZS1-PWM in a wide modulation region of a 3L inverter. 
For example, at m = 0.6, reductions in the  with the 
RR4ZS2-PWM over the RR3ZS-PWM and RR4ZS1-PWM 
are 5.3% and 11.6%, respectively. When applying the proposed 
extended RR4ZS2-PWM algorithm for a 5L inverter, a 
significant harmonic improvement is obtained as illustrated in 
Fig. 12(b). For example, at m = 0.7, the RR4ZS2-PWM 
reduces the HDFA by 9.3% and 6.2% over the RR3ZS-PWM 
and RR4ZS1-PWM, respectively.  

One can see that there are regions of  improvement 
with the RR4ZS1-PWM over the RR4ZS2-PWM. For example,  

n

n
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(a) 

 
(b) 

Fig. 12. Harmonic distortion factor characteristics with the 
RR3ZSPWM, RR4ZS1-PWM, RR4ZS2-PWM and HRR4ZS- 
PWM of a: (a) Three-level inverter. (b) Five-level inverter. 
 
the high modulation region of m ≥ 0.82 of a 3L inverter, and 
the middle region of 0.41≤ m ≤ 0.48 of a 5L inverter. It is 
indicated in Fig. 12 that the HRR4ZS-PWM further improves 
the harmonic performance of MLIs by using the advantages 
of the optimal sequences of both the RR4ZS1- PWM and the 
RR4ZS2-PWM. When compared to all of the presented 
PWMs, the HRR4ZS-PWM results in the lowest value of 

 in the all of the modulation regions of the two inverter 
topologies. The regions of significant improvements using the 
HR4ZS-PWM over the RR4ZS2-PWM are magnified in both 
figures. For the 3L inverter, the HRR4ZS-PWM has 2.1% 
and 3.1% lower  values when compared to the 
RR4ZS2-PWM at m = 0.2 and m = 0.85, respectively. At m = 
0.1, m = 0.46 and m = 0.866 of the 5L inverter, there are 
2.2%, 4.2% and 2.2% reductions of the , respectively. 
Hence, it can be concluded that the HRR4ZS-PWM 
effectively combines the RR4ZS1-PWM in [14] with the 
proposed generalized RR4ZS2-PWM to further reduce the 
harmonic distortions in MLIs. 

 

V. DEAD-TIME EFFECT ANALYSIS 

As analyzed in Section II, the CMV using the proposed 
PWMs is always zero, considering the use of ideal switching 
components. In a real design, where the rising time and 
falling time of the switching devices are taken into account, a 
dead-time interval should be inserted between the switching  

(a) (b) 

Fig. 13. Conducting path of phase A of a 5L NPC inverter when > 0 during: (a) = 0. (b) = . 

 

 
(a) (b) 

Fig. 14. Switching signals and pole voltage  with transition of 
 when > 0. (a) 0 → . (b) → 0. 

 
signals corresponding to complementary SWs (for example, 

 and 	 ) to avoid short circuits. Depending on the 

current direction of the switching phase, the switching can be 
simultaneous or delayed by one dead-time interval. This leads 
to the appearance of CMV spikes when using the ZCMV 
PWM methods.            

Assuming that > 0, the conducting paths of phase A of 
a 5L NPC when = 0 and =  are illustrated in Fig. 
13(a) and Fig. 13(b), respectively. When considering the 
switching transition from = 0 to = , the switching 
state of ( , , , ) is changed from (0,0,1,1) 
to (0,1,1,1). The switching signal  and its 

complementary 	 are flipped from 0 to 1 and from 1 to 0, 

respectively. The switching signals, when deadtime is added 
to the transition, are illustrated in Fig. 14. 

From Fig. 13 and Fig. 14, it is obvious that  cannot flow 
through  until this switch is on. Thus, the positive 
current  delays the transition of the pole voltage  by an 
interval equal to the deadtime. A similar analysis is applied to 
the case where the transition is from =  to = 0, as 
shown in Fig. 14(b). In this case, there is a simultaneous 
transition since the freewheeling diode, shown in Fig. 13(a), 
allows positive current to flow through.   

O
g

Ai

dcV

dcV

dcV

dcV

1ASW

2ASW

3ASW

4ASW

1ASW

2ASW

3ASW

4ASW

A

dcV

O

dcV

dcV

dcV

g

Ai

1ASW

2ASW

3ASW

4ASW

1ASW

2ASW

3ASW

4ASW

A

2 ASWg

2 ASW
g

0

dcV

AV

deadtime

0
1

1

0

2 ASWg

2 ASW
g

dcV

0AV

deadtime

0
1

0
1

 

 



 New Generalized PWM Schemes for Multilevel Inverters Providing …  915 
 

 
Fig. 15. Group I switching sequence and its CMV when i_A>0, 
i_B<0 and i_C>0. (a) Without considering the dead-time effect. 
(b) Considering the dead-time effect. 
 

 
Fig. 16. Group II switching sequence and its CMV when i_A>0, 
i_B<0 and i_C<0. (a) Without considering the dead-time effect. 
(b) Considering the dead-time effect. 

 
Fig. 15 and Fig. 16 show a comparison of the Group I   

three-phase switching sequence (0, , − ) → (0,2 , −2 ) → (0, , − ) → ( , , −2 ) with and without considering 
the dead-time effect, when > 0, < 0, > 0 . A CMV 
waveform is illustrated in each case. It can be seen that there 
is a spike, whose magnitude is − /3 , in the CMV 
waveform when adding deadtime. Similarly, the dead-time 
effect can be seen when investigating the Group II 
three-phase switching sequence (0,− , )→( , − , 0) → 

(0,0,0) → (0,− , ), when > 0, < 0, < 0, as show in 
Fig. 16. In this case, the magnitude of the CMV is /3, as 
indicated in Fig. 16(b). 

The dead-time effect can be solved by either shifting the 
dead-time in a software program [9] or by adding an extra 
circuit [11].  

 

VI. SIMULATION AND EXPERIMENTAL RESULTS 

A. Simulation Results 

Using a 3L NPC inverter and a 5L CHB inverter, the 
performances of the proposed generalized RR4ZS2-PWM 
and the HRR4ZS-PWM when compared to those of the 
RR3ZS-PWM and the RR4ZS1-PWM are investigated through 
simulations. For gaining the maximum value of 380V RMS 
of the output line voltage in the linear range, the values of the 
DC-link voltage  in the 3L inverter and the 5L inverter 
are set to 310 V and 155.5 V, respectively. For equal average 
switching frequencies, the carrier frequency of the RR3ZS- 
PWM is set to 2.7 kHz, and those corresponding to the 
four-state RR4ZS1-PWM, RR4ZS2-PWM and HRR4ZS- 
PWM are set to 1.8 kHz.  

Comparison of the current THD values (THDs) with the 
four PWMs can be implied by that of the WTHD values 
(WTHDs) calculated from the obtained simulated waveform 
of the line voltage [20].   

Fig. 17 (a) presents the WTHD characteristics of the RR3ZS- 
PWM, RR4ZS1-PWM, RR4ZS2-PWM and HRR4ZS-PWM 
versus the modulation index at an output frequency of 25 Hz 
for a 3L NPC inverter. Similar WTHD characteristics are shown 
in Fig. 17(b) for a 5L CHB inverter. For both topologies, it 
can be seen that there are improvements in terms of the 
WTHD with the RR4ZS2-PWM and the HRR4ZS-PWM in 
the modulation regions corresponding to their improved 

, as presented in Fig. 12. The HRR4ZS-PWM has the 
best WTHD performance when compared to all of the other 
PWMs. For the 3L NPC inverter, the WTHD reductions with 
the HRR4ZS over the RR3ZS, RR4ZS1 and RR4ZS2 are 
11.93%, 5.5% and 2.43% at m = 0.2. In addition, they are 
19.56%, 1.6%, and 3.45% at m = 0.85. For the 5L inverter, 
these percentages are 11.93%, 5.54% and 2.43% at m = 0.1, 
and 13.2%, 2.76% and 2% at m = 0.866.   

Fig. 18 presents simulated waveforms of a 5L cascaded 
inverter-fed / -controlled induction motor. The three- 
phase induction motor has the following parameters: stator 

resistance = 8.68, rotor resistance = 8.3, stator 
leakage inductance = 17.5mH, rotor leakage inductance 

= 17.5mH, and magnetizing inductance  = 0.862H. 
The induction motor is operated with constant /  control 
and the /  ratio is fixed. As a result, the rated line voltage 
of 380V (RMS) corresponds to the rated frequency of 50 Hz. 

The rotor speed, when the output frequency changes from 25	  to 50	 , is presented in Fig. 18(a). The three-phase  
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(a) 
 

(b) 
Fig. 17. Simulated WTHD characteristics with the RR3ZS-PWM, 
RR4ZS1-PWM, RR4ZS2-PWM and HRR4ZS-PWM at fo = 25 
Hz using a: (a) 3L NPC inverter. (b) 5L CHB inverter. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 18. Simulation waveforms of a 5L inverter-fed /  
controlled induction motor, operating from 25 Hz to 50 Hz, using 
the proposed HRR4ZS-PWM method. (a) Rotor speed. (b) Stator 
currents. (c) Common-mode voltage. 

 
Fig. 19. Simulated waveform of the common-mode voltage of a 
5L inverter-fed induction motor with /  control, operating 
from 25 Hz to 50 Hz, using the traditional sine-PWM method 
(SPWM). 

 

 

Fig. 20. Experimental model of a 5L CHB inverter-fed induction 
Motor. 

 
stator current and CMV waveforms are shown in Fig. 18(b) 
and Fig. 18(c), respectively. It can be seen that zero CMV 
with the proposed HRR4ZS is obtained regardless of changes 
in the rotor speed.  

CMV with the traditional sine-PWM (SPWM) under the 
same operating conditions as those in Fig. 18 is shown in Fig. 
19. The CMV has a large magnitude and its peak value is 
roughly 311 V. A comparison between Fig. 18(c) and Fig. 19 
indicates a significant improvement of the CMV with the 
proposed HRR4ZS PWM over the SPWM. 

B. Experimental Results 

The proposed PWMs are experimentally validated on a 5 
KVA 5L CHB inverter-fed 2HP 380V-50Hz Y-connected 
induction motor. The experimental model is shown in           
Fig. 20.  

Each H-Bridge of the power circuit is made up of IGBTs 
(FGL-60N100-BNTD). The DC voltage on each H-Bridge is 
held constant at 155.5V. The rating of each DC-link capacitor 
used for the experimental setup is 10000µF. All of the PWM 
algorithms are implemented on a TMS320F28335 DSP 
microcontroller. The experimental carrier frequencies are 
2.7kHz and 1.8kHz for the three-state and four-state PWMs, 
respectively.  

The Y-connected induction motor has the same parameters 
and /  ratio as the one used for the simulation verification 
in Section VI.A.   

The CMV is measured from the load neutral  to the 
mid-point  of the DC-link voltage as indicated in Fig. 1(b). 
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(a)  (b) 

Fig. 21. Experimental CMV waveforms and CMV harmonic spectra at fo= 50 Hz using a five-level CHB inverter with the: (a) 
RR4ZS2-PWM. (b) HRR4ZS-PWM. 

 

 
(a)  (b) 

Fig. 22. Experimental waveforms of stator current at fo= 25 Hz with the: (a) Proposed RR4ZS2-PWM. (b) Proposed HRR4ZS-PWM (Y 

axis: 0.5A/div, X axis: 10ms/div).  

 
Fig. 21(a) and Fig. 21(b) show experimental CMV waveforms 

and corresponding harmonic spectra with the proposed 
RR4ZS2-PWM and HRR4ZS-PWM at an output frequency 
of 50 Hz. From the FFT analysis, it can be seen that the 
proposed PWMs result in CMVs with a significant reduction 
in the magnitudes of the harmonic components when 
compared to the conventional SPWM, as investigated in [12]. 
It can be observed that the high frequency spikes with the 
highest magnitude of 50V appear in the experimental CMV 
waveforms. This is due to the dead-time effect, which has 
been theoretically studied in Section V.  

Fig. 22(a) and Fig. 22(b) present experimental stator 
currents with the proposed RR4ZS2 PWM and HRR4ZS 
PWM at  = 25 Hz (m = 0.433) and = 50	  (m = 
0.866), respectively. The instantaneous current ripple can be 
obtained by subtracting the fundamental current component 
from the stator current. As a post-processing step, a low-pass 
filter (LPF) is applied to remove the switching noise in the 

current ripples. Since the switching noise has a much higher 
frequency than the highest switching frequency of 2.7	 , a 
cut-off frequency of 30 kHz is selected. The transfer function 
of the LPF is designed as follows: 

 ( ) = 11 + /2  
(36)

where = 30	  is the desired cutoff frequency. 

Current ripple waveforms using the RR3ZS-PWM, 
RR4ZS1-PWM, RR4ZS2-PWM and HRR4ZS-PWM at =25	  and = 50	  are presented in Fig. 9 and Fig. 10, 
respectively. The RMS current ripple value calculated over a 
fundamental period is also provided in each case. 

It can be observed that both the proposed RR4ZS2-PWM 
and HRR4ZS-PWM result in good performances in terms of 
the current ripple. The RR4ZS2-PWM has a 3% higher RMS 
current ripple than the RR4ZS1-PWM at = 25	 . At = 50 Hz, the RMS current ripple with the RR4ZS2-PWM  
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(a)  (b) 

Fig. 23. Experimental waveforms of stator current at fo= 50 Hz with the: (a) Proposed RR4ZS2-PWM. (b) Proposed HRR4ZS-PWM (Y 

axis: 0.5A/div, X axis: 5ms/div). 
 

 
  (RMS value: 0.079 A)  (RMS value: 0.065 A) 

(a)  (b) 

 
  (RMS value: 0.067 A)  (RMS value: 0.064 A) 

(c)  (d) 

Fig. 24. Experimental waveforms of phase current ripple at fo= 25 Hz with the: (a) RR3ZS-PWM. (b) RR4ZS1-PWM. (c) Proposed 

RR4ZS2-PWM. (d) Proposed HRR4ZS-PWM.  
 

 
  (RMS value: 0.076A)  (RMS value: 0.0737 A) 

(a)  (b) 

 
  (RMS value: 0.0715 A) (RMS value: 0.07 A) 

(c)  (d) 

Fig. 25. Experimental waveforms of phase current ripple at fo= 50 Hz with the: (a) RR3ZS-PWM. (b) RR4ZS1-PWM. (c) Proposed 
RR4ZS2-PWM. (d) Proposed HRR4ZS-PWM. 
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Fig. 26. Experimental RMS current ripple characteristics with the 

RR3ZS-PWM, RR4ZS1-PWM, RR4ZS2-PWM and HRR4ZS-PWM 

using a 5L CHB inverter. 
 

is 3% lower. For the proposed HRR4ZS2-PWM, the best 

RMS current ripples are indicated in both cases. At =25	 , its RMS current ripple is 18.7%, 1.23% and 3.45% 

lower when compared to the RR3ZS-PWM, RR4ZS1- 

PWM and RR4ZS2-PWM, respectively. At = 50	 , 

the reductions are 9.1%, 5% and 2.1%, respectively. 
Fig. 26 presents comparative experimental RMS current 

ripple characteristics due to the four PWMs versus the output 
frequency at a step frequency of 5 Hz. It can be observed that 
there is a close agreement between these characteristics and 
the  characteristics in Fig. 12.  

In addition to the improvements in the current ripple at 

frequencies of 25 Hz and 50 Hz as presented in Fig. 24 and Fig. 

25, good performances with the RR4S2-PWM and HRR4ZS- 

PWM are indicated at other analyzed frequencies. At =15Hz 

(m = 0.25), there are 5.43% and 5.72% reductions in terms of the 

RMS current ripple with the RR4ZS2-PWM over the RR3ZS- 

PWM and RR4ZS1-PWM, respectively. At = 40Hz (m 

=0.693), these percentages of reduction are 7.1% and 4.84%, 

respectively. As previously mentioned, despite the good 

harmonic performance of the RR4ZS2-PWM, an exception can 

be found at = 25Hz (m = 0.433), where its RMS current ripple 

is 3% higher than that of the RR4ZS1-PWM.  

Using the later developed HRR4ZS-PWM, the lowest RMS 
current ripple is obtained at all frequencies. At = 45Hz (m = 
0.779), the reduction with the HRR4ZS-PWM over that of the 
RR4ZS2-PWM is 0.9%, which helps improve the RMS current 
ripple up to 3.26% and 5.9% when compared to the RR3ZS- 
PWM and RR4ZS1-PWM, respectively. 

Fig. 27 presents experimental current THDs due to the four 

ZCMV PWMs versus the output frequency. The obtained results 

are in good agreement with the comparative characteristics of the 

RMS current ripple pertaining to the four ZCMV PWMs in Fig. 26. 

Significantly improved harmonic performances with the RR4ZS2- 

PWM and HRR4ZS-PWM are obtained in a wide frequency 

range. As expected, the HRR4ZS-PWM results in the lowest 

THDs at almost all of the analyzed frequencies. At  = 25 Hz, 

 
Fig. 27. Experimental current THD characteristics with the 

RR3ZS-PWM, RR4ZS1-PWM, RR4ZS2-PWM and HRR4ZS- 

PWM using the 5L CHB inverter. 

 

the measured THD value with the HRR4ZS-PWM is similar to 

that of the RR4ZS1-PWM, and is 18.48% and 2.43% higher than 

those with the RR3ZS-PWM and RR4ZS2-PWM, respectively. 

At  = 50 Hz, the improvements in the current THD with the 

HRR4ZS-PWM over the RR3ZS-PWM, RR4ZS1-PWM and 

RR4ZS2-PWM are 7.6%, 4.2% and 1.5%, respectively.  
 

VII. CONCLUSION 

Two enhanced ZCMV PWMs for multilevel inverters to 
reduce the RMS current ripple are proposed in this paper. 
Four standardized PWM patterns are formulated, which helps 
fully explore the current ripple characteristics pertaining to all 
of the four-state ZCMV PWM sequences in multilevel 
inverters. Then two simple online algorithms are proposed to 
reduce the current ripple. The performances of the proposed 
schemes have been compared to those of two existing ZCMV 
PWMs with reduced current ripple. In an analytical analysis, 
improved characteristics of the harmonic distortion factor are 
achieved with the two proposed PWMs in the wide linear 
modulation regions of a three-level inverter and a five-level 
inverter. It has been shown that the proposed hybrid PWM, 
which utilizes all of the available four-state sequences from 
the three nearest ZCMV vectors, has the most improved 
harmonic performance. The reduced RMS current ripple and 
reduced current THD indicated by both the simulation and 
experimental results have verified the effectiveness of the 
proposed schemes. 

 

ACKNOWLEDGMENT 

This research is funded by Vietnam National Foundation 
for Science and Technology Development (NAFOSTED) 
under grant number 103.01-2015.53. 

 

REFERENCES 

[1] J. Rodriguez, J. S. Lai and F. Z. Peng, “Multilevel inverters: 
a survey of topologies, controls and applications,” IEEE 



920 Journal of Power Electronics, Vol. 19, No. 4, July 2019 
 

Trans. Ind. Electron., Vol. 49, No. 4, pp.724-738, August 
2002. 

[2] J. M. Erdman, R. J. Kerkman, D.W. Schlegel, and G.L. 
Skibinski, “Effect of PWM inverters on AC motor bearing 
currents and shaft voltages,” IEEE Trans. Ind. Appl., Vol. 
32, No. 2, pp.250-259, Mar./Apr. 1996. 

[3] F. Wang, “Motor shaft voltages and bearing currents and 
their reduction in multilevel medium-voltage PWM voltage- 
source-inverter drive applications,” IEEE Trans. Ind. Appl., 
Vol. 36, No. 5, pp. 1336–1341, Sep./Oct. 2000. 

[4] H. J. Kim, H. D. Lee, and S. K. Sul, “A new PWM strategy 
for common-mode voltage reduction in neutral-point-clamped 
inverter-fed AC motor drives,” IEEE Trans. Ind. Appl., Vol. 
37, No. 6, pp. 1840–1845, Nov./Dec. 2001. 

[5] A. Videt, P. L. Moigne, N. Idir, P. Baudesson, and X. 
Cimetière, “A new carrier-based PWM providing common- 
mode-current reduction and DC-bus balancing for three- 
level inverters,” IEEE Trans. Ind. Electron., Vol. 54, No. 6, 
pp. 3001-3011, Dec. 2007. 

[6] M. M. Renge and H. M. Suryawanshi, “Three-dimensional 
space vector modulation to reduce common-mode voltage 
for multilevel inverter,” IEEE Trans. Ind. Electron., Vol. 
57, No. 7, pp. 2324-2331, Jul. 2010. 

[7] A. K. Gupta and A. M. Khambadkone, “A space vector 
modulation scheme to reduce common mode voltage for 
cascaded multilevel inverters,” IEEE Trans. Power Electron., 
Vol. 22, No. 5, pp. 1672-1681, Sep. 2007. 

[8] H. Zhang, A.V Jouanne, S. Dai, A. K. Wallace, and F. 
Wang, “Multilevel inverter modulation schemes to eliminate 
common-mode voltages,” IEEE Trans. Ind. Appl., Vol. 36, 
No. 6, pp. 1645-1653, Nov./Dec. 2000. 

[9] M. M. Renge and H. M. Suryawanshi, “Five-level diode 
clamped inverter to eliminate common mode voltage and 
reduce dv/dt in medium voltage rating induction motor 
drives,” IEEE Trans. Power Electron., Vol. 23, No. 4, pp. 
1598-1607, Jul. 2008. 

[10] P. C. Loh, D. G. Holmes, Y. Fukuta, and T. A. Lipo, “Reduced 
common-mode modulation strategies for cascaded multilevel 
inverters,” IEEE Trans. Ind. Appl., Vol. 39, No. 5, pp. 1386- 
1395, Sep./Oct. 2003. 

[11] P. C. Loh, D. G. Holmes, Y. Fukuta, and T. A. Lipo, “A 
reduced common mode hysteresis current regulation strategy 
for multilevel inverters,” IEEE Trans. Power Electron., Vol. 
19, No. 1, pp. 192-200, Jan. 2004. 

[12] N.-V. Nguyen, T.-K.T. Nguyen and L. Hong-Hee, “A 
reduced switching loss PWM strategy to eliminate common 
mode voltage in multilevel inverters,” IEEE Trans. Power 
Electron., Vol. 30, No. 10, pp. 5425-5438, Oct. 2015. 

[13] T.-K. T. Nguyen, N.-V. Nguyen and N. R. Prasad, “Eliminated 
common-mode voltage pulse-width modulation to reduce 
output current ripple for multilevel inverters,” IEEE Trans. 
Power Electron., Vol. 31, No. 8, pp. 5952-5966, Aug. 
2016. 

[14] T.-K. T. Nguyen, N.-V. Nguyen and N. R. Prasad, “Novel 
eliminated common-mode voltage PWM sequences and an 
online algorithm to reduce current ripple for a three-level 
inverter,” IEEE Trans. Power Electron., Vol. 32, No. 10, 
pp. 7482-7493, Oct. 2017. 

[15] T.-K. T. Nguyen and N.-V. Nguyen, “An efficient four- 
state zero common-mode voltage PWM scheme with reduced 
current distortion for a three-level inverter,” IEEE Trans. 

Ind. Electron., Vol. 65, No. 2, pp. 1021-1030, Feb. 2018.   
[16] A. M. Hava, R. Kerkman, and T. A. Lipo, “A high 

performance generalized discontinuous PWM algorithm,” 
IEEE Trans. Ind. Appl., Vol. 33, No. 5, pp. 1059-1071, 
Sep./Oct. 1998. 

[17] A. M. Hava, R. Kerkman, and T. A. Lipo, “Simple 
analytical and graphical methods for carrier-based PWM- 
VSI drives,” IEEE Trans. Power Electron., Vol. 14, No. 1, 
pp. 49-61, Jan. 1999. 

[18] D. Casadei, G. Serra, A. Tani, and L. Zarri, “Theoretical 
and experiment analysis for the RMS current ripple 
minimization in induction motor drives controlled by SVM 
technique,” IEEE Trans. Ind. Electron., Vol. 51, No. 5, pp. 
1056-1065, Oct. 2004. 

[19] B. P. McGrath, D. G. Holmes, and T. Meynard, “Reduced 
PWM harmonic distortion for multilevel inverters 
operating over a wide modulation range,” IEEE Trans. 
Power Electron., Vol. 21, No. 4, pp. 941-949, Jul. 2006. 

[20] G. Narayanan and V. T. Ranganathan, “Analytical 
evaluation of harmonic distortion in PWM AC drives using 
the notion of stator flux ripple,” IEEE Trans. Power 
Electron., Vol. 20, No. 2, pp. 466-474, Mar. 2005. 

[21] P. A. Dahono, Deni, and E. G. Supriatna, “Output-current- 
ripple analysis of five-phase PWM inverters,” IEEE Trans. 
Ind. Appl., Vol. 45, No. 6, pp. 2022-2029, Nov./Dec. 2009. 

[22] G. Grandi, J. Loncarski, and O. Dordevic, “Analysis and 
comparison of peak-to-peak current ripple in two-level and 
multilevel PWM inverters,” IEEE Trans. Ind. Electron., 
Vol. 62, No. 5, pp. 2721-2730, May 2015. 

[23] S. Das, G. Narayanan, and M. Pandey, “Space-vector- 
based hybrid pulse width modulation techniques for a 
three-level inverter,” IEEE Trans. Power Electron., Vol. 29, 
No. 9, pp. 4580-4591, Sep. 2014. 

[24] L. Dalessandro, S. D. Round, U. Drofenik, and J. W. Kolar, 
“Discontinuous space-vector modulation for three-level 
PWM rectifiers,” IEEE Trans. Power Electron., Vol. 23, 
No. 2, pp. 530-542, Mar. 2008. 

[25] S. Srinivas and K. R. Sekhar, “Theoretical and experimental 
analysis for current in a dual-inverter-fed open-end winding 
induction motor drive with reduced switching PWM,” 
IEEE Trans. Ind. Electron., Vol. 60, No. 10, pp. 4318-4328, 
Oct. 2013. 

 
 

 
Nho-Van Nguyen was born in Vietnam, in 
1964. He received his M.S. and Ph.D. 
degrees in Electrical Engineering from the 
University of West Bohemia, Plzeň, Czech 
Republic, in 1988 and 1991, respectively. 
Since 1992, he has been with the Department 
of Electrical and Electronics Engineering, Ho 
Chi Minh City University of Technology, Ho 

Chi Minh City, Vietnam, where he is presently working as an 
Associate Professor. He was a Post-Doctorate Fellow at KAIST, 
Daejeon, Korea, in 2001; and a Visiting Scholar in the 
Department of Electrical Engineering, University of Illinois at 
Urbana-Champaign, Urbana and Champaign, IL, USA, in 2009. 
His current research interests include the modeling and control of 
ac motors, active filters and PWM techniques. He is a Member 
of the Institute of Electrical and Electronics Engineers (IEEE). 



 New Generalized PWM Schemes for Multilevel Inverters Providing …  921 
 

Tam-Khanh Tu Nguyen received his B.S. and 
M.S. degrees in Electrical Engineering from 
the Ho Chi Minh City University of 
Technology, Ho Chi Minh City, Vietnam, in 
2010 and 2012, respectively. From 2012 to 
2017, he was a Researcher in the Power 
Engineering Research Lab, Department of 
Electrical and Electronics Engineering, Ho 

Chi Minh City University of Technology.  He is presently working 
as a Research Assistant in the Center for Power Electronics Systems, 
Virginia Tech, Blacksburg, VA, USA. His current research interests 
include PWM techniques for multilevel inverters, matrix converters 
and power decoupling. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


