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Abstract

Analysis of the peak-to-peak output current ripple amplitude for
multiphase and multilevel inverters is presented and discussed in this PhD
thesis. The current ripple is calculated on the basis of the alternating voltage
component, and peak-to-peak value is defined by the current slopes and
application times of the voltage levels in a switching period. Detailed
analytical expressions of peak-to-peak current ripple distribution over a funda-
mental period are given as function of the modulation index.

For all the cases, reference is made to centered and symmetrical switching
patterns, generated either by carrier-based or space vector PWM. By this PWM
strategy, the dc bus utilization is maximized in a simple and effective way, and
a nearly-optimal modulation is obtained to minimize the current ripple RMS.

Starting from the definition and the analysis of the output current ripple in
three-phase two-level inverters, the theoretical developments have been
extended to the case of multiphase inverters, with emphasis on the five- and
seven-phase inverters. The instantaneous current ripple is introduced for a
generic balanced multiphase loads consisting of series RL impedance and ac
back emf (RLE). Simplified and effective expressions to account for the
maximum of the output current ripple have been defined. The peak-to-peak
current ripple diagrams are presented and discussed. Both simulation and
experimental results are carried out to prove the validity of the analytical
developments.

The analysis of the output current ripple has been extended also to
multilevel inverters, specifically three-phase three-level inverters. The optimal

modulation has been identified with reference to current ripple RMS
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minimization, as in the previous cases. Also in this case, the current ripple
analysis is carried out for a balanced three-phase system consisting of series
RL impedance and ac back emf (RLE), representing both motor loads and grid-
connected applications. The peak-to-peak current ripple diagrams are presented
and discussed. In addition, simulation and experimental results are carried out
to prove the validity of the analytical developments.

The cases with different phase numbers and with different number of
levels are compared among them, and some useful conclusions have been

pointed out. Furthermore, some application examples are given.



1. Introduction

1.1. Motivation for research

Three-phase voltage source inverters (VSIs) are widely utilized in ac motor
drives, controlled rectifiers, and in general grid-connected applications as dc-ac
power conversion devices. In general, the problems related to high-power ap-
plications can be overcome by the increase of the number of phases. The
increase of the phase number is considered a viable solution and has become
more and more used in order to obtain additional degree of freedom.
Multiphase motor drives have many advantages over the traditional 3-phase
motor drives. Most important are ability to reduce the amplitude and to
increase the frequency of torque pulsations, to reduce the rotor harmonic
current losses and to lower the dc link current harmonics. Additionally, due to
their redundant structure, multiphase motor drives improve the system reliabil-
ity.

On the other hand, multilevel inverters widely replace the conventional two-
level three-phase voltage source inverters nowadays. Multilevel inverters
became more and more popular in last decades, due to the increased power
ratings, improved output voltage waveforms, and reduced electromagnetic
interference emission. A simple and reliable implementation of multilevel
inverter is based on cascaded connection of single-phase inverters (H-bridge),
leading to a structure capable of reaching high output voltage amplitudes by
using standard low-voltage components. Usually multilevel inverters also
feature a high modularity degree due to the fact that each inverter can be seen
as module with similar circuit topology, control structure and modulation.
Three-level PWM VSIs are the viable converters for many high-power
applications, both grid-connected and motor-load. Compared with traditional
two-level inverters, three-level inverters have half of the voltage stress on
switching devices for the same maximum output voltage and generate lower
harmonics for the same switching frequency.

Despite the numerous PWM schemes for multiphase and multilevel VSIs
with optimal sinusoidal outputs have been developed, no detailed analysis of
the impact of these modulation schemes on the output peak-to-peak current
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ripple amplitude has been reported. This dissertation is devoted towards the
definition and the analysis of the output current ripple in multiphase and
multilevel inverters.

1.2. Research objectives

The main objective of this dissertation is to study and develop the peak-to-
peak output current ripple for multiphase and multilevel inverters, and to verify
the theoretical developments by numerical simulation software and on a real
experimental setup. In detail, the objectives are focused towards:

1) Defining the output current ripple in a general case.

2) Development of the three-phase converter with its optimal modulation, in
terms of the RMS of the output current, in numerical simulation software
Matlab-Simulink. Calculation of the peak-to-peak output current ripple in
the case of three-phase inverter. Numerical and experimental verification
of the results obtained.

3) Extension of the study of three-phase inverter to the multiphase inverter,
with special emphasis on five- and seven-phase inverters, with optimal
modulation strategies in numerical simulation software Matlab-Simulink.
Extension of the ripple analysis to the case of multiphase inverters.
Numerical and experimental verification of the results obtained.

4) Comparison of the output current ripple in multiphase inverters.

5) Extension of the study of three-phase two-level inverter to the three-level
inverter, with its optimal modulation, in terms of the RMS of the output
current, in numerical simulation software Matlab-Simulink. Extension of
the ripple analysis to the case of multilevel inverters. Numerical and
experimental verification of the results obtained.

6) Comparison of the output current ripple in two- and three-level inverters.

By achieving the objectives listed above, a significant new knowledge has
been produced. This has been evidenced by the already published research
papers that have resulted from the thesis, which can be found within cited
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references. Chapters 2—7 contain the original results from the research and
therefore represent the main contribution of this work.

1.3. Outlines and original contribution of the dissertation

This thesis is divided into following major parts and original contribution is
provided by chapters 2-7:

Chapter 2: “Analysis of the current ripple in three-phase two-level VSIs”

This chapter provides survey on optimal three-phase inverter techniques,
carrier-based CB-PWM and space vector PWM. Chapter proceeds with the
definition of the output current ripple for a general case. Further on, it gives the
complete analysis of the peak-to-peak output current ripple in three-phase
inverters, with reference to the optimal modulation and three-phase loads, such
are both grid-connected and motor loads. The analysis is accompanied with the
numerical and experimental results.

Chapter 3: “Analysis of the output current ripple in multiphase VSIs”

This chapter provides survey on optimal multiphase inverter techniques,
carrier-based CB-PWM and space vector PWM, with the emphasis on the five-
and seven-phase inverters. Chapter proceeds with the extension of the analysis
of the peak-to-peak output current ripple to five- and seven-phase inverters,
with reference to the optimal modulation and multiphase loads such are motor
loads. The analysis is accompanied with the numerical and experimental
results.

Chapter 4: “Analysis of the output current ripple in multilevel VSIs”

This chapter provides survey on optimal multilevel inverter techniques,
carrier-based CB-PWM and space vector PWM. Chapter proceeds with the
extension of the analysis of the peak-to-peak output current ripple in three-
phase two-level inverters to the three-level inverters, with reference to the
optimal modulation and three-phase three-level loads, such are both grid-
connected and motor loads. The analysis is accompanied with the numerical
and experimental results.
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Chapter 5: “Comparison of the peak-to-peak current ripple”

This chapter gives the overview on all the developed cases, and proceeds
with the comparison within different cases. First presented is the comparison of
the output current ripple between cases with different phase numbers, i.e.
three-, five-, and seven-phase inverters. Further on, the comparison of the
output current ripple in two- and three-level inverters is presented.

Chapter 6: “Examples of application”

The possible examples of applications are presented in this chapter.

Chapter 7: “Conclusion and future work”

The main conclusion of this dissertation based on numerical simulation and
experimental results are presented. Finally, chapter provides few
recommendations for future research work.



2. Analysis of the current ripple in three-phase
two-level VSIs

2.1. Introduction

Three-phase voltage source inverters (VSIs) are widely utilized in ac motor
drives, controlled rectifiers, and in general grid-connected applications as dc-ac
power conversion devices. The topology of the three-phase inverter with a
generic three-phase R—L-EMF load (RLE) is given in Fig. 2.1. Most of VSI
applications employ carrier-based PWM (CB-PWM) control schemes due to
their simplicity of implementation, both in analog and digital ways, fixed
switching frequency and well defined harmonic spectrum characteristics [1].
Furthermore, switching losses are easier to control with constant switching
frequency, and the inverter design can take advantage of an accurate losses
calculation. Different types of CB-PWM together with space vector PWM
(SV-PWM) are investigated, and optimal solutions are proposed with reference
to reduce the current ripple and switching losses [2]-[4]. CB-PWM leads to
equivalent switching patterns as SV-PWM by proper zero-sequence

modulating signal injection [5
|

i(t)

V(1) R
L
+ + +
Vg

Fig. 2.1. RLE circuit of three-phase inverter.
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A complete analysis of three-phase PWM converter system addressed to
switching losses, dc link harmonics, and inverter input/output harmonics is
given by [6]. It has been shown that reduction of the output current harmonics
in case of continuous PWM can be achieved by proper zero-sequence signal
injection. A further reduction of the RMS value of the current ripple is possible
in some cases by development of discontinuous PWM schemes, which allow
increasing the carrier frequency while maintaining the switching losses as same
as continuous PWM. In the case of a loss minimization, two cases are observed
in [7], which correspond to the continuous and to the discontinuous modulation
as can be seen by comparing the dependencies of the normalized harmonic
power losses on the converters modulation index.

2.1.1. Modulation techniques

Most common modulation techniques of the three-phase inverter are the
carrier-based PWM (CB-PWM) and space vector PWM (SV-PWM).

The traditional method for generating the switching patterns in three-phase
VSI with CB-PWM is the use of naturally or regularly sampled sinusoidal
waveforms. In general, carrier-based modulation compares a sine wave
reference v* with a triangular wave carrier signal. In naturally sampled
technique the reference sine wave is allowed to vary during the carrier interval,
while in regularly sampled the reference sine wave is held at a constant value
during the carrier interval. Regularly sampled modulation can be symmetric,
where the reference sine wave is kept constant for the whole carrier period, or
asymmetric, where it is resampled in the half of the carrier period. As a result
of this comparison the desired inverter switching pattern is realized. In
particular, in CB-PWM schemes the three reference phase voltages v, , v, and
v: (modulating signals corresponding to the reference voltage vector in
SVM), are compared with triangle carrier waveforms as represented in Fig. 2.2,
for modulation index m = 0.5. The frequency of these carriers defines the
switching frequency, and their amplitude is the half of the dc-link voltage,
eventually in per units. The range of the modulation index defined as m =
VIV, in this case is 0 <m < 0.5.

The zero-sequence injection methods, when the zero-sequence signal is
added to the sine wave references, leads to a larger variety of modulating
waves. The first studied technique in the literature was the third harmonic
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Fig. 2.2. Carrier-based modulation, m = 0.5.

injection technique, when the 17% third harmonic component is added to the
reference waveforms. Nowadays, most used technique is the so called centered
PWM, obtained by centering the reference voltages with min/max injection.
Common mode signal to be added to the reference voltages (min/max
injection) is defined for each phase as

Vo = —%[max(v;(k )— min(v}ck )], k=a,b,c. 2.1

The resulting waveform obtained by adding the common-mode signal to the
sine wave references is

T =V v, (2.2)

and shown in Fig. 2.3, for modulation index m = 0.577 = m,,,. Centered
carrier-based modulation allows overmodulation with the respect to the
original sine wave PWM, while proved that obtains better outputs spectrum
and that is the optimal technique for the output ripple RMS minimization. The
modulation limit is 0 < m < m,,,= 13, according to the generalized expres-
sion given in [8] for n phases, m,,,, = [2 cos (n/2n)]’1.

The SV-PWM of three-phase inverters is based on the determination of
application times of active and null inverter voltage vectors v in every
switching period 7;. In case of symmetrical SV-PWM, the sequence is
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Fig. 2.3. Carrier based modulation with centered reference voltages, m = 0.577 = myuqx.

determined in 7/2 and symmetrically repeated in the next half switching pe-
riod. The principle of SV-PWM in three-phase inverters is summarized with
the help of Fig. 2.4, representing the output voltage space vectors correspond-
ing to all possible switch configurations.

The output voltage space vector diagram appears to be a hexagon, consisting
of 6 main triangles, numbered I-VI in Fig. 2.4. In two-level inverters the
redundancy implies availability of multiple switching states to produce a given
voltage vector. There is the only redundancy in zero vector with two possible
states, {000} and {111}. The three nearest voltage vectors (NTV) are used to
synthesize the reference output voltage space vector v* in each switching period
T,, being y =V exp(jO), V'=m V,, 9= or, m the modulation index, and V,,
the dc-bus voltage. The switching sequence begins and ends with the null
switching state.

It has been proved that the CB-PWM and SVPWM can be equivalent. By
equally sharing the application time of the null voltage vector between the
switch configurations 000 and 111, the centered switching pattern is realized,
equivalent to the common-mode injection defined by (2.1) in carrier-based
modulation, and nearly-optimal modulation able to minimize the RMS of
current ripple is obtained [9].
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010 110

001 101

Fig. 2.4. Space vector diagram of inverter output voltage.

2.2. Output current ripple definition in PWM converters

Basic circuit scheme for each phase of a balanced R—L-EMF load (RLE) is
represented in Fig. 2.5. The voltage equation can be written for each phase as

v(t) = Ri(t)+L%+vg ). 2.3)
Averaging (2.3) over the switching period 7, leads to

BT = RIT)+ Lo 47,5 @.4)

being:
Ai =i(T,)—i(0). (2.5)

The alternating voltage vV(r) is defined as the difference between
instantaneous and average voltage components as

V() =v(t)—v(Ty). (2.6)
By introducing (2.3) and (2.4) in (2.6) leads to
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. R L
l
e AN T

y oF

Fig. 2.5. Basic RLE circuit model for one phase.

5 = Rl -1+ L{%—ﬂ + (-7, @)]. @.7)

The alternating voltage component has amplitude in the order of V., as
shown in Figure 2.6. The first term on the right side in (2.7) accounts for the
resistive voltage drop of the current ripple, which is much lower than the rated
current. The third (last) term in (2.7) is the deviation of the generator’s actual
voltage from its average value in the switching period, that is negligible if v,(7)
is almost sinusoidal. For these reasons, the expression of alternating voltage
component can be simplified to

di A

The current variation in sub-period [0—#], also depicted in Figure 2.6, can be
calculated from (2.8) by integrating as

N

1t r
Ai() = g v(t)dt+7Al . (2.9)

Finally, the instantaneous current ripple i (f) can be defined on the basis of
(2.9), according to Fig. 2.6

~ . ro.. 1 t~
i) = Az(t)—FAz =Z£v(r)dr . (2.10)

N
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V()
viDa % v/
Z /P i
On |,
A !
i(f) >
Y ol ol Ai
Al(t)w t/T‘Al jt 7L o »
0 \ t T, t

Fig. 2.6. Details of a generic output voltage and current ripple in the switching period.

An example of the behavior of voltage and current in a switching period is
given in Fig. 2.6. Note that the current ripple (2.10) corresponds to the
difference between the instantaneous current value and its fundamental
component.

The peak-to-peak current ripple amplitude 1is defined as the range of (2.10)
in the switching period

7, =max{T )y —min{7 O} . 2.11)

2.3. Peak-to-peak output current ripple

2.3.1. State of the art

In the literature current ripple is studied in the terms of the RMS
minimization, rather than the peak-to-peak value. An analytical approach for
the analysis of current ripple in SV-PWM controlled induction motor drives for
three-phase systems has been presented in [9], where the optimal SVM
technique is proposed with calculation of the duty-cycles of the two zero
voltage vectors, and on the basis of that the switching pattern of the optimal
SVM technique is obtained. Another analysis of current ripple in a sub-period
is given in [10], [11], as the error volt-second quantities which are the errors
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between instantaneous applied and reference voltage vectors. Of interest was to
study the current ripple RMS over a sub-period and to utilize this knowledge to
design hybrid PWM techniques, which reduces the line current distortion. Cur-
rent ripple RMS is also analyzed in [12], for three-phase inverted feeding
passive load. The analysis are conducted on one switching period and of
interest was to derive RMS value of output current ripple as function of
modulation index.

Newer studies on output current ripple RMS in multiphase drives are
presented in [13] and [14], where a five-phase system is considered. Due to
existence of more planes (two 2-D planes for five-phase systems), the concept
of harmonic flux is used to mitigate initially the dependencies on the
equivalent inductances in each plane, where current ripple occurs. It is shown
that output current ripple RMS cannot be minimized by injection of fifth
harmonic and its odd multiples, but it is also pointed out that, from the
practical point of view, differences in current ripple RMS are relatively small
considering sinusoidal PWM and SV-PWM. In [14] two SV-PWM techniques
are compared (four large vs. two large and two middle vectors) in terms of
THD of the current and voltage with established correlations between the flux
HDF and the current THD, and squared RMS current ripple. In [15] an attempt
to evaluate the output RMS current ripple of a five-phase inverter has been
reported, on the basis of polygon load connection and phase variables in the
original domain, without the need to use space-vector theory. However, only a
single (adjacent) polygon connection has been considered, and the output
current-ripple RMS does not represent the total output current ripple [16].

The importance of current ripple amplitude (peak-to-peak) in three-phase
systems is recognized in [17], where ripple is analyzed by introducing
Thévenin equivalent circuit of the 8 different voltage vectors. In general, the
evaluation of current ripple allows adjusting the switching frequency for
certain ripple requirements [18]. As another example of application, the
knowledge of the peak-to-peak current ripple distribution can be useful to
determine the output voltage distortion due to the inverter dead-time in case of
output currents with high ripple, by determining the multiple zero-crossing
interval [19]. This aspect will be examined in more details in further chapter
which deals with applications. Furthermore, the peak-to-peak current ripple
amplitude, in addition to the fundamental current component, is useful to
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determine the absolute current peak, affecting the thresholds of protection
systems and the design of power components

2.3.2. Calculation of the peak-to-peak output current ripple

The output current ripple affects the noise and loss in both the PWM
converter and the load, and it should be minimized to improve the system
efficiency. In general, the impact of PWM techniques on the current ripple
should be understood to further develop the modulation strategy. The analysis
of three-phase inverters by the space vector transformation leads to better
understanding and more simple calculation of voltage levels and corresponding
application times. In the following analysis is considered the centered PWM, as
described in Section 2.1.1. The reference is made to a generic balanced RLE
load, representing both grid-connected and motor loads.

As result of the SV-PWM, for each phase, the average of the inverter output
voltage v(T) corresponds to the reference voltage v". In the case of sinusoidal
balanced output voltages supplying a balanced load, the reference output
voltage vector is v" = m V,. exp(j®). Reference is made to Fig. 2.7. In this case,
SV modulation is quarter-wave symmetric, so it can be analyzed in the range
[0, 90°] of the phase angle O = t. In particular, the two ranges 0 < ¥ < 60°,
and 60° < ¥ < 90°can be considered, as depicted in Fig. 2.7.

In the range 0 < < 60°, the application times are:

t1=m\/§%sin(60°—ﬂ), {100}, (2.12)
T, .
tzzmﬁ?‘smﬁ, {110}, 2.13)
000
to=T—23—(t1+t2)=T—23[1—\/§msin(60°+19)], {111}. (2.14)

In the range 60° < ¥ < 90°, the application times are:

4 =mﬁ%sin(1zo° -9 , {110}, (2.15)

t) =m\/§%sin(ﬂ—60°), {010}, (2.16)
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010 110

001 101

Fig. 2.7. Space vector diagram of inverter output voltage with six sectors and the three identified
triangles. Dashed circles represent m = 1/6, 1/3, 1/2.

T T ) 000
to273_(;14.;2):75[1—\/517”11119], {111}. (2.17)

Due to the symmetry among the three phases in the considered case of
sinusoidal balanced currents, only the first phase is examined in the following
analysis. In terms of space vectors, the variables of the first phase are given by
the projection of the corresponding space vectors on the real axes. In particular,
the average output voltage is given by

V(Ts)zv* =Re{v*}=V*cosﬁ =V, mcos?9. (2.18)

By introducing (2.18) in (2.6), the alternative component of inverter output
voltage of the first phase can be written as

\7(t)={S1—%(S1+52+S3)}Vd6—deCcosﬁ, (2.19)

being S; = [0, 1] the switch state of the k-th inverter leg. In order to evaluate
the current ripple in the whole phase angle range 0 < ¥ < 90°, the three
different triangles depicted in Fig. 2.7 must be separately considered.
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1) Evaluation in the range 0 < 9 <60°

Considering the first sector of the hexagon, 0 < ¥ < 60°, two different cases
can be distinguished, 0 < m cos® < 1/3 and m cos® > 1/3, corresponding to the
two colored triangular regions in Fig. 2.7.

For modulation index 0 < m cos® < 1/3, the current ripple i and its peak-
to-peak value 17[,[, are depicted in Fig. 2.8, tggether with the instantaneous
output voltage v(#). According to Fig. 2.8, i, can be evaluated by (2.10),
(2.11), and (2.19), considering application interval #, (light blue area in Fig.

2.7), leading to
iy = %{Vdcm cos® 1,}. (2.20)

The case of 1/3 < m cos® < 1/N3 is depicted in Fig. 2.9. In this case Tpp can

be evaluated considering the application intervals #,/2 and #, (yellow area in
Fig. 2.7), leading to

~

Top Z%{Vdcm cos 1‘)%0+(Vdcm cos V- V;C j lz} . 2.21)

mVy.cos¥

>
»

t
W28 4 it g2

HO) 7 7"7;777777 \ | ™

v

—— Y= - min

Fig. 2.8. Output voltage and current ripple in one switching period (0 <9 < 60°, 0 < m cos® < 1/3).
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Fig. 2.9. Output voltage and current ripple in one switching period (0 <9 < 60°, m cos® > 1/3).

v

For both cases (2.20) and (2.21), introducing the expressions for application
intervals 7o/2 and f,, (2.14) and (2.13), peak-to-peak current ripple can be

written as

. T
T =—V‘;‘LS r(m, ), (2.22)

being r(m,¥) the normalized peak-to-peak current ripple amplitude given by

r(m,%) = mcos® [1—\/§m sin(9+60° )], 0<mcosH< % ) (2.23)

r(m,%) = m{cos 0 [1 —\/gm sin(%+60° )] +

+ Zﬁsinﬁ(mcosﬁ—%j}, % <mcosV< L . (229

7
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Fig. 2. 10. Output voltage and current ripple in one switching period (60° < ¥ < 90°).

2) Evaluation in the range 60° < < 90°

Considering the third triangle depicted in Fig. 2.7, (green area), 60° < ¥ <
90°, the peak-to-peak current ripple amplitude can be determined considering
the application intervals /2 and #, for all modulation indexes, according to Fig.
2.10. Introducing (2.19) in (2.10) and (2.11) leads to

1,
Ipp :%{Vdcmcos 670+[Vdcmcosﬁ+%vdc}z}. (2.25)

Considering the expressions for application intervals #, and #,, (2.17) and
(2.16), normalized current ripple amplitude is

r(m,%) = m{L sin®—3mcos> ﬁ} . (2.26)

NE)
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2.3.3. Peak-to-peak current ripple diagrams

In order to show the behavior of the peak-to-peak current ripple amplitude in
the fundamental period for all the possible cases, in Figs. 2.11 and 2.12 is
represented the normalized function r (m,) defined by (2.22). Figure 2.11.
shows r () for m = 1/6, 1/3, and 1/2, corresponding to the dashed circles in
Fig. 2.7. Since symmetric PWM modulation is considered, ripple is symmetric
as well, so the ripple envelope corresponds to the half of 7,,,, . The two regions (0
<9 <60° and 60° < ¥ < 90°) can be distinguished for m = 1/6 and 1/3. All the
three regions are visible for m = 1/2, according to Fig. 2.7.

Figure 2.12 shows the colored map of r (m, ®) in the 1* quadrant within the
modulation limits. The ripple amplitude is almost proportional to m in the
neighborhoods of m = 0. Phase angle with minimum ripple can be identified,
that is ¥ = 50°+60°, and a phase angle with maximum ripple, that is ¥ = 90°.
These aspects are further developed in the following section.

2.3.4. Maximum and minimum of the current ripple

In order to estimate current ripple amplitude in the whole fundamental
period, the maximum and the minimum of the current ripple can be evaluated.
For this purpose, four relevant points can be noticed in Figs. 2.11 and 2.12, as
mentioned above: two local maxima, for O = 0 and for 8 = 90°, and two local
minima for O = 60° and for m cos® = 1/3, i.e., around ¥ = 50°.

05
r
04
0.3}
0.2t
I N m=1/3
; m=1/6
% 20 20 ) g0 O

Fig. 2.11. Normalized peak-to-peak current ripple amplitude r(m,9) for three modulation indexes,
m=1/6, 1/3, and 1/2, in the phase angle range [0, 90°].
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Fig. 2.12. Map of the normalized peak-to-peak current ripple amplitude r(m,9).

To determine the local maxima, ¥ = 0 can be set in (2.23), and ¥ = 90° in
(2.26), leading to the following global maximum

3 1
r"*(m) = max m[l——m} —mp. (2.27)
{ 2143
The intersection between the two local maxima gives the border value of
modulation index

1

3
m[l —Em:| = ﬁm , (2.28)

leading to m = 0.282. Finally, combining (2.27) and (2.28), the maximum of
normalized current ripple is

m[l — % m} for m<0.282,
r"™(m) = | (2.29)
—m for m>0.282.

P
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In order to determine the local minima, © = 60° can be set in either (2.23) or
(2.26), and m cos® = 1/3 in (2.23). The expression for the global minimum of
normalized current ripple is

min . l_é l _ 2 _l
r (m) = min {m{z 1 m} 5 {1 3m 3 }} . (2.30)

The intersection between the two local minima gives the border value of the
modulation index

m[l—ém}=l{l— 3m2—l}, (2.31)
4 6 3

leading to m = 0.479. Finally, combining (2.30) and (2.31), the minimum of
normalized current ripple is

m l—ém for m<0.479,
. 2 4
r™ (m) = - (2.32)
1 1—,/3m2 LU form>0479,
6 3
04 :
r —es— Max1
—a— Max2 ..l
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Fig. 2.13. Maximum and minimum of normalized peak-to-peak current ripple amplitude as
function of modulation index.
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The composition of the two local minima and maxima are given in Fig. 2.13,
leading to global maximum and minimum. The approximated average value is
presented with dashed line. The white dots represent the specific points for m =
1/6, 1/3, and 1/2, displayed in Fig. 2.11, and further examined in simulations
and experiments. It can be noted that the maximum function is almost linear for
every modulation index, strictly for m > 0.282. Then, on the basis of (2.22) and
(2.29), a simplified expression for maximum of peak-to-peak current ripple
amplitude is obtained as

¥ max VdCT

i =Sy, (2.33)
p 3L

The exact average of the normalized peak-to-peak current ripple, calculated
for the more points, is presented in Fig. 2.14. It shows very similar behavior to
the approximated one shown in Fig. 2.13. Almost linear behavior can be
observed for the modulation indexes m > 0.282.

0.20
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0.0 0.1 0.2 0.3 0.4 05 M 0.6

Fig. 2.14. The average of the normalized peak-to-peak current ripple amplitude as function of
modulation index.
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2.4. Numerical and experimental results

In order to verify the analytical developments proposed in previous sections,
numerical simulations and corresponding experimental tests are carried out.
Circuit simulations are performed by Sim-PowerSystems of Matlab
considering three-phase inverter with ideal switches connected to sinusoidal
voltage sources by RL impedance, having R = 4 Q and L = 24 mH. Power
transistors have been modeled with ideal switches in order to have a very
precise matching with the analytical developments. By introducing non
idealities in simulations, such as commutation times, voltage drops, parasitic
elements, dead-times efc, leads to output voltage distortion with additional
harmonics [20], making more difficult the wvalidation of the proposed
theoretical approach. This topology could represent a general three-phase
inverter with either motor or grid-connected loads. In all simulations the
fundamental frequency is set to SOHz, the switching frequency 1/7; is 2.1 kHz,
and the dc voltage supply V,. is 600V. A centered symmetrical carrier-based
PWM technique, equivalent to centered space vector modulation, is considered
in both simulations and experiments, being easier for the implementation.

The experimental setup with custom-built two-level three-phase inverter is
shown in Fig. 2.15. Power switches are Infineon FS50R12KE3 IGBT pack.
DSpace ds1006 hardware has been employed for the real-time implementation
of the algorithm. Dc-bus voltage (V,.) is set to 600 V by Sorensen SGI 600/25
dc supply. Switching frequency was set to 2.1 kHz and the inverter’s dead time
of 6 Uus (not compensated) is implemented in the hardware. Fundamental
frequency was kept at 50 Hz for easier comparison with analytical
developments. The nearly-optimal centered space vector PWM is
implemented.

The load was a three-phase induction motor (mechanically unloaded). Main
motor parameters (all referred to stator) are: stator resistance R; = 2.4 Q, rotor
resistance R,' = 1.6 Q, stator leakage inductance L;; = 12 mH, rotor leakage
inductance L;,' = 12 mH, magnetizing inductance L,, = 300 mH, and pole pairs
p = 2. According to the model of induction motor for higher order harmonics,
which are determining the current ripple, the equivalent inductance L = L;; +
L, =24 mH is considered for the ripple evaluation.
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Fig. 2.15. Experimental setup

Tektronix oscilloscope MSO2014 with current probe TCP0030 was used for
measurements, and the built-in noise filter (cut-off frequency f. = 600 kHz)
was applied. The instantaneous current ripple / in both simulations and
experiments is calculated as the difference between the instantaneous current
and its fundamental component, i.e.

HOEHOEIPIGR (2.34)

The three-phase system is well balanced and the first phase is selected for
further analysis, as in analytical developments. Different values of m have been
investigated (1/6, 1/4, 1/3, 1/2, and 1N3 = Mynax)-

In Figs. 2.16, 2.18, 2.20, 2.22, and 2.24 is shown the current ripple obtained
with simulations (a) and experiments (b), for different modulation indexes,
respectively. Comparison is made with the half of the peak-to-peak current
ripple, pr/ 2. Positive and negative envelopes (blue traces) are determined by
the equations presented in Section 2.3.2. The corresponding experimental
results are shown as gray traces.
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In Figs. 2.17, 2.19, 2.21, 2.23, and 2.25 is depicted the instantaneous output
current obtained in simulations (a) and experiments (b) with different
modulation indexes, respectively. Current is shown with the calculated
upper/lower ripple envelope, depicted in blue colors. The corresponding
experimental results are shown in grey traces.

The values of the modulation index cover all possible sub-cases (different
colored regions in Fig. 2.6). The agreement is almost good in the whole
fundamental period. Small mismatches can be observed in the experimental
current ripple, especially for the higher modulation indexes. These mismatches
were probably introduced by the dead-times which in this case were not
compensated, but this point can be further examined in the future work.
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o

Fig. 2.16. Current ripple (pink), m = 1/6, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 2.17. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/6: (a) simulated, (b) experimental results.
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Fig. 2.18. Current ripple (pink), m = 1/4, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 2.19. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/4: (a) simulated, (b) experimental results.
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Fig. 2.20. Current ripple (pink), m = 1/3, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

(a)

(d)

Fig. 2.21. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/3: (a) simulated, (b) experimental results.
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Fig. 2.22. Current ripple (pink), m = 1/2, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

(a)

(b)

Fig. 2.23. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/2: (a) simulated, (b) experimental results.
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()

Fig. 2.24. Current ripple (pink), m = 13 = Mgy, and evaluated peak-to-peak envelope (blue) for
one fundamental period: (a) simulation, with details, and (b) experimental results.

(a)

(b)

Fig. 2.25. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m =173 = My (a) simulated, (b) experimental results.
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3. Analysis of the output current ripple in
multiphase VSIs

3.1. Introduction

The area of multiphase systems has experienced a substantial growth since
the beginning of this century. All multiphase motor drives are supplied by the
multiphase voltage source inverters. An example of the multiphase inverter
supplying a RL load is represented in Fig. 3.1. Multiphase power systems have
many advantages over the traditional three-phase counterparts. There are few
important reasons for the emerged interest in multiphase systems. The
efficiency is higher than in a three-phase machine due to the fact that stator
excitation in a multiphase machine produces a field with a lower space-
harmonic content. Another advantage is that multiphase machines have a
greater fault tolerance than their three-phase counterparts. This is especially
true in means when open-circuit occurs. Furthermore, multiphase machines are
less sensitive than their three-phase counterparts to time-harmonic components
in the excitation waveform, whose components produce pulsating torques at
even multiples of the fundamental excitation frequency. Another important
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Fig. 3.1. Multiphase inverter supplying a RL load
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reason for employing multiphase motor variable-speed drives is in the high
power drives, because of the possibility of reducing the required rating of
power electronic components for the given motor output power, when
compared to a three-phase motor drive. Ultilization of multiphase motor drives
also enables improvement in the noise characteristics [1].

Additionally, besides that multiphase motor drives have the ability to
reduce the amplitude and increase the frequency of torque pulsations, to reduce
the rotor harmonic current losses and to lower the dc link current harmonics
multiphase systems, they improve the reliability owing to their redundant
structure [2]-[7]. The use of multiphase inverters together with multiphase ac
machines has been recognized as a viable approach to obtain high power
ratings with current limited devices.

3.1.1. Modulation techniques

In CB-PWM schemes the n - phase reference voltages are compared with
triangle carrier waveform. The frequency of these carriers defines the switch-
ing frequency, and their amplitude is the half of the dc-link voltage, eventually
in per units. The range of the modulation index defined as m = V'/V,, in this
case is 0 < m < 0.5. By centering the modulation signals, and optimal
modulation from the point of view of output current ripple RMS minimization
and better harmonic spectrum is obtained. The common-mode voltage defined

Fig. 3.2. Carrier based modulation of five-phase inverter with centered reference voltages, m =
Mimax = 0.526
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by (2.1), considering k = a, b, c, ...n, is added to the n - phase references, and
new references able to obtain centered carrier-based modulation are presented
in Fig. 3.2, for the example of the five-phase inverter. Modulation limit is in
this case defined according to the generalized expression given in [6] for n
phases, m,,,= [2 cos (Tt/2n)]'1, i.e. for five-phase m,,,, = 0.526, and for seven-
phase inverter m,,,,= 0.513.

The behavior of multiphase systems can be represented by the multiple
space vector theory, as a natural extension of the traditional three-phase space
vector transformation, leading to an elegant and effective vectorial approach in
multiple o—f planes [7]. In particular, the space vectors can be usefully
adopted for the modulation of multiphase inverters. The space vector
modulation for five-phase voltage source VSIs has been developed in [8]-[11].
Analysis of seven-phase inverters and their modulation is given in [12]-[16].
The principle of SV-PWM in multiphase inverters is summarized in Fig. 3.3
for five-phase and Fig. 3.4 for seven-phase inverters, representing the output
voltage space vectors corresponding to all possible switch configurations.

In general, for any number of phases, it has been proven that the SV-PWM
provides the same switching pattern such as the CB-PWM when a “min/max
centered” common-mode voltage is injected into the modulating signals. By
equally sharing the application time of the null voltage vector between the two
null switch configurations, the centered switching pattern is realized, and
nearly-optimal modulation able to minimize the RMS of current ripple is
obtained [14], [17].

Fig. 3.3. Space vector diagrams of five-phase inverter output voltage in the planes o-p; and o;3-B5.
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Fig. 3.4. Space vector diagrams of seven-phase inverter output voltage in the planes o;-f,
(X3-B3, and 0L5-[35.

3.2. Extension of the peak-to-peak output current ripple analysis to five-
phase VSIs

3.2.1. State of the art

Also in the case of the multiphase inverters, the output current ripple is
studied in the terms of the overall effect, i.e. its RMS value, rather than the
peak-to-peak amplitude. Recent studies about RMS of the output current ripple
in multiphase motor drives are given in [18]-[21], considering a five-phase sys-
tem. In [18] the optimal value of the common-mode voltage injection in CB-
PWM has been analytically determined to minimize the RMS current ripple in
each switching period. Furthermore, it is shown that the strategy called SV-
PWM, corresponding to centered and symmetric modulation, has a nearly-
optimal behavior in term of the current ripple RMS. In [19] is shown that
output current ripple RMS cannot be minimized by injection of fifth harmonic
and its odd multiples, but it is also pointed out that, from the practical point of
view, differences in current ripple RMS are relatively small considering
sinusoidal PWM and SV-PWM. In [20] two SV-PWM techniques are
compared (four large vs. two large and two middle vectors) in terms of THD of
the current and voltage with established correlations between the flux HDF and
the current THD, and squared RMS current ripple. In [21] an attempt to evalu-
ate the output RMS current ripple has been reported, on the basis of polygon
load connection and phase variables in the original domain. However, only a
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single (adjacent) polygon connection has been used, and the calculated output
current ripple RMS does not represent the total output current ripple [22].

In addition to the RMS analysis, the benefit of the peak-to-peak current
ripple evaluation is recognized in [23], where the ripple amplitude is
investigated for three-phase PWM inverters. This analysis has been extended to
the multiphase case [24].

3.2.2. Calculation of the peak-to-peak output current ripple

The analysis of five-phase inverters by the space vector transformation leads
to better understanding and more simple calculation of voltage levels and
corresponding application times. In the following analysis is considered the
centered PWM, as described in Sect. 3.1.1. The instantaneous current ripple is
introduced for a generic balanced five-phase R—L-EMF load (RLE). The
analysis can be extended to five-phase ac motor drives as well, but the circuit
model of the specific ac motor must be carefully considered to evaluate the
cases in which it can be reduced to the basic RLE equivalent circuit [19, 22].

Multiple space vectors are introduced to represent voltage and current phase
quantities in multiphase systems [7]. For the five-phase system {x;, x5, X3, X4,
x5}, the two space vectors x; and x3 lie in the two planes o,—3; and o33,
respectively, and are expressed as

_2[ 2 3 4]
X —g X] T X0+ X307 + X407 + X500

2
X3 :g[xl+X2a3+X3a+X4a4+X5a2], (31)

1
X0 =g[xl+)(f2 +X3 +X4 +x5]

being o = exp(j21/5) and the x, the zero-sequence component, always null in
case of balanced systems.
The inverse transformation of (3.1) is

xp =x+ x5 4y 03D k=1,2, .5 (3.2)
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With reference to a five-phase VSI supplied by the dc voltage V., the output
space voltage vectors can be written as function of the five switching leg states
Sy=10, 1] as

v =2V0,L.[Sl +8,0+ ;0 +S4a3+55a4]
5 . (3.3)
_2 [ 3 4 2]
V3 —ngC S1+S2a +S3(X,+S4a +SS(X

The space vector diagrams representing all possible switch configurations in
planes a,—f; and o;—P; are given in Fig. 3.3.

The SV-PWM of five-phase inverters is based on the determination of
application times of active and null inverter voltage vectors v, and v; in every
switching period 7;. In the case of symmetrical SV-PWM, the sequence is
determined in 7, /2 and symmetrically repeated in the next half switching pe-
riod. As result of this modulation, the average of the inverter output voltage
V(T,) corresponds to the reference voltage v, for each phase.

In the case of sinusoidal balanced output voltages supplying a balanced
load, the zero-sequence component is null. Introducing the modulation index m
= V'/V,., the reference space voltage vectors become

{v{ =v' =mV, e

. (3.4)
v3=0.

In this case, SV modulation is quarter-wave symmetric, and it can be
analyzed in the range [0, /2] of the phase angle & = wr. With reference to Fig.
3.5, the sectors @ and @ are considered for 0 < ¥ < 1/5 and /5 < ¥ < 27/5,
respectively, and the half of sector ® is considered for 27/5 <O < 7/2.

For sector @ the application times of the switch configurations involved in
the modulation sequence from 00000 to 11111 in the half period T,/2 can be
determined as [8]

ty =mT,K, sin(n/5-9), {10000} (3.5)
ty =mT,K5 sin®, {11000} (3.6)

ty =mT K sin(n/5-9), {11001} (3.7)
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Fig. 3.5. Space vector diagram of inverter output voltage on plane a,,—f; in the range O = [0, 90°].
Outer dashed circle is the modulation limit, m,. =~ 0.526. Colored areas represent different
equations to determine the current ripple.

ty =mTK, sin®, fitio1} (3.8)
TS

{oooo0}

1111} (3.9

= %|:1—m(1+cos%j€0$ﬂ_ml{l Sinﬂ}

being

K, = sin%EO.SSS
: (3.10)
Ky= sin?n =0.951 .

Equations (3.5) - (3.9) can be extended to any sector k by replacing the
phase angle ¥ by 0—(k-1)®/5, k=1, 2, ..., 10.

Due to the symmetry among all phases in the considered case of sinusoidal
balanced currents, only the first phase is examined in the following analysis. In
terms of multiple space vectors, the phase variables are given by (3.2). For the
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first phase, it results in the projection of the two space vectors on the real axes.
In particular, introducing (3.4) in (3.2), the average output voltage of the first
phase is given by

V(T,) =v' =Relv, )+ Re(v3} =mV,.cos V. (3.11)

By introducing (3.11) in the expression for alternating voltage (2.6), and
calculating v(¢) by (3.2) and (3.3), the alternating component of inverter output
voltage of the first phase can be written as

- 1
OE {Sl —g( S;+S,+85+8, +55)}th. —mV,,cos. (3.12)

In order to evaluate the current ripple in the whole phase angle range 0 <
¥ < m/2, the three main cases corresponding to the three sectors depicted in
Fig. 3.5 should be considered. Additional sub-cases, also determined by the
value of modulation index are identified in Fig. 3.5 with different colors.

The current ripple is depicted in a separate diagram for each sector, from
Fig. 3.6 to Fig. 3.8. In general, the ripple shows 2 peaks in the switching period
(two positive and the symmetric negative). For all cases, one peak always big-
ger than the other in the considered sector, for any specific range of m cos®,
due to current slopes and application times. The only exception is in the second
sector @, where either one or the other peak is bigger depending on the values
of m and ¥.

1) Evaluation in the first sector

Considering sector @, 0 <O < 1/5, three different sub-cases can be distin-
guished: 0 <mcos® < 1/5, 1/5 <mcos® <2/5, and 2/5 < m cos® < myq, cosY <
3/5. All this sub-cases are represented in Fig. 3.6.

The sub-case 0 < m cos® < 1/5 (orange area in Fig. 3.5) is considered in dia-
gram @ of Fig. 3.6, where the current ripple i and its peak-to-peak value szp
are depicted, together with the instantaneous output voltage v(¢). In this case,
according to Fig. 3.6, 7[,[, can be evaluated by the expressions for the
instantaneous current ripple and its peak-to-peak value, (2.10), (2.11), and
(3.12) considering switch configurations 11111 or 00000 with the correspond-
ing application interval £, leading to
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pp I dc 0J- .

Peak-to-peak current ripple can also be expressed as

v,.T.
i Z%r(m,ﬁ) \ (3.14)

being r(m,¥) the normalized peak-to-peak current ripple amplitude.
Introducing the duty-cycle &; = #/T,/2, the expression for the normalized
peak-to-peak current ripple in this case is

r(m,®) =mcos 99, . (3.15)

The sub-case 1/5 < m cos® < 2/5 (pink area in Fig. 3.5) is depicted in dia-

gram @ of Fig. 3.6. In this case 7,,1, can be evaluated considering the switch
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configurations 11111 and 11101, with corresponding application intervals #,/2
and 14, leading to

~ 1 .
Lpp =%{de6cosﬂ70+(deccosﬁ— Vg‘ju}. (3.16)

Normalizing by (3.14) and introducing the duty-cycles, the normalized
current ripple becomes

r(m,®) =mcos V4, + Z(mcosﬂ—éj&t . 3.17)

The sub-case 2/5 < m cos® < m,,,, cos® (gray area in Fig. 3.5) is depicted in
diagram ® of Fig. 3.6. In this case ;;p can be evaluated considering the switch
configurations 11111, 11101, and 11001, with the corresponding application

intervals #/2, t,, and t;3, leading to

~

~ 2 ! v
o =Z{deCc0s630+(dec cosVO— gc ]t4 +

2V
+ (deC cosV— Sdc ]@}.

The corresponding normalized current ripple is

(3.18)

r(m,®) = mcos9dy+ 2(}11 cos ﬁ—%]&; + 2[}11 cos ﬁ—%)& . (3.19)

2) Evaluation in the second sector

Considering sector @, w/5< O < 27/5, three different sub-cases can distin-
guished: 0 < m cos® < 1/5, 1/5 < m cos® < 2/5, and 2/5 < m cosB < myq, cos® <
3/5. All these sub-cases are represented in Fig. 3.7.

The sub-case 0 < m cos® < 1/5 (yellow area in Fig. 3.5) is depicted in dia-
gram @ of Fig. 3.7. According to this figure, zTPP can be evaluated by (2.10),
(2.11) and (3.12) considering the switch configurations 00000 and 01000 with
corresponding application intervals #y/2 and #,, leading to



Peak-to-peak output current ripple analysis in multiphase and multilevel inverters 49

};P :%{mvdccosﬁ%O—i-(mvdccosﬁ+%vdc]t4} . (3.20)

Normalizing by (3.14) and introducing the duty-cycles, the normalized
current ripple becomes

r(m,®) =mcos 99, +2(mc0sﬁ+%j54. 3.21)

The sub-case 1/5 < m cos® < 2/5 is depicted in diagram @ of Fig. 3.7. There
are two possible situations for evaluating 7, , corresponding to the yellow-
green areas of sector @ in Fig. 3.5:

- in the first situation, yellow area, (solid orange line in Fig. 3.7), 17,,, can be
determined as in previous sub-case by considering switch configurations 00000
and 01000 with corresponding application intervals #y/2 and #,, leading to (3.20)
and (3.21);

- in the second situation, green area (dashed orange line in Fig. 3.7), 7,,,, can be
determined by considering the switch configurations 11111 and 11101 with the
corresponding application intervals #,/2 and #,, leading to

pp>

7,,,7 =%{deCc0s19 %+(deCc0sﬁ—éVdcjtl} . (3.22)
The normalized current ripple is

r(m,9) =mcos® 9§, + Z(m cosﬁ—%]ﬁl . (3.23)

The last sub-case 2/5 < m cos® < my,,, cos® (red area in Fig. 3.5) is depicted
in diagram © of Fig. 3.7. According to this figure, 7,,,, can be evaluated con-
sidering the switch configurations 11111, 11101, and 11100 with the
corresponding application intervals #/2, #, and f,, leading to

lTpp = %{mvdc Cosﬁ%o+[mvdc cosO— V;ZC jtl +

+ (deC cosVO— 2‘;[16 jtz }

(3.24)
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The normalized current ripple in this case is

r(m, ) = mcos8dy+ Z(m cosﬁ—%j51+2[m cosﬁ—%jSz . (3.25)

3) Evaluation in the third sector (half)

With reference to the half of the sector ®, 21/5 < & < /2 (blue area in Fig.
3.5), there are not sub-cases, and the only occurrence is 0 < m cos® < My,

cosY < 1/5, as depicted in Fig. 3.8. In this case, zTPP can be evaluated by (2.10),

(2.11) and (3.12), considering the switch configurations 00000, 01000, and
01100 with the corresponding application intervals #,/2, t; and t,, leading to

~ t
Ipp =%{deCc0sﬁ70+(dec cosﬁ+%Vd6]tl +
(3.26)
+(deCc0sﬁ+§Vdcjt2}.

Normalized current ripple is

r(m, %) = mcos V9, +2(m cos ﬂ+%)51 + 2(m cos ﬂ+§j82 . (3.27)
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Fig. 3.8. Output voltage and current ripple in one switching period for sector ®, 21/5 <O < /2.
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3.2.3. Peak-to-peak current ripple diagrams

In order to show the behavior of the peak-to-peak current ripple amplitude in
the fundamental period for all the possible cases, in Figs. 3.9 and 3.10 is repre-
sented the normalized function r (m,¥) defined by (3.14). Fig. 3.9 shows r(%)
form=0.2,0.247, 0.4, and 0.494 (= 2 x 0.247), corresponding to the dashed cir-
cles in Fig. 3.5. The three ranges of ¥ correspond to the three sectors from @ to
Q. The further sub-region in sector @ (green- and red-colored areas in Fig. 3.5)
can be distinguished for m = 0.4.

Fig. 3.10 shows the colored map of r (m,9) for the first quadrant within the
modulation limits. It can be noted that ripple amplitude is obviously zero for
m = 0, since the null configurations are the only applied, increasing almost
proportionally with m in the neighborhoods of m = 0. Phase angle with
minimum ripple can be identified, that is & = 40°+45°, and a phase angle with
maximum ripple, that is O = 90°, with ripple amplitude proportional to
modulation index: r (m, 90°) = 2/5[K+K3] m = 0.616 m, resulting from (3.27).
This aspect is further developed in the following sub-section.

04F s /5

0.3}

02}
: 1]

01} ! "
! .
] )
) 1

0 1 1 1 L | 1
0 20 40 60 g0 9

Fig. 3.9. Normalized peak-to-peak current ripple amplitude r(m,3) for different modulation
indexes in the phase angle range ¥ = [0, 7/2].
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Fig. 3.10. Map of the normalized peak-to-peak current ripple amplitude r(m,9)

3.2.4. Maximum of the current ripple

In order to estimate current ripple amplitude in the whole fundamental
period, the maximum of the current ripple can be evaluated in the phase angle
range [0, 90°]. For this purpose, two relevant angles can be observed in Figs. 3.9
and 3.10: a local maximum for ¥ = 0°, and further local maximum for & = 90°.
In particular, to determine these two local maxima, it can be set O = 0 in (3.15),
and ¥ = 90° in (3.27), introducing the application times given by (3.5) - (3.9).
The maximum value of normalized peak-to-peak current ripple amplitude as a
function of the modulation index becomes

F"(m) = max{m[l —2mK> —2mKK, ], %[Kl + K3]m} . (3.28)

The intersection between the two local maxima gives the border value of
modulation index

m[l—zmlq2 —2mK1K3] = %[K1 +Ky|m, (3.29)
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Fig. 3.11. Maximum of the normalized peak-to-peak current ripple amplitude as function of
modulation index.

leading to m = 0.212. Finally, combining (3.28) and (3.29), the maximum of the
normalized current ripple is

m [1—2mK12 —2mKK5| for m<0.212,
rm(lX(m) —

2 (3.30)
g[K1+K3]m for m>0212 .

The composition of the two local maxima is given in Fig. 3.11, leading to the
global maximum. The four white dots represent the specific points for m = 0.2,
0.247, 0.4, and 0.494, displayed in Fig. 3.9. It can be noted that maximum
function is almost linear with the modulation index, strictly for m > 0.212. Then,
on the basis of (3.30) and (3.14), a simplified expression for maximum of peak-
to-peak current ripple amplitude can be obtained

i dc Ts
ppP

max VdcTs \4
= s I v Ko = —4s gy 331
5L (K + &3] 3.25L (3-31)
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3.3. Numerical and experimental results

In order to verify the theoretical developments proposed in previous
sections, numerical simulations and corresponding experimental tests are
carried out. Circuit simulations are preformed by Sim-PowerSystem (Matlab)
considering a five-phase VSI with ideal switches supplying a balanced RL
load, having R = 22 Q and L = 8 mH. In all simulations the fundamental
frequency fis set to 50 Hz, the switching frequency 1/7; is 2 kHz, and the dc
voltage supply V,. is 100V. A centered symmetrical carrier-based PWM
technique is considered in both simulations and experiments, being equivalent
to the centered space vector modulation but easier for the implementation.

The experimental setup with custom-built two-level multiphase inverter is
shown in Fig. 3.12. Power switches are Infineon FS50R12KE3 IGBT pack. For
the real-time implementation of the algorithm, dSpace ds1006 hardware has
been employed. The dc-bus voltage (V,. ) is set to 100V by Sorensen SGI
600/25 dc supply. The inverter switching frequency (1/7T;) was set to 2 kHz,
with inverter’s dead-time of 6 ps (not compensated) implemented in the
hardware. The load parameters are: R =22 Q and L = 8§ mH.

The instantaneous current ripple i in both simulations and experiments is
calculated as the difference between the instantaneous current and its
fundamental component, i.e.

T = i) =1 g (1) . (3.32)

In the experimental results has been noticed that the ripple was with high 3™
harmonic which was the consequence of the inverter dead-time (5-th harmonic
is missing and other odd harmonics were negligible [25]). In order to get
experimental results that could be compared with the analytical results
presented in Section 3.2, the 3™ harmonic was also subtracted from the output
current.

The five-phase system is well balanced and first phase is selected for further
analysis, as in analytical developments. Different values of m are investigated
(0.2,0.247, 0.4, and 0.494 = 2x0.247), to cover all the possible cases.

In Figs. 3.13, 3.15, 3.17, 3.19, is shown the current ripple obtained with
simulations (a) and experiments (b), for different modulation indexes,
respectively. The ripple in experiments is processed as explained above and
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also filtered to eliminate the high order harmonics (cut-off frequency 25 kHz).
Comparison is made with the half of the peak-to-peak current ripple, 2’;,1,/2.
Positive and negative envelope (blue traces) are determined by the equations
presented in Section 3.2. The corresponding experimental results are shown as
gray traces.

In Figs. 3.14, 3.16, 3.18, 3.20, is depicted the instantaneous output current
obtained in simulations (a) and experiments (b) with different modulation
indexes, respectively. Current is shown with the calculated upper/lower ripple
envelope, depicted in blue colors. The experimental current is shown with gray
traces and has not been filtered.

The values of the modulation index have been chosen to cover all possible
sub-cases (different colored regions in Fig. 3.5). The agreement is good in the
whole fundamental period, proving the effectiveness of the analytical
developments.

Five-phase
RL load

Fig. 3.12. Experimental setup
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JU

Fig. 3.13. Current ripple (pink), m = 0.2, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 3.14. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 0.2: (a) simulated, (b) experimental results.
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!

Fig. 3.15. Current ripple (pink), m = 0.247, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 3.16. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m =0.247: (a) simulated, (b) experimental results.
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Fig. 3.17. Current ripple (pink), m = 0.4, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

(a)

(b)

Fig. 3.18. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 0.4: (a) simulated, (b) experimental results.
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Fig. 3.19. Current ripple (pink), m = 0.494, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 3.20. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 0.494: (a) simulated, (b) experimental results.
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3.4. Extension of the peak-to-peak output current ripple analysis to
seven-phase VSIs

3.4.1. State of the art

Recent studies about RMS output current ripple in multiphase motor drives
are presented in [18-21], with emphasis on a five-phase system. In [19] is
investigated the output current ripple RMS for the multiphase inverters,
emphasis was made on five-phase VSI, by considering the space vector theory
and both 2-D planes that characterize the five-phase system. It is shown that
output current ripple RMS cannot be minimized by injection of fifth harmonic
and its odd multiples, but it is also pointed out that, from the practical point of
view, differences in current ripple RMS are relatively small considering
sinusoidal PWM and SV-PWM. The principles of the space vector approach,
detailed for the five-phase system, and analyzing the deviation of the harmonic
flux on two planes, can be directly extended to higher phase numbers. For
example, in a seven-phase system, should be considered the three planes, with
the same characteristics for all continuous PWM methods. In [22] is presented
the use of polygon approach for the analytical analysis of the output current-
ripple RMS in multiphase drives. Polygon approach appears to be a much
simpler and faster analytical tool for the analysis of the output current ripple
than space-vector approach. The peak-to-peak output current ripple analysis, in
addition to the RMS analysis, has been introduced for the multiphase inverters
in [24].

3.4.2. Calculation of the peak-to-peak output current ripple

The analysis of seven-phase inverters by the space vector transformation
leads to better understanding and more simple calculation of voltage levels and
corresponding application times, as in the case of five-phase inverters. In the
following analysis is considered the centered PWM, as described in Sect. 3.1.1.
The instantaneous current ripple is introduced for a generic balanced seven-
phase R—L-EMF load (RLE). The analysis can be extended to seven-phase ac
motor drives as well, but the circuit model of the specific ac motor must be
carefully considered to evaluate the cases in which it can be reduced to the
basic RLE equivalent circuit [19, 22].
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Multiple space vectors are introduced to represent voltage and current phase
quantities in multiphase systems [7]. For the seven-phase system {x;, x,, X3, X4,
Xs, Xg, X7}, the three space vectors x, x3, and x;s lie in the three planes o;—B;, 03—
B3 and as—fs, respectively, and are expressed as:

2 2 3 4 5 6
x1—7 X1+X2a+X3a +.X4a +x5(1 +X6a +X7a
2
x3 :7[x1 +X2a3 +X3a6 +X4a2 +x5(x5 +x6(x+x7(x4]

(3.33)
_ 2[ 5 3 6 4 2
X5 —7 X1 +x2a +X3a +x4(x+x5(1 +x6a +X7a

1
.xO =7[x1+x2 +X3 +X4 +X5 +x6+X7],

being a = exp(j 21/7) and x, the zero-sequence component, always null in case
of balanced systems.
The inverse transformation of (3.33) is

x=xp+x- 08 D4y oV x o0*D k=12,.7. (3.34)

With reference to a seven-phase VSI supplied by the dc voltage V., the
output space voltage vectors can be written as function of the seven switching
leg states S, = [0, 1] as

2
2 :7Vdc [51 +8,00+ 307 +5,0° + Ssat + S +S7°‘6]

vy = %Vdf [Sl +8,0° + 5,08 + 5,07 + S50° + g0+ S7a4]. (3.35)

2

The space vector diagrams representing all possible switch configurations
on planes a,—P;, 03—P; and os—P;s are given in Fig. 3.4.

The SV-PWM of seven-phase inverters is based on the determination of
application times of active and null inverter voltage vectors vy, v3, and vs in
every switching period T;. In the case of symmetrical SV-PWM, the sequence
is determined in 7y /2 and it is repeated symmetrically in the next half of the
switching period. Also in the case of seven-phase inverters, by equally sharing
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the application time of the zero voltage vector between the null switch
configurations 0000000 and 1111111, the centered PWM is realized, able to
minimize the RMS of current ripple. As already mentioned, this SV-PWM
provides the same switching pattern such as the CB-PWM when a “min/max
centered” common-mode voltage is injected into the modulating signals [12].
As result of the SV-PWM, for each phase, the average of the inverter output
voltage v(T) corresponds to the reference voltage v

In the case of sinusoidal balanced output voltages supplying a balanced
load, the zero-sequence component is null. Introducing the modulation index m
= V'/V,, the reference space voltage vectors become

v[ =y =mVy, e?
v; =0 (3.36)
v§ =0.

In this case, SVM is quarter-wave symmetric, and it can be analyzed in the
range [0, m/2] of the phase angle & = o¢. With reference to Fig. 3.21, the three
sectors @ , @, and ® are considered for 0 <O < n/7, /7 <O < 2n/7, and 2n/7

0111000 111.1000

0000000 Ly 1000000 2 3 1 0
0% 0000 LV, 2V, 2V, 110011 1100001

Fig. 3. 21. Space vector diagram of inverter output voltage on plane o;—f; in the range O = [0,
90°]. Outer dashed circle is modulation limit, m,.. = 0.513. Different colored areas correspond to
different equations for determining the current ripple.



64 3. Analysis of the current ripple in multiphase VSIs

<O < 3n/7, respectively, and the half of sector @ is considered for 37/7 < ¥ <
/2.

For sector @ the application times of the switch configurations involved in
the modulation sequence from {00} to {7F} (hexadecimal) can be determined
in the half period T,/2 as [12]

ty =mT,K, sin(m/7-9),  1000000=1{40} (3.37)
ty =mT,Ks sin®, 1100000 ={60} (3.38)
ty =mT,K5sin(m/7-9), 1100001={61} (3.38)
ty =mT,Kysin®, 1110001={71} (3.39)
ts =mT,Kssin(m/7-9), 1110011={73} (3.40)

te =mT,K, sin®, 1111011={7B} (3.41)
T
to=?s—(t1+t2+t3+t4+t5+t6)=
=1-2m(K, + Ky +K5){K1 cosﬁ+(1—cosg) sinﬂ} ,
000 0000\ (00
= (3.42)
111111 |7F
K, = sin% =0.434

being K;= sin37—n =0.975 (3.43)

K= 51'11577t =(0.782.

Equations (3.37)-(3.42) can be extended to any sector k by replacing the
phase angle ¥ with 0—(k—D)m/7, k=1,2, ..., 14.

Due to the symmetry among all phases in the considered case of sinusoidal
balanced currents, only the first phase is examined in the following analysis. In
terms of multiple space vectors, the phase variables are given by (3.34). For the
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first phase, it results in the projection of the three space vectors on the real
axes. In particular, introducing (3.36) in (3.34), the average output voltage of
the first phase is given by

V(T,)=v =Re{v, } +Re{vs )} + Re(vs} =mV,.cos 9. (3.44)

By introducing (3.44) in the expression for the alternating voltage (2.6), and
calculating v(¢) by (3.34) and (3.35), the alternating component of inverter out-
put voltage (first phase) can be written as

5() =[sl —%( S;+Sy+S3+S8,+S5+Sg + S7)}Vdc —mV,,cos®. (3.45)

In order to evaluate the current ripple in the whole phase angle range 0 <
U < n/2, the four main cases corresponding to the four sectors depicted in Fig.
3.21 should be considered. Additional sub-cases, also determined by the value
of modulation index, are identified in Fig. 3.21 with different colored areas.

The current ripple for each sector is depicted in a separate diagram, Figs.
3.22 and 3.23. In general, for all the four sectors, the ripple shows two different
peaks in the switching period (two positive peaks and the symmetric negative
peaks). In most of these cases, one peak results to be always bigger than the
other in the considered sector, for any specific range of m cos9, as a
consequence of both current slopes and application times. There are only 2
exceptions, both related to the second sector @. For these cases, either one or
the other peak is bigger depending on the values of m and 8. These aspects are
addressed with more details in the following.

1) Evaluation in the first sector

Considering sector @, 0 < O < /7, four different sub-cases can be
distinguished: 0 <mcos® < 1/7, 1/7 <mcos® < 2/7,2/7 <mcosO< 3/7, and 3/7
<mcosV < My, cos® < 4/7. All sub-cases are represented in Fig. 3.22a.

The sub-case 0 < m cos® < 1/7 (pink area in Fig. 3.21) is considered in
diagram @ of Fig. 3.22a, where the current ripple i and its peak-to-peak
value 7,,,, are depicted, together Evith the instantaneous output voltage v(7). In
this case, according to Fig. 3.22a, i,, can be evaluated by the expressions for the

instantaneous current ripple and its peak-to-peak value, (2.10) and (2.11), and
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Fig. 3.22. Output voltage and current ripple in a switching period: (a) for sector @, 0 <6 < x/7,

and (b) for sector @, /7 <0 <2n/7.
{00} or {7F} with the

switch configurations

(3.45) considering the
corresponding application interval 7, leading to:
iy = %{dec cosV1y} . (3.46)

Considering the same normalization as for five-phase inverters (3.14) and
introducing the duty-cycle &, = #/7T/2, normalized current ripple can be

determined as
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r(m,®) =mcos 0y, . (3.47)

The sub-case 1/7 < m cos® < 2/7 (azure area in Fig. 3.21) is depicted in
diagram @ of Fig. 3.22a. In this case };P can be evaluated considering the
switch configurations {7F} and {7B}, with the corresponding application

intervals #,/2 and ¢, leading to

[ =%{mvdccosﬂ%o+(mvdccosﬂ—V;kjtﬁ}- (3.48)

Normalizing by (3.14) and introducing the duty-cycles &, = #/T,/2, the
normalized current ripple becomes

r(m,®) =mcos$d, + Z(m cos ﬂ—%)% . (3.49)

The sub-case 2/7 < m cos® < 3/7 (white area in Fig. 3.21) is depicted in
diagram © of Fig. 3.22a. In this case 7,,,, can be evaluated considering the
switch configurations {7F}, {7B}, and {73} with the corresponding application

intervals #/2, t, and ts, leading to

g 2 to Vd 2Vd
iy = 7 {m Ve cOS ﬁT (m Ve cos 6—76] tot+ (m Ve cos®— ; < |5 +.(3.50)
The corresponding normalized current ripple is

r(m, %) = mcosVdy+ Z(m cos O — %jﬁé + 2(m cos ¥ — %)65 . (351

The sub-case 3/7 < m cos® < m,,,, cos® < 4/7 (gray area in Fig. 3.21) is
depicted in diagram @ of Fig. 3.22a. In this case fpp can be evaluated
considering the switch configurations {7F}, {7B}, {73}, and {71} with the

corresponding application intervals #/2, t, ts, and #,4, leading to

- 2 11 V 2V,
Iy =Z{mvdc005"‘350 +(deCcosﬁ— ;’C jt6 +(deCcosﬁ— 7d‘ ]ts +

3V,
+(deCcosﬁ— 7dc jt4}

(3.52)
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The corresponding normalized current ripple is
1 2 3
r(m,®)=mcos® 30+2(m cos O— 7}66 +2(m cos O— 7}35+ Z(m cos O— 7}54 . (3.53)

2) Evaluation in the second sector

Considering the sector @, n/7 < ® < 2n/7, four different sub-cases can be
identified: 0 <m cosO < 1/7, /7 <m cos® <2/7, 2/7 <m cos® < 3/7, and 3/7 <
m cos® < my,,, cos® < 4/7. All these sub-cases are represented in Fig. 3.22b.

The sub-case 0 < m cos® < 1/7 (yellow area in Fig. 3.21) is depicted in
diagram @ of Fig. 3.22b. According to this figure, 7,,,, can be evaluated by
(2.10), (2.11) and (3.45) considering the switch configurations {00} and {20}

with the corresponding application intervals #,/2 and #;, leading to

Ipp :%{mvdccosﬁ %0+(mvdccosﬁ+%vdc]t6}. (3.54)

Normalizing by (3.14) and introducing the duty-cycles, the normalized
peak-to-peak current ripple amplitude becomes:

r(m,®) =mcos 99, +2(m cos 6+%]56. (3.55)

The sub-case 1/7 < m cos® < 2/7 is depicted in diagram @ of Fig. 3.22b. It
can be noticed that there are two possible situations regarding the evaluation
of 7,,,, , corresponding to yellow-green area of sector @ in Fig. 3.21: _

- in the first situation, yellow area (solid orange line in Fig. 3.22b), i,, can be
determined as in the previous sub-case by considering the switch
configurations {00} and {20} with the corresponding application intervals #,/2
and 7, leading to (3.54) and (3.55);

- in the second situation, green area (dashed orange line in Fig. 3.22b), fpp can
be determined by considering the switch configurations {7F} and {7B} with

the corresponding application intervals #,/2 and ¢, leading to
> 2 o 1
Ipp :Z deccosﬂ?—i- deCcosﬁ—7Vdc Hes (3.56)

being the normalized peak-to-peak current ripple amplitude
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r(m,®) =mcos 9, + Z(mcosﬁ—%jf)l. (3.57)

The sub-case 2/7 < m cos® < 3/7 is depicted in diagram @ of Fig. 3.22b. Also
for this sub-case there are two possible situations for evaluating,
7,,,, corresponding to yellow-violet area of sector @ in Fig. 3.21:

- in the first situation, yellow area (solid green line in Fig. 3.22b), i,,can be
determined as in the previous sub-case by considering the switch
configurations {00} and {20} with the corresponding application intervals #,/2
and 4, leading to (3.54) and (3.55);

- in the second situation, violet area (dashed green line in Fig. 3.22b), 7,,,, can
be determined by considering the switch configurations {7F}, {7B}, and {79},
with the corresponding application intervals #y/2, #;, and ¢, leading to:

Iy :%{mvdccosﬁ%o-i-(mvdccosﬁ— V;C jtl +(deCcosﬁ— 2‘;dc ]tz} , (3.58)

being the normalized current ripple amplitude

r(m,9) = mcos9d,+ 2(mc0sﬂ—%j51+ 2(m cosﬁ—%jﬁz . (3.59)

The last sub-case 3/7 < m cos® < my,,, cos® < 4/7 (red area in Fig. 3.21) is
depicted in diagram @ of Figure 3.22b. According to this figure, 7,,,, can be
evaluated considering the switch configurations {7F}, {7B}, {79}, and {71}

with the corresponding application intervals #y/2, ¢, t,, and #;, leading to

7 d : W,
lpp =%{de€ c0s670+(mvdc COSﬁ_%jtl +(mvdc cosD— Vie jtz "

+ [deC cosB— 3‘;dC ]@} .

Normalized current ripple is

(3.60)

r(m,)=mcosV 50+2(m cos O— %)51 +2(m cos O— %)52+2(m cos O— %)53 . (3.61)
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3) Evaluation in the third sector

With reference to sector @, 2n/7 < ¥ < 3n/7 (turquoise area in Fig. 3.21),
three different ranges can be distinguished: 0 < m cos® < 1/7, 1/7 < mcosV <
2/7, and 2/7 < m cos® < my,, cos® < 3/7. All the sub-cases are represented in
diagrams @, @, © of Fig. 3.23a. It can be noted that there are not sub-cases,
and for all the three ranges 7,],] can be evaluated considering the switch
configurations {00}, {20}, and {30} with the corresponding application

intervals f, t;, and t,, leading to
~ 2 t V 2V
lp = ﬂmvdc cos 1‘)70 {deC cos O+ ;C ]tl {deC cosﬁ+%) tz} . (3.62)
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Fig. 3.23. Output voltage and current ripple in a switching period: (a) for sector ®, 2n/7 <6 <
3nt/7, and (b) for sector @, 3w/7 <0 <w/2.
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Normalized current ripple is
1 2
r(m,®) = mcos®dy+ Z(m cos O+ 7}51 + Z(m cos O+ 7}52 . (3.63)

4) Evaluation in the fourth (half) sector

With reference to the half of sector @, 37/7 < ¥ < n/2 (orange area in Fig.
3.21), there are not sub-cases and the only occurrence is 0 < m cos® < m,,
cos® < 1/7, as depicted in Figure 3.23b. In this case, 7,,,, can be evaluated
considering the switch configurations {00}, {10}, {30}, and {38} with the
corresponding application interval #y/2, ts, ts, and 1,4, leading to

- " 5
Ipp =%{decc0s1970+(deCc0sﬁ+%]t6 +[deccos19+ ‘;dc ]ts "

+ (dec cosO+ 3‘;‘1" ]Q} .

The corresponding normalized current ripple is

(3.64)

r(m,)=m c0s1360+2(m cos ﬂi—;j% +2(m cos 134%)55 +2(m cos ﬂi—gj&‘ . (3.65)

3.4.3. Peak-to-peak current ripple diagrams

In order to show the behavior of the peak-to-peak current ripple amplitude
in the fundamental period for all the considered cases, in Figs. 3.24 and 3.25 is
represented the normalized function r(m, ¥) defined by (3.14). Figure 3.24
shows r(®) for m = 1/7, 2/7, 3/7, and 0.513 (=m,,,,), corresponding to the
dashed circles in Figure 3.21. The four ranges corresponding to the four sectors
from @ to @ are emphasized. The further sub-regions in sector @ (green-,
violet-, and red-colored areas in Figure 3.21) can be distinguished for m = 2/7
and 3/7.

Figure 3.25 shows the colored map of r(m, §) for the first quadrant within
the modulation limits. It can be noted that ripple amplitude is obviously zero
for m = 0, since the null configurations are the only applied, increasing almost
proportionally with m in the neighborhoods of m = 0.
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Fig. 3.24. Diagram of the normalized peak-to-peak current ripple amplitude r(m,8) as a function
of the phase angle ¥ in the range [0, 7/2], for different modulation indexes.

A phase angle with minimum ripple can be indentified in the range
U = 30°/35°. A phase angle with maximum ripple is & = 90°, with ripple
amplitude proportional to modulation index: r(m, 90°) = 0.626 m, resulting
from (3.65). This aspect is further developed in the following.
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Fig. 3.25. Diagram of the normalized peak-to-peak current ripple amplitude 7(m,9) as colored map
in the space vector plane a-f within the modulation limits.
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3.4.4. Maximum of the current ripple

In order to estimate the current ripple amplitude in the whole fundamental
period, the maximum of the current ripple can be evaluated in the phase angle
range [0, 90°]. For this purpose, two relevant angles can be observed in Figs.
3.24 and 3.25: a local maximum is for O = 0, and a further local maximum
is for & = 90°. In particular, to determine these two local maxima, ¥ = 0 can be
set in (3.47), and O = 90° in (3.65), introducing the application times given by
(3.37-3.42). The maximum value of normalized peak-to-peak current ripple
amplitude as a function of the modulation index becomes

" (m) = max{m[l—2m1(12—2mK1K3—2mK1K5], 0.626m}.  (3.66)

The intersection between the two local maxima gives the border value of the
modulation index

m [1-2mK,* = 2mK K s-2mK K5] =0.626m , (3.67)

leading to m =~ 0.197. Finally, combining (3.66) and (3.67), the maximum of
the normalized current ripple is
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Fig. 3.26. Maximum of the normalized peak-to-peak current ripple amplitude as function of
modulation index.
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2
< 97
max( ) {m[l— 2mK1 _me1K3 2mK1K5], m<0.1 (3 38)

0.626m , m=>0.197.

The composition of the two local maxima is given in Fig. 3.26, leading to the
global maximum. The four white dots represent the specific modulation
indexes, m = 1/7, 2/7, 3/7, and 0.513 (=m,,,), also displayed in Fig. 3.24 and
further examined in simulations. It can be noted that maximum function is
almost linear with the modulation index, strictly for m > 0.197. Then, on the
basis of (3.68) and (3.14), a simplified expression for maximum of peak-to-peak
current ripple amplitude can be obtained for the seven-phase inverter

pomar o Vaels (3.69)

PP T30
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3.5. Numerical results

In order to verify the theoretical developments shown in previous sections,
circuit simulations are carried out by Sim-PowerSystems of Matlab considering
seven-phase inverter supplying a balanced RL load, having R=7 Q and L =3
mH. In all simulations the fundamental frequency f is set to 50 Hz, the
switching frequency 1/7y is 2.1 kHz, and the dc voltage supply V,. is 100 V. A
centered symmetrical carrier-based PWM technique is considered, equivalent
to centered space vector modulation.

The instantaneous current ripple ¢ is calculated as the difference between
the instantaneous current i(¢) and its fundamental component I;,,,(1), i.e.:

1@ =i(0) =1 g (1) . (3.70)

The seven-phase system is well balanced and the first phase is selected for
further analysis, as in analytical developments. Different values of m are
investigated (1/7, 2/7 3/7, and 0.513 = m,,,,), as in Section 3.4, to cover all the
considered cases.

In Figs. 3.27a, 3.28a, 3.29a, and 3.30a the current ripple i obtained in
simulations by (3.70) (pink trace) is compared with the peak-to-peak current
ripple, 7,,,,, evaluated in the different regions by the equations presented in
Section 3.4.2 (blue traces), for one fundamental period. Each figure is backed
with the enlarged detailed view of the current ripple.

In the corresponding Figs. 3.27b, 3.28b, 3.29b, and 3.30b is depicted the
instantaneous output current with the calculated upper/lower ripple envelope,
depicted in blue color, for one fundamental period.

The agreement is good in the whole fundamental period. Shown figures
(Fig. 3.27 to Fig. 3.30) are for modulation indexes that cover all possible sub-
cases, i.e., all the colored regions in Figure 3.21. This proves the validity of all
the equations derived in Section 3.4.2.



76 3. Analysis of the current ripple in multiphase VSIs

Fig. 3. 27. Simulation results, m = 1/7: (a) current ripple (pink) and evaluated peak-to-peak
envelope (blue), with details; (b) instantaneous output current with calculated envelopes (blue).

(a)

()

Fig. 3. 28. Simulation results, m = 2/7: (a) current ripple (pink) and evaluated peak-to-peak
envelope (blue), with details; (b) instantaneous output current with calculated envelopes (blue).
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Fig. 3. 29. Simulation results, m = 3/7: (a) current ripple (pink) and evaluated peak-to-peak
envelope (blue), with details; (b) instantaneous output current with calculated envelopes (blue).

(d)

Fig. 3. 30. Simulation results, m = 0.513: (a) current ripple (pink) and evaluated peak-to-peak
envelope (blue), with details; (b) instantaneous output current with calculated envelopes (blue).
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4. Analysis of the output current ripple in
multilevel VSIs

4.1. Introduction

Multilevel inverters became more and more popular in last decades, due to
the increased power ratings, improved output voltage waveforms, and reduced
electromagnetic interference emission. A simple and reliable implementation
of multilevel inverter is based on cascaded connection of single-phase inverters
(H-bridge), leading to a structure capable of reaching high output voltage
amplitudes by using standard low-voltage components. Three-level PWM
voltage source inverters (VSIs) are the viable converters for many high-power
applications, both grid-connected and motor-load. Compared with traditional
two-level inverters, three-level inverters have half of the voltage stress on
switching devices for the same maximum output voltage and generate lower
harmonics for the same switching frequency.

Nowadays, three commercial topologies of multilevel voltage-source
inverters exist: neutral point clamped (NPC), flying capacitors (FCs), and
cascaded H-bridge (CHB).

The simplest NPC topology is obtained by doubling the number of switches
in comparison to the two-level inverter, and adding the same number of diodes
to each additional switch. An additional level is obtained by clamping through
the diodes (clamping diodes), that are connected to the neutral point of the
source. The output voltage has three states: V,/2, 0, and — V,,/2. The principle
of the switching is simple: for n - level inverter highest (n - 1) adjacent
switches need to be turned on together to achieve maximum leg voltage, next
(n - 1) switches to be turned on for (n - 2)-th output level etc. In neutral point
clamped inverters, three-level inverter is most popular within this class,
because for higher number of level static or stray inductance overvoltage can
appear across the switches. In order to solve these problems a different diode-
clamped topology has been proposed, which is working without the association
of the clamping diodes [1].

The flying capacitor FC topology is derived from diode clamped topology
by the elimination of the clamping diodes. FC inverter circuit is with



84 4. Analysis of the output current ripple in multilevel VSIs

Fig. 4.1. Three-level carrier-based PD modulation (normalized by V), form =1

independent capacitors clamping the device voltage to one capacitor voltage
level. The three-level inverter provides output voltage with three states: V,./2,
0, and — V,/2. FC inverter uses additional capacitors oppositely charged to be
included in series with dc supply, which have the same role as clamping diodes
in diode-clamped inverters. They keep constant the voltage drop between the
busses to which they are connected. The charge of can be balanced by proper
selection of the O-level switch combination. Despite that this structure is very
similar to the diode-clamped converter, most important difference is that the
FC inverter has a modular structure that can be more easily extended to achieve
more voltage levels. The main drawbacks of the FC inverters are requirement
for significant number of capacitors which are unequally rated, complex
control algorithm and many voltage sensors for high number of capacitor
voltages to be controlled [2].

Among these inverter topologies, cascaded multilevel inverter reaches the
higher output voltage and power levels and the higher reliability due to its
modular topology. Cascaded multilevel inverters are based on a series
connection of several single-phase inverters. This structure is capable of
reaching medium output voltage levels using only standard low-voltage
components. These converters also feature a high modularity degree because
each inverter can be seen as a module with similar circuit topology, control
structure, and modulation. One of the advantages of this type of multilevel
inverter is that it needs less number of components compared to the diode-
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clamped or the flying capacitor. In three-level cascaded inverter each single-
phase full-bridge inverter generates three output voltage states: +V,., 0, and -
V4. There are a number of alternative topologies based on the basic principle
of cascaded single-phase inverter. Among these, the topology with most
interest is modular multilevel converter (MMC), where several dc/dc modules
with floating dc link are connected in series to obtain a single-phase or three-
phase output voltage. The MMC provides high scalability, it has low filter
requirements and moreover it does not require an input transformer [3, 4].

4.1.1. Modulation techniques

The performance of a three-level inverter depends on its modulation
strategy. There have been many three-level PWM techniques developed in last
decades [5]-[9]. Generally these techniques can be classified into two
categories: carrier-based modulation (CB-PWM), and space vector modulation
(SV-PWM).

For CB-PWM each phase reference voltage is compared with two
identically shaped but offset triangle carrier waveforms. The frequency of these
carriers defines the switching frequency, and their amplitude is the same as dc-
link voltage, eventually in per units. The most common multilevel techniques
with reference to the phase shift of these carriers are: carriers in phase
disposition (PD —no phase shift between carriers), phase opposition
disposition (POD - carriers above the zero line of reference voltage are out of
phase with those below this line by 180 degrees), and alternatively in phase
opposition disposition (APOD — 180° phase shift between adjacent carriers). It
is generally accepted that the PD strategy creates the lowest line voltage
harmonic distortion and the resulting modulation is equivalent to nearest three
vectors (NTV). In Fig. 4.1 is shown the example of carrier-based PD
modulation technique.

A typical SV-PWM scheme uses the nearest three vectors algorithm to
approximate the desired output voltage vector. During each switching period,
the triangle in which the reference vector lies is traversed forth and back once.
Beginning and ending states of this traverse correspond to the same space
vector, which is called pivot vector. These two redundant switching states are
called pivot states. In most continuous modulation strategies for a three-level
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Fig. 4.2. Space vector diagrams of inverter output voltage: (a) whole hexagon with all six main
triangles, (b) detail of first main triangle.

inverter, the switching sequence starts from first pivot state, goes to the second,
and symmetrically comes back to the first.

Fig. 4.2(a) shows the output voltage space vectors corresponding to all
possible switch configurations. In three-level inverters the redundancy implies
availability of multiple switching states to produce a given voltage vector.
There is redundancy in zero vector (possible states are {+++}, {0 0 0}, and
{——-1}), and in all the vectors of magnitude 2/3 V,. (pivot vectors, red dots in
Fig. 4.2) with two possible states. The three nearest voltage vectors are used to
synthesize the reference output voltage vector v in a switching period. For
sinusoidal balanced output voltages, the reference output voltage vector is y =
1’4 exp(j9), being Vi=m V4 and O = ¢, m the modulation index and V. the dc
bus voltage.

The voltage space vector diagram of three-level inverter appears to be a
hexagon, consisting of 6 main triangles, numbered I-VI in Fig. 4.2, 12 outer
triangles, 6 intermediate, and 6 inner triangles. The hexagon is divided into 6
diamond-shaped sectors, bordered by red lines in Fig. 4.2a. The working
domain of each pivot vector is the hexagon centered on it, in this case it is
restricted to a diamond-shaped sector (pink colored area in Fig. 4.2), due to the
overlaps between sub-hexagons. The switching sequence begins and ends with
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the pivot vector, making the role of pivot vector in three-level VSIs similar to
the role of zero vector in case of two-level VSIs.

The multilevel modulation strategy is described with reference to Fig. 4.2b
for the first main triangle. The nearest pivot vector v, is subtracted from the
reference voltage vector " to obtain the residual reference vector VoL1, that can
be synthesized by applying the same procedure as for two-level inverters in the
corresponding triangle (I-3b in Fig. 4.2).

It is proved that CB-PWM and SV-PWM strategies for multilevel inverters
are equivalent. A proper common-mode injection into the modulating signals
of the CB-PWM leads to the same output voltages as in SV-PWM. On the
other hand, the CBM can be equivalently realized by SVM through proper
sharing of dwell times among the redundant switching states. In particular, the
so-called centered PWM (CPWM) obtained by splitting the dwell times of
redundant states into equal parts offers lower harmonic distortion in output
currents and almost easy implementation with both CBM and SVM techniques
[10]- [16].

CB-PWM strategies are widely adopted because of their inherent simplicity
and reduced computational requirements compared to SV-PWM, with the
possibility of implementation on industrial DSPs without the need additional
hardware logics such as FPGA. Furthermore, carrier-based schemes are more
flexible since the modulation can be readily handled by a simple common-
mode voltage injection, according to

Ty =vp +v, s k=ab,c. (4.1)

being v;: the reference phase voltages (corresponding to reference space vector
"), Vo the injected common-mode voltage, and 17,(* the resulting modified
modulating signals.

There are essentially two different methods available in literature to
implement the centered PWM, equivalent to centered space-vector PWM, by
the carrier-based modulation. In the first one, the common-mode voltage is
determined on the basis of the minimum, middle and maximum values of the
reference phase voltages and their correlations [14]. In the second one, the
modulus function is introduced for shifting up the reference voltages so their
carrier intersections lie within a common carrier band [11], [13].
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Fig. 4.3. Block diagram of the centered PWM scheme.

A simpler and more comprehensive approach to implement centered PWM
is essentially following for the CB-PWM a similar procedure as in SV-PWM.
In order to simplify the determination of the common-mode signal to be
injected in the reference voltages, a straight and comprehensible method is
based on the correspondence between output voltages/space vectors of two-
level and three-level inverters. In particular, taking into account that the pivot
vector in three-level inverter has the similar role as the null vector in two-level
inverter, a sub-hexagon corresponding to two-level inverter can be indentified
within the hexagon of three-level inverter for each pivot vector. The overlaps
between sub-hexagons reduce the pivot domain into a diamond-shaped sector
(pink colored area in Fig 4.2a for v,). In each pivot sector, the reference volt-
age v, of the three-level inverter can be considered as the combination of the
pivot voltage v, and the residual two-level reference voltage v’y for each
phase k, as

v,t =vp+v;L. 4.2)

It is well known that min/max common-mode injection realizes centered
CB-PWM in two-level inverters. To extend this procedure to three-level
inverters, the min/max centering is separately applied to the two terms in (4.2),

. ~k . . .
leading to the three-level centered reference voltage v; . This simple method is
summarized in the block diagram of Fig. 4.3, leading to the resulting
expression

~%

Ve =V 3 [max(v,, )+min(v, )]— 5 [max(v2L )+min(vyy )] . “4.3)
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The residual two-level reference voltage v*zL is determined by (4.2) and the
pivot voltage v, can be readily obtained just on the basis of the sign of refer-
ence voltages as

v . 3 .
v, = de sign(vk)—lZSign(vk) . 4.4)
2 33

By introducing (4.4) in (4.3) and simplifying leads to

~%

e = v,t + V_gcz sign(v,t) —% [max(v;L) + min(v;L)]. 4.5)

Fig. 4.4 shows the resulting modified modulating signals 17,: (normalized by
V,.) obtained by applying the (4.5) with different modulation indexes, m = 1/3,
2/3, 1, and 2/N3 = g,

Comparing (4.5) with (4.1) and introducing (4.2), the resulting common-—
mode signal to be added to the reference voltages is now given by

Fig. 4.4. Modified centered modulating signals 17,: (normalized by V) for the centered PWM

method for different modulation indexes.
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Vem = %Zszgn(vk) —E[max(vk —vp)—i-mln(vk —vp)]. (4.6)

The first term in (4.6) is independent by the modulation index, and it is
calculated just by the sign of reference voltages, whereas the second term
simply consists in the application of the well known min/max centering to the
residual two-level voltages. For these reasons v, can be can be readily
synthesized by industrial DSPs, and the implementation of (4.6) with
analogical circuitry is quite simple as well.

4.2. Extension of the peak-to-peak output current ripple analysis to three-
level VSIs

4.2.1. State of the art

Various PWM schemes for three-level VSIs with improved output voltage
waveforms have been proposed in last decades. In general, output current
ripple was studied in terms of the RMS value. In [17] the current ripple
trajectory in o—[ coordinates for the case of dual-inverter-fed open-end
winding load configuration is shown, operating as three-level inverter, but
emphasis was made to current ripple RMS. The analysis the peak-to-peak
output current ripple amplitude in three-phase two-level PWM inverters has
been recently introduced in [18]. Similar analysis has been extended to the case
of the multiphase inverters [19]. The analysis of the peak-to-peak output
current ripple in case of the three-level inverters is missing in the literature.

4.2.2. Calculation of the peak-to-peak output current ripple

In the following analysis the centered PWM is considered, as described in
Sect. 4.1.1. The reference is made to a generic RLE load, representing both
grid-connected and motor loads. The analysis of three-level inverters by the
space vector transformation leads to better understanding and more simple
calculation of voltage levels and corresponding application times. In the case
of a three-level inverter, the output voltage vector can be written similarly to
the corresponding two-level inverter, considering the switching states of the k-
th inverter phase as S; = [-1, 0, 1] (in the following are summarized as{— 0 +}):
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2
V=V [S1 +S,00+ S3oc2]. 4.7

being o = exp(j27/3).

Application times f, are defined by duty-cycles &, &, and J,, and switching
period T, being o, = #/TJ/2. Duty-cycles are given in Table I for all the
triangles named in Fig. 4.2a (first quadrant), by introducing the normalized
reference voltages uq and ug defined as:

VB

ua=v—°‘=mcosﬁ and ug=——=msin? , (4.8)
Va’c Vdc

being v, and vp the real and imaginary components of v, as represented in Fig.

Table I: Duty-cycles for triangles in the first quadrant as function of
normalized voltages

8 &% X
I1a 1_%(ua+1/ﬁuﬁ) V3u %(ua ~1/3ug)
b | ) | 2 beig) |
II-1a 1-3uy %(1/\/5“& ug) %(ua +1/Pug)
I-2a %(ua +1/J§uﬁ)—1 1—%(% —1/\/§u5) 1-+3u
1-2b 1-3u %(ua +1/J§uﬁ)—1 1—%(ua—1/ﬁuﬁ)
II-2a 1—%(ua+1/\/§u5) VBug -1 1—%(1/\/5%—%)
I-3a V3ug %(ua—l/ﬁuﬁ)—l 2—%(ua+1/\/§uﬁ)
I-3b Vug -1 %(ua ~1/3ug) 2—%(14& +1/+3ug)
L I e I = TS VT 2-3ug
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4.2b. The modulation limit is m < m,,,, = 23 = 1.155.

In the considered case of sinusoidal balanced currents, the three-phase
system is symmetric and only one phase can be analyzed. Considering the first
phase, the variables are given by extracting the real part of the corresponding
space vectors, which are their projection on the real axes. If the reference
voltage is within the modulation limits, i.e., the reference space vector vy lies
within the outer hexagon, the average inverter output voltage (first phase) is
given by

V(T)=v =Re{v*}=V* cosO=V, ;. mcos¥. 4.9)

The instantaneous output phase voltage v(f) can be expressed by the
switching states. For the first phase it can be calculated as the real part of the
output voltage vector (4.7), leading to

v=VdC|:Sl_%(S1+S2+S3)j|' (410)

By introducing (4.9) and (4.10) in the expression of the alternating voltage
defined in Chapter 2, (2.6), the alternating output voltage component is

V(t):Vdc[Sl—%(Sl+52+S3)}—Vdcmcosﬂ. (4.11)

The ripple evaluation in three-level VSIs can be obtained in two different
ways: (A) basing the ripple evaluation on the developments carried out for
two-level VSIs, introducing the concept of pivot voltage vector instead of null
voltage vector, and (B) directly by analyzing the output voltage waveforms of
the three-level inverter, as done for two-level inverters in previous chapters.
Both ways to obtain the current ripple will be presented in the following.
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A) Ripple evaluation by introducing pivot vector and two-level analysis

Considering the quarter wave symmetry, the evaluation of the current ripple
can be restricted to the phase angle range [0-90°]. In Fig. 4.5 is represented the
1** quadrant of the output voltage hexagon for two-and three-level inverter.
Space vector hexagon of two-level inverter can be identified within the space
vector hexagon of three-level inverter, as pointed out for the first quadrant in
Fig. 4.5. Different colors represent the different cases, first quadrant of two-
level inverter (sector I and half of the sector II) and the corresponding quadrant
of three-level inverter (triangle I-3b and half of triangle II-3a), and should be
considered separately for the ripple evaluation. For the same dc-bus voltage,
the first quadrant of the two-level inverter is the same as the corresponding
quadrant in three-level inverter, just shifted for the pivot vector v,1. Taking this
into account, the current ripple of the three-level inverter can be determined in
easy way, by starting from the evaluation for two-level inverter in the three
identified cases.

In Fig. 4.6 is depicted the current ripple i and its peak-to-peak value i,
together with the instantaneous output voltage v(f) for two-level inverter and
for each colored triangle indentified in Fig. 4.5, in a separate diagram. The
switching sequence is chosen in such way to correspond to the switching
sequence of three-level inverter for a specific case. Duty-cycles defined as J, =
1/TJ/2, are given in Table II for all the colored regions of Fig. 4.5, by
introducing the normalized reference voltages u and ug defined by (4.8).

A=
S/

a_

Fo—-\-<t——

o\l A= -
< Y »
000 1 2
e e e G
two-level inverter three-level inverter

Fig. 4.5. Output voltage diagram of two-level and three-level inverter in the first quadrant of o—3
plane.
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Table II: Application duty-cycles of two-level inverter in considered cases

3 5182 83 ) 515:8; ) 515:5;

I V3ug 11O | 3 1/y) | 100 l_g(uaﬂ/ﬁ%) 111
2 2 000

11 %(1,\/5%_”&) 010 %(uaﬂ/\/;uﬁ) 110 1-3ug 000
111

By comparing the first quadrant of the two-level inverter with the
corresponding quadrant in three-level inverter in Fig. 4.5, it can be noted that
the quadrant of three-level inverter is shifted for the pivot vector v, = 1/3 + j
1N3. According to this, the new normalized reference voltages in the case of
three-level inverter are

Uy =ug +1/3, 4.12)
uy =ug +1/43 (4.13)

where u,, and ug are the reference voltages of the two-level inverter. The new
reference voltages, u, and ug, that need to be considered in the expressions for

v(t) 4 mVy, cos®
Wl V(o)
. [2) mVy, cos®
Wae o W N
111 {110 100 {000 000100 : 110) 111 | o 000 010 f110 J 111 111]110 | 010 000 o
> >
t
/2 T b itl2 . t
< > =3 Ve L |
- {2
HO) R t0/2: 1t ite/2
iy o T2

HO)

o F N i
/ Ipp e

A 4
/

v

v

Sector 1 Sector 11

Fig. 4.6. Output voltage and current ripple in one switching period for two-level inverter.
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the ripple evaluation of two-level inverter to obtain the ripple in three-level
inverter are

Uy =uy —1/3, (4.14)
ug =up—1/+/3 . (4.15)

The sub-case m cos® < 2/3, representing the blue area of triangle 1-3b in
Fig. 4.5 corresponds to the blue area of sector I in two-level inverter.
Considering the blue area of sector I in two-level inverter, z:,p can be
evaluated by the expressions for the instantaneous current ripple and its peak-
to-peak value, (2.10) and (2.11), and (4.11), with application duty-cycle
leading to

-~ V,T
i =%{ua 8o} - (4.16)

By substituting the new reference voltages (4.14) and (4.15) in (4.16), z:,p
in three-level inverter can be determined as

¥ V. c Ts 4 L\
L =%T[(ua _EJSO} 4.17)

being & the duty-cycle of three-level inverter, which can be obtained starting
from the duty-cycle of two-level inverter from Table II and introducing the
reference voltages (4.14) and (4.15).

Peak-to-peak current ripple can also be expressed as

V., T
0= #r(m,ﬁ) , (4.18)

being r(m,¥) the normalized peak-to-peak current ripple amplitude.
Finally, after normalizing (4.18), for the normalized current ripple of three-
level inverter can be written

e (e
i)

(4.19)
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The sub-case m cos® > 2/3, representing the green area of triangle I-3b in
Fig. 4.5, corresponds to the green area of sector I in two-level inverter.
Considering the green area of sector I in two-level inverter, i, can be

pp
evaluated by (2.10), (2.11), and (4.11), with application duty-cycles 8,/2 and 9,

leading to
i~ V4T, 1
lﬁ[l =#{ua 80 + Z(Lta —Ej 81} . (420)

By substituting the new reference voltages (4.14) and (4.15) in (4.20), i
in three-level inverter can be determined as

- V,. T, , 1 , 1Y) 1 |
lpp :%{(MQ—EJSO +2|:(Ma—§]—§:|81} . (421)

being &), and &] the duty-cycles of three-level inverter, which can be obtained
starting from the duty-cycles of two-level inverter given in Table II, and by
introducing the normalized voltages (4.14) and (4.15). Finally, after
normalizing (4.18), for the normalized current ripple of three-level inverter can
be written

PR FENTARY TAEY

et s

The sub-case representing the yellow area of the half of triangle II-3a in Fig.
4.5, corresponds to the yellow area of the half of sector II in two-level inverter.
Considering the yellow area of sector II in two-level inverter, i, can be

P
evaluated by (2.10), (2.11), and (4.11), with application duty-cycles &, and 8,
leading to

- Va’cTs 1
[, =—25u,dyg+2 u,+— |9 ¢ . 4.23
pp oL { a Y0 ( o 3 1 ( )

By substituting the reference voltages (4.14) and (4.15) in (4.23), 17,,,, in
three-level inverter can be determined as
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- VL[, 1) ;1) 1]
lﬁﬁ =%{(”O{ —EJSO +2|:(uu —E\J+§:| 81} . (424)

where &, and &) are the duty-cycles of three-level inverter, which can be
obtained starting from the duty-cycles of two-level inverter for sector II, given
in Table II, and introducing the equations (4.14) and (4.15). Finally, after
normalizing (4.18), for the normalized current ripple of three-level inverter can
be written:

e e | e e e I i
- (u; —%](2—\/§ué)+3u;[%ué —u&] | (425)

The current ripple evaluated in this way is representing just the part of the
whole 1* quadrant of the three-level inverter. The ripple analysis needs to be
extended to the whole 1% pivot sector and also to the part of the 2™ pivot
sector, according to Fig. 4.5. The ripple evaluation in the remaining regions of
pivot sector v,; can be carried out by exploiting the quarter-wave symmetry of
the two-level inverter. The same procedure can be adopted to determine the
current ripple in the other pivot sector ¥4, to complete the analysis of the 1%
quadrant.

B) Ripple evaluation by analyzing the three-level voltage waveforms

The other method for obtaining the peak-to-peak amplitude of the output
current ripple in three-level inverter is based directly on analyzing the output
voltage waveforms, following the same procedure given in previous chapters
for two-level inverters. Considering the quarter wave symmetry, the current
ripple evaluation in the first quadrant, 0 < ¥ < n/2, can be carried out by
considering the three main sectors 0 <9< 7/6, /6 <9< w/3, and n/3 <V <
m/2, taking into account all the sub-cases matching the colored areas
represented in Fig. 4.7, as described in the following.

The alternating voltage and the current ripple are summarized in the
separate diagrams for inner, intermediate, and outer triangles, from Fig. 4.8 to
Fig. 4.10, respectively. In all cases, two different current ripple peaks are
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observed in the switching period. Due to the modulation symmetry, positive
and negative peaks are matching. In general, for each sector and for the
different ranges of m cos¥, one peak results always to be equal or bigger than
the other, by observing both current slopes and the corresponding application
times.

1) Evaluation in the first sector

In the first sector, 0 <O < /6, five different sub-cases are identified, related
to the different colored regions in Fig. 4.7.

Instantaneous output voltage v(r), current ripple i and peak-to-peak value
zTPP for the sub-case 0 < m cos® < 1/3, are presented in diagram @ of Fig. 4.8a,
corresponding to the yellow area of the triangle I-1a in Fig. 4.7. Introducing the
expressions for the instantaneous current ripple and its peak-to-peak value,
(2.10) and (2.11), and taking into account of (4.11), the switch configurations
{o——} and {o 0 -}, with the corresponding duty-cycles 8,/2 and J,, can be

considered to evaluate i,, , according to Fig. 4.8a, leading to

. 3
L =%{(%—mcosﬁ]%+(%—mc0sﬁj82}. (4.26)

On the basis of the duty-cycles given in Table I, and introducing u,, and

Fig. 4.7. Space vector diagram of inverter output voltage with areas identified for ripple evaluation
in the first quadrant, blue dashed circles represent the cases with m = 1/3, 1/2, 2/3, 1, 213 (Myna)-



Peak-to-peak output current ripple analysis in multiphase and multilevel inverters 99

ug, (4.8), the normalized current ripple r(m,8) defined by (4.18) for this sub-
case of triangle I-1a becomes

r(m,®) = (% —mcos ﬂ]ﬁp + 2(% —mcos 6]52 =

SRS LS

The sub-case m cos® > 1/3, corresponding to the orange region of triangle I-
la in Fig. 4.7, is depicted in diagram @ of Fig. 4.8a. In this case };p can be
evaluated considering the switch configuration {0 — —}, with the corresponding
duty- cycle §,/2, leading to

- )
i :M{(z—mcosﬂ]—p} . (4.28)
3 2

4.27)

pp L

Introducing the expression for §, given in Table I and normalizing, the
current ripple becomes

v(t) A 5 mVycosd V() A 50 MV cos® W(t) A mVe cosd
G
2 — 2 ) T 5t
3/ —/] ] Ve
1, = [ = T — 1 tJe w3
00 {000 {00~ 0—i 0—i00- [000 {+00 . > [++0 i+00 1000 00— {00~ (000 400 {++0 [= 1y [P0 oo |00 o o foro fooo too- Vt
T3 Vde
W2 0 )2 W2 0 )2 -y
T2 Ts/2 Ty
HO) - I -
[ SO T HO) < i(n) S A
v /\ 0‘ / bp 0‘ S imv \ ?
Y- 4 R ————X/ ! - Ea !
O e HO) R
\ bp \ 9: /'\ [ / 9‘
AN / Vil
(a) triangle I-1a (b) triangle I-1b (c) triangle II-1a

Fig. 4.8. Inner triangles: instantaneous output voltage v(f), current ripple i and peak-to-peak value
Ipp -
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r(m,9) = %(% — Uy ](ua - %uﬁj . (4.29)

The sub-cases m cos® < 2/3 and m cos® > 2/3, both corresponding to the
purple triangle I-2a in Fig. 4.7, are depicted in diagrams @ and @ of Fig. 4.9a.
In both cases the switch configurations {+0 0} and {4+ 0 -}, with the
corresponding duty-cycles 8,/2 and §;, can be considered to evaluate f;p ,
leading to

- )
Iy =%{(g—mcosﬁ]?’+(l—mcosﬁ)ﬁl} . (4.30)

Introducing the expression for 8, and ; given in Table I and normalizing, the
current ripple becomes

r(m,9) = [%—uaj(l—\/guﬁ)+ 2(1—ua)|:%(ua +%uﬁj—l}. 4.31)

The sub-case 2/3 < m cos® < 1, corresponding to the blue area of triangle I-
3ain Fig. 4.7, is presented in diagram @ of Fig. 4.10a. In this case, the switch
configuration {0 ——} with the corresponding duty-cycle §,/2 can be

v(t) A R 0]
v(t) mVge cosd A v () mVy. cos® W)
Vie 1 e Vi (2} ‘r mV,e cos®
2, [ - 2, | —r 7o
w
] 5 O s ) o P P ey s R o
1,/2: 1t 1,2 ! (/2 11 1 1,2 t —1v, [0 [+0+ Jo+= 00— 00— 04|40t |++0 f
T4 7 12 1 | b2
. e 0! RS ES B i
HO /\ o o AN N0 A
\/ [ - ¥ t /t/ >
~ AR H0) TR /\
i(1) /'\ Tﬂp y ® pp. 9=
/ \/ : N ]
(a) triangle I-2a (b) triangle I-2b (c) triangle II-2a

Fig. 4.9. Intermediate triangles: instantaneous output voltage v(f), current ripple i and peak-to-

peak value i, .
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considered to evaluate 7pp , leading to
-~ VT, 29,
i =% mcosd——|——; . 4.32
L { 3) 2 (432)

Introducing the expression for §, given in Table I and normalizing, the
current ripple becomes

2 3 1
r(m,%) = (ua —5] 2—5[% +ﬁuﬁj . (4.33)

The sub-case 1 < m cos® < my,,, cos® < 4/3, corresponding to the green area
of triangle I-3a in Fig. 4.7, is presented in diagram @ of Fig. 4.10a. In this case
the switch configurations {+ 0 0} and {+ 0 —}, with the corresponding duty-

cycles 8,,/2, and §,, can be considered to evaluate z~p , leading to

- )
[ _Yals (m cosﬂ—z]—p+ (mcosﬁ—l)ﬁl . (4.34)
L 3)2

pp

Introducing the expression for 8, and ; given in Table I and normalizing, the
current ripple becomes

V() 4 5t mV,e cos®

v(t) A - mVy. cos®
Ve (2] V(1) _ mVge cos®
v ® v, ® v(t) A 5
. —] Ve 0 2y, @
T P ey e G o O W oy OO U vy W — 0
> > [ro ot oo oo [ o o | 7
/2 1 1 it2 (/2 11 12 W20
- Ty/2 -
o) 17 . fo| s
7 \| ;;I N e 7 \ 7;1””7 N \ 7 /\ o
v > 12 >
/ > () i e i
T ARNARNN AN,
Y- \ —>
(a) triangle I-3a (b) triangle I-3b (c) triangle II-3a

Fig. 4.10. Outer triangles: instantaneous output voltage v(f), current ripple i and peak-to-peak

value i, .
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r(m,9) = (ua —EJ{Z—E(MG +%uﬁ]:| + 2(uOt - l)x/guﬁ . (4.35)

3 2

2) Evaluation in the second sector

In the second sector, /6 <O < 7t/3, three different sub-cases are identified,
related to the three colored regions in Fig. 4.7.

The sub-cases 0 < m cos® < 1/3 and m cos® > 1/3, both corresponding to the
purple triangle I-1b in Fig. 4.7, are presented in diagrams ® and @ of Fig.
4.8b. According to this figure, the switch configurations {++ 0} and {+ 0 0},
with the corresponding duty-cycles §,/2 and §;, can be considered to evaluate
f;p for both sub-cases, leading to

B )
L :—deT‘Y {(%—mcosﬁj%+(%—mcosﬁj51}. (4.36)

Introducing the expressions for §, and §; given in Table I and normalizing
by (4.8) and (4.16), the current ripple becomes

r(m,9) = G —ltg, jﬁuﬁ + 3@ —ltg, ](ua —%MBJ . (4.37)

The sub-cases m cos® < 2/3, corresponding to the blue area of triangles I-2b
and I-3b in Fig. 4.7, are presented in diagram @ of Fig. 4.9b and in diagram ©
of Fig. 4.10b. For both sub-cases the switch configuration {0 0 —} with the

corresponding duty-cycle §,/2 can be considered to evaluate zTPP , leading to
~ VT, 1\9,
i, =—"=2qmcosV—— |—. 4.38
N 5 {( 3) 2 (4-38)

Introducing the expressions for §, given in Table I and normalizing, the
current ripple becomes

r(m,9) = (ua —%){1—%(% —%uﬁ H, for triangle I-2b, (4.39)
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r(m,9) = (ua —%){2—%[% +%uﬁ H, for triangle I-3b. (4.40)

The obtained equation for the triangle 1-3b (blue area) can be compared to
the corresponding equation (4.19) obtained by the first method (A) of the
current ripple evaluation, and obviously it is matching.

The sub-cases m cos® > 2/3, corresponding to the yellow area of triangles I-
2b and I-3b in Fig. 4.7, are presented in diagram @ of Fig. 4.9b and in diagram
® of Fig. 4.10b. In these sub-cases the switch configurations {++ 0} and
{+ 0 0o} for triangle I-2b, and {++ 0} and {++ —} for triangle I-3b, with the
corresponding duty-cycles §,/2 and 8, for both, can be considered to evaluate
i, leading to

- o
[ :%{(mcosﬁ—%jjp+(mcosﬂ—§]51}. (4.41)

Introducing the expressions for §, and &, given in Table I and normalizing,
the current ripple becomes

r(m,®) = (uu —%){1 —%[ua —%uﬁj:l + z(uOc —%j(l—x/gug)’ (4.42)

for triangle I-2b

[, _L},_3 1 _2 _
r(m,ﬁ)—(uOc 3]{2 Z(Ma"‘\/g”[iﬂ"'z(”a 3](\/5145 1), 443)

for triangle I-3b.

lPP i

The obtained equation for the triangle 1-3b (yellow area) can be compared
to the corresponding equation (4.22) obtained by the first method (A) of the
current ripple evaluation, and also in this case it is matching.

3) Evaluation in the third sector

In the third sector, n/3 < O < n/2, two different sub-cases are identified,
related to the two colored regions on Fig. 4.7.

The first sub-cases considering triangles II-1a and II-2a, corresponding to
the yellow area in Fig. 4.7, are presented in diagram @ of Fig. 4.8c, and in
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diagram @ of Fig. 4.9c. In these sub-cases the switch configurations {++ 0}
for triangle II-1a, and {0 0 —} for triangle II-2a, with the corresponding duty-
cycle §,/2 for both, can be considered to evaluate szp , leading to

- o
iy = %{(%—mcos ﬁjf}. (4.44)

Introducing the expressions for §, given in Table I and normalizing by (4.8)
and (4.16), the current ripple becomes

3(1 1
) ==| —— +— , for triangle II-1a, 4.45
r(m,®) 2(3 ”aj(”a \/SMB\J g ( )

r(m,®) = (%—ua j{l—%(%uﬁ —Ug ):I , for triangle 11-2a. (4.46)

The second sub-cases are considering triangle II-3a, corresponding to the
purple triangle in Fig. 4.7, are presented in diagrams @ and @ of Fig. 4.10c. In
both sub-cases the switch configurations {++ 0} and {0+ -}, with the

corresponding the duty-cycles §,/2 and §;, can be considered to evaluate i
leading to

pp >

~ VT, 1\6,
i, =—*“%d mcosO—— |——+mcosVd, ;. 4.47
L) {( 3] 2 1} 47

Introducing the expressions for §, and &, given in Table I and normalizing,
the current ripple becomes

r(m,%) = (ua —%)(Z—x/guﬁ)+ 3ua(%uﬁ —uaj. (4.48)

The obtained equation for the triangle II-3a (purple area) is matching the
corresponding equation (4.25) obtained by the first method (A) of the current
ripple evaluation.
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4.2.3. Peak-to-peak current ripple diagrams

The behavior of the peak-to-peak current ripple amplitude in the fundamental
period (first quadrant) is summarized in Figs. 4.11 and 4.12. In particular, the
normalized current ripple r(m,3) defined by (4.18) is presented.

Fig. 4.11 shows () in the cases of m = 1/3, 1/2, 2/3, 1, and 213 (M),
corresponding to dashed circles (blue) in Fig. 4.7. Crossings of the three main
sectors are visible for modulation indexes 1/3, 1/2, and 2/3. For m = 1 six
different regions are visible, whereas four different regions can be distinguished
for the maximum modulation index (2/73). All these regions correspond to the
different colored areas in Fig. 4.7.

In Fig. 4.12 the colored map of r(m,8) in the first quadrant of the normalized
output voltage vector (u - ug plane) is presented. The current ripple goes to zero
in the surroundings of m = 0, being mainly applied only the null vector. The
same behavior can be noticed around all the output vectors, since at their tip the
output voltage perfectly matches the reference voltage, and the current ripple
becomes zero. The map shows a general continuous distribution of the current
ripple amplitude. The only discontinuity is observed across the phase angle /6
(red line in Fig. 4.12), due to the change of the two pivot vectors (v, and ¥,
represented as two red dots).

By observing Fig. 4.11 it can be noticed that the maximum current ripple
amplitude is almost constant for intermediate modulation indexes, i.e., m = [0.1-

0.5 .
ro| ---- m=2N3
—m=1
04 m=2/3
—m=12
03f —m= 1/3 /'O\\ B
02
01r
U 1 v 1 y 1 \
0 20 40 60 80 ﬁ

Fig. 4.11. Normalized peak-to-peak current ripple amplitude r(m,9) in the first quadrant for
different modulation indexes as a function of .
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m0.3-0.35
m0.25-0.3
0.2-0.25
0.15-0.2
m0.1-0.15
0.05-0.1
™ 0-0.05

0.00 020 040 060 080 1.00 1.20
Ug,

Fig. 4.12. Normalized peak-to-peak current ripple amplitude r(m,9) in the first quadrant as a
colored map in the normalized voltage plane o.-f3.

1], ranging around the value 0.2, leading to the simplified expression

V,. T
r" =02 or i,,"" = ﬁ in the approximate range 0.1<m<1. (4.49)

The average of the normalized peak-to-peak current ripple in the
fundamental period is presented in Fig. 4.13.

0.20

Tavg

0.10 / \“—/

0.05

0.00 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 4 12

Fig. 4.13. The average of the normalized peak-to-peak current ripple amplitude as function of
modulation index.
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4.3. Numerical and experimental results

In order to verify the theoretical developments shown in previous sections,
circuit simulations and experimental tests are carried out. Circuit simulations
are done by Sim-PowerSystems of Matlab considering three-phase inverter
with ideal switched connected to sinusoidal voltage sources by RL impedance,
having R =4 Q and L =24 mH. This topology could represent a general three-
phase inverter connected to either motor or grid. In all simulations the
fundamental frequency is set to SOHz, the switching frequency 1/7; is 2.1 kHz,
and the dc voltage supply V,. is 600V. A centered symmetrical PD carrier-
based PWM technique is implemented in both simulations and experiments,
equivalent to centered NTV space vector modulation.

The experimental setup with custom-made three-level NPC inverter was
used, as shown in Fig. 4.14. Power switches are Semikron SKM50GB12T4
IGBT modules, and clamping diodes are Semikron SKKD 46/12. DSpace
ds1006 hardware has been employed for the real-time implementation of the
algorithm. The total dc voltage (2V,.), provided from the external dc source
Sorensen SGI 600/25, was 600V. Switching frequency was set to 2.1 kHz and
the inverter’s dead time of 6 us (not compensated) is implemented in the

M o
Ve

M o

o o
Ve

o o

i(t)
v(1) R

ve()

Fig. 4.14. Three-level NPC inverter supplying an RLE circuit, representing either a motor-load
or a grid-connected applications.
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hardware. Fundamental frequency was kept at S0Hz for easier comparison with
analytical developments.

The experiments have been done by feeding a three-phase symmetrical
induction motor (mechanically unloaded). A picture of the experimental setup
is given in Fig. 4.15. Main motor parameters (all referred to stator) are: stator
resistance R, = 2.4 Q, rotor resistance R,' = 1.6 Q, stator leakage inductance L
= 12 mH, rotor leakage inductance L;' = 12 mH, magnetizing inductance L,, =
300 mH, pole pairs p = 2. According to the model of induction motor for
higher order harmonics, which are determining the current ripple, the
equivalent inductance L = L + L,' = 24 mH is considered for the ripple
evaluation.

Tektronix oscilloscope MS0O2014 with current probe TCP0030 was used for
the measurements, and built-in noise filter (cut-off frequency f. = 600 kHz)
was applied. In Fig. 4.16 is given a screenshot showing an example of voltage
and current waveforms. A further low-pass filter (f, = 25 kHz) was applied in
post-processing of the experimental data to better clean the waveforms. The
instantaneous current ripple i in both simulations and experiments is calcu-
lated as the difference between the instantaneous current and its fundamental
component, i.e.

T(1)=i(1)=1 (). (4.50)

Fig. 4.15. Experimental setup
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Tek stop B00kHz Noise Filter

i I ﬂ"ﬂll 4

. £ R I |
300 L. i i i i i i
2004 J/anoms G a0y toeeswbroan

Fig. 4.16. Example of output voltage and current waveforms from the scope for m = 1 (Chl: leg
voltage, Ch2: phase voltage, Ch4: phase current).

The three-phase system is well balanced and the first phase is selected for
further analysis, as in analytical developments. Different values of m have been
investigated (1/3, 1/2, 2/3, 1, and 2M3 = Mynax)-

In Figs. 4.17, 4.19, 4.21, 4.23, and 4.25 is shown the current ripple obtained
with simulations (a) and experiments (b), for different modulation indexes,
respectively. The ripple in experiments is processed as explained above.
Comparison is made with the half of the peak-to-peak current ripple, 7,,,,/2.
Positive and negative envelope (blue traces) are determined by the equations
presented in Section 4.2. The corresponding experimental results are shown as
gray traces.

In the corresponding Figs. 4.18, 4.20, 4.22, 4.24, and 4.26 is depicted the in-
stantaneous output current obtained in simulations (a) and experiments (b) with
different modulation indexes, respectively. Current is shown with the
calculated upper/lower ripple envelope, depicted in blue colors. The
corresponding experimental results are shown as gray traces.

The values of the modulation index have been chosen to cover all possible
sub-cases (different colored regions in Fig. 4.5). The agreement is almost good
in the whole fundamental period, proving the effectiveness of the analytical
developments. The small mismatches, which can be observed in the
experimental results, could be the consequence of the inverters dead-time that
has not been compensated, but this aspect can be further examined.
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(d)

Fig. 4.17. Current ripple (pink), m = 1/3, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

(a)

(b)

Fig. 4.18. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/3: (a) simulated, (b) experimental results.
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(d)

Fig. 4.19. Current ripple (pink), m = 1/2, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 4.20. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1/2: (a) simulated, (b) experimental results.
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Fig. 4.21. Current ripple (pink), m = 2/3, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 4.22. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 2/3: (a) simulated, (b) experimental results.
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(d)

Fig. 4.23. Current ripple (pink), m = 1, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 4.24. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m = 1: (a) simulated, (b) experimental results.
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Fig. 4.25. Current ripple (pink), m = 2A/3, and evaluated peak-to-peak envelope (blue) for one
fundamental period: (a) simulation, with details, and (b) experimental results.

Fig. 4.26. Instantaneous output current (pink) with calculated current envelopes (blue traces) for
m=2M3: (a) simulated, (b) experimental results.
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5. Comparison of the peak-to-peak current
ripple

5.1. Comparison between different phase number

The analysis of peak-to-peak output current ripple developed in the previous
chapters for inverters with different phase number is compared. Reference is
made to centered and symmetrical switching patterns, generated either by CB-
or SV-PWM, being the optimal modulation in terms of the output current RMS
minimization. The peak-to-peak ripple is evaluated by the expressions
presented for specific case in the previous chapters and is given as the function
of the modulation index. Several peak-to-peak ripple diagrams are presented
for each case and compared. Maximum of the peak-to-peak current ripple and
the simplified expressions for its evaluation are compared among cases with
different number of phases. The instantaneous current ripple is introduced for a
generic balanced multiphase loads consisting of series RL impedance and ac
back emf (RLE circuit). In addition, the derived conclusions from the
comparison are verified on realistic inverter-RL load circuit model, as
represented in Fig. 5.1, in numerical simulations, implemented by the Simulink
tool of Matlab.

|
. N . - .
Ve 1 2 3 ! n—1 n
. . . A .
i(t)
|
I
oI L
: |

Fig. 5.1. Multiphase VSI supplying a RL load.
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5.1.1. Review of peak-to-peak current ripple evaluation in multiphase VSIs

For the n-phase system {x, x,, x3,... x,}, the (n-1)/2 space vectors, used to
represent voltage and current phase quantities, lie in the planes o,—f;,
03—P3,..., O,_3—P,_2, respectively, and are expressed as

1 n
=13 (5.1)
k=1
n
X, =22xk o/ * D p=1,3, ... 02 (5.2)
Mi=1

being o = exp (j21/n). In (5.1) X, is the zero-sequence (homopolar) component,
equal to zero in balanced systems, and in (5.2) x, is the A-th component of
multiple space vectors.

The inverse multiple space vector transformations are

n
xe=xg 4y x0T k=12, k=13, 02, (53)
h=1

The SV-PWM of multiphase inverters is based on the determination of
application times of active and null inverter voltage vectors vy, vs,..., V,5 in
every switching period T;. In the case of symmetrical SV-PWM, the sequence
is determined in 7§ /2 and it is repeated symmetrically in the next half of the
switching period. As result of the SV-PWM, for each phase, the average of the
inverter output voltage v(7,) corresponds to the reference voltage v".

In the case of sinusoidal balanced output voltages supplying a balanced
load, the zero-sequence component is null. In this case, introducing the
modulation index m = V'/V,, , the reference space voltage vectors become

5.4
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The considered SV-PWM is quarter-wave symmetric, and it can be analyzed
in the range [0, /2] of the phase angle & = wt. The calculation of application
times for the first sector (O, k = 1) defined in Chapter 2 for three-phase, and in
Chapter 3 for five- and seven-phase VSIs, can be extended to any sector k by
replacing the phase angle & with 0—(k—1)nt/n, k = 1, 2, ..., 2n. Note that the
modulation limit is defined according to the generalized expression for n
phases, m,,,,= [2 cos (n/2n)]".

In Fig. 5.2 are presented the space vector diagrams of the output voltage in
the first o-f plane for three-, five-, and seven-phase inverters with emphasized
the switch configurations and the corresponding voltage vectors involved in the
commutation process in the first quadrant. The different colors represent the
different sub-cases identified for the current ripple evaluation, as explained in
details in Chapters 2 and 3.

Due to the symmetry among all phases in the considered case of sinusoidal
balanced currents, only the 1% phase is examined in the analysis. In terms of
multiple space vectors, the phase variables are given by (5.3). For the 1% phase,
it results in the sum of the projections of the (n—1)/2 space vectors on the real
axes. In particular, introducing (5.4) in (5.3), the average output voltage of the
1* phase is given by

n=2
V(T)=v'=Y Relv,} =mVy.cos®, h odd . (5.5)
h=1

By introducing (5.5) in the expression for alternating component of inverter
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Fig. 5.2. Space vector diagrams of inverter output voltage in the range ¥ = [0, 90°]. Different
colored areas correspond to different equations for determining the current ripple.
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voltage (2.6) and calculating v(f) by (5.3), the alternating component of in-
verter output voltage (first phase) for multiphase inverters can be written as

T = {Sl —%(S1 +S, +...+Sn)}VdC —mV,.cos9, (5.6)

where S represents the switch state of the k-th inverter leg, S, = [0, 1].

For the current ripple evaluation in the whole phase angle range 0 < ¥ < /2,
the different cases corresponding to the different sectors @, @, ..., depicted in
Fig. 5.2 were considered, for three-, five- and seven-phase inverters,
respectively. Additional sub-cases, also determined by the value of modulation
index, are identified in Fig. 5.2 with different colored areas. Peak-to-peak
current ripple has been determined on the basis of the instantaneous current
ripple and its peak-to-peak value, (2.10) and (2.11), and considering (5.6) in a
specific sub-case, following the procedure for three-phase and multiphase
inverters in previous chapters.

5.1.2. Comparison of the peak-to-peak current ripple diagrams

In order to show the behavior of the peak-to-peak current ripple amplitude
in the fundamental period for the considered cases, in Figs. 5.3 and 5.4 is
represented the normalized function of the current peak-to-peak ripple
amplitude, r(m,8), defined as

Ipp =%r(m,ﬁ). 6.7

Fig. 5.3 shows r () for m = 1/6, 1/3, and 1/2 (from left to right), for three-,
five-, and seven-phase inverters (blue, red, and green lines, respectively). For
low modulation indexes can be noted that inverters have similar ripple
amplitude, while more difference rises with higher modulation indexes. In
general, the ripple for the three-phase inverter is lower, whereas five- and
seven-phase inverters have more similar ripple behavior, even for the higher
modulation indexes.

Fig. 5.4 shows the colored map of r(m,®) for the first quadrant of the o-f3
plane within the modulation limits for three-, five-, and seven-phase inverters,
respectively. It can be noted that ripple amplitude is obviously zero for m = 0
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Fig. 5.3. Normalized peak-to-peak current ripple amplitude r(m,8) for three-, five-, and seven-
phase VSIs in the range ¥ = [0, 90°] for different modulation indexes.

in all cases, since the null configurations are the only applied, increasing
almost proportionally with m in the neighborhoods of m = 0. A phase angle
with minimum ripple can be indentified in the range ¥ = 50°+-60° for three-
phase inverter, ¥ = 40°+45° for five-phase inverter, and ¥ = 30°+35° for seven-
phase inverter. The phase angle with maximum ripple is % = 90° for all cases,
with ripple amplitude almost proportional to the modulation index. This aspect
is developed in more details in the following.

On the basis of previous Figs. 5.3 and 5.4, the maximum of the normalized
current ripple can be determined. The maximum of the current ripple can be
evaluated in the phase angle range [0, 90°] as described in Section 2.3.4 for
three-phase, in Section 3.2.4 for five-phase, and in Section 3.4.4 for seven-
phase inverters. The composition of the two local maxima of the normalized
current ripple is given in Fig. 5.5, leading to the global maximum ", for
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Fig. 5.4. Map of the normalized peak-to-peak current ripple amplitude r(m,%) for multiphase VSIs.
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three-, five-, and seven-phase inverters. The three vertical dashed gray lines
represent the specific modulation indexes, m = 1/6, 1/3, and 1/2. Similar
behavior of the five- and seven-phase inverters can be noted in the maximum
ripple as well. Maximum ripple is almost proportional to the modulation index,
just the numeric coefficient is slightly different for different phase number.
Then, a simplified expression for maximum of peak-to-peak current ripple am-
plitude can be obtained for the three-, five-, and seven-phase inverters as

LT _ VT, -
3-phase VSI: zppm‘” = ﬁm , " =0.578 m, (5.8)
.3 - VT -
5-phase VSI: zppm“x = ﬁm , M =0.615m, (5.9)
7-phase VSI: zTI,I,max = Mm , " =0.625m . (5.10)
3.2L
0,4 7 L
1 — Max 3-phase
max |
r B —— Max 5-phase
0.3 11 Max 7-phase
i [
0.2 - |
7 |
] _— |
0,1 // |
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Fig. 5.5. Maximum of the normalized peak-to-peak current ripple amplitude as function of

modulation index.
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5.1.3. Numerical results

In order to verify the comparison in the cases of inverters with different
phase number, circuit simulations are carried out by Sim-PowerSystems of
Matlab considering a balanced RL load, having R =20 Q and L = 3 mH. In all
simulations the fundamental frequency f is set to 50 Hz, the switching fre-
quency 1/T; is 5.25 kHz, and the dc voltage supply V,. is 600V. A centered
symmetrical carrier-based PWM technique is considered, equivalent to the
multiple centered space vector modulation.

The instantaneous current ripple  is calculated in simulations as the
difference between the instantaneous current i(f) and its fundamental com-
ponent Iy,,,(1), for the first phase, i.e.

T =i() =1 g (1) . (5.11)

In all simulations the systems are well balanced and the first phase is se-
lected for the analysis, as in analytical considerations. Different values of m are
investigated (1/6, 1/3, and 1/2).

In Figs. 5.6a, 5.7a, and 5.8a (left columns) the current ripple i obtained in
simulations by (5.11) (pink trace), is compared with the half of peak-to-peak
current ripple obtained by the analytical developments, 7,,,,/2 (blue traces), for
three-, five-, and seven-phase inverters in one fundamental period, for different
modulation indexes.

In the corresponding Figs. 5.6b, 5.7b, and 5.8b (right columns) are depicted
the instantaneous output currents (pink trace) with the calculated upper/lower
ripple envelope, depicted in blue colors, for different modulation indexes.

The considered modulation indexes cover some of the possible sub-cases,
i.e., colored regions in Fig. 5.2. Also in the simulation results the conclusions
made in previous section can be observed. The agreement is good in the whole
fundamental period, for all cases.
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Fig. 5.6. Simulation results and calculated current ripple envelopes, m = 1/6: (a) simulated
current ripple (pink) with evaluated peak-to-peak amplitude (blue); (b) simulated instantaneous
current (pink) with calculated ripple envelopes (blue).
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Fig. 5.7. Simulation results and calculated current ripple envelopes, m = 1/3: (a) simulated
current ripple (pink) with evaluated peak-to-peak amplitude (blue); (b) simulated instantaneous
current (pink) with calculated ripple envelopes (blue).
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Fig. 5.8. Simulation results and calculated current ripple envelopes, m = 1/2: (a) simulated
current ripple (pink) with evaluated peak-to-peak amplitude (blue); (b) simulated instantaneous
current (pink) with calculated ripple envelopes (blue).
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5.2. Comparison between different number of levels

The comparison of the output current ripple amplitude in two- and three-
level inverters is presented in this section, by considering the same range of the
output voltage for the two inverters. This means that for the two-level inverter
the double of dc voltage is considered, as shown in Fig. 5.9. For the three-level
inverter comparison can be made considering either the H-bridge or NPC
configuration, as presented in Fig. 5.10. To have the same range of the output
voltage as in two-level inverter, for the total supply of the NPC inverter is
considered the double of dc voltage, 2V,.. The peak-to-peak ripple amplitude is
evaluated as described in the previous chapters for specific case and is given as
the function of the modulation index over a fundamental period. Reference is
made to optimal modulation, so-called centered PWM, obtained by both
carried-based phase disposition modulation or nearest three vector space vector
modulation. The instantaneous current ripple is determined for a generic
balanced three-phase load consisting of series RL impedance and ac back emf
(RLE), representing both motor-load and grid-connected applications. In
addition, the conclusions made by the comparison are verified by numerical
simulations on a realistic inverter-RL load circuit model implemented by the
Simulink tool of Matlab.

o o o
2 le_ 1 2
o o o

i(t)

Fig. 5.9. Two-level inverter supplying an RLE circuit, representing either a motor-load
or a grid-connected application
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Fig. 5.10. Three-level inverter supplying an RLE circuit, representing either a motor-load
or a grid-connected application

5.2.1. Review of peak-to-peak current ripple evaluation in multilevel inverters

The output voltage vector v of a two-level inverter can be written
considering the switching states of the k-th inverter phase, S; = [0, 1], as

v =%Vdc [Sl +S2a+S3a2], (5.12)

being o = exp(j21/3), and the dc supply voltage 2 V., according to Fig. 5.9.
For the three-level inverter, the output voltage can be similarly written by
introducing the switching states S, = [-1, 0, 1] leading to

2
V=2V [Sl +52a+s3a2]. (5.13)

Due to the symmetry among the three phases in the considered case of
sinusoidal balanced currents, only the first phase is examined in the following
analysis. In terms of space vectors, the variables of the first phase are given by
the projection of the corresponding space vectors on the real axes. In particular,
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if the reference voltage is within the modulation limits, i.e. the reference space
* . . . . .
vector v lies within the outer hexagon, the average output voltage is given by

v (TS)=V* =Re{v*}= v’ cosO =V, ;.mcosV. (5.14)

The instantaneous output phase voltage v(f) can be expressed by the
switching states. For the first phase it can be calculated as the real part of the
output voltage vectors (5.12) and (5.13), leading to

1
for two-level VSI: V= 2Vdc[Sl _E(Sl +S8, + S3)} , (5.15)

and three-level VSI: v = Vd{Sl —%(Sl +8, + S3)} . (5.16)

The alternating component of inverter output voltage of the first phase can
be determined by introducing for two-level inverter (5.14) and (5.15) in (2.6),
or for three-level inverter (5.14) and (5.16) in (2.6), leading to

~ 1
for two-level VSI: (1) = 2\/016[51 ‘5( S;+S,+8S; )}—deC cosd, (5.17)

]

C@-——————p——————-8 +

o

2-level VSI 3-level VSI

Fig. 5.11. Output voltage diagram of two-level and three-level inverter in the first quadrant of
o—f plane
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~ 1
and three-level VSI: v (¢) = VdC[Sl —E(Sl +S, +S3)}—deCcosﬁ. (5.18)

For the current ripple evaluation in the whole phase angle range 0 < ¥ < /2
for both inverters, different cases corresponding to different sectors were
considered, identified in Fig. 5. 11. The choice made for dc supply voltages
leads to hexagons of equal size for two- and three-level inverters,
corresponding to the same output voltage modulation limits. Additional sub-
cases, also determined by the value of modulation index, are identified in Fig.
5.11 with different colored areas. Peak-to-peak current ripple has been
evaluated on the basis of the instantaneous current ripple and its peak-to-peak
value, (2.10) and (2.11), and by taking into account (5.17) for two-level
inverter, and (5.18) for three-level inverter, following the procedures
developed in previous chapters.

5.2.2. Comparison of the peak-to-peak current ripple diagrams

In order to show the behavior of the peak-to-peak current ripple amplitude
in the fundamental period for all the considered cases, in Figs. 5.12 and 5.13 is
represented the normalized function r (m,9) defined by (5.7). Fig. 5.12 shows
r (9) for m = 1/3, 2/3, and 1 (from left to right), for two-, and three-level
inverters (red and blue lines), respectively. According to Chapter 2, ripple in
two-level inverters is shown to be almost linear with the modulation index and
a simplified expression for maximum of peak-to-peak current ripple amplitude
is obtained

~ T,
iy = _3V sm, " =0.578 m (5.19)

From Fig. 5.12 can be noticed that the maximum current ripple amplitude
for three-level inverters, blue line, is almost constant for intermediate
modulation indexes, i.e., m = [0.1— 1], ranging around the value 0.2, leading to
the simplified expression

¥ max _ VdcTs

[ 1oL or " = (.2 in the approximate range 0.1 <m <1 (5.20)
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Fig. 5.12. Normalized peak-to-peak current ripple amplitude r(m,3) for two-level and three-level
VSIs in the range ¥ = [0, 90°] for different modulation indexes.

By considering the low modulation indexes (0 < m < 1/3), we can notice that
the maximum of the current ripple shows better behavior for the two-level
inverter. For the higher modulation indexes the behavior of the three-level
inverter is considerably better.

Fig. 5.13 shows the colored maps of r (m,9) for the first quadrant within the
modulation limits for two- and three-level inverters, respectively. For both
two-level and three-level inverters can be noted that ripple amplitude is
obviously zero for m = 0, since the null configurations are the only applied.
The same can be noted for the tips of the output voltage vectors, since the
reference vector is almost perfectly synthesized and the alternating voltage
goes to zero. Even though are kept the same colors for both cases, the
normalized ripple of the two-level inverter is the double than for three-level
inverter, since there is double dc voltage applied. In the map of three-level
inverter the part of the hexagon of the two-level inverter can be identified, with
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Fig. 5.13. Map of the normalized peak-to-peak current ripple amplitude r(m,8) for two-level and
three-level VSIs, respectively.
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selected bolded areas matching the ripple distribution. The discontinuity of the
ripple across the borders of pivot sector can be noted, due to the pivot sector
change (red line).

On Fig. 5.14 the average values of the normalized current ripple as the
function of the modulation index are shown. Three different cases are
considered, three-level and two-level inverter with same output voltage range,
i.e. three-level supplied with V, and two-level with 2V, and two-level
inverter supplied with V. It is clear, also from the previous observations, that
the two-level inverter supplied with 2V, has almost the double of the
normalized ripple average compared to the three-level inverter, except for the
low modulation indexes. On the other hand, the two-level inverter supplied
with V, shows the better behavior for the low modulation indexes,
approximately for m < 1/3. This can be explained with the reference to the Fig.
5.11. For the modulation indexes m < 1/3, the nearest pivot vector is the zero
vector, that is the one used in the modulation of the two-level inverter. In the
case of modulation of the three-level inverter, one of the six pivot vectors, vp; -
Vps, is used, depending where reference voltage lies, also if the voltage
reference is more close to zero.
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Fig. 5.14. The average of the normalized peak-to-peak current ripple amplitude as function of
modulation index, for two-level inverter supplied by V. and 2V,., and three-level inverter by V.
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5.2.3. Numerical results

In order to verify the theoretical developments shown in previous section,
circuit simulations are carried out by Sim-PowerSystems of Matlab considering
two-level inverter and three-level cascaded H-bridge inverter with ideal
switches connected to balanced RL load: R = 20Q2 and L = 3mH. In all
simulations fundamental frequency f is set to 50 Hz, the switching frequency
1/T; is 6 kHz, and the dc voltage supply V,. = 300V. A centered symmetrical
carrier-based PWM technique is considered for both inverters. In the
simulations instantaneous current ripple is calculated as the difference between
the instantaneous and fundamental current component as in (5.11).

The first phase is selected for further analysis and different values of m are
investigated (1/3, 2/3, and 1).

Figs. 5.15a, 5.16a, and 5.17a (left columns) show the comparison between
the instantaneous current ripple i obtained in simulations by (5.11) (pink
trace), and the half of peak-to-peak current ripple obtained by the analytical
developments, ;;,p/ 2 (blue traces), for two-level and three-level inverters in one
fundamental period. The results are obtained with different modulation
indexes.

The corresponding Figs. 5.15b, 5.16b, and 5.17b (right column) show the
comparison between the simulated instantaneous output current (pink trace)
and calculated upper/lower current envelope (blue trace), for different
modulation indexes.

The considered modulation indexes cover some of the possible sub-cases,
i.e., colored regions in Fig. 5.11. Also the simulation results prove the
conclusions made in previous section about the comparison of the two
inverters. The agreement is good in the whole fundamental period, for all
cases.
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Fig. 5.15. Comparison between the simulation results (pink trace) and evaluated current ripple
(blue trace) for m = 1/3: (a) simulated current ripple and evaluated peak-to-peak amplitude, (b)
simulated instantaneous output current with calculated current envelopes.

Fig. 5.16. Comparison between the simulation results (pink trace) and evaluated current ripple
(blue trace) for m = 2/3: (a) simulated current ripple and evaluated peak-to-peak amplitude, (b)
simulated instantaneous output current with calculated current envelopes.
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Fig. 5.17. Comparison between the simulation results (pink trace) and evaluated current ripple
(blue trace) for m = 1: (a) simulated current ripple and evaluated peak-to-peak amplitude, (b)
simulated instantaneous output current with calculated current envelopes.
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6. Examples of application

The evaluation of the peak-to-peak output current ripple, in addition to the
RMS of the output current ripple which has been studied in the literature, can
be used in several applications. In particular, the knowledge of the peak-to-
peak current ripple distribution can be useful to determine the output voltage
distortion due to the inverter dead-time in case of output currents with high
ripple, by determining the multiple zero-crossing interval [1]. Another example
of application is referred to the comparison of the band in hysteresis current
controller and the average of the peak-to-peak amplitude in terms of the
switching frequency [2]-[6]. Peak-to-peak current ripple evaluation can also be
used in variable switching frequency PWM control architecture. In particular,
switching frequency can be adapted in each switching period to satisfy certain
ripple requirements, such as ripple peak or ripple RMS. By setting the
maximum ripple peak following the requirements of the system, it is possible
to lower the switching frequency in some regions where it is noted that ripple
is lower than the maximum [4]. Furthermore, the peak-to-peak current ripple
amplitude, in addition to the fundamental current component, is useful to
determine the absolute current peak, affecting the thresholds of protection
systems and the design of power components. The first two mentioned
examples will be further developed in this chapter.

1) Determination of the zero-crossing interval

The example of the application where value of the peak-to-peak current
ripple can used for the calculation of the current zero-crossing intervals is
explained in more details. The dead-time effects are well known in the case
when the sinusoidal output currents with single zero-crossing are considered.
However, the studies can be extended also considering the case of the high-
ripple output currents, with multiple zero-crossings. In general, dead-time
effects can be determined on the basis of the sign of the output current. If the
current is positive, part of the pole voltage pulse will be lost, depending on the
amount of the dead-time. If the current is negative, the corresponding part of
the pole voltage pulse will be gained. It can be simply be evaluated by the
expression for the actual pole voltage of k-th leg (k = 1, 2, 3), ¢;, which can be
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Fig. 6.1. Current i (top) and dead-time pole voltage error (bottom) for three-phase VSI with
currents without ripple (left) and with ripple (right)

calculated on the basis of the reference pole voltage, ¢, , and the direction of
the phase current iy , as

e, = e; —sign(i; )AV,, (6.1)

where AV, is the averaged voltage contribution due to the dead-time #,over the
switching period Ty, AV, = t,/ T, V,. . High output current ripple introduces
multiple zero-crossings, leading to modified output voltage distortions.

The further analysis has been carried out in the case of the three-phase
inverter with balanced RL load, but it can readily be extended also to
multiphase inverters, as done in the case of dead-time effects for pure
sinusoidal currents [7], [8]. If the output current is with ripple, the effect of
dead-time is reduced, since during the zero-crossings the average of sign
function of current is zero, so there is no effect on specific pulses of pole
voltage at zero-crossings. Taking this into account, dead-time doesn’t affect the
width of the pole voltage pulse if the current turns from negative to positive
during the voltage pulse. On Fig. 6.1 are shown the phase currents without and
with ripple and the corresponding dead-time instantaneous voltage error (the
dashed line is the average), obtained with simulation. In the case of sinusoidal
current there is continuous dead-time effect. In the case when there is high-
ripple current, around zero crossing there are no dead-time effects. The result
when current changes sign from negative to positive during the pulse is that
actual pulse is equal to reference one. On Fig. 6.2a is depicted the current with



Peak-to-peak output current ripple analysis in multiphase and multilevel inverters 139

(a) (b)
Fig. 6.2. (a) Current i with peak-to-peak envelope of ripple (top) with averaged pole voltage error,
(b) Three-phase currents i, (top) and load voltage error u; (normalized with respect to AV, , bottom)

peak-to-peak envelope of ripple and averaged pole voltage error due to dead-
time, taking into account the zero crossings. This effect on pole voltage can be
summarized with a modified sign function sign(i;), having zero values corre-
sponding to multiple zero-crossing interval of the current. Introducing this
effect to the pole voltage, modified pole voltage is still calculated on the basis
of (6.1), but taking into account the modified sign function, according to the
direction of the phase current iy as

e, = e; —sign (i )AV, . (6.2)

The modified effects of the dead-time on the load voltage can be evaluated
starting from the expression for the actual load voltage v, expressed by pole
voltages

v =e, —(e;+e,+e3)/3. (6.3)
Introducing in (6.3) the modified pole voltages (6.2) leads to
Ve =V ity (6.4)
being v, the reference load voltage
v;: =eZ—(e;k+e;+e;)/3, (6.5)

and u; the modified average load voltage error introduced by dead-time
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Fig. 6.3. Waveforms of the two contributions to the voltage error u; normalized with respect to
AV,

w, = AV, {-sign (i) +[sign(iy) + sign(i,) + sign(iy)]/3}. (6.6)

The waveform of u; depicted in Fig. 6.2b, can be seen as the sum of two
contributions: the sign of the k-th leg current, —sign(i), and average of signs of
all output currents 1/3¥sign(i;), considering modified sign functions. The two
contributions are represented in Fig. 6.3. The first contribution corresponds to
unity square wave signal with fundamental period 7, but modified with taking
into account the zero values due to zero crossings. The second one corresponds
to a square wave signal, also modified, with amplitude 1/n and period 7/n,
being n the number of phases, in this case n = 3.

The Fourier development of the load voltage error (6.6) can be obtained as a
combination based on these two signals, leading to

u, =AV, i{— cos (psin[wot - (k - 1)2—371 —%cos(3(p) sin[ (wot - (k 1) 2 } —
T

3)
1 , 21 1 . 2n
_gcos(S(p) sm[ (OJOI - (k 1) 3 H -t gcos(3(p) sm{ (OJOI - k 1 Y } +

%cos(9(p)sm{ ((Dot—(k 1 275 }F—cos(lS(p)sm{lS(wot— k— l?nj}# }

6.7)
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where o, = 2n/T is the fundamental frequency and ¢ is the angle corresponding
to half of the multiple zero crossing period of the current, as represented in Fig.
6.2a.

From (6.7) can be noticed that all harmonic components of the second signal
completely erase with corresponding harmonics of the first signal, leading to
the following simplified expression

u, =—Av, 3 i%cos(h(p) sin[h(coot — (k=1 z—;ﬂ . 6.8)

h=1

The amplitude of harmonics is calculated according to (6.8) as
U, =%%AV‘, costh®), (hodd integer not multiple of n) . (6.9)

The amplitude of fundamental voltage error is given by (6.9) having =1 is
U, :iAVd cos(9) . (6.10)
T

In order to verify what is the effect of dead-time on output voltages, i.e.
amplitude of the harmonics, multiple zero-crossing time interval (angle @) of
output currents should be determined. According to Fig. 6.2a, the angle
corresponding to zero crossings of the current can be evaluated on the basis of
the half of the peak-to-peak current envelope and fundamental of the current

amplitude as
i,/2
(p=arcsin{ e J (6.11)

I fund

The peak-to-peak output current ripple should be calculated for the specific
case (};P /2 during the zero crossing of the current, i.e. 3=0—n/2, being ¢
the load power factor angle), as introduced in Chapter 2 for the three-phase
two-level inverters. In this way, knowing the peak-to-peak current ripple
amplitude, the angle corresponding to the zero crossing of the current ¢ can be
determined, and furthermore also the effect of the dead-time on the output
voltages.
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1) Comparison with the hysteresis current controller

The peak-to-peak current ripple envelope can be used in comparison with
the constant band hysteresis controllers. By determining the average of the
peak-to-peak ripple envelope and setting it as the band in hysteresis controller,
the two frequencies can be compared.

This is further examined with the simulations implemented by Simulink,
Matlab. The three-phase inverter connected to sinusoidal voltage sources by
RL impedance is considered in the simulations, having R = 5 Q and L = 20
mH. One simulation is done with implemented optimal carrier-based PWM,
and the other with hysteresis current controller. In both simulations
fundamental frequency is set to 50Hz, and the dc voltage supply V,. is 600V.
The fundamental of the output current was kept at constant value by adjusting
the voltage sources. In the simulation with PWM, the switching frequency 1/7;
was set to 2.1 kHz. Different modulation indexes have been considered (1/6,
1/5, 1/4, 173, 2/5, 1/2, and 1N3 = myg,).

In the simulation with PWM the upper and lower peak-to-peak current

ripple envelope, i,,, /2 , is calculated as explained in Chapter 2 for three-phase

i
P
two-level inverters. In the cases of different modulation indexes, the different
values for the average of the ripple envelope have been calculated, as shown in
Table 1. In further step, this average values were set as the upper and lower

constant band in the simulation with hysteresis current controller, i.e.

+’Z‘
Tl avg /2.

Table I: Switching frequencies with hysteresis current controller and PWM

Switching frequency, f, [kHz]
m band 1Mleg | 2"leg | 3™leg | average | PWM
1/6 | 0.17 0.34 3.4 33 3.5 34 2.1
1/5 | 0.20 0.38 2.6 2.7 29 2.7 2.1
1/4 | 0.25 0.43 2.7 2.9 3.0 29 2.1
173 | 0.33 0.48 2.7 2.6 3.0 2.8 2.1
2/5 | 040 0.50 2.6 2.6 24 2.5 2.1
1/2 | 0.50 0.53 1.7 1.9 1.9 1.8 2.1
IN3 | 058 | 0.56 1.2 1.2 1.2 1.2 2.1




Peak-to-peak output current ripple analysis in multiphase and multilevel inverters 143

The gate signals of the two IGBTs for all three legs were processed with the
implemented pulse counter, in order to determine the switching frequency. In
Table I the results of all the frequencies are shown for all the considered cases.

In Fig. 6.4 is shown the comparison of the frequencies obtained with PWM
and hysteresis current controller. The PWM shows better behavior in wide
range of modulation indexes, i.e. approximately 0.2 < m < 0.46. For the
modulation indexes m > 0.46, the hysteresis current controller has the
frequency that is lower.

In Figs. 6.5, 6.6, 6.7, and 6.8 the results obtained with simulations are
shown, with some of the considered modulation indexes. In Figs. 6.5a-6.8a is
shown the simulated ripple with PWM (up) with its calculated upper and lower
envelope. The average value of the half peak-to-peak envelope is emphasized
in red color. The ripple simulated with hysteresis current controller (down) is
shown with its constant bands. Since in the hysteresis current controller there
are three independent controllers, the comparator state change in one phase
influence the voltage in the other phase. The consequence of that is that
instantaneous error can reach double the value of the hysteresis band [9], as
can be observed in the figures.

---¢--- average hysteresis
404 —&—pwm
3.5 X 1st leg
3.0 \ . 2nd leg
bl :\\ —%—3rd leg

2.0

1.5
1.0 4
0.5

0.0 T 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 6.4. Comparison of the frequencies obtained with PWM and hysteresis current controller.
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In Figs. 6.5b-6.8b are shown the instantaneous currents with PWM
modulation (up) and hysteresis current controller (down). Instantaneous current
with PWM is shown with calculated upper and lower ripple envelopes. The
corresponding current simulated with hysteresis controller is show with its
constant upper and lower bands.
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Fig. 6.5. Simulations with PWM (up) and hysteresis current controller (down), m = 1/6: (a) output
current ripples with calculated/constant envelopes/band (blue color), (b) instantaneous output cur-
rent with calculated/constant upper and lower envelope/band.

R

Fig. 6.6. Simulations with PWM (up) and hysteresis current controller (down), m = 1/4: (a) output
current ripples with calculated/constant envelopes/band (blue color), (b) instantaneous output cur-
rent with calculated/constant upper and lower envelope/band.
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Fig. 6.7. Simulations with PWM (up) and hysteresis current controller (down), m = 1/3: (a) output
current ripples with calculated/constant envelopes/band (blue color), (b) instantaneous output cur-
rent with calculated/constant upper and lower envelope/band.

Fig. 6.8. Simulations with PWM (up) and hysteresis current controller (down), m = 1/2: (a) output
current ripples with calculated/constant envelopes/band (blue color), (b) instantaneous output cur-
rent with calculated/constant upper and lower envelope/band.
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7. Conclusion and future work

7.1. Conclusion

This thesis deals with the analysis of the peak-to-peak output current ripple
amplitude in multiphase and multilevel inverters with reference to centered
symmetrical PWM, that is optimal modulation in terms of minimum output
current RMS.

The current ripple was defined by observing the output voltage waveforms
for all the different cases indentified in the whole modulating range with the
considered PWM strategy. The analysis has been carried out in first quadrant
of the output voltage vector, exploiting the quarter-wave symmetry for the
extension to the whole fundamental period. In all the considered cases, the
current ripple is defined with reference to simplified RLE circuit load, which
can represent, in most of cases, both grid-connected systems and motor loads.

The expression of the peak-to-peak current ripple amplitude has been
determined as a function of the modulation index, and an effective
normalization has been introduced to better emphasize the ripple behavior and
to summarize it in some diagrams and maps.

Simplified expressions to determine the maximum peak-to-peak ripple
amplitude have been proposed for both multiphase and multilevel inverters.
The peak-to-peak ripple is compared for the different cases of phase and level
numbers, and some application examples are given for three-phase systems.
Both simulation and experimental results are presented to prove the analytical
developments. The agreement among numerical, experimental, and analytical
results is good for all the relevant considered cases, proving the validity of the
proposed approach.
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7.2. Future work

The material presented in this thesis, in spite the significant new knowledge
has been developed, leaves large space for further research work. Some of
them are listed here, as possible directions for future work:

* investigation of the peak-to-peak output current ripple in multilevel
inverters for higher number of levels;

* investigation of the variable switching frequency techniques able to
produce optimal switching patterns in terms of absolute peak-to-peak
maximum and RMS ripple limitations;

* correlation between peak-to-peak amplitude and current ripple RMS;

* since the developments have been carried out specifically for symmetrical
centered PWM, they can be similarly extended to discontinuous and/or
asymmetrical modulations.



