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Criteria-Based Modulation for Multilevel Inverters

Kfir J. Dagan and Raul Rabinovici

Abstract—Pulse width modulation schemes are aimed at ad-
justing the fundamental component while reducing the harmonic
content of an inverter output voltage or current. This paper ad-
dresses the topic of optimal inverter operation in reference to a
given objective function. The objective function could embody ei-
ther a single performance criterion, such as voltage or current total
harmonic distortion (THD), or a weighted sum of multiple crite-
ria. The proposed method ensures primacy of the chosen solution
while imposing no restriction over its modulation index. In par-
ticular, operating the inverter by the chosen solution would result
in performances superior to any other modulation scheme com-
mutating in an equal number of switching angles per fundamental
cycle. The proposed method allows for the consideration of prac-
tical inverter constraints and prevents the possibility of imprac-
tical switching sequence. A detailed investigation of the method
is given, accompanied by two practical cases minimizing, respec-
tively, phase-voltage THD and line-current THD of a three-level in-
verter. Selected simulation and experimental results are presented
to validate the theoretical part.

Index Terms—Direct search, harmonics, optimal, pulse width
modulation (PWM), total harmonic distortion (THD), voltage-
source inverter (VSI).

I. INTRODUCTION

ODULATION techniques for multilevel inverters have

been the subject of intensive research in the last few
decades. A wide variety of methods, different in concept and
performances [1], [2], have been developed and analyzed in
the literature. Amongst the various methods available, the most
frequently used are sinusoidal pulse width modulation (SPWM),
space vector (SV), and selective harmonic elimination (SHE)
[31-L5].

Given an inverter application, the various modulation
schemes are generally determined by performance criteria with
total harmonic distortion (THD) being the most frequently
used [6]. Other common criteria would be specific harmonic-
amplitude restriction set by recommendation and standards such
as IEEE Std. 519 [7], peak common-mode voltage (CMV) [8],
rms CMYV [9], and harmonic distortion factor (HDF) [10].

Numerous papers have contributed to the topic of PWM per-
formance analysis. In [11], performance criteria were devel-
oped to allow comparison of various optimal-PWM strategies
in means of harmonic losses, pulsating torque, and peak cur-
rent. Another comparison of PWM switching schemes in terms
of various performance criteria is given in [2].
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Inverter THD performance is another topical issue in the lit-
erature. Harmonic analysis of various PWM methods, based
on double Fourier series, was presented in [2] and established
in [12]. A further spectral analysis of carrier-based PWM is
presented in [13]. This paper uses 1-D Fourier series to formu-
late closed-form expressions for the individual harmonics. In
[14], phase-voltage THD of a staircase waveform is formulated
based on the waveform switching angles. A more generic for-
mula, evaluating THD of a general multilevel phase voltage is
given in [15]. Another extension of [14] is given in [6], where
the line-voltage THD of a staircase waveform is formulated and
compared to various approximation methods. Utilization of ge-
netic algorithm optimization to minimize the line-voltage THD
of a staircase waveform is presented in [16]. The minimization
is obtained via direct evaluation of the line-voltage waveform
and its resulting THD index. Another work concerning reduced
THD PWM waveform is provided in [17]. This paper employs
variable sampling frequency PWM to reduce line-current THD.
Finally, comparison of symmetrical and nonsymmetrical selec-
tive harmonic elimination PWM techniques in terms of THD is
presented in [10]. The two schemes are also compared in light of
the number of harmonics eliminated, harmonic spectrum profile,
and HDF.

Reduced CMV PWM methods also draw increasing attention
in the literature. This interest is due to various problems associ-
ated with CMV in electrical systems. These problems include,
amongst others, electromagnetic interference [18], motor insu-
lation stress, and bearing current which may ultimately result in
premature motor bearing failure [19]. In [20], interleaved carri-
ers were employed to enhance the CMV performances of ordi-
nary sine PWM. This paper presents improvement of both peak
and rms levels of the output CMV. In [21], the contribution of
zero SVs to the CMV level in space vector modulation (SVM)
was acknowledged and demonstrated. As a natural continua-
tion of [21], reduced CMV modulation schemes have emerged
[8], [22]-[25]. While slightly different in performances, they
all share limited modulation index range or obtain high CMV
spikes when inverter dead time is introduced. Tallam et al. [26]
proposed a modified reduced CMV modulation scheme, which
is impervious to inverter dead time effect and offers extended
modulation index range. Another approach for dealing with in-
verter dead time appears in [27]. In this paper, an optimal CMV
reduction PWM technique invariant under dead time, is recom-
mended. The CMV is shown to be reduced to one-third in a
diode front end inverter. An equivalent modified SVM methods
for current-source inverters (CSI) also appear in the literature.
Such strategy is given by [28], where a nonzero state modulation
techniques are adapted to reduce CMV levels in an SVM CSL

Another reduced CMYV strategy is proposed in [29]. The pro-
posed method utilizes a smoothed transition between two SHE
schemes. In this paper, M-SHEPWM scheme is used to control
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the inverter at frequencies smaller than 0.9 of the motor rated
frequency. The scheme employs elimination of low-order triplen
harmonics to achieve reduced CMV levels. For higher frequen-
cies (>0.9 motor rated frequency), a C-SHEPWM scheme is
employed, which eliminates only nontriplen harmonics. As a
result the proposed method generates high CMV levels when
operating close to the inverter nominal frequency.

Another optimal PWM method for low switching frequency
is reported in [30]. In this paper, a gradient method is used to
solve a constraint optimization problem of a normalized THD
objective function. The proposed scheme is investigated in light
of a three- and five-level inverter topologies.

While large number of optimal modulation strategies appears
in the literature, there is no integral comparison available. The
lack of comprehensive comparison tool makes the process of
choosing the optimal modulation scheme an impossible mission.
In addition, optimization-based methods could fall into a local
rather than a global extremum of their objective function.

This paper extends the study presented in [31], where the
criteria-based modulation (CBM) method was introduce. This
paper facilitates a performance-based method to determine the
optimal sequence for a given inverter application. The proposed
method features low switching frequency, which reduces the
switching losses of power switching devices [30]. Lower switch-
ing frequency is particularly preferable in medium-voltage
drives, owing to the higher switching losses of their semiconduc-
tor devices [32]. The supplementary contribution of this paper
with reference to [31] is as follows. It thoroughly describes the
CBM method and its application to three-phase medium-voltage
inverters. Specifically, this paper presents discusses the general
case of minimizing the weighted THD (WTHD) [33] of an in-
verter output waveform. The latter is of great importance as it
reflects on the current THD of an inverter output waveform for
the general load case. This paper presents experimental results
obtained using a three-level three-phase voltage-source inverter
(VSI). In addition, this paper presents the dynamic response of
the system to a step change in the fundamental amplitude. Fi-
nally, this paper provides a complexity analysis of the proposed
algorithm alongside an evaluation of the solution set size as a
function of system parameters.

Given a criteria-based objective function, a direct search is
initiated to find the optimal switching sequence. The obtained
solution ensures optimal inverter performance in terms of the
defined criterion and does not fall into local extremum. In par-
ticular, operating according to the chosen switching sequence
ensures performances superior to any other modulation scheme
with an equal number of commutations. The proposed method
could easily take into account application constraints such as in-
verter dead time. The proposed method may be used by inverter
drive engineers to determine the optimal commutation strategy
for a given motor drive application.

The remainder of this paper is as follows. In Section II, the
CBM algorithm is fully described. In Section III, practical cases
are solved and discussed in terms of optimal inverter perfor-
mances. The performances of the selected solutions are then
validated and analyzed using MATLAB simulations. Follow-
ing, selected experiment results are presented in Section IV to
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TABLE I
BLANK CBM LOOK-UP TABLE

# Mg oy [P e ay w
1 Mg
1 M2
L MalL

#,m,, W, and «; are column headings denot-
ing, respectively, table row number, modulation
index, objective function, and the ith switching
angle;i = 1,2,..., N.m,; denotes the modu-
lation index level of the jthrow; j = 1,2, .., L.

back up theoretical and simulation sections. Finally, conclusions
are presented and discussed in details in Section V.

II. CBM

The CBM addresses the topic of optimal inverter operation.
Given a criteria-based objection function, a direct search is ini-
tiated to find the optimal commutation sequence for a given
inverter. The search is performed offline, for each modulation
index, while at its end, a look-up table (LUT) is constructed. The
LUT could be utilized by online PWM controllers [34]—-[37] to
maintain optimal inverter performances.

The rest of this section describes the CBM process.

A. Initialization

Given a criteria set C = {C;,Cs,...,Cy} and the corre-
sponding weights {7, W5, ..., Wy, }, we define the objective
function WV to be

M
W) = W (1)
2im1 Wi

For a single criterion, there would be only one criteria member
set C; and a single weight W; = 1. The resulting objective
function would then be YW = W, - C; = C; . Practical examples
for this case are provided in Sections III and IV. A more general
case would involves two criteria and two weights. This could
be the case when attempting to minimize both phase- and line-
voltage THDs. In this case, C; = THDy,,, andC, = THDy, _ ..
The corresponding weight could thenbe W) and Wy =1 — W).
The resulting objective function would, therefore, be

W(CI7CQ7WI7W2) = W1C1 + (]. _Wl)CQ.

W(C1,Co, ... ,Cor, Wi, W, ..

2

The aforementioned is useful when both line-voltage THD and
the rms value of the CMV is important. This notion is discussed
in Section III-A.

Next we construct a blank LUT. This table will be used in
the CBM algorithm phase to log all optimal commutation se-
quences based on the objective function VY. Table I depicts an
example L x (N + 2) blank LUT (excluding headings). As can
be seen, table size is determined by the number of commuta-
tions per fundamental cycle N and the number of modulation
index levels L. The number of commutations N is generally a
tradeoff between line current THD and switching power losses
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[38], [39]. L is determined with accordance to the desired mod-
ulation index range and resolution.

Higher modulation index resolution and/or range would
result in larger number of modulation index levels
Ma1,Ma2y .- Maf-

Based on application constraints, the set of all valid switching
sequences is constructed

§={51,5,...,5} 3)

where S;, i = 1,... K, is asingle sequence with /V consecutive
switching angles. An example of inverter constraint would be
transistor minimum turn ON and OFF times. This constraint is
met by

min{ay /2,0 — o, a3 — o, ...,y — Qy_1
X )2 — an/2} < tmm (@)

where ay,;, 18 the transistor’s minimum turn on ¢4, or turn off
tqom in radians. The condition expressed in (4) could be easily
applied using a set of nested FOR loops. An example MATLAB
code and a complexity analysis is given in Appendix B.

B. CBM Algorithm

This section describes the CBM algorithm assuming the ini-
tialization phase discussed in the previous section was carried
out.

The CBM process evaluates the objective function W for each
valid sequences in S. In each iteration, the objective function
mark of the current sequence )V is obtained and compared with
the value listed in the corresponding row of Table I. Whenever
W; is superior to the value listed in the table, the switching
angles and objective function mark of the current sequence are
assigned to the corresponding table row. At the end of this
process, a complete CBM table listing the optimal sequences
for each modulation index level is obtained. Following is a
description of the CBM algorithm:

1) seti =1,
2) select the ith commutation sequence .S;;
3) evaluate objective function mark W; associated with S;;
4) evaluate modulation index mfl associated with .S;;
5) locate the table row whose modulation index entry cor-
responds to m’;
6) IF the corresponding objective function mark is EITHER
blank OR inferior than W :
a) replace it with W;;
b) replace corresponding sequence with .S;.
7) seti =1+ 1;
8) IF ¢ < K JUMP to step 2;
9) delete VW and # columns;

10) terminate algorithm.

Step 5 would assign the current modulation index mark m/,
to the table row whose modulation index is the closest to m,.
Alternatively, .S; is assigned to a table row n if the following
expression holds
(2

S — Mgp| = min |m; — Myl (5)

|m,
je(l,L)
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TABLE II
COMPLETE CBM LOOK-UP TABLE

mg Qq a9 ay

M1 ar1 Q12 Q1N
m g2 Qo1 99 Q2N
MarL ari ar2 QLN

a;; denote the jth switching angle corre-
sponding to the ith modulation index level
mei,i=1,2,..,N, j=1,2,..,L.

This allows for a modulation index margin, m,, equals to half
of the difference between modulation index levels of two con-
secutive rows, i.e., Mg = (Maj — Mq(j+1))/2. My is a function
of the initialization parameter L. The modulation index margin
m,, reflects on the size of each subset, and thus, on the diversity
of the objective function values within each subset as will be
expressed in Sections III and I'V.

Employing a direct-search approach is beneficial, where there
exists discontinuities of the switching angles with reference to
m,. As the CBM algorithm goes through every valid solu-
tion set, it would always obtain the absolute extremum of WV
as long as S contains all valid solutions. This is not the case
with general optimization algorithms where discontinuity of the
switching angles could lead to converging to local minima, or
even divergence of the algorithm [40]. Another characteristic of
the direct search nature of the CBM is its independence on the
algorithm starting point. This is an advantage over conventional
PWM optimization methods that are highly insensitive to the
initial conditions.

The aforementioned algorithm is performed offline to pro-
vide the complete CBM LUT shown in Table II. It should be
noted that table headings row and modulation index column are
not needed for the operation of the online controller. Hence,
in practice, an array of size L x N is uploaded to the online
controller

Operating the inverter according to Table II would ensure
inverter performances superior, or equal, to those of any other
modulation strategy operating at an equal number of switching
angles.

Fig. 1(a) depicts the CBM sequence set S in a 3-D space. Each
black dot corresponds to a specific sequence in S through a back-
ground matrix. The simplified representation in Fig. 1(a) enables
an easy comparison of several switching sequences with refer-
ence to the three ordinates: phase-voltage THD, line-current
THD, and fundamental amplitude of the output waveform.

The above representation also provides graphical notion to the
CBM process. Consider the 2-D subset obtained by intersecting
the gray translucent plane with S at a fundamental amplitude
1125 V. This 2-D CBM map—shown in Fig. 1(b)—contains
all members in S with fundamental amplitude 1125 V. Com-
paring the subset members according to a single ordinate, s.a.
the phase-voltage THD, corresponds to the single criterion case
of C; = THDy,, and weight W; described in Section II-A.
The process of attributing each sequence to a relevant LUT row
(step 5 of the algorithm) is similar to the above intersection
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Fig. 1. CBM sequences set S. (a) All valid switching sequences. (b) Valid
sequences corresponding to modulation index m, = 0.9 and m, = 0.05.

with an addition predefined margin expressed by the modula-
tion index margin m, in Section II-A. The resulting optimal
CBM sequence and the corresponding SHE, and Synchronous
Optimal PWM (SOPWM) [30] sequences used as a reference
in this paper are depicted by black bullets. In the general case
of M criteria and weights, an M -dimensional Euclidean space
would be constructed.

All sequences considered in this paper maintain odd-function
quarter wave symmetry with three switching angles per quarter
wave cycle. Nonetheless, by eliminating the dependence on the
switching characteristic, i.e., by ignoring the exact values of the
switching angles in the CBM map, general symmetry sequences
could be considered. This scheme could be also used to compare
between sequences with different number of switching angles
and/or different number of voltage levels.

III. SIMULATION RESULTS

This section presents selected simulation results illustrating
the aforementioned CBM method. The simulation parameters
are summarized in Table III. All CBM solutions presented in this
paper were obtained using MATLAB/Simulink and compared to
their corresponding conventional SHE and SOPWM methods.
Harmonic components up to the order of 97 were considered.

The conventional SHE solution was obtained by minimiz-
ing the Euclidean norm of an amplitude error vector A using
MATLAB’s fmincon.m. In general, three switching angles
per quarter wave cycle enable the adjusting of the fundamental
component amplitude and eliminating two additional harmon-
ics. The resulting amplitude error vector is, therefore

1A = /O — )2 + B2, + B2 ©)
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TABLE III
SIMULATION PARAMETERS SUMMARY

Type Value Comments
RLE Load

R 0.86 Q2 per-phase
L 23 mH per-phase
E hy — (R + jwL) - Iph phase A

General simulation parameters
f 50 Hz Fundamental frequency
N 3 Number of switching angles
Mg 0.9/0.5 Modulation index
Vbe 350V DC-bus voltage
tmin 10 uS Min. turn-on and turn-off
PC DELL XPS13 Laptop/simulation host

where iAzl, h1, hy,, and h, denote, respectively, desired fun-
damental component amplitude, amplitude of the actual funda-
mental component, and amplitude of the mth and nth harmonics.

In Section III-A, a phase-voltage THD minimization is dis-
cussed. In this section, the SHE solution was obtained by adjust-
ing the fundamental amplitude according to the desired modula-
tion index and eliminating the third and fifth harmonics, i.e., m
=3and n =5 in(6). In Section III-B, the process of minimizing
the WTHD is discussed. As in this case, triplen harmonics are
not taken into account, the SHE solution was obtained by ad-
justing the fundamental component accordingly and eliminating
the fifth and seventh harmonics, i.e., m = 5 and n = 7 in (6).

The SOPW solution was obtained similarly to the process
described in [30]. The number of angles per quarter wave cycle
N was set to 3. The objective function was set to phase-voltage
THD in Section III-A and WTHD in Section B. Following, the
initial switching sequence was derived as follows. First, switch-
ing angles as and ag where drawn using MATLAB function
randn.m. These angles where then used to calculated the ex-
act value of switching angle o using (11) of [30]. Following, the
objective function mark corresponding to the obtained sequence
was evaluated. The aforementioned process was repeated 200
times. At the end of this process, the optimal objective function
mark and its corresponding switching sequence were logged.

The optimization process described in [30] was performed
using MATLAB function fmincon.m. The initial sequence
obtained in the initialization process, the tolerance level, the
linear constraint over the switching angles, and the nonlinear
constraint formulated by (11) of [30], where passed as function
parameters.

A. Phase-Voltage THD

Phase-voltage THD, expressed in (7), is a commonly used
quality index in inverter drives [30], [41]. When paired with
line-voltage THD, it can be used to evaluate the rms values of the
CMV. This section provides simulation results and analysis of
the CBM method with a phase-voltage THD objective function

Ximo

W = THDy,, = 100
hy

(N
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Fig. 2.

Phase-voltage angle [rad] and normalized frequency domain repre-

sentations corresponding to m, = 0.9; Minimum WTHD CBM (a)—(b), SHE
(¢)—(d), and SOPWM (e)—(f). CBM, SHE, and SOPWM switching angles cor-
responding to quarter fundamental cycle are, respectively, (0.7156, 0.8203,
0.8378), (0.5132, 0.9329, 1.1250), and (0.7568, 0.8651, 0.8913) in radians.

TABLE IV
SIMULATION INDICES SUMMARY

Index CBM SHE [47] SOPWM [30]
Phase-Voltage THD 42.3% 58.8% 47.0%
Line-Voltage THD 29.1% 57.1% 30.3%
Phase-Voltage THD 98.4% 105.4% 112.0%
Line-Voltage THD 60.5% 81.6% 71.6%
WTHD 4.4% 5.7% 7.0%

Minimum phase-voltage (gray) and WTHD sequences corresponding to, re-
spectively, m, = 0.9 and m, = 0.5.

In terms of the CBM process described in Section II, a single
criterion C; = THDy,, is used alongside a single weight W, =
1. The resulting objective function is therefore W = W - C; =
THDy,, .

Fig. 2 shows simulation results for minimum phase-voltage
THD CBM, SHE and SOPWM solutions corresponding to m, =
0.9 and m,, = 0.05. The SHE solution was adjusted to maintain
the desired fundamental amplitude while eliminating the third
and fifth harmonics. Both CBM and SOPWM solutions were
obtained using (7).

Angle and normalized frequency domains representation of
the CBM solution are shown, respectively, in Fig. 2(a) and
(b). The corresponding representations of the SHE solution are
shown, respectively, in Fig. 2(c) and (d). Representations of the
SOPWM solution are shown, respectively, in Fig. 2(e) and (f).
Phase- and line-voltage marks of the three solutions are sum-
marized in Table I'V.
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Close examination of Fig. 1(b) reveals that there exist numer-
ous switching sequences superior to the SHE solution in both
phase- and line-voltage THD marks. This is due to the fact that
eliminating the low-order harmonics does not necessarily result
in optimal phase- or line-voltage THDs. It should be noted that
the SHE method does not guarantee uniqueness of its solutions
[42], [43]. The SHE solution is highly dependent on the ini-
tial switching sequence as well as on the optimization method
used. As a result, there might exist a SHE solution providing
better phase- and/or line-voltage THD levels than those pre-
sented in Table IV. Nonetheless, there exist no SHE solution
with phase-voltage THD lower than the one obtained using the
CBM method. This can be deduced from Fig. 2(b), which indi-
cates that the solution providing the lowest phase-voltage THD
does not contain zero value for neither the odd harmonics.

Comparing the marks obtained for the minimum phase-
voltage THD CBM and SOPWM solutions shows superiority
of the CBM solution. The phase-voltage THD obtained using
the SOPWM is 10.4% higher than the one obtained using the
CBM solution. The advantage of the CBM solution could be
due to its direct search approach. As a direct search algorithm,
the CBM does not fall into local minima but rather converges
to the optimal solution. Superiority of the CBM mark could
be also attributed to the modulation index margin 7, . As men-
tioned earlier, m, extends the solution set by admitting solutions
with modulation indices slightly different than 0.9, and thus, di-
verse the possible THD marks. This is not possible with the
SOPWM methods, which requires an tight objective function
tolerance [30].

Comparison of the CBM and SOPWM marks for line-voltage
THD also favors the CBM method. The line-voltage THD ob-
tained using the CBM scheme shows a modest 3.2% improve-
ment in comparison to its counterpart. The difference between
the two solutions also indicates increased triplen harmonic con-
tent of the SOPWM solution. This triplen harmonic content
would be expressed in increased CMV rms values, which ad-
versely affects the reliability of the motor, as well as the elec-
tromagnetic compatibility of the motor drive and protection
devices [44]. The relation between phase-voltage THD, line-
voltage THD, and rms values of the CMV is expressed by

THD], = THD; -+ CMV;

rms* (8)
A detailed formulation of (8) is presented in Appendix A.
Another advantage of the CBM over the SOPWM method

would be the lack of modulation index restriction. The CBM

could be applied with any given modulation index value and
is not confined to a certain interval such as in the SOPWM

case [30].

B. WTHD

Minimizing line-current THD is another approach for opti-
mal inverter operation. Line-current THD depends on motor
parameters and operating conditions [45]. In the absence of an
accurate motor model, WTHD [13], [33] can be used to evalu-
ate line-current quality. WTHD, also known as harmonic current
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Fig. 3. Valid switching sequences corresponding to modulation index m, =
0.5 and m, = 0.05.
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Fig.4. Line-voltage angle [rad] and normalized frequency domain representa-
tions corresponding to m, = 0.5; Minimum WTHD CBM (a)—(b), SHE (c)—(d),
and SOPWM (e)—(f). CBM, SHE, and SOPWM switching angles correspond-
ing to quarter fundamental cycle are, respectively, (1.0297, 1.3090, 1.4137),
(0.9210, 1.1239, 1.3491), and (0.7703, 1.0490, 1.3965) in radians.

gactor (HCF) [46], is expressed as follows:

WTHD = 100 )

hy

The tight correlation between line-current THD and WTHD
will be further discussed in Section IV.

Fig. 3 shows a 2-D subset of S with reference to line-voltage
THD and WTHD indices. This subset contains all valid switch-
ing sequences corresponding to m, =0.5 and 1, =0.05. As with
the previous case, CBM, SHE, and SOPWM sequences are
shown. Notable point is the approximately linear relationship
between WTHD and line-voltage THD indices as apparent in
the figure.

Fig. 4 illustrates the three solutions in angle [rad] and fre-
quency domain representations. The SHE solution was aimed at
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properly adjusting the fundamental amplitude while eliminat-
ing the fifth and seventh harmonics. Both CBM and SOPWM
solution were obtained by utilizing (9).

The sequences’ phase-voltage THD, line-voltage THD, and
WTHD are summarized in Table IV. As with the minimum THD
case, utilization of the CBM method with objective function (9)
provides superior marks for all indices. The distinct advantage
of the CBM over SHE and SOPWM methods could be attributed
to both its direct search approach and modulation index margin
M. It should be noted that the relatively high phase-voltage
THD marks obtained for all three waveforms are due to the
considerably low modulation index m,, .

C. Dynamic Response to Step Change in the Inverter
Fundamental Amplitude

Fig. 5 shows simulation results for a V/ f step change tran-
sition from an initial operating point Vinit/ finit = 113.75V/
35 Hz to a consequent operating point Vay, / fan = 157.5/50 Hz.
Sequences were obtained by minimizing phase-voltage THD us-
ing a CBM algorithm. The sequence following the transition is
the exact CBM sequence obtained in Section III-A.

As can be seen, the system response to a step change is rela-
tively smooth due to the high inertia of the load. In addition, the
convergence time is very short, lasting no more than three fun-
damental cycles. The aforementioned is attributed to the large
time constants of high-power rotating machines. As a result,
the controller bandwidth is of somewhat reduced importance in
comparison to lower power applications.

IV. EXPERIMENTAL RESULTS

This section presents selected experimental results to back
up the theoretical and simulation sections. All waveforms pre-
sented in this section were captured using a TDS210 Tektronix
Digital Real-Time Oscilloscope and exported to MATLAB en-
vironment for spectral analysis and figure generation. The per-
formances of the proposed algorithm have been experimen-
tally investigated through a three-phase three-level IGBT-based
neutral-point clamped inverter system. System setup diagram
and picture are shown, respectively, in Fig. 6(a) and (b). Exper-
iments were carried out for numerous motor operating condi-
tions. Selected results are presented below. Table V summarized
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Fig. 6. (a) Circuit diagram and (b) laboratory setup.
TABLE V
SYSTEM PARAMETERS SUMMARY
Type Value Comments
Motor
Family KsiooL YONA USPIZ
P/N AS 218/06 Y configuration
Power 0.75 kW
Velocity 2870
Voltage 400/230 Y/A
Current 6.1/10.6 Y/A
Frequency 50 Hz
Inverter
IGBT IRG4BC20FD
tmin 10 uS Min. switching times
DC Capacitors 3 x 470 = 1410 uF/450 V Per clamping capacitor
Electrolytic JAMICON
FPGA Artix-7 XC7A100T Xilinx

the various system parameters. Similar to Section III, harmonic
components up to the order of 97 were considered.

A. Phase-Voltage THD

Fig. 7 shows experimental results for the minimum phase-
voltage THD CBM and SHE waveforms. The time- and
frequency-domain waveforms correspond to m, = 0.9 and m,
= 0.09. The waveforms switching sequences are similar to the
ones obtained in Section III-A. Table VI summarizes the indices
marks for the CBM and SHE waveforms. Both CBM and SHE
marks are similar to those obtained via simulations. Unlike the
SHE solution, the third and fifth harmonics of the CBM se-
quence are nonzero. Nonetheless, the CBM waveform shows
superior marks for both phase- and line-voltage THDs. These
results are consistent with those of Section III-A.

B. WTHD

Fig. 8 shows time- and frequency-domain representations of
the minimum WTHD CBM, SHE, and SOPWM waveforms
for m, = 0.5 and m, = 0.05. The waveforms’ indices marks
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Fig. 7. Line current x 5, phase voltage x 100, line voltage x 200 (gray),
and normalized frequency-domain representations corresponding to m, = 0.9;
time [ms]. Minimum phase-voltage THD CBM (a)—(b), SHE (c)—(d).

TABLE VI
EXPERIMENTAL INDICES SUMMARY

Index CBM SHE [47] SOPWM [30]
Phase-Voltage THD 43.2% 59.6%

Line-Voltage THD 29.4% 58.1% -
Phase-Voltage THD 102.9% 109.2% 116.4%
Line-Voltage THD 63.1% 85.0% 74.8%
Line-Current THD 13.1% 17.1% 20.8%

Minimum phase-voltage (gray background) and WTHD sequences corresponding to, re-
spectively, m, = 0.9 and m, = 0.5.
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Fig. 8. Line current x 5, phase voltage x 100, line voltage x 200 (gray),
and normalized frequency-domain representations corresponding to m, = 0.5;
time [ms]. Minimum WTHD CBM (a)—(b), SHE (c)—(d), SOPWM (c)—(d).
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are summarized in Table VI. Line-currents THDs measured
for the experimental waveforms are higher than the WTHD
marks obtained in Section III-B. The difference between the
two cases is attributed to the motor model and operation point.
Nonetheless, both simulation and experimental results favor the
CBM solution, with 22.8% improvement in WTHD and 23.1%
improvement in line-current THD, over the SHE solution. As
can be seen in the table, SOPWM obtained the highest line-
current THD. These results emphasize the correlation between
WTHD and line-current THD.

V. CONCLUSION

A performance-based modulation scheme was presented in
this paper. The proposed CBM method utilizes a direct search
over all valid switching sequences and locates the optimal se-
quence in reference to a given objective function. The CBM
scheme ensures primacy of the selected solution over any
other modulation technique commutating in an equal number of
switching angles per fundamental cycle. CBM does not impose
any limitation over modulation index. It could take into account
practical inverter considerations, such as minimum turn ON and
OFF times, and prevents the possibility of impractical solutions.
Unlike other optimization-based PWM methods, CBM would
always converge to the practical absolute extremum. The latter
is true even when there exist switching angle discontinuities
with respect to the modulation index. Simulation and experi-
mental results presented in this paper validate the superiority of
the CBM scheme over SHE and SOPWM methods.

While all waveforms presented in this paper maintain odd-
function quarter wave symmetry, dropping waveform symmetry
is feasible. By doing so, an extended solution set is obtained.
Applying the CBM method to the new set may provide better
inverter performances than those presented in this paper. Ex-
tending the CBM method to multilevel inverters follows similar
lines. In both cases, the extended solution set would result in
longer algorithm runtime.

Modulation index margin m, is another advantage of the
CBM algorithm. This liberty allows consideration of funda-
mental amplitudes within a given range. This, in turn, extends
dramatically the feasible sequence candidates and may result in
higher quality solutions.

Another notable advantage of the CBM solution is its ability to
address multiple criteria marks. Incorporating two indices may
be effective when both line-current THD and CMV are a quality
factor. By minimizing both WTHD and phase-voltage THD,
CBM could provide high quality line-current while keeping the
CMV at bay.

Finally, although the CBM method was applied to VSIs, its
application could be easily extended to CSIs.

APPENDIX A
RELATION BETWEEN PHASE-VOLTAGE THD, LINE-VOLTAGE
THD, AND RMS VALUES OF THE CMV

Following (7), the relation between phase-voltage THD, line-
voltage THD, and rms values of the CMV could be expressed
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as follows:

9 ‘
THDy,, = =

(10)
The rms value of the CMV is given by the zero-sequence
(triplen) harmonics as follows:

CMVpyis = (1)

The normalized index of the CMV would is defined as
follows:

CMVrzy
CMV, s = — RMS (12)
hy
Therefore, the phase-voltage THD could be expressed by
THDj, =THDj, =+ CMV,y” (13)

APPENDIX B
ExXAMPLE MATLAB CODE FOR SOLUTION SET CONSTRUCTION

Following is an example MATLAB code for the construction
of the CBM solution set. An odd-function quarter wave symme-
try with three angles per quarter fundamental cycle are assumed.
amin and res are, respectively, minimum turn-on and turn-off
and the desired angle resolution in radians. alph_res is closely
related to the resolution capabilities of the controller

S = []; % empty solution set
for 1 = amin/2:res:pi/2-5/2*amin
for j = i+amin:res:pi/2-3/2*amin
for k = j+amin:res:pi/2-amin/2
S = 1[Ss; i, J, kl;
end
end
end

The complexity of the above code is O (n3) The solution set

size |S| would equal "("ng, where

P
n= .
2-res

Assuming three switching angles per quarter wave cycle and
a desired angle resolution of 1°, n would be

(14)

0
=|—| =90 15
{2 . 7r/180—‘ (13)
and the resulting solution set size would be
90-91-92
|S] :T:125580. (16)

Increasing the number of switching angles per quarter wave
cycle would result in larger solution set size. The general case
of N switching angles per quarter wave cycle involves O (n]\)



DAGAN AND RABINOVICI: CRITERIA-BASED MODULATION FOR MULTILEVEL INVERTERS

complexity and a solution set size of

(n+N-1)!

151 = (n— 1)IN

a7

It should be kept in mind that the CBM algorithm is only
performed once in an off-line mode. Hence, less attention was
given to algorithm run-time in this paper. The optimization of
the CBM search process and memory usage is to be explored in
future research.
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