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ABSTRACT Pulswidth modulation (PWM) methods were developed to grant the voltage source inverter
(VSI) output signal better quality measures. The PWM method that VSI relies on must consider the
utilization of the direct current (DC) source, especially when the drive system works in the overmodulation
region. In this paper, different zero-sequence harmonic injection PWM methods are proposed. Two essential
objectives are optimized by minimizing total harmonic distortion and maximizing the DC bus utilization. All
schemes’ results are compared with each other and with some of the commonly used PWM schemes. This
paper concludes the usage of third, ninth, and fifteenth harmonic injections and any combination of them
to reach a new PWM method that overtakes the disadvantages of other methods. Meanwhile, it provides a
handy tool to operate VSI optimally. Ultimately, this work concludes to what extent is the zero-sequence
injection is helpful. The work is evaluated experimentally, and the practical results match the simulation
outcomes.

INDEX TERMS Carrier-based pulsewidth modulation, overmodulation, total harmonic injection, zero

sequence injection.

I. INTRODUCTION

Pulsewidth modulation (PWM) inverters are primary com-
ponent in active power filters [1], [2] static compensator
(STATCOM) [3], [4] renewable energy systems [5], [6],
and motor drives [7], [8]. It matches the output voltage
with the reference on an average basis per carrier cycle.
This is achieved through pulsewidth modulation schemes.
Carrier-based PWM schemes are common in motor drive
applications [9].

VSI phase voltage is limited up to 90.7% of the six-step
mode voltage (maximum attainable voltage) if operated in
the linear region. Beyond this limit, the reference signal
is not confined within the carrier peaks, pulse dropping
starts, and overmodulation occurs. Overmodulation region
of operation is inevitable to improve direct current bus uti-
lization (DBU) and to expand voltage range. Consequently,
the upper switch clamps the positive DC rail while the
lower switch clamps the negative DC rail. This discontinuity
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disrupts the matching process between output and refer-
ence voltages. As a result, pulse dropping takes place,
and the inverter output harmonic spectrum becomes pro-
gressively worse. Therefore, output harmonics cause prob-
lems such as torque ripple, heating in motors, and current
regulator-based performance deterioration. Various applica-
tions operate the inverter in overmodulation region, such as
electric vehicles [10]. Thus, inverter output quality in over-
modulation region is of great importance and attracts many
researchers.

Literature is rich with approaches to tackle inverter out-
put quality problems. Tackling these harmonics by elevating
the switching frequency is limited by the switching losses
[11], [12]. Multilevel VSIs are popular in the field [13], [14].
They offer a closer to reference output voltage shape, result-
ing in lower voltage total harmonic distortion (THDy) and
current ripple. On the other hand, complex control schemes
are required for such circuit topologies. Another approach
is to adopt discontinuous pulsewidth modulation (DPWM)
schemes. Several DPWM schemes were developed [9], [15],
[16]. They effectively reduce switching losses since these
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schemes clamp at least one segment to the DC bus positive
or negative rail.

Additionally, some schemes suffer from unequal ther-
mal stress between semiconductor switches [17]-[19] and
others from considerable low-order harmonics resulting
in pulsating torque phenomenon. Ultimately, continuous
PWM schemes’ modulators are employed in overmodula-
tion region. Most of these schemes are derived from a pure
sinusoidal PWM (SPWM) scheme [10]. Different schemes
are used, such as third harmonic injection (THI) [20] and
min-max injection. However, constant injection values affect
inverter output voltage quality in an alternating manner with
no adaptation [21].

Considering the above discussion and disadvantages, dif-
ferent zero-sequence harmonic injection PWM (ZSHI-PWM)
schemes are proposed and analyzed in this work. The pro-
posed schemes exploit third, ninth, and fifteenth harmonic
injections to improve the VSI performance by minimizing
THDy and maximizing DBU. An intensive and comprehen-
sive impact study of injecting third, ninth, and fifteenth har-
monics each aside in terms of THDy and DBU is conducted.
The impact is studied for every modulation index value of
the entire overmodulation region under a wide range of each
injected harmonic independently. Subsequently, huge compu-
tational time and tremendous processing efforts are needed to
extract the impact of ZSHI. Revealing a substantial role for
the third harmonic on the VSI output quality. Without this
work, indeed, it is extremely hard to answer the inevitable
case if injecting more than one zero-sequence harmonic
simultaneously can enhance the operation of two-level VSI
or not. Moreover, figuring out to which harmonic order does
the injection process improves the output quality. Performing
this tailored analysis is one of the main aims of this study.

Interestingly, this study shows the inverse relationship
between the performance indices enhancement and the
injected harmonic order. If optimally injected, increasing the
number of injected harmonics by injecting two harmonics
jointly enhances the VSI performance indices. However, the
third harmonic is a key component in any combination, while
injecting all the three harmonics (i.e., third, ninth, and fif-
teenth) with optimal measures is the ultimate case. As a
result, optimal zero-sequence harmonic injection (OZSHI)
PWM schemes are proposed. The models are checked against
respective schemes to ensure the effectiveness of the new
zero-sequence PWM schemes.

Two objective functions, which are THDy and DBU, are
considered in this work to match the practical needs in over-
modulation operation. The effective zero-sequence harmonic
injection (OZSHI) PWM schemes discussed in this paper
are presented as polynomial functions. The effectiveness of
the proposed simplified schemes is checked to represent
zero-sequence PWM schemes accurately. These mathemati-
cal expressions can facilitate hardware implementation. This
paper is organized as follows: Section II illustrates harmonic
injection background. Further, the proposed schemes along
with extraction methodology are in section III. Section IV
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evaluates the impact of the harmonic scheme on the output
signal quality. In V, a mathematical representation of the
proposed harmonic schemes is provided, followed by exper-
imental verification and section VII concludes the paper.

Il. HARMONIC INJECTIONS

The six-step mode [22] of operation (square-wave modula-
tion) has an elementary switching operation principle to oper-
ate VSIs at the highest attainable DBU. Though this method
only utilizes one point and results in uncontrolled fundamen-
tal voltage component and THD value [9] with higher magni-
tudes for low-order harmonics. Consequently, PWM schemes
are needed to operate the VSI while controlling phase volt-
age fundamental and reducing THD. In carrier-based PWM
schemes, three voltage references v,, vp, v, defined in (1), are
compared with the triangular carrier. Thus, the gating signals
of used switches are generated.

va(t) = Vysin(wt)

. 2
vp(t) = Vysin(wt — ?)

. 2
ve(t) = Viysin(wt + ?). (1)

where V,, is the peak value of phase sine reference, w is
the angular frequency (w = 2rf)), and f is the fundamental
frequency.

Applying the signals in (1) represents the SPWM scheme.
The load neutral point is isolated in drive systems, which
permits injecting zero-sequence harmonics to the reference
signals without creating zero-sequence currents at the power
circuit. Therefore, the reference voltages will be updated as
in (2):

va(t) = Vysin(wt) 4V, sin(xowt)

. 2 ) 2
vp(t) = Vysin(wt — ?) ~+ Vi, sin(x(wt — ?))
. 2 ) 2
ve(t) = Viysin(wt + T) + Vi, sin(x (ot + T)) )

where V), is the x™ zero-sequence harmonic compoxt. x is
an odd integer of the multiples of three (i.e., 3, 9, 15, etc.).
Injecting more than one zero-sequence injection is one of the
goals of this study.

Zero-sequence injection affects resultant harmonic spec-
trum content and the THD. Unlike linear region, DBU is
affected by harmonic injection in overmodulation region
since it alters the switches clamping time to the DC bus rails.
Lastly, every injection results in a specific performance in
terms of both THD and DBU.

Ill. METHODOLOGY AND PROPOSED SCHEMES

As shown in Figure 1, a complete time-domain analysis is per-
formed using the MATLAB/Simulink® environment. Unity
power factor load is used to avoid any inherent filtration by
inductive loads. A nested loop technique is used to operate the
VSI, as illustrated in Figure 1. Every modulation index point
in the overmodulation region is evaluated for all possible
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FIGURE 1. Flow chart of the proposed schemes and data storage structuring mechanism.

injection combinations of the allowed zero-sequence harmon-
ics. Tremendous computing capacity is utilized to build the
data and to extract generalized comparisons and conclusions.

Consequently, no further extensive analysis is ever needed.
The boundaries of modulation index and the candidate injec-
tion levels are listed in Figurel. The selected harmonic injec-
tion ranges are selected based on screening methods. It is
worth mentioning that the negative injection is allowed here
for the first time in literature. Since the aim is not to confine
the reference within the carrier peaks due to the overmodu-
lation operation, the objectives here are either to shape the
reference as neat as possible to produce as low THDy as it
is achievable or/and to have the highest possible attainable
DBU. As concluded in [17], the importance of THD; in
overmodulation applications cannot reach the adopted two
objectives.

In Figurel and regardless if the work is directed to use
individual zero-sequence harmonic, two zero-sequence har-
monics, or three zero-sequence harmonics, any change in
“m” or “x,” must be accompanied by executing the Simulink
model again. All needed results, including THDy, DBU,
fundamental voltage, magnitudes of all harmonics, and injec-
tion levels, are stored in a ‘““mega-matrix.” Interestingly, this
matrix is insightful; different observations can be extracted
by changing the objective function. Sequentially, the analysis
process starts, and the optimal levels are stored according to
the values of objective functions. For instance, low order har-
monics’ magnitude minimization cannot be a useful objective
function as the level of improvement is not significant, and the
resulted THDy and DBU are poor.

A. OPTIMAL INDIVIDUAL ZERO-SEQUENCE

HARMONIC INJECTIONS

This section emphasizes on finding the optimal third-
harmonic injections (OTHI), the optimal ninth-harmonic
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injections (ONHI), and the optimal fifteenth-harmonic injec-
tions (OFHI), which represent the values of injection to fulfill
the desired objectives.

The reference signal, for phase a, of OTHI is represented
as:

Veef(t) = m(sin(wt) + m3sin(3wt)) 3)

Following the same notion, the reference signals of ONHI
and OFHI are represented as:

Vief(t) = m(sin(wt) + mosin(9wt)) “4)
Vief(t) = m(sin(wt) + myssin(15wt)) 5)

where m is the modulation index while m3, mg and m 5 are the
third, ninth and fifteenth harmonic ratios, respectively. Each
ratio is defined by the magnitude of the injected harmonic
with respect to the magnitude of the fundamental signal.

In order to visualize the injection process in over modu-
lation region, Figure 2 shows the resulted modulating signal
when both the third harmonic and the ninth harmonic signals

The sinusoidal reference signal  The resulted modulating signal

115% " T'he carrier signal
(= T'he third harmpnic

injected signal

100% .
The ninth

harmonic
injected
H signal

ON
OFF |.| |

The timing diagram of the status of the first switch

FIGURE 2. Simplified timing diagram of the modulation process
considering only the third and the ninth harmonic injections.
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FIGURE 4. Optimal TN-HI used to maximize DBU in the overmodulation
region.

are injected to the sinusoidal reference signal. The values in
the figure are selected just to have clear switching process
where m = 1.15, m3 = 0.4, mg = 0.2 and the switching
frequency is only five times the fundamental frequency.

Figure 3 shows the optimal injection levels for each indi-
vidual injection scheme to minimize THD and maximize
DBU. The impact of changing the objective function does
not have a significant impact on the optimal injection lev-
els. Moreover, the proposed scheme for each objective is
an excellent alternative scheme for another objective. OTHI
has positive ratios over all the overmodulation region, while
ONHI and OFHI have negative ratios in the most important
subregion (m < 3). The three black schemes are associated
with DBU objective function.

B. MINIMIZING THD AND MAXIMIZING

DBU USING TN-HI-PWM

Logically, combining more zero-sequence harmonics within
the reference signal increases the degree of freedom to satisfy
objectives. Consequently, obtaining better operational per-
formance. Interestingly, this is achieved without escalating
modulator complexity. To accomplish such aim, dual third
and ninth harmonic injection (TN-HI-PWM) scheme is pre-
sented. System response is quite different from the response
of OTHI and ONHI combined independently. Injecting both
OTHI and ONHLI, as presented in Figure 4, does not guarantee
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FIGURE 6. Phase voltage resulted from implementing all possible
injections of TN-HI scheme in Figure 4 and Figure 5 at m = 1.2.
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FIGURE 7. THDy resulted from implementing all possible injections of
TN-HI scheme in Figure 4 and Figure 5 atm = 1.2.

any output improvement. As a result, a new optimal TN-HI-
PWM scheme is introduced, and its ratios are extracted as
shown in Figures 4 and 5.

Figures 4 and 5 present the measure of third and ninth
harmonics to be injected simultaneously. In Figure 6 and
Figure 7, all possible injections and their associated phase
voltage and THDy measures when (m = 1.2) are presented.
Notably, optimal injection selection can significantly improve
the performance without any added complexity. On the
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contrary, constant (or improper) injection levels may lead
to the minimum output voltage and/or worst THD. Conse-
quently, Figure 6 and Figure 7 presents the importance of
optimal injection selection and its impact over the output
signal quality.

IV. MATHEMATICAL FORMULAS FOR OZSHI
In this section, the presented efforts that have been done pre-
viously will be summarized in simple mathematical formulas.
In microcontrollers, it is easier to represent the values of third,
ninth, or fifteenth harmonic injections and all OZSHI PWM
mathematically. This is done using MATLAB curve fitting
toolbox.

To facilitate implementation and to meet practical mod-
ulators capabilities, mathematical models for these optimal
injection levels are presented in (6) and (7), respectively:

y1(m) 1.1<m<14

~ TN y2(m) l4<m<17

AN = ©)
—0.00435m 4+ 0.316 1.7<m < 2.63
y3(m) 263<m<6
va(m) 1.1<m<14

N 0.4666m — 0.6 1.4<m<1.7

gy = )
ys(m) 1.7 <m < 2.63
0.395 263<m<6

where r?zgf and n%g}j are the optimal third and ninth harmonic
measures within the TH-HI scheme structure.

yi(m) = 0.7439m> + 2.568m — 1.797,

ya(m) = —1.542m> + 4.676m — 3.185,

y3(m) = —0.027m?* + 0.3375m — 0.382,
ya(m) = 5.115m> — 18.83m> +23.17m — 9.51
ys(m) = —0.12m> + 0.7446m — 0.7281

The models in (6) and (7) are not only regression models
to the (Third & Ninth) optimal injection levels in Figure 4
and Figures 4 and 5, but are also derived based on a con-
strained optimization problem. The objective function is the
summation of the absolute differences between the measures
based on the injections in Figure 4 and Figure 5 and the same
measures based on (6) and (7) over all modulation region. Itis
also subjected to two inequality constraints in which the phase
voltage magnitude or DBU when (6) and (7) are adopted is
at most 1% less than the corresponding values obtained by
adopting Figure 4 scheme. Moreover, the THD from (6) and
(7) is up to 1% higher than the THD resulted from applying
the injections in Figures 4 and 5. Eventually, the presented
polynomial scheme in (6) and (7) is the optimal combination
of the two schemes in Figures 4 and 5.

Consequently, no further extensive analysis is ever needed.
The boundaries of modulation index and the candidate injec-
tion levels are listed in Figure 1. The selected harmonic
injection ranges are selected based on screening methods. It is
worth mentioning that the negative injection is allowed here
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FIGURE 8. Degree of merit for OTHI, ONHI and OFHI compared to SPWM
as reference.

for the first time in literature. Since the aim is not to confine
the reference within the carrier peaks due to the overmodu-
lation operation, the objectives here are either to shape the
reference as neat as possible to produce as low THDy as it
is achievable or/and to have the highest possible attainable
DBU. As concluded in [17], the importance of THD; in
overmodulation applications cannot reach the adopted two
objectives.

V. EVALUATION OF ZERO-SEQUENCE HARMONIC

INJECTION SCHEME

Improvement indicator is essential to measure the impact of

the adopted scheme. Degree of merit (DOM) describes the

difference in THD values compared to a reference PWM

scheme.

THD(ref PWM) — THD(optimal)
THD(ref PWM)

where “ref PWM” is the injection PWM scheme to compare
with, and “optimal” is the scheme under investigation.

DOM = 100%  (8)

A. EVALUATION OF OTHI, ONHI AND OFHI

Figures 8 and 9 show the DOM of OTHI-THD, ONHI-
THD and OFHI-THD, respectively with respect to SPWM.
Figure 9 shows the DOM of ONHI-THD and OFHI-THD
when the reference is OTHI-THD.

In compliance with [17], Figure 8 clearly proves that opti-
mal third harmonic injection scheme is the best individual
zero sequence scheme.

DBU normalized difference (DND) is used to show how
much OTHI-DBU, ONHI-DBU or OFHI-DBU improved
DBU compared with SPWM.

Vi
Vdc / 2

where V| is the fundamental voltage and V. is the DC-link
voltage. Figure 10 shows the DND values compared to
SPWM. It is very clear from Figure 10 that OTHI-DBU,

DBU =

100% )
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FIGURE 9. Degree of merit for both ONHI and OFHI compared to OTHI as
reference.

OTHI-DBU

DND%

ONHI-DBU
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Modulation index

FIGURE 10. DND of OTHI-DBU, ONHI-DBU and OFHI-DBU compared to
SPWM.

ONHI-DBU and OFHI-DBU improve DBU values compared
to SPWM where OTHI-DBU shows 7.7% peak improve-
ment, ONHI-DBU shows 1.4% and OFHI-DBU shows 0.57%
improvement.

B. EVALUATION OF OTHI, ONHI AND OFHI

As presented, overmodulation techniques can be compared
depending on THD values. Figure 11 shows a comparison
between these PWM schemes. In Figure 11, OTHI shows the
best values of THD. On the other hand, ONHI and OFHI do
not show significant improvement in THD compared with
OTHI. Figure 12 shows the comparison between these con-
tinuous PWM schemes. In this part of the comparison, the
goal is the improvement in DBU.

C. EVALUATION OF TN-HI

The impact of injecting third and ninth harmonics simulta-
neously on the values of THDy in overmodulation region is
tested. The difference in THDy values between OTHI and
TN-HI appears in Figure 13. It is clear that the THD values of
TH-HI are always better than the THDy results from OTHI.
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FIGURE 11. THD comparison between OTHI-THD, ONHI-THD, OFHI-THD
and continuous PWM techniques.
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and continuous PWM techniques.
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FIGURE 13. THD improvement (reduction) achieved by adopting TN-HI
with respect to OTHI.

D. EVALUATION OF TNF-HI-PWM

The optimal injection values of TNF-HI-PWM are
determined. The combination is built with the TN-HI scheme
optimal harmonic measures while optimizing the fifteenth
harmonic weight. The question now is related to the sig-
nificance of introducing a new fifteenth harmonic injection
to the TN-HI-PWM. Based on the previously mentioned
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FIGURE 14. DOM when TNF-HI to minimize THD compared with TH-HI
PWM scheme.

methodology and data analysis, the characteristics of the
proposed TNF-HI-PWM are presented in Figure 14.

The improvement made by TNF-HI-PWM is relatively
small. Since harmonic order is inversely related with the
harmonic ability to affect output signal parameters. Yet, the
average difference in THD is 0.1101 over the overmodula-
tion region. Injecting third and ninth harmonics together is
sufficient; however, the added fifteenth harmonic injection
will not add complexity to the PWM algorithm in the micro-
controller. Eventually, the time-domain analysis indicated the
inverse relation between the THDy improvement and the
harmonic order, which can be noticed in the case of ninth
and fifteenth harmonics compared with the third harmonic,
matching [10]. It can be confidently said that after the fif-
teenth harmonic order, the improvement will be extremely
low, and NO other zero-sequence injections are needed in the
injection combination.

E. TNF-HI-PWM

Optimal injection levels for the fifteenth harmonic injection
level with considering the optimal injection levels of the
TN-HI-PWM presented in the mathematical equations. The
results for optimal THD and optimal DBU show the same
injection value. Figure 15 shows the optimal injection levels
for the fifteenth harmonic injection that can be added to
TN-HI PWM scheme to improve both DBU and THDy.
The improvement in DBU is not significant and the small
improvement in THDy compared to TN-HI is shown in
Figure 16.

VI. EXPERIMENTAL EVALUATION

The proposed schemes are practically tested and imple-

mented in ALTERA DE2-115 FPGA Development and Edu-

cational Board. The hardware setup is depicted in Figure 17.
Two different loads are used to verify the concluded results

from this analysis. The first load (Load-1) which is pure resis-

tive load (13.4 2) and the second load (Load-2) is inductive
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FIGURE 15. Optimal fifteenth harmonic injection levels that can be added
to TN-HI scheme.
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FIGURE 16. Reduction in THD when optimal fifteenth harmonic is injected
with the scheme in (6) and (7) compared with TN-HI PWM scheme.

ALTERA DE2-115 FPGA
Development and
Educational Board

Inductors

FIGURE 17. The used experimental validation test bed including the
passive loads.

(1.6 mH and 13.4 Q). The switching frequency is 10 kHz
and the input DC voltage is 65 V. Figure 18 and Figure 19
show the experimental results when Load-1 is connected. The
results match the concluded results from the time domain
analysis where the TNF-HI and TN-HI PWM schemes are
close to each other and better than the other schemes in terms
of THDy and DBU. Similar experimental results are obtained
when the load is changed to be inductive (Load-2) as shown in
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FIGURE 18. Experimental comparison for the presented ZSHI-PWM
schemes in terms of THD when Load-1 is connected.
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FIGURE 19. Experimental comparison for the presented ZSHI-PWM

schemes in terms of the output phase voltage when Load-1 is
connected.
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FIGURE 20. Experimental comparison for the presented ZSHI-PWM
schemes in terms of the output phase voltage when Load-2 is
connected.

Figure 18 and Figure 19. This show that the proposed scheme
is insensitive to the load change and all presented schemes are
close to each other when the modulation index is relatively
higher than 3.
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FIGURE 21. Experimental comparison for the presented ZSHI-PWM
schemes in terms of THD when Load-2 is connected.

VIi. CONCLUSION

In this paper, different zero-sequence harmonic injection
PWM schemes are proposed. Two important objective func-
tions are considered to match the requirements of operation
in overmodulation region. Individually, the third harmonic
injection scheme is the best.

Injecting two zero-sequence signals simultaneously
enhances the quality of the output phase voltage. This is clear
from the results of injecting TN-HI-PWM. The improve-
ments in both THD and DBU are better compared with
the optimal third harmonic injection PWM scheme. The
PWM modulator is a nonlinear system and injecting optimal
third harmonic and optimal ninth harmonic according to the
individual optimal schemes will not improve the performance
of the modulator. Towards that end, this work needs relatively
high computational time to extract the optimal injection
levels. Interestingly, the difficulty is in finding the optimal
schemes not in implementing them. Accordingly, possible
zero-sequence injection combinations are infinite. Addition-
ally, the process needs tremendous computation capacity,
time, and effort. This study concludes that the improvement
after the fifteenth harmonic is insignificant. Furthermore, the
proposed TNF-HI-PWM scheme is capable of representing
any continuous or discontinuous PWM scheme.

The zero-sequence PWM schemes presented are simplified
into polynomial functions using the MATLAB curve fitting
toolbox. The effectiveness of the proposed formulations is
proved to represent new near-optimal zero-sequence PWM
schemes adequately. These mathematical models can facili-
tate the hardware implementation.
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