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Abstract

A three-level neutral point clamped (3L-NPC) voltage source inverter (VSI) topology can
be advantageous in electric vehicles with a high DC-link voltage and a high switching fre-
quency. A bulky DC-link capacitor is not an option; thus, the DC-link capacitor’s sizing
considering the traction system characteristics is an important design step. This paper
investigates how the DC-link capacitor size of a 3L-NPC VSI gets affected by the com-
bination of the interdependent characteristics of an electric drive, such as its power factor,
modulation index, current, and fundamental frequency, with the effects of the modulation
methods. Five pulse width modulation (PWM) methods, of which three of them have an
active neutral point potential control, are compared in terms of their neutral point potential
(NPP) oscillations. Then, the size of the DC-link capacitor is determined for each PWM
method so that the NPP ripple is kept under desired limits at all operating conditions. It is
shown that both the modulation technique and the electric machine characteristics influ-
ence the capacitor size. For example, electric machine design modifications can introduce
more than a 30% reduction in capacitor size. Finally, DC-link and NPP oscillations with
different PWM methods are experimentally validated in a scaled-down 3L-NPC inverter.

1 INTRODUCTION

The expanding electric vehicle (EV) market raises interest in
designing EV traction systems with higher power density and
efficiency. Common approaches to achieve these goals involve
increasing the rotational speed of the traction electric machine
and the DC-link voltage levels [1]. Increasing the DC-link volt-
age level is considered a potential solution to reduce battery
charging times [1]. For instance, both Porsche and Fisker have
proposed the use of an 800 V DC-link voltage level to achieve
shorter charging times [2].

Two-level three-phase voltage source inverters (VSIs) with
a DC-link voltage of approximately 300–400 V are commonly
employed in EVs [2]. However, DC-link voltages of 800 V or
higher necessitate a traction inverter with a correspondingly
higher rated input voltage, given that the traction inverter and
the battery system are typically connected to the same DC bus
in most EVs. To satisfy the need for an increased speed and
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higher DC-link voltage, a three-level neutral point clamped (3L-
NPC) voltage source inverter (VSI) shown in Figure 1 is seen as
a good alternative topology.

Semiconductors in the 3L-NPC inverter block half of the
DC-link voltage; hence, the 3L-NPC becomes more attractive
with increasing DC-link voltage [2]. Furthermore, it is a prefer-
able alternative when using gallium nitride-based (GaN-based)
semiconductor devices, as this technology can only provide
limited blocking voltage. 3L-NPC topology is also preferable
because of its lower switching losses compared to a two-level
VSI [3, 4]. This feature supports the increase in the maximum
fundamental frequency of the drive system [5, 6]. Another ben-
efit of the 3L-NPC VSI is its lower total harmonic distortion,
which is advantageous for reducing the core losses in the electric
machine [4, 7].

A crucial drawback of the 3L-NPC VSI is the requirement for
neutral point potential (NPP) control. Phase currents connected
to the neutral point deplete one capacitor while charging the
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FIGURE 1 Three-level neutral point clamped inverter topology.

other. This asymmetrical use of the capacitor charge results in a
voltage ripple at the neutral point of the inverter [2, 8]. There-
fore, a low-frequency voltage ripple is observed at the neutral
point of a 3L-NPC VSI in addition to a ripple at the switching
frequency and its side bands. If left unaddressed, NPP ripple
may lead to high voltages across the power switches, potentially
shortening their lifetime and causing permanent damage. Fur-
thermore, NPP control is crucial to limit the DC-link capacitor
losses [3].

The most straightforward way to limit the NPP ripple is to
increase the size of the DC-link capacitors. However, this leads
to a high volume and additional weight of the DC-link capaci-
tor for constant frequency applications, and more importantly,
it is not appropriate for variable frequency applications. As a
result, numerous studies focus on NPP ripple control methods,
wherein the switching states and duty cycles of semiconductors
are adjusted to reduce the NPP ripple [9]. Due to the impor-
tance of the problem, novel pulse width modulation (PWM)
methods are proposed to reduce the NPP ripple in several
recent publications, such as in [10–13].

NPP ripple is expected to increase proportionally with phase
current and inversely proportional with the fundamental out-
put frequency and DC-link capacitance. However, the ability of
PWM methods to reduce NPP ripple varies based on power fac-
tor and modulation index. In [14], the authors analyse capacitor
currents and state the analytical relationship between power fac-
tor, modulation index, and DC-link capacitor current. Jain et al.
[15] compare popular PWM methods in terms of their NPP
ripple. Moreover, in [16], analysis of neutral point current has
been conducted for 3L-NPC VSIs using various PWM meth-
ods to determine the appropriate capacitor size. However, the
capacitor sizes are determined for a grid-connected PV inverter
application, which has constant frequency and different load
characteristics compared to a variable-speed drive application.

In a motor drive application, the main operation parameters
of the inverter, for example, modulation index, power factor,
load current, and frequency, are determined by the motor char-
acteristics. Therefore, the traction motor has a significant effect
on the NPP ripple. In [17], Masisi et al. explore the change
in the DC-link capacitor size of a 3L-NPC inverter as a func-
tion of the magnetic saliency difference between the d - and

q-axes of a synchronous reluctance machine for a specific PWM
method. The magnetic saliency mainly affects the power factor
and, thus, the capacitor size. However, apart from looking into
a single PWM method, a comprehensive relationship between
the motor characteristics and the NPP ripple is not analysed.

This study aims to investigate the impact of electric machine
characteristics and PWM methods on the DC-link capacitor siz-
ing of a 3L-VSI within the context of a specific EV traction
drive application. The development of a novel NPP ripple con-
trol method is beyond the scope of this study. A permanent
magnet-assisted synchronous reluctance machine (PMaSynRM)
drive is chosen based on recent trends. The sizing of DC-link
capacitors is performed for five different PWM methods. Two
of the selected PWM methods have no NPP control: that are
sinusoidal PWM (SPWM) and space vector PWM (SVPWM).
The other three selected PWM methods have NPP control: that
are the nearest triangle vector (NTV) method, the symmetric
space vector PWM (symmetric SVPWM) method proposed in
[18] and the equal O-state method proposed in [19].

This study shows that the electric drive’s most critical oper-
ating point concerning 3L-VSI NPP ripple highly varies with
electric machine characteristics and the chosen PWM method.
Such analyses and comparisons are not present in the literature.
The further findings of this study can be summarized below:

∙ In contrast to two-level inverters, sizing DC-link capaci-
tors for 3L-NPC inverters requires consideration of both
switching frequency harmonics and low-frequency harmon-
ics. Consequently, the pole number inversely influences the
DC-link capacitor size of a 3L-NPC VSI in most PWM
methods.

∙ PWM methods with uncontrolled NPP ripple, such as sinu-
soidal PWM and space vector PWM, are unsuitable for
low-speed and high-torque operation regions in variable-
speed applications. This study explains modifications to these
PWM methods to mitigate excessive ripple at the mentioned
operating points.

∙ Minor adjustments in the power factor of the electric machine
within high modulation index regions can significantly impact
NPP ripple and, consequently, the DC-link capacitor size.

The rest of the paper is organized as follows: Investigated
PWM methods are introduced and explained in Section 2. A
low-frequency NPP ripple model is adjusted for all five PWM
methods, and the results of this model are used to determine
the effect of output frequency, modulation index, phase current,
and power factor on the NPP ripple in Section 3. The char-
acteristics of the selected reference drive are introduced, and
operating points with the largest possible low-frequency NPP
ripple are identified in Section 4. Then, capacitor sizing for the
motor drive application is completed for the 3L-NPC topology
in Section 5. The study points out an unbounded NPP ripple
problem with sinusoidal and space vector PWM methods at very
low frequencies and a solution for this problem is emphasized
in Section 6. The influence of the machine’s pole number and
power factor on the capacitor size is discussed in Section 7.
Finally, findings are experimentally supported in Section 8,

 17554543, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/pel2.12665 by O

rta D
ogu T

eknik U
niversitesi, W

iley O
nline L

ibrary on [18/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



OGAN and BOSTANCI 3

DC-link capacitor sizing is also performed for the 2L-VSI
topology in Section 9, and conclusions are given in Section 10.

2 PWM METHODS

The five selected PWM methods are described in this sec-
tion. Two of the chosen PWM methods, namely SPWM and
SVPWM, do not employ NPP control. In other words, the gate
signals of power switches are not influenced by NPP. Three of
the selected PWM methods, namely NTV, symmetric SVPWM,
and the equal O-state method as described in [19], incorporate
NPP control. Therefore, the gate signals of the inverter switches
are determined based on the NPP level.

2.1 Sinusoidal pulse width modulation
(SPWM)

In this method, phase-to-neutral point voltages are determined
based on the voltage reference signals and two triangular carrier
waves. Voltage reference signals are scalar quantities that vary
between [−1, 1]. On the other hand, triangular carrier waves
have variable values between [0, 1] and [−1, 0]. Both carrier-
wave signals have a frequency equal to the switching frequency
( fsw) of the inverter.

Different phase to neutral point voltages are obtained with
different switch positions. When the voltage reference signal of
one phase is larger than both carrier wave signals, the top two
power switches (Q1, Q2) are turned on while the bottom two

switches (Q3, Q4) are turned off. In this case, voltage
VDC

2
is

applied to phase to neutral point voltage of the corresponding
phase. When the voltage reference signal is larger than one car-
rier wave and smaller than the other, the middle two switches
(Q2, Q3) are turned on while the other two switches (Q1, Q4)
are turned off. Phase to neutral voltage is 0 in this particular
case for the corresponding phase. In the last case, the voltage
reference signal is smaller than both carrier wave signals. The
bottom power switches (Q3, Q4) are turned on while the top
power switches (Q1, Q2) are turned off. Phase to neutral voltage

is applied as −
VDC

2
.

The main advantage of the SPWM method is its simplicity.
However, a high NPP ripple is expected because there is no
NPP control with this method. Another disadvantage is hav-
ing a limited modulation index. Modulation index mi is defined
as the proportion of peak phase voltage to half of the DC-link
voltage. In the SPWM method, the maximum modulation index
is limited to one, while in the other PWM methods, modulation
indexes larger than one can be applied.

2.2 Space vector pulse width modulation
(SVPWM)

In this study, space vector pulse width modulation is applied
as provided in [20]. In this PWM method, the switch state of

FIGURE 2 Three-level neutral point clamped converter space vector
diagram.

each phase is expressed with P, O or N. Then, every possible
switch position is placed on the space vector diagram according
to its magnitude and phase. The resulting space vector diagram
is shown in Figure 2. The voltage reference vector is placed on
the space-vector diagram according to its magnitude and phase.
Depending on the position of the voltage reference vector, four
vectors are selected to express the voltage reference vector as a
vector summation of four vectors. The coefficients of the volt-
age vectors determine the dwell time of each voltage vector.
Vectors are applied to gate signals according to predetermined
sequences. As a result, the desired voltage waveform is obtained
at the output.

The maximum modulation index of the SVPWM method is
15% larger than that of the SPWM method, and similar to the
SPWM method, SVPWM method does not apply NPP control.

2.3 Nearest triangular vector (NTV)
modulation

This method is applied as suggested by Pou and his colleagues
in [21]. Similar to the SVPWM method, the NTV method uses
a space vector diagram to determine the gate signals of the
power switches. Different than previous methods, NPP con-
trol is performed in the NTV method. After the NPP deviation
from the reference value is measured, the neutral point current
(inp) direction is controlled to reduce the deviation of the NPP.
The phase current equivalent and direction of neutral point cur-
rent (inp) are shown for every voltage vector in Figure 2. In
the figure, small voltage vectors are shown in the colour blue,
and there are two alternatives for each small vector. Each of
these vectors applies the same neutral point current but in the
opposite direction. Therefore, the direction of (inp) can be con-
trolled without affecting the output voltage. The closest three
voltage vectors to the equivalent voltage vector are used to
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4 OGAN and BOSTANCI

obtain the desired output voltage. The sequence of vectors is
predetermined to achieve the minimum number of switches.

The advantage of this method is its ability to limit the NPP
ripple. However, the method relies heavily on the small vec-
tors in the space vector diagram. Therefore, having reference
vectors far away from the small vectors causes a decrease in
its ability to reduce the NPP ripple. Another disadvantage of
the method is having a changing number of switchings in each
switching period.

2.4 Symmetric SVWPM method

The symmetric SVPWM method is proposed by Pou et al. [21]
to reduce the negative effects of the NTV method. The paper
[21] suggested the term step as a measure of the voltage level
change for the inverter in a given switching period. If the switch
state of a phase changes between P and O or O and N, then
this is considered 1 step. If the switch state of a phase changes
between P and N, then this is considered as 2 steps. In the NTV
method, the total step number of the inverter is either 4 or 8
depending on the operating conditions. On the other hand, the
step number is constant at 6 in the symmetric SVPWM method.
Due to this property, the symmetric SVPWM method produces
better output voltage spectra than the NTV method. However,
the low-frequency NPP ripple of this method is larger than the
NTV method [21].

2.5 Equal O-state method

The selected fifth method was first proposed in [19]. The
method creates two reference signals for each phase to deter-
mine the gate signals of power switches. Given that the neutral
point potential has no deviation, reference signals are pro-
duced to make all O-state dwell times of phases equal to each
other. The method follows four fundamental principles while
determining the dwell time of switch states.

∙ Establishment of the desired line-to-line output voltage at the
inverter’s output.

∙ Ensuring equal dwell time for O states across all phases.
∙ Maintaining a zero dwell time for the N state in the phase

with the highest voltage.
∙ Maintaining a zero dwell time for the P state in the phase with

the lowest voltage.

The second principle guarantees the absence of any net cur-
rent flow to the neutral point current during each switching
period. Nevertheless, if there is a deviation in the neutral point
potential, the dwell time of O states will be altered by Δd to
generate a compensating current. The value of this compen-
sating current, icmp, is calculated based on the NPP deviation,
the DC capacitor values, and the switching period. This correla-
tion is defined in (1). Subsequently, Δd is determined using (2),
where i2 denotes the instantaneous phase current of the phase
associated with medium voltage.

icmp =
Δvnp(Ctop +Cbot )

Tsw
(1)

icmp = 2(Δd )i2 (2)

This method is investigated in this study because of its com-
plete elimination of the low-frequency NPP ripple. However,
although the low-frequency NPP ripple is completely elimi-
nated, switching losses are significantly increased in the method
[19]. This is an important drawback of the method. In this
study, this method is referred to as the equal O-state method
to distinguish it from the other methods.

3 NPP RIPPLE VARIANCE WITH
OPERATING PARAMETERS

The NPP ripple contains two components. The first one is
the high-frequency or switching-frequency NPP ripple com-
ponent. The frequency of this ripple type is in the range of
the switching frequency of the inverter. Therefore, this ripple
type is beyond the control bandwidth of the inverter. The sec-
ond NPP ripple type is the low-frequency NPP ripple. The
frequency of this ripple type is three times the fundamental
frequency of the inverter. Therefore, this ripple type is within
the control bandwidth of the inverter. The modulation meth-
ods with NPP ripple control aim to reduce the low-frequency
ripple.

Four main operation parameters affect the low-frequency
NPP ripple. These parameters are load current, fundamen-
tal frequency, modulation index, and power factor. The
low-frequency NPP ripple and load current are directly pro-
portional; that is, when all the other operating parameters
are constant, the low-frequency NPP ripple linearly increases
with the load current. Moreover, the fundamental frequency
and the low-frequency NPP ripple are inversely proportional
because the period of the low-frequency NPP ripple is lin-
early proportional to the fundamental period. However, the
effect of the modulation index and the power factor on
the low-frequency NPP ripple differs among PWM methods.
This section is dedicated to exploring and analysing these
differences.

As the first step, a fast model that can be used to calcu-
late the low-frequency NPP ripple is obtained. The model is an
extended version of the low-frequency PWM model suggested
in [21]. Voltage reference signals and load currents are provided
as inputs to the models. Duty cycles of applied voltage vectors
are calculated. The neutral point current can be decided since
the neutral point current inp is known for every voltage vec-
tor as shown in Figure 2. Integrating the neutral point current
and dividing the result by two times the DC-link capacitance
of the capacitors (2C ) provides the low-frequency NPP rip-
ple. The main advantage of the model is being able to find
the low-frequency NPP ripple without modelling any circuits
or circuit elements. On the other hand, high-frequency effects
caused by the switching cannot be observed. High-frequency
NPP ripple and DC-link ripple are analysed later in Section 5
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OGAN and BOSTANCI 5

FIGURE 3 Low-frequency neutral point potential ripple model.

using MATLAB Simulink models in which power switches
are included.

The block diagram of the low-frequency NPP ripple model
is provided in Figure 3. In the figure, voltage ripple is provided
back into the PWM model. This feedback is necessary for PWM
methods with NPP control. On the other hand, the connec-
tion is absent for PWM methods without NPP control. Models
are executed in the MATLAB Simulink environment. The input
voltage is selected as VDC = 800 V, one input capacitor capac-
itance is selected as C = 1 mF, and the fundamental frequency
is selected as f = 50 Hz. The results of the low-frequency NPP
ripple model are provided for each PWM method in the rest of
this section.

3.1 Low-frequency NPP ripple with SPWM

Among the PWM methods under investigation, SPWM is the
only approach for which the NPP ripple can be analytically com-
puted. The derivation is as follows: Voltage reference signals and
phase currents are given in (3) and (4), where mi represents the
modulation index, 𝜔 represents the electrical angular frequency,
and 𝜑 represents the power angle. The next expression given in
(5) shows the duty cycles for switch position O for the three
phases. Conditional statements are eliminated in (6). For one
switching period, the neutral point current can be expressed in
terms of phase currents and duty cycles of the O states of each
phase as given in (7). Combining these expressions, the neu-
tral point current is derived as provided in (8). The derivation
includes several trigonometric steps to reach (8). These steps
are skipped for the sake of simplicity.

The neutral point current is flowing through two DC-link
capacitors. Therefore, the relationship between the neutral point
voltage and the neutral point current is shown in (9).

va (t ) =mi cos (𝜔t )

vb(t ) =mi cos
(
𝜔t −

2𝜋
3

)

vc (t ) =mi cos
(
𝜔t −

4𝜋
3

) (3)

ia (t ) = Io cos (𝜔t − 𝜑)

ib(t ) = Io cos
(
𝜔t −

2𝜋
3
− 𝜑

)

ic (t ) = Io cos
(
𝜔t −

4𝜋
3
− 𝜑

) (4)

i f va (t ) > 0 then d2a = 1 − mi cos (𝜔t ),

i f va (t ) < 0 then d2a = 1 + mi cos (𝜔t ),

i f vb(t ) > 0 then d2b = 1 − mi cos
(
𝜔t −

2𝜋
3

)
,

i f vb(t ) < 0 then d2b = 1 + mi cos
(
𝜔t −

2𝜋
3

)
,

i f vc (t ) > 0 then d2c = 1 − mi cos
(
𝜔t −

4𝜋
3

)
,

i f vc (t ) < 0 then d2c = 1 + mi cos
(
𝜔t −

4𝜋
3

)

(5)

d0a = 1 − mi |cos (𝜔t )|,
d0b = 1 − mi

||||cos
(
𝜔t −

2𝜋
3

)||||,
d0c = 1 − mi

||||cos
(
𝜔t −

4𝜋
3

)||||
(6)

inp(t ) = d0aia (t ) + d0bib(t ) + d0c ic (t ) (7)

inp(t ) = − miIo
[||cos(𝜔t )|| cos(𝜔t − 𝜑)

+
||||cos

(
𝜔t −

2𝜋
3

)|||| cos
(
𝜔t − 𝜑 −

2𝜋
3

)

+
||||cos

(
𝜔t −

4𝜋
3

)|||| cos
(
𝜔t − 𝜑 −

4𝜋
3

)] (8)

ΔVNPP(t ) =
1

2C ∫ inp(t )dt (9)

The neutral point current relationship in (8) shows that the
neutral point current and the NPP ripple are linearly propor-
tional with load current and modulation index. Low-frequency
NPP ripple model results of the SPWM method are provided in
Figure 4a. These results show consistency with analytical calcu-
lations, where the NPP ripple increases proportionally with the
modulation index and decreases as the power factor increases.

3.2 Low-frequency NPP ripple with
SVPWM

Low-frequency NPP ripple model results for SVPWM methods
are provided in Figure 4b. The results are different for the low
modulation index and the high modulation index regions. This
is because different voltage vectors are used in low- and high-
modulation index cases.

A low modulation index causes an equivalent voltage vector
to be positioned inside the inner hexagon given in Figure 2.
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6 OGAN and BOSTANCI

FIGURE 4 Low-frequency neutral point potential (NPP) ripple
characteristics of methods with no NPP control. (a) SPWM and (b) SVPWM
methods.

Under these circumstances, only zero vectors and small vectors
are used. Zero vectors cause zero neutral point current, while
small vectors cause non-zero neutral point current. Since the
duty cycle of small vectors increases with increasing modulation
index in the inner hexagon region, increasing modulation index
increases the low-frequency NPP ripple.

At larger modulation index values, the outer hexagon is
used. In this region, small voltage vectors, medium voltage
vectors, and large voltage vectors are used. Large voltage vec-
tors cause zero neutral point current, and small vectors mostly
cancel the effect of each other on the neutral point current.
Hence, medium voltage vectors are the main reason behind
the low-frequency NPP ripple. Increasing the modulation index
increases the weight of the medium voltage vectors on the duty
cycle. As a result, increasing the modulation index increases the
low-frequency NPP ripple.

FIGURE 5 Low-frequency neutral point potential (NPP) ripple
characteristics of methods with NPP control. (a) Nearest triangle vector and
(b) symmetric space vector pulse width modulation methods.

3.3 Low-frequency NPP ripple with NTV
method

The low-frequency NPP ripple result of the NTV method that
is shown in Figure 5a is consistent with the literature [21].
For operating points with a low modulation index and/or high
power factor, the low-frequency NPP ripple is zero. At the
inner hexagon of the space vector diagram, the NPP ripple
is eliminated because only small vectors and zero vectors are
used in this region. Since zero vectors cause zero neutral point
current and the direction of neutral point current can be con-
trolled with small vector selection, it is possible to obtain zero
average neutral point current for every switching period in
the inner hexagon. However, for operating points with a large
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OGAN and BOSTANCI 7

modulation index and low power factor, NPP ripple is non-
zero. At the larger hexagon, the neutral point current occurs
because of medium voltage vectors and small voltage vectors.
The direction of the neutral point current can not be con-
trolled while applying medium voltage vectors since there is
only one possible vector. Therefore, the direction of the neu-
tral point current should be controlled with small vectors to
compensate for the effect of medium voltage vectors. As the
modulation index increases, the weight of medium voltage vec-
tors on the duty cycle increases; therefore, the low-frequency
NPP ripple increases.

3.4 Low-frequency NPP ripple with
symmetric SVPWM

The low-frequency NPP ripple behaviour of the symmetric
SVPWM method that is shown in Figure 5b is similar to the
NTV method. However, while only three different voltage vec-
tors are used in every switching period in the NTV method,
four vectors are used in the symmetric SVPWM method. This
adds a new constraint to NPP ripple control; therefore, its
NPP ripple reduction performance is limited compared to the
NTV method.

3.5 Low-frequency NPP ripple with the
equal O-state method

The equal O-state method can provide zero low-frequency NPP
ripple on all operating points. This fact is based on several prin-
ciples. The duration time of O-state of each phase can be made
equal to each other. Since the summation of phase currents is
equal for any instantaneous time, the average neutral point cur-
rent (inp) can be zero for each switching period. If there is a
deviation from zero volts in NPP, then the duration of O-states
is modified to reduce the NPP deviation. The equal O-state
method is tested with the low-frequency NPP ripple model and
no low-frequency NPP ripple is observed. Therefore, its low-
frequency NPP ripple characteristics are not shown in Figures 4
and 5.

To summarize, the results suggest that four PWM methods,
SPWM, SVPWM, NTV method, and symmetric SVPWM—
have the highest low-frequency NPP ripple at high modu-
lation index and low power factor regions. On the other
hand, for the equal O-state method, the modulation index
and the power factor are ineffective for low-frequency NPP
ripple.

4 MOTOR DRIVE APPLICATION

NPP ripple is affected by the operating conditions of an
inverter, as shown in previous sections. Therefore, the NPP rip-
ple is application-dependent. A reference motor with a power
rating of 100 kW is selected to observe the NPP ripple on the
operating conditions of a motor drive application.

TABLE 1 Parameters of ten selected operating points.

OP No. ffund (Hz) Phase current (A) Power factor

1 3 184.3 0.81

2 33 182.9 0.81

3 70 182.3 0.74

4 100 182.9 0.74

5 130 183.8 0.75

6 140 177.3 0.77

7 173 162.8 0.80

8 210 144.8 0.82

9 273 125.9 0.82

10 400 81.3 0.88

The electric motor under investigation is a permanent
magnet-assisted synchronous reluctance machine (PMaSynRM)
with ferrite permanent magnets. This machine type was selected
due to the rising interest in its usage in traction applica-
tions. According to [8], the absence of rare-earth permanent
magnets makes synchronous reluctance machines favourable.
However, PMaSynRM may exhibit lower power factor values
and a lower pole count compared to interior permanent mag-
net synchronous machines (IPMSMs), necessitating the use of a
higher DC-link capacitor.

NPP ripple depends on load current, frequency, power factor,
and modulation index. Therefore, it is important to understand
how these parameters are affected by the speed and torque of
the motor. The motor characteristic maps shown in Figure 6,
illustrate these relationships. To determine the capacitor size, it
is crucial to identify the operating point with the highest NPP
ripple. As discussed in Section 3, potential operating points
with the highest NPP ripple are determined, considering high
load current, high modulation index, low power factor, and
low fundamental frequency regions. A total of ten points are
selected and marked in Figure 6d, and their operating parame-
ters are listed in Table 1. Selecting a capacitor based on these
points ensures limited low-frequency NPP ripple in all motor
operating regions.

5 CAPACITOR SIZING

In this section, the DC-link capacitance value is determined
for each of the five different PWM methods. To determine
the capacitor sizes, distinct models are implemented in the
MATLAB Simulink environment for each PWM method. It
is essential to note that the switching effects, and thus the
high-frequency ripples, are included in these models. The 3L-
NPC inverter topology is employed in these models, with
a switching frequency of 50 kHz. This specific frequency is
selected to minimize the high-frequency NPP ripple, allowing
for a more focused analysis of the low-frequency NPP ripple.
Low-frequency NPP ripple is focussed because this type of rip-
ple serves as the primary limiting factor for determining the
DC-link capacitor size in most PWM methods.
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8 OGAN and BOSTANCI

FIGURE 6 Motor characteristic maps and selected operating points. (a)
Motor characteristic current map. (b) Motor characteristic power factor map.
(c) Motor characteristic voltage map and (d) selected operating points (OPs).

Two types of voltage ripples are calculated. The first one is
the NPP ripple, which is defined as the voltage ripple on the
bottom capacitor (CB) voltage. The other ripple is the DC-
link voltage ripple. This ripple is defined as the ripple on the
combined voltage (VDC) of the top capacitor and the bottom

capacitor. Hence, if both of these ripples are below the desired
level, then the capacitor size requirement is satisfied.

The input voltage is applied as 800 VDC. The input DC volt-
age source is considered a battery and modelled with an ideal
voltage source. Line impedance is applied as zero and the load
is modelled as an RL load. The top and bottom currents of the
inverter, itop and ibot are measured as shown in Figure 1. Mea-
sured current itop has two components: DC component and AC
component. The DC voltage source connected to the input of
the inverter is assumed to be providing only DC current. As a
result, due to Kirchhoff ’s current law, the AC component of itop
flows through Ctop. In this case, AC voltage on Ctop can be cal-
culated by integrating the AC component of itop and dividing it
by Ctop. Using the same method with Cbot and ibot, AC voltage
on Cbot can be calculated. The difference between the maxi-
mum and minimum peak of AC voltage on Cbot is considered
as the NPP ripple. To find DC-link voltage ripple, AC voltage
on Ctop and AC voltage on Cbot are summed, and the differ-
ence between the maximum and minimum peak of the resulting
signal is considered as DC-link voltage ripple. This calculation
process is summarized as follows:

itop = itop(AC) + itop(DC)

ibot = ibot(AC) + ibot(DC)

Vtop(AC) =
1

Ctop ∫ itop(AC)dt

Vbot(AC) =
1

Cbot ∫ ibot(AC)dt

VDC-link(AC) = Vtop(AC) +Vtop(DC)

(10)

First, DC link sizing results are given in the following
two subsections. Sizing for the first four methods (SPWM,
SVPWM, NTV and symmetric NTV) is carried out consider-
ing low-frequency NPP ripple only. Then, high-frequency ripple
components both at NPP and DC-link are considered for the
equal O-state method.

5.1 Sizing for SPWM, SVPWM, NTV and
symmetric NTV methods

As the first step, the simulation models are run on all ten oper-
ating points identified in Section 4. Simulation results for OP4
(operating point with 3000 rpm and 270 Nm) are presented in
Figures 7–11. In these results, waveforms of line-to-line voltage
Vab, three phase currents ia, ib, ic and the neutral point voltage
Vnp are shown. The results verify that the PWM methods are
modelled successfully.

Furthermore, the effect of line inductance between the DC
source and DC-link capacitors on NPP ripple is investigated.
For this purpose, the NPP ripple is measured with two differ-
ent methods. The first one has already been explained before.
The other method is measuring the voltage of CB and identify-
ing the peak-to-peak difference. In the first method, the current
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OGAN and BOSTANCI 9

FIGURE 7 Simulation results with sinusoidal pulse width modulation for
OP4 with C = 1000 µF.

FIGURE 8 Simulation results with space vector pulse width modulation
for OP4 with C = 1000 µF.

flowing from the DC voltage source to the DC-link capacitors
is assumed to be constant DC. However, in the second method,
the DC voltage source provides a non-constant current and
therefore, has an AC component. Hence, the line impedance
between the DC voltage source and the DC-link capacitor is
assumed to be infinite in the first method and it is assumed to
be zero in the second method.

NPP ripple is measured for ten selected operating points and
the results are presented in Figure 12. The ripple is not mea-
sured for the equal O-state method since this method already

FIGURE 9 Simulation results with the nearest triangle vector for OP4
with C = 1000 µF.

FIGURE 10 Simulation results with symmetric space vector pulse width
modulation for OP4 with C = 1000 µF.

has zero NPP ripple. In the results, OP1 has the highest NPP
ripple due to its low motor speed and related low fundamen-
tal electrical frequency. This is an expected result because of
the inverse relationship between inverter frequency and the
low-frequency NPP ripple. Moreover, the high line impedance
results and the zero impedance results are close to each other
for operating points number 2 or higher. Therefore, the effect
of line impedance is found to be insignificant except for very
low-speed operating points.
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10 OGAN and BOSTANCI

FIGURE 11 Simulation results with the equal O-state method for OP4
with C = 1000 µF.

FIGURE 12 Neutral point potential peak–peak ripple at selected
operating points with C = 1000 µF.

In addition to NPP ripple, DC-link voltage ripple is inves-
tigated using the models. The measurement is implemented
as presented in (10). So it is assumed that the DC voltage
source can only provide DC constant current. The results are
presented in Figure 13 for SPWM, SVPWM, NTV, and sym-
metric SVPWM methods. The high DC-link ripple at OP1
corresponds to a 3.33 Hz fundamental frequency. Since this is
a low-frequency AC signal, this signal can be regulated by the
battery in a real system.

The results suggest that NPP ripple is higher than DC-link
ripple for four PWM methods. Thus, for SPWM, SVPWM,

FIGURE 13 DC-link peak–peak ripple at selected operating points with
C = 1000 µF.

NTV, and symmetric SVPWM methods, the NPP ripple is the
limiting factor. Therefore, capacitor sizing should be performed
concerning the NPP ripple value. However, in the equal O-state
method, NPP ripple and total DC-link voltage ripple must both
be considered while sizing the DC-link capacitors.

It is important to point out that, NPP ripple values of the
SPWM and SVPWM methods are unbounded as the frequency
approaches zero, and thus it is not possible to select a worst-case
operating point. This shows that if a modulation with no NPP
control is applied, the allowed operation region of the drive sys-
tem must be restricted in the low-speed and high-torque region.
Most importantly, it is evident that a reliable modulation method
with NPP control is a must in a high-performance drive system.
By assuming that low speed and high torque operation regions
are limited in SPWM and SVPWM methods, OP2 (1000 rpm) is
chosen as their worst operating point. NTV OP6 (4200 rpm)
and symmetric SVPWM OP4 (3000 rpm) are selected as the
worst OPs. At the selected worst operating points, the capaci-
tor size needed to keep the NPP ripple under the desired limit is
calculated with the inverse proportion given in (11). The result-
ing worst cases and required capacitor sizes are listed in Table 2
for 5%, that is 40 V peak-to-peak NPP ripple, 10% that is 80 V
peak-to-peak NPP ripple and 12.5% that is 100 V peak-to-peak
NPP ripple values.

CiniΔVNPP(worst-case) = CfinalΔVNPP(limit) (11)

5.2 Sizing for equal O-state method

For the equal O-state method, candidate operating points are
invalid since low-frequency NPP ripple is zero for all operating
points. Therefore, voltage ripple caused by switching effects is
investigated in the whole motor operating region. The motor
operating region is represented by 60 operating points with
varying torque and speed values. The simulations are executed
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OGAN and BOSTANCI 11

TABLE 2 Worst OPs and required capacitance for each DC-link capacitor.

PWM method Worst OP Ripple limit Capacitance

SPWM #2 5% 1900 μF

SPWM #2 10% 950 μF

SPWM #2 12.50% 760 μF

SVPWM #2 5% 1200 μF

SVPWM #2 10% 600 μF

SVPWM #2 12.50% 480 μF

NTV #6 5% 325 μF

NTV #6 10% 160 μF

NTV #6 12.50% 130 μF

Symmetric SVPWM #4 5% 550 μF

Symmetric SVPWM #4 10% 275 μF

Symmetric SVPWM #4 12.50% 220 μF

Abbreviations: NTV, nearest triangle vector; OP, operating point; PWM, pulse width
modulation; SPWM, sinusoidal PWM; SVPWM, space vector PWM.

for all 60 operating points. Both the DC-link voltage ripple and
the NPP ripple are observed. Similar to previous models, two
current measurements (itop(t ) and ibot(t )) are used to obtain
peak-to-peak NPP ripple and DC-link potential ripple.

The inverse relationship between the voltage ripple and
capacitor size cannot be used for the equal O-state method.
Thus, an initial value for the DC-link capacitance is selected as
10 μF and once the NPP ripple and DC-link ripple are deter-
mined, the capacitor size is progressively increased until both
the NPP ripple and the DC-link ripple are below the specified
ripple limit. The highest DC-link voltage ripple and the NPP
ripple are observed when the torque is 270 Nm and the speed
is 400 rpm. The required capacitance for one of the DC-link
capacitances is found to be 220 μF for 5% ripple restriction.

To sum up, the results suggest that different PWM meth-
ods have different worst operating conditions in terms of NPP
ripple. However, all five PWM methods have the worst oper-
ating points on high-load current regions, corresponding to
high torque regions. This is an expected result since the low-
frequency NPP ripple is proportional to the load current. The
worst operating point of SPWM and SVPWM methods is OP2
because of the low motor speed and, therefore, low funda-
mental frequency. On the other hand, the NTV method can
suppress low-frequency NPP ripple at low modulation indexes
as observed in Figure 5a. As a result, different from the SPWM
and SVPWM methods, the NTV method has the worst oper-
ating point in the high modulation index region. Symmetric
SVPWM can not completely suppress NPP ripple in the low
modulation index region. As a result, symmetric SVPWM has
the worst OP in OP4. The equal O-state PWM method has zero
low-frequency NPP ripple; therefore, the high-frequency ripple
of the DC-link voltage and NPP ripple are determining factors
of the capacitor size. Since high-frequency NPP ripple depends
on the load current, DC-link and NPP ripples are highest in a
high torque region.

The equal O-state method is found to have the lowest DC-
link capacitance. This is an expected result since this method
can suppress NPP ripple better than other methods.

6 LOW-SPEED OPERATION FOR
SPWM AND SVPWM METHODS

As mentioned in Section 5, NPP ripple dramatically increases
under low-speed operating conditions for SPWM and SVPWM
methods. In this section, a possible solution to this problem
is proposed. A large ripple at the neutral point forms because
of the neutral point current. Considering Figure 2, the neutral
point current is non-zero for small-size vectors and medium-
size vectors. Therefore, applying zero dwell time for small-size
vectors and medium-size vectors results in zero neutral point
current and consequently zero NPP ripple.

Every voltage vector required to operate the SPWM or
SVPWM method can be expressed as a vector summation of
six large vectors and zero vectors. Therefore, all the operating
points required to run the motor can be applied to the inverter
by using large vectors and zero vectors. Effectively, the inverter
would act as a 2L-VSI. The output voltage will have two lev-
els. The calculation of dwell times for vectors is the same as the
two-level SVPWM method.

Using only large vectors and zero vectors to operate a 3L-
NPC VSI would effectively be a new PWM method. This PWM
method is named the large vector PWM method in this paper.
The method is proposed to offer a solution for the low-speed
operation problem of the SPWM and SVPWM methods. In this
solution, while applying SPWM and SVPWM to a motor drive
inverter, the PWM method switches to a large vector PWM
under a predetermined motor speed. As a result, large NPP
ripples at the neutral point can be avoided.

7 MODIFIED MOTOR CASE STUDIES

In 3L-NPC inverter operation, frequency and power fac-
tor have important effects on the NPP ripple magnitude,
as shown in Section 3. Hence, designing traction motors
having different power factor values and fundamental fre-
quency ratings can change the size of the DC-link capacitor.
To identify the magnitude of the capacitor change, differ-
ent motor designs are simulated and analysed in this sec-
tion by modifying the motor’s power factor and fundamental
frequency.

7.1 High power factor motor case

As shown in Section 3, all PWM methods except for the equal
O-state method provide a decrease in the NPP ripple in cases
of increasing power factor. In the NTV case, power factor
improvement does not provide a lower NPP ripple at low mod-
ulation indexes because the NPP ripple is already zero in this
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12 OGAN and BOSTANCI

TABLE 3 Capacitor sizing results for the modified motor with power
factor of 0.9.

PWM method

Capacitor size

initial motor

Capacitor size

modified

motor

New worst

operating

condition

NTV 325 μF 225 μF 5

Symmetric
SVPWM

550 μF 275 μF 3

Abbreviations: NTV, nearest triangle vector; PWM, pulse width modulation; SVPWM,
space vector PWM.

case. However, at higher modulation indexes, increasing the
power factor causes a decrease in the NPP ripple.

Specifically, for the selected drive system, the worst OP for
NPP ripple is determined at OP6 in Table 1. Therefore, this
point is the limiting factor for the capacitor size. At this point,
the power factor is shown as 0.77. Consequently, enhancing the
power factor at this operating point can result in a reduced
demand for capacitor size. Similarly, the same effect can be
observed for the symmetric SVPWM method.

The motor selected for this study is a permanent magnet-
assisted synchronous reluctance machine. To increase the power
factor of the design, another motor type with a higher power
factor, such as an interior permanent magnet synchronous
motor, can be selected.

To test the capacitor size change, a change in the motor type
is assumed, and the power factor is increased. The same capac-
itor selection algorithm provided in Section 5 is used again to
make a new capacitor selection for the modified motor. In this
new motor, the same operating points given in Table 1 are used
except for the power factor. The power factor is modified to be
0.90 for each operation point.

The results of the new capacitor size are provided in Table 3.
According to the results, capacitor size is reduced by more than
30% for the NTV case and by more than 50% for the symmetric
SVPWM case. Therefore, it is verified that an increase in the
power factor can provide a significant reduction in the DC-link
capacitor size.

7.2 High-frequency motor case

Another way to reduce the DC-link capacitor size is to increase
the fundamental frequency of the traction motor. This is pos-
sible by increasing the pole pair number of the motor. For the
analysis, it is assumed that the pole number is doubled without
changing the other operational parameters given in Table 1. Sim-
ilar to the previous case, the capacitor selection algorithm given
in Section 5 is used. The results of the capacitor selection under
these new operating conditions are given in Table 4.

The results show that by doubling the frequency, it is pos-
sible to reduce the size of the capacitor by more than 23%
and more than 43% in the NTV and symmetric SVPWM
methods, respectively.

TABLE 4 Capacitor sizing results for the modified motor with double
pole pair number.

PWM method

Capacitor size

initial motor

Capacitor size

modified

motor

New worst

operating

condition

NTV 325 μF 250 μF 7

Symmetric
SVPWM

550 μF 310 μF 4

Abbreviations: NTV, nearest triangle vector; PWM, pulse width modulation; SVPWM,
space vector PWM.

FIGURE 14 Experimental setup.

8 EXPERIMENTAL VERIFICATION

Experiments are conducted to verify the simulation results with
PWM methods. The experimental setup shown in Figure 14 is
a scaled version of the motor drive system introduced in Sec-
tion 4. The 3L-NPC inverter topology is designed on a printed
circuit board. The design includes 12 silicon MOSFETs and
6 silicon carbide (SiC) power diodes. To run the control algo-
rithms, feedback is obtained from phase currents and neutral
point voltage. These signals are fed back to the control algo-
rithm. Digital signal processor (DSP) TMS320F28379D is used
as the digital control unit of the inverter; all the algorithms are
run on the DSP and the power switches are controlled accord-
ingly. The switching frequency is selected as 50 kHz. The input
voltage is supplied from a constant DC supply, and it is applied
at 380 V. DC-link capacitor values are selected at 4.4 μF each.
Inductor and resistor banks are used as varying loads at the out-
put. By changing the connected inductor and resistor numbers,
varying power factors and impedance values are obtained.

The three of the analysed methods that are SPWM, SVPWM,
and the equal O-state methods are experimentally tested. NTV
and Symmetric SVPWM methods are not tested as these meth-
ods get affected by the noise on the NPP voltage measurement
and the measurements on a small-scale setup are not reli-
able. Four new measurement points are selected based on the
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OGAN and BOSTANCI 13

TABLE 5 Experimental results.

Measurement

point (MP) no. PWM method Peak current Pf Mi Freq. Capacitance

NPP ripple

simulation

NPP ripple

experiment

MP1 SPWM 1.95 A 0.76 0.28 33.3 Hz 4.4 μF 84 V 92 V

SVPWM 1.95 A 0.76 0.28 33.3 Hz 4.4 μF 41 V 65 V

Equal O-state meth. 1.95 A 0.76 0.28 33.3 Hz 4.4 μF <2 V 10 V

MP2 SPWM 2.20 A 0.75 0.88 130 Hz 4.4 μF 114 V 94 V

SVPWM 2.20 A 0.75 0.88 130 Hz 4.4 μF 74 V 62 V

Equal O-state meth. 2.20 A 0.75 0.88 130 Hz 4.4 μF <2 V 14 V

MP3 SPWM 1.85 A 0.81 0.94 190 Hz 4.4 μF 70 V 60 V

SVPWM 1.85 A 0.81 0.94 190 Hz 4.4 μF 44 V 40 V

Equal O-state meth. 1.85 A 0.81 0.94 190 Hz 4.4 μF <2 V 14 V

MP4 SPWM 1.00 A 0.88 0.93 400 Hz 4.4 μF 17 V 14 V

SVPWM 1.00 A 0.88 0.93 400 Hz 4.4 μF 11 V 10 V

Equal O-state meth. 1.00 A 0.88 0.93 400 Hz 4.4 μF <2 V 5 V

Abbreviations: NPP, neutral point potential; PWM, pulse width modulation; SPWM, sinusoidal PWM; SVPWM, space vector PWM.

previous findings and are given in Table 5. Furthermore, the
simulation results for the four new cases are presented in the
same table.

Results verify that the SPWM method has the largest NPP
ripple among the three PWM methods, while the equal O-
state method has the smallest. Measurement points 1 and 2
have a higher NPP ripple compared to 3 or 4. This is because
of the high load current and lower power factor. These two
points represent the high torque region in a motor drive appli-
cation due to the high load current. The experimental NPP
results are consistent with the simulation model results as given
in Table 5. The difference can be explained by the toler-
ances of DC-link capacitors, RL loads, stray inductances, and
capacitors.

Line-to-line voltage Vab, phase current, and NPP Vnp wave-
forms of three PWM methods are recorded and shown in
Figures 15–20 for operating point 2. Line-to-line voltage and
phase currents are measured simultaneously. On the other hand,
NPP is measured separately and thus given as a separate plot. It
is verified that NPP ripple in the SPWM and SVPWM meth-
ods is sinusoidal, and NPP ripple in the equal O-state method
is non-sinusoidal. In the SPWM and SVPWM cases, the low-
frequency NPP ripple was the dominant part of the NPP ripple.
In the equal O-state method model, the high-frequency NPP
ripple part was the dominant part of the NPP ripple. In the NPP
waveform, the high-frequency NPP ripple is larger than the sim-
ulation results. This is because of several reasons. Interaction
between the self-inductance of copper tracks plus MOSFET
pins and the output capacitors of MOSFETs causes a ringing
effect on the waveform. Moreover, the three-phase RL loads
are not ideal. Therefore, they have a slight imbalance and have
a changing inductance with frequency; at high frequencies, the
effective inductance of the RL load decreases. Therefore, the
high-frequency part of the output voltage waveform causes
higher spikes in the output current.

FIGURE 15 Measured line–line voltage and phase currents with
sinusoidal pulse width modulation for measurement point 2.

9 TWO-LEVEL INVERTER CAPACITOR
SIZE

As the two-level voltage source inverter is the most common
inverter topology in electric vehicle traction applications, this
study involves a comparative analysis between the capacitor
sizes of a two-level inverter and a 3L-NPC inverter.

Similar to 3L-NPC VSI, the DC-link voltage ripple is
determined using a MATLAB Simulink model. The main spec-
ifications of the model are listed in Table 6. Current flowing
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14 OGAN and BOSTANCI

FIGURE 16 Measured neutral point potential with sinusoidal pulse width
modulation for measurement point 2.

FIGURE 17 Measured line-line voltage and phase currents with space
vector pulse width modulation for measurement point 2.

TABLE 6 Two-level VSI simulation specifications.

PWM method SVPWM

Switching frequency, fSW 50 kHz

Load type RL load

Deadband 1 ms

DC link voltage, VDC 800 V

Abbreviations: PWM, pulse width modulation; SVPWM, space vector PWM; VSI, voltage
source inverter.

from the capacitor to the inverter half-bridges is named as itop
similar to the 3L-NPC VSI case explained in Section 5. The AC
component of itop is integrated to obtain the AC voltage on
the DC-link capacitor. The difference between the maximum
peak and the minimum peak of this signal is referred to as the
DC-link voltage ripple.

FIGURE 18 Measured neutral point potential with space vector pulse
width modulation for measurement point 2.

FIGURE 19 Measured line-line voltage and phase currents with equal
O-state method for measurement point 2.

The capacitor size is determined to keep the DC-link voltage
ripple under 5% for all operating points of the motor. The same
operating points used for the equal O-state method are used
for this analysis. An initial capacitance value of 100 μF is used
and the DC-link voltage ripple is found for all operating points.
At the worst operating point, the inverse proportion between
the DC-link ripple and the capacitor size is used to obtain the
required capacitance size. The inverse proportional relationship
used is provided in (12).

CinitialΔVDC(worst-case) = CfinalΔVDC(desired) (12)

The operating point with the highest DC-link voltage ripple
is identified to be at T = 270 Nm load torque, n = 400 rpm
motor speed, mi = 0.17 modulation index, 183 Arms load cur-
rent, and p f = 0.79 power factor. Maximum DC-link potential
ripple is limited to 5% of the DC-link voltage, which corre-
sponds to 40 V. Under these circumstances, the capacitor size is
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FIGURE 20 Measured neutral point potential with equal O-state method
for measurement point 2.

determined as C = 130 μF. Furthermore, it is essential to men-
tion that this is going to be the sole DC-link capacitance with a
voltage rating higher than 800 V.

In this study, a relatively high switching frequency is applied
to be able to distinguish the low-frequency and high-frequency
NPP ripples in the 3L-VSI. However, in a 2L-VSI, the main
source of the DC-link ripple is the switching [22]. If a switch-
ing frequency of around 10–12 kHz was selected, a higher
capacitance for the 2L-VSI would be obtained.

10 DISCUSSION AND CONCLUSION

This study focused on the NPP ripple since it is a dominant
effect for 3L-NPC inverter capacitor size. It has been found that
the design properties of the motor can be modified to have a
smaller DC-link capacitor. In the paper, the investigated motor
is modified to double its frequency. As a result, the required DC-
link capacitor size is reduced by 23%. Moreover, the investigated
motor is modified to have a minimum power factor of 0.9. In
this case, the required capacitor size is reduced by 30%. These
results provide proof that modifying the motor properties can
be used to reduce the capacitor size of the 3L-NPC inverter.

The paper points out an important drawback of 3L-NPC
inverter driven with SPWM or SVPWM methods in Section 5.
Since the neutral point of the 3L-NPC inverter is floating and
not connected to the battery or the DC voltage source, the NPP
ripple goes to extremely high values when the motor speed is
low. This is an important problem for electric vehicle applica-
tions. The paper discusses a solution to this problem. In this
region, an inverter can use a different PWM method to keep
the NPP ripple within the desired limits. The proposed PWM
method uses only the large and zero vectors to operate the
inverter. Therefore, the neutral point current is kept at zero, and
the NPP ripple is minimized.

Moreover, the paper makes a comparison between the capac-
itor sizes of 2L-VSI and 3L-NPC inverters for the PMaSynRM.
It is noted that the capacitor size of the 3L-NPC inverter
depends heavily on fundamental frequency; on the other hand,
the capacitor size of 2L-VSI depends heavily on the switch-
ing frequency. Due to this effect, increasing the fundamental
frequency provides a capacitor size reduction benefit for the 3L-

NPC inverter while making minimal change in the capacitor size
of 2L-VSI. The results show that the required capacitance for
2L-VSI is 60% lower than 3L-NPC inverter size considering the
NTV method is applied to the 3L-NPC inverter. It is important
to mention that there are two capacitors in the 3L-NPC inverter
so the voltage rating of the capacitors for 3L-NPC VSI is half
that of the 2L-VSI. However, capacitors of a 3L-NPC inverter
are expected to have a total larger volume and larger weight than
2L-VSI. Inverter designers should pay attention to this differ-
ence. It is proven that having a larger fundamental frequency
or having a larger power factor decreases the required DC-link
capacitor for the 3L-NPC inverter. Therefore, the gap between
the DC-link capacitor sizes of 2L-VSI and 3L-NPC inverter is
reducing under certain design conditions.

Another important point is the allowed NPP ripple and DC-
link ripple values. A high NPP ripple is expected to cause higher
stress on the switches and a slight increase in the output THD.
However, the main limiting factor of the NPP ripple is the
voltage-blocking capabilities of the power switches. If 600 V
switches are used and we decide to limit switch voltage by 450
V, we may let the neural point have a 100 V peak–peak voltage
ripple. In that condition, each DC-link capacitor can be around
130–270 µF range. On the other hand, increasing the applied
voltage to the switches decreases their reliability and lifetime.

This study shows that the DC-link capacitor sizing of a 3L-
NPC should be integrated within the design step. To increase
the performance of NPP ripple control, a combination of
NPP control modulations with the power factor correcting
modulation techniques can be identified as a future research
point. Similarly, it can also be concluded that the switching
losses associated with different NPP control methods also need
special consideration.

The characteristics of a PMaSynRM are assumed in this study.
The findings can differ for another drive system, such as an
IPMSM drive. A higher power factor in base speed is going
to be a definite advantage for the IPMSM. However, IPMSMs
can have leading power factors in the field weakening region.
In [23], NPP control with leading power factors is targeted
for an IPMSM drive. As a future work, capacitor sizing can be
extended for operating points with a leading power factor.
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