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Abstract: PWM (pulse width modulation) is the most widely applied current conversion technology,
but the high-frequency harmonics it causes have a significant negative impact on inverter system
performance. This paper focuses on the three-phase T-type three-level inverter as the research object
and addresses existing PWM voltage noise and midpoint potential imbalance issues by proposing an
improved random SVPWM strategy, named Neutral Point Potential Balance Random Space Vector
PWM (NPB-RSVPWM). The NPB-RSVPWM strategy includes three main steps: (1) introducing a
midpoint potential balancing control loop to adjust the synthesis timing of the effective vectors to
generate pulse signals, optimizing midpoint potential balance; (2) employing a randomly varying
carrier frequency in place of the carrier used in the SVPWM strategy to generate the driving signals
for switching devices; and (3) controlling the inverter through the driving pulse signals. This strategy
optimizes the synthesis sequence of traditional SVPWM strategy vectors and incorporates random
frequency modulation techniques. The mathematical model analyzes PWM harmonic expressions
corresponding to fixed switching frequencies, and a random frequency carrier is chosen to suppress
these PWM harmonics. The effective vector’s equivalent circuit is analyzed, proposing a technique
for optimized vector synthesis timing. The simulation and experimental results verify that the
NPB-RSVPWM technique can disperse PWM harmonic energy, reduce voltage noise, and optimize
midpoint potential balance. Under the NPB-RSVPWM strategy, the line voltage spectrum becomes
uniform, the maximum harmonic content is greatly reduced, and the fluctuation in the DC side
midpoint potential is significantly improved. Compared with the traditional SVPWM strategy
and random PWM strategy, the NPB-RSVPWM strategy has a lower voltage noise, smaller total
harmonic distortion, and a more stable midpoint potential. The effectiveness and feasibility of the
NPB-RSVPWM strategy are verified by simulation and experimental results.

Keywords: T-type neutral point clamped inverter; random carrier; space vector pulse width modulation;
PWM voltage noise; neutral-point potential balance

1. Introduction

Pulse width modulation (PWM) technology is the most widely applied method for
current conversion, but the PWM harmonics it causes have a substantial negative impact
on the performance of inverter systems [1,2]. PWM harmonics can cause motor torque
fluctuations, introduce electromagnetic vibrations, and generate electromagnetic noise [3].
It is generally considered that increasing the switching frequency of the inverter can
reduce the amplitude of PWM harmonics, thereby decreasing the torque fluctuations of
the motor. It can even elevate the frequency of the electromagnetic noise emitted by the
motor and other loads above the upper hearing limit of the human ear [4]. However,
as the switching frequency increases, in high- and medium-power motor drive systems,
the switching speeds of high-power switching devices tend to be slower [5-7]. A higher
switching frequency dramatically increases the switching losses of inverters. The Space
Vector PWM (SVPWM) strategy has a lower harmonic content compared to conventional
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PWM strategies [8,9]. Random carrier frequency technology, which alters the inverter’s
carrier frequency according to a random function, can reduce the peak value of the PWM
harmonics around the carrier frequency. This technique is straightforward to implement
and significantly suppresses PWM harmonics [10-12]. The Random Space Vector PWM
(RSVPWM) strategy, which combines random carrier frequency technology with SVPWM,
benefits from the advantages of both techniques [13,14].

At present, T-type inverters have been widely used in medium- and high-voltage AC
drive systems due to their superior performance [15]. Compared with other three-level
inverters, the T-type three-level inverter achieves midpoint clamping by controlling the
turn-on or turn-off of two series-connected switching devices. There are no clamping
diodes or flying capacitors on each phase bridge arm of the T-type inverter [16]. This
improves the uneven switching losses of switching devices and has the advantages of low
conduction losses and a higher equipment efficiency [17]. Therefore, the research object of
this article is the T-type three-level inverter.

For example, a space vector modulation scheme based on hybrid switching for TNPC
inverters is introduced to optimize the midpoint potential balance of TNPC in [18]. A TNPC
inverter topology with four bridge arms was introduced and a control strategy for dealing
with midpoint offset voltage was proposed in [19]. Aimed at the issues of the current
distortion and reduced voltage utilization caused by dead zones, a PWM modulation
strategy based on carrier stacking without a dead zone was proposed in [20]. It can
effectively reduce the harmonic content and improve the fundamental amplitude and
voltage utilization of the current. The method for reducing voltage noise is by suppressing
the common-mode voltage of the inverter through a virtual space vector overmodulation
strategy in [21].

Generally, under the general PWM strategy and SVPWM strategy, the inverter will
have a higher harmonic content at the switching frequency [22,23]. Therefore, this article
proposes the NPB-SVPWM strategy to suppress the harmonics and reduce the voltage
noise in T-type three-level inverters.

Building upon the previous research, this paper primarily focuses on employing the
modulation strategy to enhance the output of the TNPC. Therefore, the prominent contri-
butions of this work can be encapsulated in two main aspects: (1) a random modulation
strategy based on space vector modulation is proposed for T-type three-level inverters,
which can effectively reduce PWM voltage noise; and (2) a midpoint potential balancing
method is proposed to optimize the issue of neutral point potential imbalance in T-type
three-level inverters.

In Section 2, a comprehensive explanation of the NPB-RSVPWM strategy is provided,
detailing its fundamentals and execution. In Section 3, a comparative examination and
analysis of the features and effectiveness of the NPB-RSVPWM strategy are delved into. In
Section 4, the practicality and efficiency of the NPB-RSVPWM strategy are confirmed with
experimental validation using the TNPC inverter testbed.

2. Introduction of the NPB-RSVPWM Strategy

The topology of a T-type three-level inverter is shown in Figure 1. This article intro-
duces the principle and implementation process of NPB-RSVPWM, taking phase A as an
example. Phases B and C are the same as phase A.

2.1. Introduction of the Random Switching Frequency

Initially, the output voltage was modeled and analyzed with a fixed switching fre-
quency. The analysis revealed that, under fixed switching frequency conditions, there is a
higher harmonic content at the switching frequency and its harmonics. However, when the
switching frequency is randomized, this phenomenon can be effectively mitigated [24].
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Figure 1. Topology of the T-type three-level inverter.

Figure 2 illustrates the modulation conditions within one period at a fixed frequency,
with the black curve representing the modulating wave and the blue and orange triangular

waves representing the fundamental waves.

f( odulated wave
Carrier wave
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Figure 2. Fixed frequency modulation.

Within t € [-T/2,T/2], the average power of a power signal can be expressed as:

p_ T/2 5 J 1
= [ P o

In the frequency domain, its average power can be represented as:

_ LTy L [Fr(jo)
P=r S0 = g [ fim S @
2 V12
% is the power density function of f(t). It can be represented as:
_ i GO
pij) = fim @

The output signal of the power converter has the same power spectrum as the switch-
ing function. The spectral characteristics of the output signal can be obtained by analyzing
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the power spectrum of the switching function. The Fourier transform of the random
switching function is calculated as F[fy(t — t;)] = Fi(jw)e /. It can be represented as:

F{F(t)} = f(]w) = Zégnwél Fk(jw)g—jwtk )

According to the definition of the power spectrum, the power spectrum of the switch-
ing function can be expressed as:

(o) = E| lim G IFG)?| = tim | 5 F(jw) o) ©

In the above equation, E[-| represents the mathematical expectation. N represents
the data length. In the above equation, N represents N carrier cycles. Equation (5) can be
expressed as:

N N
w) = jw(te—t)
P(jw) = lim ——rms N. T ; ; [Fz jw)Fe* (jw)e ] (6)

When using a carrier of a fixed switching frequency, T is a constant value, so
Equation (6) can be simplified as:

(]w) = hm N-T Z Z E[Fl(]ZU)Fk (]w)ejwkTo
0121 k=1 . (7)
(jw)[? L efTo
k=1

—

0

According to the Poisson formula, Equation (7) can be expressed as:

" o 27tk
Z oJkTy _ TOkZ S(w — Tio) ®)
> k
P(jw) = —5|F(jw) Y 6(w — ) ©)
k=1 0
Equation (9) can be reorganized to become:
. 1 . 2 k
P(jw) = TO{E[Fow)ﬂ ~ [EIFG) P+ - |EF 2y s 2T } (10)
k=—o00

From the above equation, it can be seen that the conventional power spectrum of
SVPWM concentrates more harmonic energy at the switching frequency and integer mul-
tiples of the switching frequency (w = % = kfo). The switching period of a random
carrier wave is variable. The power spectrum of the random switching frequency can be
expressed as:

) 1 ) E[F(jw)e/®Tx] . E[F * (jw
P(jw, Ty) = E[Tk]{E[F(]w)H + 2Re FG i_ E%efWTE] U )]] } (11)
When the length of the period randomly changes, the power spectrum of the signal
obtained by random modulation is related to the distribution law of the random signal.
It can effectively reduce the harmonic content at the switching frequency and integer
multiples of the switching frequency.
In summary, PWM voltage noise can be reduced by adopting random switching
frequency modulation. In space vector modulation, random switching frequency is used to
randomize the cycle time. It can reduce the harmonic content at the switching frequency
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and its integer multiples, thereby, it can achieve the effect of reducing the voltage noise.

The Overall technical framework of the NPB-RSVPWM strategy is in Figure 3.
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Figure 3. Overall technical framework of the NPB-RSVPWM strategy.

This article divides all spatial vectors into six large sectors. Each large sector is further
divided into six small sectors. The small sector is placed in the coordinate system and the

position of the vector is obtained through geometric relationships.

In Figure 4, it can be seen that the area division of the first sector and the vertex

coordinates of the basic vectors.

E

0 A Vo C

Figure 4. Diagram of I-sector.

The coordinates of each vector vertex are in Table 1.

Table 1. Table of the vector vertices” coordinates.

T-NPC Inverter|

Vector Vertex Coordinate
O (©,0)
A (% Uqge, 0)
B (4ae, ¥2Ua0)
C (% Uqc, 0)
D
E
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According to geometric laws, the equations of lines AB, BD, and DA can be obtained
from the coordinates of the points.

AB: Vg = P Vpe — 3V,
BD: V3 = LVpc

DA: Vs = —LVpe + 3V,

According to the linear equation, the region where the vector is located can be discov-
ered. Taking sector I as an example, the vector state order of the six small sectors is shown
in Table 2.

Table 2. Order of the vector state.

Region Order of the Vector State
1 ONN OON OO0 POO OOO OON ONN
2 OON OOO POO PPO POO OO0 OON
3 ONN OON PON POO PON OON ONN
4 OON PON POO PPO POO PON OON
5 ONN PNN PON POO PON PNN ONN
6 OON PON PPN PPO PPN PON OON

Taking Region 1 within the first sector as an example, Figure 5 shows the switching
sequence of the vector states and the corresponding state of A-phase’s switching tubes

in a cycle.
T
V.ALIL L T iT i1 A% %D Bkl
ol 41212 2 55 i iy Sa1 4:2 2 2:2 4
0 > 0 >
N N
A
Saz
P
Vo A 0 >
P N
> A
SaS
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0 >
N
Ve A
Sa4
P P
0 > 0 >
N N
onn oon 000 poo 000 00N onn O 0O O P O O O

(a) (b)

Figure 5. (a) Vector state of region 1 and (b) status of A-phase’s switches.

Each vector corresponds to 12 pulse signals. In order to achieve the time allocation of
each vector in a cycle, this article compares the calculated times with the sawtooth wave.
The period of the triangle wave in Figure 6 is Tg, and the height of the carrier is also Ts.
The time allocation for each segment amongst the seven segments is determined through
the method illustrated in Figure 6.
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Figure 6. Diagram of time allocation.

Now, if the period of the sawtooth wave is random, the period time of the switch will
also become random. It disperses the harmonic energy at the switching frequency and
achieves the goal of reducing the inverter voltage noise.

Figure 7 shows a comparison chart of random frequency carriers and fixed frequency
carriers, where the blue sawtooth wave represents the random frequency carrier and the red
sawtooth wave represents the fixed frequency carrier. It can be seen from the above figure
that the number of pulses for both is the same, which means that the average frequency of
the random frequency carrier is equal to the frequency of the fixed frequency carrier. Under
both types of carriers, the turn-on and turn-off events of the switch tubes are consistent.
Therefore, the random frequency carrier does not increase the inverter losses.

A Random Frequency carrier wave

Fixed Frequency carrier wave
Figure 7. Diagram of random frequency carrier and fixed frequency carrier.

2.2. Analysis of Neutral-Point Potential Imbalance

The connection point between the two capacitors on the DC side is the neutral point.
During the working process, there is current flowing in and out at this point. It causes
changes in the potential of this point. An unbalanced midpoint potential can affect the
output waveform of the inverter, and severe imbalance will damage the inverter. The
following text analyzes the influences of different vectors on the midpoint potential [25].
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Taking the large vector PNN as an example, its corresponding equivalent circuit is
shown in Figure 8. As can be seen from the Figure 8, the three-phase load is directly
connected to the DC voltage source and is not connected to the midpoint of the DC-side
capacitor; therefore, there will be no current flowing into or out of the midpoint, which will
not affect the midpoint potential. This does not lead to the charging or discharging of the
upper and lower capacitors on the DC side, thereby affecting fluctuations in the midpoint
potential. Other large vectors are similar to PNN. In summary, it can be concluded that all
large vectors will not affect the midpoint potential.

C :: A Phase
p— Oe¢
Ude
C o B C

hase§ Phase

Figure 8. Diagram of PNN equivalent circuit.

Taking PON, for example, of Middle Vectors, its corresponding equivalent circuit is
shown in Figure 9. The direction of the current flowing towards the load is taken as the
positive direction. From the figure, it can be seen that the B phase load and midpoint O form
a circuit. At this point, 7 is the current at the midpoint. When 7;, > 0, the lower capacitor
C, supplies power to the load and the voltage of the capacitor Uc, decreases. At the same
time, the DC source charges the upper capacitor C; and the voltage of the capacitor Uc,
increases. This increases the midpoint potential. When #;, < 0, the situation is opposite.
In summary, it can be found that O of the switching vector affects the midpoint potential
balance. The direction of current at the midpoint also affects the midpoint potential.

(i A Phase
- O
Udc

C o B C

hase§ Phase

Figure 9. Diagram of PON equivalent circuit.

Taking POO and ONN as examples, the equivalent circuit of two switch states of small
vectors is shown in Figure 10. As shown in the figure, the current of the midpoint in the
POOis ip = iy + i. = —iz. The current of the midpoint in ONN is ip = i,. The influences
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of these two small vectors on the midpoint potential are direct opposites of each other. In
summary, small vectors do affect the midpoint potential, but they exist in pairs that exert
counterbalancing effects.

o
\
Nn

CZ ——

A Phase
Udc—
B C
hase § Phase

G

\
11

A Phase

B C

hase§ Phase

Figure 10. (a) Diagram of POO equivalent circuit and (b) diagram of ONN equivalent circuit.

Taking the zero vector OOO as an example, its switching state is as shown in Figure 11

below. It can be seen from Figure 11 that there is no current loop between the midpoint O
on the DC side and the load, hence, it will not affect the midpoint potential. Other zero
vectors are similar to OOQO, and there is also no current loop between the midpoint and the
load. In summary, zero vectors will not affect the midpoint potential.

Ude

n

C

A Phase
B C
hase§ Phase

Figure 11. Diagram of OOO equivalent circuit.

In summary, it can be concluded that the fundamental reason for the effect on the

midpoint potential balance is that there is a current flowing through the midpoint. Table 3

lists the currents at the midpoint corresponding to each medium and small vector.

Table 3. Vector corresponds to the current at the midpoint.

Small Vector io Small Vector io Middle Vector io
OON in POO —ig PON ip
PPO ic OON —ic OPN in
NON iy OPO —ip NPO ic
OPP in NOO —ig NOP ip
NNO ic oor —ic ONP in
POP iy ONO —ip PNO ic
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In summary, there is no current at the midpoint when there is a zero vector or a large
vector, so it has no effect on the balance of the midpoint potential. The medium vector
affects the balance of the midpoint potential, but there are not two medium vectors that
have opposite effects on the balance of the midpoint potential. Therefore, its impact is
uncontrollable. There are paired vectors in small vectors that have opposite effects on the
midpoint potential, so the balance of the midpoint potential can be optimized by controlling
these small vectors.

2.3. The Method of Balancing Midpoint Potential

This article proposes an improved algorithm for space vectors. The voltages of the two
capacitors on the DC side are measured. A regulatory factor k is proposed to control the
time of the vector that affects the balance of midpoint potential. Taking the sector I region (D
for example, Figure 12 is the time allocation of vector under SVPWM and NPB-RSVPWM.

S A
a
- 1
» 0 »
l S
bln
> 0 >
S-l
A A
“1
> 0 >
-1
ONN:OON i000:POO:000. OON:ONN ONNIOON i000; POO i00O0:0O0N ioNN
LiLILiL i, i T, FLET, i T, (@=RLi T, | T iar
4 1212412424121 4 412 412 2 200 i 4

(a) (b)
Figure 12. (a) Time allocation of vector (SVPWM) and (b) time allocation of vector (NPB-RSVPWM).

Figure 12 shows the time allocation of vectors in the sector I region (D). The direction
of the current flow towards the load is taken as the positive direction. When the switching
vector is ONN, the current at the midpoint of the DC side is i;, and when it is POO, the
current at the midpoint is —i;. The adjustment factor is changed to change the action
time of the two corresponding vectors by measuring the voltage of the two capacitors on
the DC side.

If the average value of the midpoint’s current in a switching cycle is zero, the variation
in the capacitor voltage during the switching cycle will be minimized as much as possible.
In the actual operation of inverter systems, there are other disturbance factors, such as
different initial values of upper and lower capacitor voltages, that cause capacitor voltage
deviations. During a switching cycle, the midpoint potential should be made as balanced
as possible through the feedback of introducing midpoint current/charge.

According to the order of switch vectors in sector I, a pair of small vectors with
opposite effects will always be used. The action time of small vectors can be changed by
adjusting the allocation factor k to achieve the balance of midpoint potential.

During the switching cycle, the voltage difference that is measured between the upper
and lower capacitors on the DC side is:
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AlUc = Ucy — U (12)

At this point, the amount of charge flowing out of the midpoint should be:
Qo = —CeAl¢ (13)

Taking region (D) in sector I as an example, the average charge at the midpoint flowing
out of the inverter during a switching cycle is:

Quo = 2kTyiy — Teic — (1 — 2k) Tui, (14)
When Qp = Quo,

. Taig + Teic + QO
- 4T,i,

When U, is located in sector I region 1, the allocation factor k for the action time of
the small vector is calculated through the above equation. According to this formula, the
allocation factor can be used to accurately allocate the action time of small vectors in order
to achieve the goal of midpoint potential balance. In order to obtain a suitable value of k,
this article adopts the method described in the following text.

When the current of neutral point i, > 0,

(1) If Uy > Uy, Quo < 0is needed, the current flows into the lower capacitor C2 to
charge it and balance the midpoint potential as much as possible. When Qu, < 0, k can be
expressed as:

k (15)

TIZ iﬂ + TCiC
4T,i,
Due to 0 < k < 0.5, the minimum value of k is 0. If the calculated value of k is greater
than zero, then, in each cycle, k takes a value according to the following equation.

k < (16)

Taig + Teic
_ 17
k AT0 erand(1) (17)
The “rand(1)” represents randomly taking a value within 0~1.
(2) If Ucy < Ucep, Qav > 0is needed, the current flows out of the lower capacitor C2 to
charge it and balance the midpoint potential as much as possible. When Qz, > 0, k can be
expressed as:

Taig + Teic
4T,i,

Due to 0 < k < 0.5, the maximum value of k is 0.5. If the calculated value of k is less
than 0.5, then, in each cycle, k takes a value according to the following equation.

k> (18)

4T,i, AT,i,

(@) If Ucy = Uy, k=0.25.
When i, < 0, the formula for calculating the value of k can be derived by analogy.
Other regions are also similar.

3. Simulation Verification

A simulation model of the three-phase T-type inverter is built to analyze the character-
istics and performances of the proposed NPB-RSVPWM strategy, and its circuit parameters
are shown in Table 4.
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Table 4. The table of simulation parameters.
Parameter Value Parameter Value
DC voltage 600 V Carrier frequency 7.5-10 kHz
Capacitance value 5 uF Sampling frequency 20 kHz
Modulation ratio 0.9 Three-phase load 100

/IVAA

i

|

Fundamental(50Hz)=538.4

AHMIIIIIIIIII
|

This article uses an FFT analysis (Fast Fourier Transform) in MATLAB 2019b signal
processing tools to analyze signals and perform a spectrum analysis and feature extraction.
The harmonic content at different frequencies can be obtained by analyzing the unfiltered
line voltage. These data can demonstrate the effect of the NPB-RSVPWM strategy in
spreading the line voltage spectrum to reduce the harmonic content at the switching
frequency and its integer multiples. Compared to the traditional SVPWM strategy, the
NPB-RSVPWM strategy proposed in this paper not only reduces the harmonic content
at the switching frequency and its integer multiples while keeping the output voltage
constant, but also optimizes the midpoint voltage imbalance situation that exists in the
T-type three-level inverter. Figure 13 is output voltage waveforms under SVPWM and
NPB-RSVPWM.

Fundamental(50Hz)=539.5

- il .
Iy e my

L T —
SVPWM AR NpBRSVPWM MR

t
Figure 13. Diagram of output voltage waveforms under SVPWM and NPB-RSVPWM.

By comparing the output voltage waveforms under the two strategies, the fundamental
amplitude of the output voltage is consistent. This shows that the NPB-RSVPWM strategy
proposed in this article has a similar output to that of the SVPWM strategy. However,
the FFT analyses of the output voltages under the two strategies reveal that the harmonic
content at the switching frequency and its multiples of the output voltage under the
NPB-RSVPWM strategy are effectively dispersed.

According to the simulation results, when the NPB-RSVPWM strategy is adopted, the
harmonic content at the switch frequency and its multiples are significantly reduced. As
can be seen from Figure 14, compared to the SVPWM strategy, the harmonic content near
10 kHz is reduced from 12.2% to 3.2%, and the highest value is reduced from 12.2% to 6.0%.
In conclusion, the NPB-RSVPWM strategy proposed in this paper effectively disperses the
harmonic content at the switching frequency and its integer multiples, thereby reducing
the voltage noise of the inverter.

The Even Harmonic Pulse Width Modulation (EVSVPWM) strategy demonstrates a
significant effect in eliminating harmonics at odd multiples of the switching frequency.
Therefore, this paper conducts a comparative analysis between the output line voltage spec-
trum of the proposed NPB-RSVPWM strategy and the EVSVPWM strategy. In Figure 15,
it can be seen that the MSVPWM strategy effectively eliminates harmonics at odd multi-
ples, but still harbors a considerable amount of harmonic content at even multiples of the
switching frequency. In contrast, the strategy studied in this paper significantly reduces the
peak values of the harmonic content, which is better for reducing voltage noise.
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Figure 14. Diagram of output voltages” FFT analysis under SVPWM and NPB-RSVPWM.
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Figure 15. FFT analysis of output voltage under EVSVPWM.
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In the T-type three-level inverter, the common-mode voltage is the voltage between
the midpoint of the three-phase load and the midpoint between the two capacitors on the
DC side. In the comparison between the SVPWM strategy and the NPB-RSVPWM strategy
for common-mode voltage, it can be seen from Figures 16 and 17 that the common-mode
voltage amplitudes of both strategies are consistent. However, due to the integration of
random frequency carrier technology, there are subtle differences in the waveforms.

274V

[
[
(=]

N
>
(=]
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Figure 16. Diagram of common-mode voltage under NPB-RSVPWM.
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Figure 17. Diagram of common-mode voltage under SVPWM.

The common-mode current is the current between the inverter output phase and the
ground, represented mathematically as the vector sum of the three-phase output currents.
In Figures 18 and 19, it can be observed that the NPB-RSVPWM strategy proposed in this
paper has an improvement effect on the fluctuation in the common-mode current.

The NPB-RSVPWM strategy proposed in this paper also has a significant effect on
optimizing the midpoint balance in T-type inverters. From Figure 20, it can be clearly seen
that, compared with the ordinary SVPWM strategy, the NPB-RSVPWM strategy proposed
in this article has a smaller fluctuation in the midpoint potential on the DC side, and the
voltage fluctuation in the capacitor on the DC side is reduced from the highest 310.3 V to

301.8 V. The blue and orange lines in Figure 20 are the voltages of the two capacitors on the
DC side.
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Figure 18. Diagram of common-mode current under SVPWM.
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Figure 19. Diagram of common-mode current under NPB-RSVPWM.
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4. Experimental Verification

An experimental platform was built for the T-type three-level inverter to further verify
the effectiveness and feasibility of the NPB-RSVPWM strategy. The experimental apparatus
is depicted in Figure 21.

Figure 21. Diagram of experimental device.

The experimental parameters of the device are as shown in Table 5:

Table 5. The table of experimental parameters.

Parameter Value Parameter Value

DC voltage 24V Carrier frequency 7.5-10 kHz
Capacitance value 5uF Sampling frequency 20 kHz
Modulation ratio 0.9 Three-phase load 100

As shown in Figure 22, it can be found that, although the strategy proposed in this
paper will change the time of period, it will only have a slight impact on the details of the
waveform. The amplitudes are approximately equal, all around 24 V.

@ o)

VWVPWM Y axis: 24V/div

—

NPB-RSVPWMY axiis: 24V/div

1 NEEEEE NEEEES EEEEEE NEEmL B

Figure 22. Diagram of output line voltages under SVPWM and NPB-RSVPWM.

By performing an FFT analysis on the output voltage under two strategies, the effect
of the NPB-RSVPWM strategy proposed in this paper on dispersing harmonic energy
can be clearly seen. As shown in the Figure 23, the highest harmonic content of the line
voltage obtained from the experiment is 11.2% under the SVPWM strategy, while under
the NPB-RSVPWM strategy, the highest harmonic content of the line voltage is only 5%.
A comparison clearly shows the superiority of the strategy proposed in this paper.
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Figure 23. (a) The spectrum diagram of SVPWM output voltage and (b) the spectrum diagram of
NPB-RSVPWM output voltage.

Particularly within low-frequency ranges, dead time directly influences the switching
angles and timing of the inverter, which can introduce additional harmonic content into
the inverter’s output voltage and current waveforms. As shown in Figure 24, the exper-
imental findings indicate that, as the dead time increases, specific low-order harmonics
are significantly augmented. This finding substantiates the critical impact of dead time on
harmonic distortion.

NPB-RSVPWM NPB-RSVPWM
Dead Time: 2ps Dead Time: 4ps

(@) (b)

Figure 24. (a) The spectrum diagram of output voltage (dead time = t) and (b) the spectrum diagram
of output voltage (dead time =2 t).

As shown in Figure 25, it can be clearly seen that the strategy proposed in this paper
has no impact on the amplitude of the output voltage by comparing the output voltage
after filtering. The amplitude of the line voltage under both strategies is a sine wave with a
peak value of approximately 24 V by observing the line voltage output of the inverter.

By measuring the voltage on both sides of the capacitor on the DC side, the midpoint
balance of the T-type inverter can be clearly seen. The experimental results under the two
strategies are shown in Figure 26. When the conventional SVPWM strategy is applied, the
voltage fluctuation reaches 1.8 V. However, after adopting the NPB-RSVPWM strategy
proposed in this paper, the voltage fluctuation is reduced to 0.9 V, effectively improving the
issue of midpoint potential imbalance.
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Figure 25. Diagram of output line voltages after filtering under SVPWM and NPB-RSVPWM.
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Figure 26. (a) The voltage of capacitor C1 (SVPWM) and (b) The voltage of capacitor C1 (NPB-RSVPWM).

5. Conclusions

In conclusion, this paper proposes the NPB-RSVPWM strategy to reduce the PWM
voltage noise of T-type three-level inverters and optimize the midpoint potential balance
on the DC side. In this strategy, the proposed random frequency and midpoint balance
vector allocation methods are used, combining space vector modulation. Therefore, the
NPB-RSVPWM strategy not only has an excellent output voltage harmonic performance,
but it can also reduce the PWM voltage noise of the output voltage and optimize the
problem of midpoint voltage imbalance on the DC side. Furthermore, compared with the
NPC inverter, the T-type inverter naturally has a better waveform quality and lower PWM
voltage noise. Therefore, prioritizing the T-type inverter structure along with the RSVPWM
method, which rely on space vector modulation and equilibrium of the midpoint voltage,
is advisable for attaining a superior waveform integrity and diminished PWM voltage
disturbance. Both simulation and practical experimentations robustly affirm the proposed
NPB-RSVPWM strategy’s practicality and viability in this research.

The NPB-RSVPWM strategy studied in this paper reduces voltage noise by dispersing
harmonic energy, but it does not fundamentally decrease harmonic energy. Future research
in this paper will explore methods for eliminating harmonics, such as interleaved parallel
topologies, and will combine these with the strategy proposed in this paper to further
suppress harmonics and reduce voltage noise.
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