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ABSTRACT There is a wide application prospect of Nearest level pulse width modulation (NL-PWM)
in cascaded H-bridge (CHB) converter, however, it will produce narrow- and error-pulse in the process of
implementation, which has a negative impact on CHB efficiency, output voltage quality and safe operation of
power devices. In this paper, the NL-PWM strategy is improved based on round function to solve the narrow
pulse of traditional NL-PWM, and a step wave delay update strategy is proposed to solve the error-pulse
of NL-PWM. This paper analyzes the basic principle of improved NL-PWM and its ability to avoid narrow
pulse of power device, shows the harmonic characteristics of improved NL-PWM, analyzes the generation
mechanism of error pulse, and calculates the error of output voltage caused by the proposed step wave delay
update strategy. The correctness of theoretical analysis and the effectiveness of the proposed method are
verified by simulation and experiment. The research shows that the improved NL-PWM can effectively
prevent narrow pulse while maintaining good harmonic characteristics, and the proposed step wave delay

update strategy can avoid error pulse and has little impact on the output of NL-PWM.

INDEX TERMS Cascade H-bridge, NL-PWM, error pulse, narrow pulse, harmonic characteristics.

I. INTRODUCTION

Cascaded H-bridge (CHB) converter is a widely used mul-
tilevel topology, and it is a research hotspot in the field of
high-voltage and high-power converters [1]. CHB has many
advantages, such as simple structure, excellent harmonic
characteristics, easy modularization, high reliability and easy
realization of redundant design, etc. [2], [3]. CHB multilevel
converter is widely used in motor drive [4], new energy
power generation [5], [6], active filter [7], flexible power
transmission [8], static var compensator [9], power electronic
transformer [10]-[13] and other fields.

Modulation strategy is the key technology of multilevel
converters. It plays an important role in the output waveform
quality, system reliability, working efficiency and service
life of the converter, and has a great effect on the output

The associate editor coordinating the review of this manuscript and

approving it for publication was Huiqing Wen

52860

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

power balance of each sub-module (SM) of CHB. At present,
the modulation strategies used in CHB are mainly divided
into the following three categories. The first type is high-
frequency PWM modulation, which includes carrier phase
shift PWM (CPS-PWM) [14], [15], level-shifted PWM(LS-
PWM) [16], [17] and space vector PWM(SVPWM) [18].
The second type is nearest level modulation (NLM) [19],
which is based on fundamental frequency modulation. And
the last one is NL-PWM, which is a combination of high fre-
quency PWM modulation and fundamental frequency modu-
lation [20]. CPS-PWM has been widely studied because of its
high equivalent switching frequency, good waveform quality
and balanced switching frequency distribution. Compared
with CPS-PWM, LS-PWM has better harmonic characteris-
tics and can reduce the switching times. However, it needs
additional equalization control, which has high control com-
plexity and cannot achieve equivalent switching frequency
doubling. SVPWM has high voltage utilization and good
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FIGURE 1. Topology of CHB.

waveform quality, but its voltage vector increases rapidly
with the increase of the number of levels, and the modu-
lation process is complicated. NLM adopts a step wave to
approximate the sine reference voltage, which has the advan-
tages of low switching frequency, simple voltage equalization
control and small switching loss. It is widely used in high-
voltage application, but when the number of levels is small,
its dynamic response capability and the waveform quality are
poor [21].

Reference [20] proposed the NL-PWM method for CHB,
also known as hybrid pulse width modulation (HPWM),
which combines the advantages of high frequency PWM and
fundamental frequency modulation. In NL-PWM, only one
SM in each bridge arm works in high-frequency PWM mode,
and the other SMs output step waves. While retaining the
advantages of NLM, it has the characteristics of less low-
frequency harmonic content of PWM and higher waveform
quality. NL-PWM uses voltage sorting method to implement
voltage balancing control. The voltages of SMs are sampled
and sorted in each voltage balancing period, and the output
level of the SMs is controlled according to the sorting results
and the bridge arm current direction. The output voltage
quality of NL-PWM is compared with CPS-PWM in [22],
proving that the output voltage quality of NL-PWM is better
than that of CPS-PWM. However, in traditional NL-PWM
method, the amplitude of the PWM reference voltage is equal
to the amplitude of the triangular carrier voltage, and the SM
working in the PWM mode will generate the narrow pulse.
This may cause the switch devices failing to turn on or turn
off, increase switching loss of devices, and even cause the
switching device to be overheated and burned under long-
term operation [23], [24]. In practical application, elimination
technology of narrow pulse is required to eliminate these
impacts. In addition, error pulses with incorrect level will
appear during the implementation of NL-PWM, which has
a negative impact on the output voltage quality and converter
efficiency. The generation mechanism and elimination meth-
ods of error pulses have not been studied yet.

In view of the above problems, this paper is organized as
follows. Section II analyzes the generation mechanism of the
narrow pulse in traditional NL-PWM, proposes an improved
NL-PWM based on round function to avoid the generation
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FIGURE 2. NL-PWM modulation principle.

of the narrow pulse of the power device, and analyzes har-
monic characteristics of the improved NL-PWM. Section III
analyzes the generation mechanism of NL-PWM error pulse
and its influence on the output voltage, proposes a step wave
delay update strategy to eliminate the error pulse, and the
error of the NL-PWM output voltage caused by the step wave
delay update strategy is also analyzed in this section. The
theoretical research is verified through simulation in section
IV. Section V builds a CHB prototype to verify the correctness
of the theoretical analysis. Finally, section VI summarizes the
research work of this paper and makes an outlook for the next
work.

Il. NL-PWM NARROW PULSE AND ELIMINATION
STRATEGY

A. NL-PWM NARROW PULSE GENERATION MECHANISM
The topology of CHB is shown in Fig. 1, which is composed
of N full bridge SMs cascaded. In Fig. 1, L represents the AC
filter inductance, vy is grid voltage, i is grid current, vgp; and
vc; are the output voltage and capacitor voltage of the ith-SM
respectively. Under stable operation, the capacitor voltages of
each SM are equal, thatis, ve; = veo = ... = V.

NL-PWM is a modulation strategy that combines NLM and
PWM. For the bridge arm with N SMs, N — 1 SMs use NLM
to output the step wave voltage vsep, and the remaining one
SM outputs the PWM voltage vpwm. The step wave voltage
and the PWM voltage can be superimposed to get the 2N + 1
level output voltage v,y which is close to the sine reference
wave.

Van = Vstep T VPWM (D

Taking v, as the reference voltage, the output voltage wave-
form of the bridge is shown in Fig. 2. In the figure, v, is the
sinusoidal reference voltage, and its expression is

Vac = MNv; cos(w,t + 6,) = MNv.cosy 2)

where, M is the modulation ratio; N is the number of SMs in
the bridge arm; w,, 6, are the frequency and initial phase of
the sinusoidal reference voltage, respectively.

Under the normalization condition, the PWM reference
voltage is obtained by subtracting the sinusoidal refer-
ence voltage v, and the step wave voltage vgep. The step
wave voltage and PWM reference voltage of the traditional
NL-PWM method are shown in Fig. 3. At the jumping point
of the step wave, the value of the PWM reference voltage is
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FIGURE 3. Step wave voltage and PWM reference voltage of traditional
NL-PWM.

equal to the carrier amplitude, and PWM narrow pulse will
appear due to full modulation. In practice, it is necessary to
use elimination methods such as modulation wave limiting
and switching device delay on-off to avoid the generation of
narrow pulse. But these methods will inevitably distort the
modulation wave and affect the waveform quality.

B. THE IMPROVED NL-PWM

If the phase of the step wave jumping point can be adjusted,
the amplitude of the PWM reference voltage will be changed,
thereby the narrow pulses can be avoided. For this reason,
an improved NL-PWM modulation using round function to
generate a step wave is proposed in this paper. The expression
of the step wave voltage vyep is

Vstep = round (Vac /ve) - Ve 3)

where, round(-) represents round function.

Taking v, as the reference voltage, the PWM reference
voltage of the improved NL-PWM can be expressed as
Vac — Vstep _ Va

X round(vac/ve) “)

Vref =
/ Ve Ve

The reference voltage of PWM is separated by step wave
jump point, and its waveform is segmented sawtooth shape.
As shown in Fig. 4, it can be expressed as the sum of
N parts

Vrejf(i)
NM cosy —i+1,
_ Jye (im0 U Gi yie1) )
NMcosy+i—1,
yelr —yiet,w =yl U= —yi), —(r — yi—1)]

52862

pu. Vac/Ve

Vstep / Ve

L
2

0 Triangular

T =Yg VoY T v YN Yva Vi Vo F= Yy, T

FIGURE 4. Step wave voltage and PWM reference voltage of improved
NL-PWM.

In Fig. 4, the step wave jumping point can be expressed as

0, i>NM+1/2
2 i
;= arccos s <1l=
Yi ~ NM l (6)
z i=0
2

As shown in Fig. 4, the value of the PWM reference voltage
at the step wave jumping point of the improved NL-PWM is
only 0.5, regardless of the value of M. There is no narrow
pulse due to the equal amplitude of the PWM reference
voltage and the triangular carrier. The amplitude of v, at
the 0 and m radian in the fundamental frequency cycle is
1 — N(1 — M). When the frequency of triangular carrier
fc = 3000Hz and N = 5, only if M is greater than 0.994,
the narrow pulse with the width less than 10us will be gen-
erated. As the number of SMs increases, the value of M will
continue to increase. If the converter modulation ratio is too
high, it will affect the output of inductive reactive power, and
this situation is relatively rare. Therefore, narrow pulse can
be avoided without additional elimination technology using
the improved NL-PWM.

According to the theory of double Fourier transform,
the Fourier series expression of the improved NL-PWM out-
put voltage can be obtained

Van = Vstep T VPWM

o0 +o0
= NMv;cosy + Z Z [A i cos(mx + ny)]
m=2,4,6 n=+1,+3,+5
= NMv, cos w,t

00 +o0
+ Z Z [Apn cos(mawet + noyt)]  (7)
m=2,4,6 n=+1,+3,45
where, the expression of A,,, is (8), as shown at the bottom
of the next page.
NL-PWM outputs PWM voltage and step wave voltage
at the same time, which belongs to unbalanced modulation,
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TABLE 1. Voltage balancing method of improved NL-PWM.

Value Value i Output of SMs : .

of Ve of is SMs with Low SM with SMs with High
' Voltage Middle Voltage Voltage

Vac=0 is=0 +Ve PWM 0

Vae =0 <0 0 PWM +Ve

Vac<0 is=0 0 PWM .

V<O <0 Ve PWM 0

so it is necessary to equalize the voltage of each SM. The
improved NL-PWM uses voltage sorting method to realize
the voltage balancing of SMs. The output voltage of SMs
is determined by the value of v,c, is and the voltage of the
SMs. The specific voltage balancing method of the proposed
improved NL-PWM is shown in Table 1.

The power loss of a modulation strategy is mainly caused
by the switching of the power devices. In order to reduce the
loss of the improved NL-PWM, the switching time of voltage
balancing can be set at the step wave jump point. Voltage
balancing switching of traditional NL-PWM is carried out
in each PWM carrier period. Compared with traditional
NL-PWM, the improved NL-PWM can effectively reduce
the number of additional switches generated by voltage
balancing switching while ensuring the voltage balancing
effect, so the power loss of improved NL-PWM is smaller.
In addition, NL-PWM method outputs PWM voltage and
step wave voltage at the same time. Only one SM works
in high-frequency PWM mode, and the other SMs work in
fundamental frequency mode. Therefore, the power device
switching frequency and power loss of improved NL-PWM
is much smaller than that of conventional strategies such as
CPS-PWM.

IIl. NL-PWM ERROR PULSE AND ELIMINATION
STRATEGY

A. NL-PWM ERROR PULSE AND ITS GENERATION
MECHANISM

NL-PWM error pulse and its generation mechanism are
shown in Fig. 5. In Fig. 5(b), vpwM is the PWM output voltage
under unipolar frequency double modulation. vty is the step

/ error pulse
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ot
gt
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1 |
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A
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k+2 +
k+l —\ |_
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FIGURE 5. The error pulse of NL-PWM and its generating mechanism
(a: NL-PWM error pulse; b: generation mechanism of error pulse).

wave voltage; vy, is the CHB output voltage after the step
wave and the PWM wave are superimposed. Because each
SM of NL-PWM may work in PWM mode, but the number of
ePWM channels of DSP is limited, the controller architecture
of FPGA + DSP is usually adopted in practical applica-
tion. The step wave level and PWM level are calculated and
generated by DSP, and the distribution between different SMs

N-—1
NMve — 2 3" siny;, m=0,n= 1
i=1
4 N-—1
_ Ve i . — —
- 21 sinny;,, m=0,n=3,5,7...
=
sin 27 (223
00 k#+ R .
Apn = 72En sin(n4-k)y;_ —sin(n-+k)y; ®)
Z min | —izs.. "
m7t2 + Sln(n—k)Yi;L251ﬂ(ﬂ—k)Yi ]
N o0 k=+n Sln kn’Jk(mﬂNM)
sin 2ky;_ 1 —sin 2ky;
keias. it — yi + S osin2hi
m=2,4,6,...,n==41,%£3,45,...
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FIGURE 6. Equivalent pulse voltage.

is realized by FPGA. The step wave level and PWM level are
calculated by DSP, and the distribution of the two between
different SMs is implemented by FPGA. In the implementa-
tion process, the step wave usually updates its reference value
through DSP in a control interrupt, and the corresponding
SM outputs the step wave voltage through FPGA after the
interruption. While PWM usually adopts asymmetric regular
sampling [33], the modulation wave is updated in the control
interrupt, but the PWM trigger pulse is loaded and generated
at the peak and valley value of PWM triangular carrier. When
step wave voltage jumps, the reference voltage of PWM wave
will have a step change, but the step wave and PWM modula-
tion wave cannot be updated synchronously due to the loading
mechanism of PWM, which will lead to the generation of
error pulse.

In the presence of error pulse, the NL-PWM output volt-
age can be equivalent to the superposition of the correct
NL-PWM output voltage and the pulse voltage with the value
of v, as shown in Fig. 6.

In Fig. 6, yipr (k = 1,2, 3, 4) is the end time of the error
pulse corresponding to the i-th step wave component, and its
value can be calculated according to the carrier frequency,
modulation ratio, number of bridge arm modules and the
value of y;. The pulse voltage can be expanded by Fourier
series:

oo

Vpulse = Z ((P1 + 8sinny;) cosny + P2, sinny)
n=135..
oo
+ D (Picosny+ Pysinny)  (9)
n=2,4,6...

where

N-1

Ve . . .
Py, = = Z (sm nyip1 + Sinny;,n — sinny;y3
i=1
— sinnyjp4 + 4sin nyi)
N—1

Ve . . . .
Py, = E Z (sm nyipl + Sinny;p — sinny;y3 — sin nyip4)
i=1
y N—-1
C
Qn = -
nm

i=1

X (COS nyip1 + COS nYjp2 — COS NYjp3 — COS NYips)

The Fourier series expression of output voltage can be
expressed as (10) according to (7) and (9) with the error pulse
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consideration.

Van = \/(NMVC +P11)2 + Q%COS (wrt - (/’pl)

o0
+ Z P}, + Q2 cos (nwrt — @pn)
n=3,5,7
o0
+ Z P} + Q2 cos (nw,t — @pn)
n=2,4,6

m=2,4,6 n=%1,£3,+5

[Ayn cos (mwct + nowyt)]  (10)

B. STEP WAVE DELAY UPDATE STRATEGY

According to the generation mechanism of error pulse,
in order to solve the problem, it is necessary to make the load-
ing time of the step wave level and PWM level as consistent as
possible. Since the time required for each execution of DSP
control interrupt is not fixed, it is difficult to adjust the end
time of control interrupt. Therefore, the end time of control
interrupt cannot be corresponding to the peak and valley time
of PWM triangular carrier. In order to solve the problem of
error pulse, this paper proposes a step wave delay update
strategy. In the case that PWM adopts asymmetric regular
sampling, the step wave is properly delayed within half of the
carrier cycle, so that the step wave voltage and PWM voltage
can be updated synchronously, and the problem of error pulse
can be solved.

The step wave delay update strategy sets the end time of
the control interrupt earlier than the peak and valley time of
the PWM triangular carrier to complete the update of the step
wave reference value. At the same time, an interrupt is set at
the peak and valley time of the PWM triangular carrier, and
the step wave voltage will complete the loading and output
at this interrupt to realize the synchronous loading of the step
wave and the PWM wave. Due to hardware delay and other
reasons, the time when the step wave voltage changes do not
completely correspond to the peak and valley value of PWM
carrier. If the delay is too long, the error pulse will still appear.
Therefore, it is necessary to analyze the allowable range of the
delay time.

The SM working in the PWM mode adopts unipolar fre-
quency multiplication modulation, and the reference voltage
amplitude of the improved NL-PWM is 0.5 at the step wave
jump point, so the PWM output voltage is 0 within the range
of 1/8 carrier period from the peak and valley values of the
triangular carrier. Therefore, the delay time #; needs to satisfy
the following condition

1
lta] < n (1D
where, f; is the frequency of the triangular carrier. When the
above condition is satisfied, even if the change time of step
wave voltage does not completely correspond to the peak and
valley value of PWM carrier, there will not be error pulse in
the output voltage of NL-PWM, as shown in Fig. 7.
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The step wave can be regarded as the superposition of
N — 1 components with amplitude £v.. After using the step
wave delay update strategy, the schematic diagram of the
i-th voltage component is shown in Fig. 8. In the figure, yix
(k = 1,2,3,4) is the phase of the k-th jumping point of the
voltage component, and

yit = = = yi) + Yeil

Yi2o = —Yi + Yei2

yi3 = Yi+Yei3

Yid = T = i + Yeid (12)

The expression of y; is shown in (6). yeix = f.ix/0.02*27
is the phase delay of the k-th jumping point of the voltage
component. tj is the delay time of the jumping point, and
the value of 7. meets the following requirement:

1
0<ter < — 13
_etk_zfc ( )

The Fourier series expression of the step wave voltage
Vstep1 after using the step wave delay update strategy is

o0
Vstepl = Z (C, cos ny + D, sinny) (14)

n=1
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where
Ve = . . . .
Cp=—— Z (sinny;; + sinny;; — sinny;3 — sinny;q)
nmw p
Ve N—-1
D, = E Z (cosny;1 + cosnyp — COSny;3 — COSnyi4)

i=1
Using the step wave delay update strategy, it can be
obtained that the output voltage expression of NL-PWM is

van =/ (NMve + €1 + A91)% + D2 cos (0,1 — gar)

o
+ Z MCOS (nw,t — @an)

n=2,4,6

o
+ Z \/(Cn + Aon)? + D2 cos (nw,t — @an)
n=3,5,7

00 +o00
+ Z Z [Ayn €OS (Mawet + now,t)] (15)

m=2,4,6 n==%1,£3,%5

where, the expression of A,,, is shown in (8), and the expres-
sion of ¢gy, is

D
arctan ! , n=1
%MVC + C1 + Ao1
@an = { arctan =", n=2,4,6--- (16)
n
arctan —————, n=3,57---
Cn +A0n

It can be obtained from (10) and (15) that, when using the
step wave delay update strategy to eliminate the error pulse
voltage, the NL-PWM output voltage expression is

Van = \/(NMvc +C1 + Ao + P11)* + (D1 + Q1)*
X cos (ot — ¢1)

o
+ Y VG Pa (D40, costuant — g
n=2,4,6

o
+ Y \/ (Co + Aon + P1)* + (Do + Qn)*
n=3,5,7
X cos(nw,t — ¢,)

00 +o0
+ Z Z Ay cos(mwt + nw;t) (17)
m=2,4,6 n=%1,43,45

The delay of the step wave will cause errors between the
amplitude and phase of the fundamental component of the
actual output voltage and the theoretical value, which will
have a negative impact on the output voltage. If the error is too
large, it means that the method is not feasible. According to
(17), for a CHB with 2-8 SMs, when the carrier frequency
fe = 3000Hz and M = 0.9, the amplitude error § and
phase delay ¢, of the fundamental frequency component of
output voltage after using step wave delay update strategy
are shown in Fig. 9. It can be seen from the figure that the
amplitude error § of the fundamental frequency component
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FIGURE 9. Error of fundamental frequency component of output voltage
(a: amplitude error; b: phase delay).

of the NL-PWM output voltage caused by step wave delay
update strategy is less than 0.9%, and the phase delay ¢y, is
less than 9 x 10737 The errors can be ignored in practical
application.

IV. SIMULATION ANALYSIS

A. SPECTRUM ANALYSIS OF PROPOSED NL-PWM
METHOD

Based on the results of theoretical analysis, the spectrums and
THDs of NL-PWM are analyzed when N = 2, M = 0.78,
and f. = 3000Hz.

According to (7) and (8), the spectrum of improved
NL-PWM is shown in Fig. 10(a), and the spectrum of tradi-
tional NL-PWM [22] is shown in Fig. 10(b). As can be seen
from Fig. 10, the THDs (2"-255" harmonics) of improved
NL-PWM and traditional NL-PWM are 33.6% and 34.58%
respectively, and the harmonic characteristics of improved
NL-PWM are better than traditional NL-PWM with the same
number of SMs.

According to (10), the spectrum of NL-PWM with the
presence of error pulse is shown in Fig. 11. We can see from
Fig. 11 that the THD (an-ZSS‘h harmonics) of the NL-PWM
output voltage after superimposing the error pulse is 35.53%.
Comparing Fig. 10(a) and Fig. 11, it can be seen that the error
pulse will increase the harmonic content of the low frequency
and reduce the NL-PWM output voltage. Therefore, it is nec-
essary to adopt reasonable method to eliminate the adverse
effects of error pulse.

According to (17), when using step wave delay update
strategy to eliminate error pulse, the spectrum of NL-PWM is
shown in Fig. 12. Comparing Fig. 11 and Fig. 12, we can see
that the proposed step wave delay update strategy can reduce
the NL-PWM output voltage THD (2"4-255™ harmonics) to
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34.53%, effectively eliminating the adverse effects caused by
error pulse.

B. VERIFICATION OF THEORETICAL ANALYSIS

In order to verify the effectiveness of proposed NL-PWM
methods, a CHB model is established in PSCAD/EMTDC
and main parameters of the model are shown in Table 2.

Fig. 13 and Fig. 14 show the output voltage simula-
tion waveforms and their enlarged waveforms at the step
wave jumping point of traditional NL-PWM and improved
NL-PWM, respectively. From the two figures, it can be seen
that the pulse width of the traditional NL-PWM is about 3us
at the jumping point, which has a narrow pulse problem.
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TABLE 2. Parameters of simulation model.

Parameters Values
AC grid voltage U/kV 10
Sub-module voltage v/kV 5.23
Modulation ratio M 0.78
Number of bridge arm sub modules N 2
Sub-module capacitance C/uF 2750
PWM carrier frequency f/Hz 3000

0.08 0.0825 0.085 0.0875 0.09 0.0925 0.095 0.0975 0.10
t/s

(a)

-5
-7.54
-10.0+
g

0.08216 0.082162 0.082164 0.082166 0.082168 0.082168 0.08217
t/s

(®)
FIGURE 13. Simulation results of output voltage of traditional NL-PWM

(a: output voltage waveform; b: waveform amplification at the jumping
point).

Whereas, a pulse width of about 40.s occurs for the improved
NL-PWM with narrow pulse disappearing. Also, the THDs
(2"-255™ harmonics) of improved NL-PWM and traditional
NL-PWM are 33.69% and 34.56% respectively. The har-
monic characteristics of improved NL-PWM are better than
that of traditional NL-PWM.

The improved NL-PWM output voltage waveform under
asymmetric regular sampling is shown in Fig. 15. Compar-
ing Fig. 5(a) and Fig. 15, we can see that the position of
the NL-PWM error pulse is consistent with the theoretical
analysis, which proves the correctness of the error pulse
generation mechanism. Before and after the error pulse is
eliminated, the spectrums of NL-PWM are shown in Fig. 16.
It can be seen that the output voltage of NL-PWM has a
higher low-frequency harmonic content in the presence of the
error pulse, and the THD (2“‘11-255th harmonics) content is
36.21%. After using the step wave delay update strategy, the
THD (2"4-255™ harmonics) content of the output voltage is
reduced to 34.48%. The step wave delay update strategy can
effectively eliminate the adverse effects caused by the error
pulse and improve the output voltage quality of NL-PWM.
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FIGURE 14. Simulation results of output voltage of improved NL-PWM
(a: output voltage waveform; b: waveform amplification at the jumping
point).
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FIGURE 15. Simulation results of output voltage of NL-PWM under

asymmetric regular sampling (a: before eliminating error pulse;
b: after using step wave delay update strategy).

In addition, comparing Fig. 11, Fig. 12 and Fig. 16, it can
be seen that after error pulse is eliminated, the simulation
results of the output voltage spectrum are consistent with the
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FIGURE 16. Simulation results of spectrums and THDs of output voltage

before and after eliminating error-pulse (a: before eliminating the error
pulse; b: after eliminating the error pulse).

o
[

=3

S
W

amplitude error (%)

<

2

>

<

<

o

Q

4

=

=

s | . . . |
2 3 4 5 6 7 8

N
(b

FIGURE 17. Simulation results of the error of fundamental frequency
component of output voltages (a: amplitude error; b: phase delay).

theoretical analysis results, which proves the correctness of
the theoretical analysis.

In order to study the error of NL-PWM caused by step wave
delay update strategy, a CHB with 2-8 SMs is built under
the condition of modulation ratio M = 0.9. When the step
wave jumping point is delayed to the peak and valley value
of triangular carrier, the amplitude error and phase delay of
the fundamental frequency component of NL-PWM relative
to the sinusoidal modulation wave are shown in Fig. 17.
Comparing Fig. 9 and Fig. 17, we can see that the theoretical
analysis of the error of the step wave delay update strategy
is correct. Fig. 18 shows the simulation result of the funda-
mental error of the output voltage due to asymmetric regu-
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FIGURE 18. Simulation results of the error of fundamental frequency
component of output voltages before eliminating error-pulse (a:
amplitude error; b: phase delay).
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FIGURE 19. Prototype of MMC.

lar sampling before eliminating the error pulse. Comparing
Fig. 17 and Fig. 18, it can be seen that before the error pulse
is eliminated, the fundamental frequency component of the
output voltage has an error within £1% in terms of amplitude.
The step wave delay update strategy does not significantly
increase the amplitude of the fundamental component of the
output voltage. In terms of the phase delay of the fundamental
wave of the output voltage, the delay update of the step wave
improves the phase delay, but the phase delay ¢ is less than
9 x 10737 after the error pulse is eliminated. The influence
can be ignored in practical application.

V. EXPERIMENTAL VERIFICATION

In order to verify the feasibility of the proposed NL-PWM
narrow-and error-pulse elimination method in the actual
system, this paper built a three-phase CHB prototype as
shown in Fig. 19 for experimental verification.
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TABLE 3. Parameters of prototype.

Parameters Values
AC grid voltage U/V 100
AC grid frequency f,/Hz 50
Number of bridge arm sub modules N 2
Bridge arm inductance/mH 1.5
Sub-module capacitance C/uF 2600
Sub-module voltage v/V 52
Rated power Py/kW 2
PWM carrier frequency f/Hz 3000
Modulation ratio M 0.78
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FIGURE 20. Experimental results of output voltage and narrow pulse with
the improved NL-PWM.
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FIGURE 21. Experimental results of output voltages and narrow pulses
with the traditional NL-PWM.

The main parameters of the prototype are shown in Table 3.
The AC side of the CHB prototype is connected to the AC
power grid, and the DC side is connected to a resistor to
simulate a DC load.

Fig. 20 and Fig. 21 show the phase voltage experimen-
tal results of the improved NL-PWM and the traditional
NL-PWM, as well as the local amplified waveforms in the
case of narrow pulse at the jumping point. The waveforms
in the lower half of the figures are the amplification of the
waveform in the red box in the upper half of each figures. In
order to ensure the safety of the experiment, the narrow pulse
less than 10us will be delayed to 10us. It can be seen from
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FIGURE 22. Experimental results of output voltage without eliminating
error pulse.
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FIGURE 24. Experimental results of spectrums and THDs of output

voltage before and after eliminating error pulse (a: before eliminating the
error pulse; b: after eliminating the error pulse).

(=]

Fig. 20 that the PWM pulse width at the step wave jumping
point of the traditional NL-PWM method is only 10us, and
there is a narrow pulse. In practical application, additional
control is needed to eliminate narrow pulse. And in Fig. 21,
the PWM pulse width at the jumping point of the improved
NL-PWM is 41us, and there is no narrow pulse generated by
voltage sharing switching.
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Fig. 22 and Fig. 23 show the experimental results of the
phase voltage before and after the error pulse is eliminated,
respectively. Comparing Fig. 5(a) and Fig. 22, it can be seen
that the position of NL-PWM error pulse is consistent with
the theoretical analysis. Comparing Fig. 22 and Fig. 23, it can
be seen that the error pulse shown in Fig. 22 does not exist at
the corresponding position of the output voltage waveform
shown in Fig. 23, and the error pulse elimination effect is
obvious, which can explain the correctness of the NL-PWM
error pulse theoretical analysis and the effectiveness of the
delayed update strategy in eliminating error pulse. After the
error pulse is eliminated, the CHB phase voltage THD (2M-
255%™ harmonics) is reduced from 35.56% to 33.79%, and the
frequency spectrum is shown in Fig. 24. Comparing Fig. 11,
Fig. 12, Fig. 16 and Fig. 24, it can be seen that the exper-
imental results of the phase voltage spectrum are basically
consistent with the simulation and theoretical analysis results,
proving that the proposed step wave delay update strategy
has good results in practical application. Also, the THD (2"-
255™ harmonics) of traditional NL-PWM in Fig. 20 (error
pulse is eliminated) is 34.22%, and the harmonic characteris-
tics of improved NL-PWM are better than that of traditional
NL-PWM.

VI. CNOCLUSION

Aiming at the problem of narrow- and error-pulse in
the implementation of NL-PWM, this paper proposed an
improved NL-PWM based on the round function and a step
wave delay update strategy. Through theoretical analysis,
simulation and experimental verification, the following con-
clusions can be drawn:

(1) The improved NL-PWM based on the round function
can avoid the narrow pulse of traditional NL-PWM while
maintaining good harmonic characteristics.

(2) The step wave delay update strategy can effectively
solve the problem of error pulse in NL-PWM, and it has a
little negative impact on the output voltage of NL-PWM.

This paper focuses on CHB converter. The next step is
to study the implementation methods of NL-PWM in other
converter topologies such as MMC to further improve the
application scope and practical engineering application value
of NL-PWM.
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