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Abstract—1In recent years, significant research and adoption
of periodic variable-switching frequency pulsewidth modulation
(PWM) (P-VSFPWM) have been observed in ac/dc voltage source
converters (VSCs). This technique aims to reduce ripple in ac
inductor current and dc capacitor voltage, suppress injected
current harmonic amplitudes for electromagnetic compatibility
(EMC) compliance, and minimize switching losses. However, the
presence of overlapped harmonic spectra from different switching
harmonic bands can lead to heightened harmonic magnitudes due
to the wide-frequency variation, necessitating additional filtering
measures. Surprisingly, there is notable absence of harmonic
spectra analysis under P-VSFPWM, despite the growing concern
over supraharmonics (2-150 kHz) emission injected to the grid
from the electric-vehicle (EV) chargers. To address this gap,
this article proposes the interleaved P-VSFPWM to mitigate
harmonics overlap without deviating from the intended purpose
of P-VSFPWM. A fast-acquisition supraharmonics model under
arbitrary P-VSFPWM has been proposed based on vectorization,
facilitating the subsequent filter design process. Furthermore, this
study identifies the optimal P-VSFPWM profile with minimal
required filtering inductance based on the spectra analysis. These
findings are verified by PLECS simulations and experimental
results.

Index Terms— Filter reduction, harmonics model, periodic
variable-switching frequency pulsewidth modulation (PWM) (P-
VSFPWM).

I. INTRODUCTION
HANCING power and gravimetric density holds signif-
icant importance for the application of electric-vehicle
(EV) battery chargers [1], [2], [3], [4], [5]. Pulsewidth-
modulation (PWM)-based voltage source converters (VSCs)
are preferably employed as the active front-end (AFE) ac/dc
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Fig. 1. Diagram of a typical two-stage three-phase EV charger.
converters in the two-stage EV chargers illustrated in Fig. 1
because of their robustness and simplicity [6]. Compared with
constant switching frequency PWM (CSFPWM), variable-
switching frequency PWM (VSFPWM) is commonly utilized
in the AFE converter of onboard EV chargers to achieve
higher power density. It has been particularly used in ac/dc
PWM-based VSCs for diverse applications and purposes,
such as switching loss minimization [7], [8], [9], [10], zero-
voltage switching (ZVS) [11], [12], [13], [14], ripple reduction
of the converter, such as the inductor current and dc-link
capacitor voltage [15], [16], [17], [18], and improvement of
the conducted electromagnetic interference (EMI) [19], [20],
[21], [22], [23], [24], [25], [26].

Table I summarizes the information of the implemented
VSFPWM methods from the aforementioned studied literature
works. Among all the VSFPWM methods, the periodicity
was exhibited in the variable-switching frequency profile. It is
important to note that frequency profiles predominantly cluster
within the supraharmonics range (2-150 kHz). In recent stud-
ies, supraharmonics have been reported to significant impact
on low-voltage distribution grids during the EV charging pro-
cess because of the high switching frequency for PWM [27],
[28], [29]. This range has gained significant attention from the
international standard-setting community due to recent efforts
to restrict emissions. EV chargers can potentially introduce
supraharmonic distortions into the power grid, as switching
frequencies within this range are frequently employed to
achieve efficient and cost-effective power converter designs.
This is especially pronounced in the case of onboard chargers,
where considerations, such as weight and size, further drive the
adoption of switching frequencies within the supraharmonic
range [29], [30]. More importantly, these periodic VSFPWM
(P-VSFPWM) methods also feature a widespread spectrum
caused by the wide-frequency variation setting Af.. The
spectrum width of each carrier-frequency harmonic band can
be estimated by Carson’s rule [23]. Therein, the parameter
8 = Af./f. has been used to quantify the overlap between

2332-7782 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I

SUMMARY OF THE SWITCHING FREQUENCY PROFILES FROM THE STUDIED LITERATURE [7], [8], [9], [10], [11], [12], [13], [14], [15],[16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], [26]

Switching Frequency Profile

Reference Cireuit 3" Purpose of use
Type fe (kHz) Afe/feo"  fm/fo Ok=1 (°) Periodic Sinusoid  adoption
[7] 3-& AC 1.6-12 0.765 2 270 Yes Yes No
(8] 30 AC >-15 0.5 2 2% Yes No No Switching Loss Optimization
[9] 1-® AC 16.7-90 0.687 2 0 Yes No No
[10] 1-® AC 2.5-10 0.6 2 270 Yes No No
[11] 3-®& AC 100-174 0.27 3 90 Yes No Yes
[12] 3-® AC 100-146 0.187 3 90 Yes No Yes Zero-Voltage-Switching (ZVS)
[13] 3-®& AC 48-140 0.49 2 270 Yes Yes No
[14] 1-® AC 35-75 0.36 2 90 Yes No No
[15] 1-® AC 8-24 0.5 6 90 Yes No No Current Ripple Reduction
[16] 3-® AC 6-10 0.25 6 270 Yes No Yes
[17] 3-& AC 6-10 0.25 6 90 Yes Yes Yes Voltage Ripple Reduction
[18] 3-® AC 6-10 0.25 6 270 Yes No Yes
[19] DC 75-105 0.167 - - Yes Yes -
[20] DC 30-166 0.69 - - Yes No -
[21] DC 108-132 0.1 - - Yes Yes -
[22] DC 140-260 0.3 - - Yes No - Electromagnetic-Interference
[23] DC 52-148 0.48 - - Yes Yes - (EMI) Improvement
[24] DC 140-260 0.3 - - Yes No -
[25] 1-® AC 9-11 0.1 2 0 Yes No No
[26] 3-& AC 25-50 0.333 6 270 Yes No Yes

* Afe. refers to the peak deviation of the switching frequency with regard to the centered frequency feo.
3-® adoption refers that the three phases of the converter implement the exactly the same frequency profile. "No’ can typically mean that the three phases adopt the switching

frequency profile with same shape but different phase shift.

the different carrier-frequency harmonics bands, as presented
in Fig. 2. It can be found that the most published VSFPWM
methods unfortunately result in the overlap between the first-
and second-harmonic band spectra, which might lead to an
increased harmonic peak, as depicted in Fig. 3. As a result,
more filtering efforts are required to comply with the harmonic
emission standards in the concerned frequency range. In [19],
[20], [21], [22], [23], and [24], the frequency profile can
be designed with restricted frequency variation to avoid the
spectra overlap to some extent while trading off the perfor-
mance of EMI reduction. Besides harmonic spectra overlap,
there is also lack of harmonic spectral analysis for power
electronics converters implementing the variable-switching
frequency at present. The spectra model of a single sinsuoidal
harmonic modulated by the sinsuoidal frequency profile has
been given and verified by [31] more than a decade ago.
Prior to that, [23] has already analytically derived the output
harmonics spectra under the sinusoidal switching frequency
profile based on the PWM in a dc/dc converter. However,
the derived model is simple in description but difficult for
practical use due to the use of the impulse function (Dirac
delta function). In [25], the output harmonic spectra under
P-VSFPWM in a single-phase full-bridge converter were
investigated, and the spectra model has been derived with the
description of triple Fourier series. Unfortunately, the derived
model is only applicable to the sinusoidal switching frequency
profile. Hence, it is unable to deal with the harmonics gener-
ated by the rapidly emerged P-VSFPWM applications, since
the most frequency profiles are nonsinusoidal as indicated
by Table I. In [32], the harmonic spectra model under arbitrary
P-VSFPWM profiles has been derived based on the triple

Fourier summation form for the conventional three-phase two-
level converter. However, the proposed algorithm to calculate
the harmonic spectra is time-costly and not straightforward
for practice, since it involves significant times of partition and
iterations.

In this article, the P-VSFPWM-based interleaved converter
is proposed to cancel out the odd-order carrier-frequency har-
monic bands, as illustrated in Fig. 3, thus effectively mitigating
the harmonic spectra overlap. Second, a generic harmonic
spectra model under arbitrary periodic variable-switching fre-
quency has been analytically derived, and an algorithm based
on vectorization has been proposed for fast acquisition of the
harmonic spectra. Moreover, the optimization of P-VSFPWM
profile for minimal filter inductance based on the spectra
model is also elaborated in detail. Finally, the proposed har-
monic spectra model, spectral analysis, and the optimization
are verified by the simulation and experiment on an interleaved
two-level VSC converter, as shown in Fig. 4. The contributions
of this article are as follows.

1) A fast-acquisition harmonic spectra model based on
vectorizaion has been for the first time proposed for
the grid-connected PWM converters implementing P-
VSFPWM.

A comprehensive spectra analysis has been conducted to
address the spectra symmetry of harmonics in one phase
and between three phases under P-VSFPWM.

Twofold optimization of the P-VSFPWM profile: to min-
imize the size of filter without increasing supraharmonic
peak or to significantly reduce supraharmonics while
maintaining the same filter size.

2)

3)
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Fig. 2. Frequency variation coefficient § = Af./fco of the studied
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Low-order harmonics: Supraharmonics (2~150 kHz):

IEC 61000-3 EN 50065-1, IEC 61000-3-8 (power line communication) — IEC/CISPR 11,
IEEF 519-2022 IEC 61000-4-19, IEC 61000-4-7 and CISPR 16 EN 55011
Fig. 3.  Spectra overlap in the supraharmonics range due to VSFPWM

operations.

The rest of this article is organized as follows. In Section II,
the modeling of the two-interleaved PWM converter under the
generic P-VSFPWM is presented. Section III introduces the
fast-acquisition harmonic spectra model based on vectoriza-
tion. A harmonic spectra analysis is elaborated in Section IV.
In Section V, the design guidelines of the optimal P-VSFPWM
profile are described. Section VI discusses the simulation and
experimental results verifying the proposed harmonic spectra
model and design. Finally, Section VI concludes this article.

10085

Vd c

=0 '
" J' JH 3¢ Grid
VYV P-VSFPWM
M
Gate signals easurement
‘ Controller warrier] - oo

Fig. 4. Three-phase interleaved two-level VSC implementing P-VSFPWM.

II. MODELING OF INTERLEAVED TWO-LEVEL
CONVERTER UNDER P-VSFPWM

A. Harmonic Spectrum Model for CSFPWM

According to the double Fourier analysis (DFA) [33], the
output voltage V,.(x,y) of one bridge leg from the PWM
converter depicted in Fig. 4 is the function of two independent
variables

o0 o0
ve(t) =N Z Z Co - /) ) (1)

m=0n=—0o0

The two variables x and y represent the phases of the carrier
and reference signals under the constant carrier-frequency
modulation, respectively, which are expressed as follows:

x(t) = w.t + 6,

y(t) = Wyt + 0, @)

where w,. and w, are the angular frequencies for the carrier
and reference signals (switching and fundamental frequencies),
respectively, and 6, and 6, are the phases for the carrier and
reference signals. In (1), m and n are the multiples of the
carrier and reference signal frequencies, while C,, is the
magnitude of the complex-form coefficients derived by using
the double Fourier integral (DFI)

1 T T X
m/ / vc(x,y)e/('””"”dxdy

Con = V Amn2 + anz' (3)

It is noteworthy that C,,, is determined by the implemented
modulation method, e.g., the type of the carrier signal (saw-
tooth or triangle) and the regular sampling (symmetrical or
asymmetrical). Under the carrier-based PWM strategy of the
interleaved converter, the two interleaved bridge legs share
the same modulation reference signal but adopt the opposite
triangle carriers, which are interleaved by 180°, as depicted in
Fig. 5. Hence, one has

Amn + ]an =

X1 =x,+7

Y1 =y

4)

where x; and x, are the phases of the two carrier signals,
respectively. Taking one phase of the interleaved converter as
an example, the two interleaved bridge legs can be represented
by the circuitry shown in Fig. 6, where v, and v, are

Authorized licensed use limited to: TU Delft Library. Downloaded on January 13,2025 at 12:54:29 UTC from |IEEE Xplore. Restrictions apply.
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Fig. 5. Carrier-based PWM for the interleaved two-level PWM converter.
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Fig. 6. Circuit simplification of the interleaved bridge legs.

the output voltages of the interleaved bridge legs. veq is the
equivalent output voltage to the load, which is the concern
of the supraharmonic sources. Based on the Kirchhoff’s laws
through circuit analysis, one can obtain the followings:

dil
Vel — Veqg = Lca
dip
Ved — Veqg = LCE (5)
i = lc/2 + lcir
ir = lc/2 — leir

where i is the circulating current and L. is the converter-side
inductance for each bridge leg. Furthermore, (5) can be
simplified as follows:
Vel + V2 L. di. Vel + V2 ,di;
tg = = E L= SR 2 (6)
2 2 dt 2 dr

Based on (6), the equivalent three-phase circuit of the grid-
tied two-level interleaved converter with the hard-paralleling
inductors is described in Fig. 7, where the effective inductance
contributing to the filtering of the switching harmonics is
reduced to half.

From the harmonics point of view, the equivalent voltage
Veg NOW becomes

Vel + Ve2

Veq = T (N

and is the only supraharmonic sources from the PWM con-
verter to the grid. Combining (1), (4), and (7), the time-domain
expression of veq is obtained as follows:

o0 o0
veg(t) = NR| D
m=0

Cmn - ej(mx-HLy) . (8)
oo

n=—

m=0,2,4,6,8,...

It can be noted that veq still remains the same expression in
time domain, while its odd-times carrier-frequency harmonics

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 10, NO. 4, DECEMBER 2024

Fig. 7. Equivalent three-phase circuit representation of the grid-tied inter-
leaved two-level converter with Cls.

fc(t) fb fCO fc(t) fb fc()
</ ~ <

1 1 1 12 1 1 1 z

[o T 2T, 3Tm 10 Tm 2T 3T

(a) Sinusoidal profile (b) Triangular profile

Fig. 8. Commonly used periodic switching frequency profiles. (a) Sinusoidal
profile. (b) Triangular profile.

vanish due to the interleaving method. Only the even-times
carrier-frequency harmonics exist with the same magnitude as
that in the noninterleaved PWM converter.

B. Harmonic Spectrum Model for P-VSFPWM

When the periodic VSFPWM is applied, the phases of
the carrier and modulation reference signals are modified as
follows:

x(t) = ZJT/ Sfe(r)dr + 6,
0
(@) = wot + 0,

9

where the periodic frequency f.(¢) can be generally expressed
with the following Fourier series:

fo(0) = fuo+ D Cisin@rkfut + 6,) (10)

k=1

where f.o is the centered switching frequency and f, is
the frequency of the periodic switching profile. Some typical
periodic profiles, such as sinusoidal and triangular profiles,
are illustrated in Fig. 8, where f}, is the peak deviation of the
frequency from the centered frequency. Typically, f, = C; for
the sinusoidal profile.

The harmonic spectrum model of the converter output
voltage under P-VSFPWM, hence, becomes extremely com-
plicated, since the new variable f,.(¢) is coupled with x(z),
and thus, the triple Fourier analysis (TFA) is not applicable.
By substituting (9) and (10) into (1), the time-domain expres-
sion of the bridge-leg output voltage under P-VSFPWM is
derived as follows:

o0 o0
v(t) = N z Z Con - ol @m(m Jo fe@dT+nfot)+0umn)

m=0n=—0o0
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[e9] [e.9]
=N Z Z Cypy - @) QTS0+ 01+ O+ )

m=0n=—00

s G

m .
| |e—,/—kfmk cos(2rkfnt+6;)
k=1

multiplication term due to P-VSFPWM

(11)
where
Opn = m6. + nb,
o0
mCy, cos(6y)
m = —_—. 12
¢ Z‘ 7 (12)

In (11), the multiplication term is contributed by the vary-
ing switching frequency. It can be noted that the model
is not straightforward in the perspective of harmonic mag-
nitude and indirect to be used for calculation. In [32],
therefore, the model has been simplified and derived into the
triple-summation series form by implementing Jacobi—Anger
expansions [33]. Combined with the previously discussed mer-
its of the interleaved bridge legs, veq under the P-VSFPWM
can be formulated as follows:

oo o o0
Ueq(t) =N Z Z Z {Cmnl . ejzn(mfnotanfotlefmt)}
m=0n=—00 [=—o0
m=0,2,4,6,8,...
(13)
where
Coni = Conn - o) Gunten) h(m, 1) (14)

h(m, l) = Z (H J, (n]:T(:k) . ej(r((?k—n/Z))) (15)
> k=l \k=1 mn

where J,(x) is the Bessel function of the first kind. In (14),
C,un can be expressed as follows:

2VdCJn[(m+n$—;)%] o, T
Coun = sin|:(m+n +n)—i|.
n(m—}—nu‘;’—o) @co 2

(16)

when the symmetrical sampling is applied with the sinusoidal
pulsewidth-modulation (SPWM) strategy. Specifically, when
fe(t) is a sinusoid with the frequency f,,, the coefficient C,,,;
is reduced to

mC1
Cont = CrnJi

) . ej(0mn+t.0m+l(91 —r/2)) (17)

which is simpler to be calculated. It should be highlighted
that the triple-summation series form in (13) is also applicable
to other PWM methods, such as THIPWM (third-harmonic-
injection PWM), SVPWM (space-vector PWM), and DPWM
(discontinuous PWM) [33]. However, in this work, only
SPWM is adopted for the sake of simplicity in analysis.
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III. PROPOSED FAST-ACQUISITION HARMONIC SPECTRA
MODEL BASED ON VECTORIZATION

A. Vectorization-Based Algorithm

It is noteworthy that (13) describes only the individual
harmonic content with magnitude and phase at the frequency
determined by m, n, and /. However, the harmonic at a certain
frequency is the sum of these individual harmonics, which
share the same frequency due to the different combinations of
m, n, and /. Hence, the harmonic spectra of the output volt-
age in the interleaved two-level converter cannot be directly
calculated based on (13). In [32], a calculation algorithm
based on partition has been proposed to generate the voltage
spectra. However, this algorithm requires significant amount of
partition operations and iterations and, hence, becomes very
complicated for practical use. Instead, a spectra-acquisition
algorithm based on the vectorization operation is proposed in
this work for faster calculation of the harmonics spectra

N e N
N = 2N+1
| —N —N
B 2h-L+1
Cun - Cm.N
Con = : : 2N+1
_Cm,_N Cm,—N
-~ 2h-L+1
Om.N + ©m Om.N + Om
Omn = : : 2N+,
| Om,—N + Pm On,—N + Om
2h-L+1

(18)

1) Step 1—Matrices Generation: To start with simply,
matrices with the dimension (2N + 1) x (2h-L + 1) presented
in (18) and (19), where h is the ratio between f,, and f,,
are first constructed to define harmonics information, e.g.,
magnitude, phase, and spectral position of the mth carrier-
frequency harmonics. For the convenience of harmonics, / is
usually selected to be an integer as observed from Table I.
It should be noted that the element in matrices Ly and Hpy,
only occurs every h columns, and the rest columns have the
elements of 0. Hereafter, the matrix Cy,n can be established
from the Hadamard product (®, also called elementwise
product) and sum of these created matrices

Cmnl = Cmn © ej@m" O Hp

Rmnl =m- Mf +N +Lh (20)

where M is the ratio between f;o and f,.

2) Step2—Vector Acquisition: The matrices Cyn and Rpyn
contain the spectral information of the harmonics in terms of
magnitude and frequency position. Each diagonal of Ry, indi-
cates a certain frequency, where the corresponding diagonal of
Cm contains the individual harmonics. To obtain the resultant
harmonic vector Hy,, the elements of the matrices should be
summed up according to the diagonals

H, = diag(cmnl) 21

Authorized licensed use limited to: TU Delft Library. Downloaded on January 13,2025 at 12:54:29 UTC from |IEEE Xplore. Restrictions apply.
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where the function diag sums up each diagonal of an arbitrary
matrix into a vector and can be easily found and implemented
on various programming platforms, such as MATLAB and
Python.

Different from Hy,, the harmonic position vector Py, is
formed by the following:

P, = trace(Ryn1)
=m-My+[-N—h-L --- 0 N+h-L]

(22)

where the function trace is to acquire the outermost element of
the matrix from bottom left to top right. This can be done by
concatenating either the first column and row or the last row
and column with the direction from bottom left to top right.
The harmonic vectors Hy, represent the mth carrier-frequency
switching harmonics with their spectral positions (harmonic
order) listed in vector Pp. The size of the two vectors is
1 x 2N +2h- L+ 1), indicating that the harmonic sideband
ranges from —(N +h-L) to (N + h - L) for the mth carrier-
frequency switching harmonics.

However, the accuracy of Hy, decreases with the increase
in m if the same N and L are used to calculate the
carrier-frequency harmonics for all orders. This is because the
harmonics range of Hy, naturally expands with multiplication
of m, and the fixed size of Hy, might not include the entire
harmonic spectrum scope. The same N and L with large
enough values can be applied to all matrices regardless of m
to avoid this inaccuracy. Nonetheless, the more computational
efforts have to be traded off. Therefore, N,, and L,, are used
instead of N and L for matrix generation

Nm=m~N() (23)
Lm =m- L()
where Ny and L, are the fixed values independent of m. For
instance, by applying (23), the matrix dimension for the second
carrier-frequency harmonics will be doubled in both the length
and width compared with that of the first carrier-frequency
harmonics.

3) Step 3—Harmonic Spectra Concatenation: Thereafter,
the harmonics generated in different carrier-frequency ranges
(e.g., first, second, and third carrier-frequency harmonics) can
be easily calculated. To attain the final harmonic spectra,
the harmonic vectors Hy, with different m values should be
concatenated into a new harmonic vector H with the range

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 10, NO. 4, DECEMBER 2024

defined by the combined position vector P

H = cat(Hy,),
P = cat(Py),

(m=15273a"-7mmax)

m=1,2,3,..., Mnax). 24)

The cat() function is realized by summing up the elements
from all H,, vectors (similar to Py,) at the same harmonic
orders, as depicted in Fig. 9. The complete diagram of the
proposed algorithm of the harmonic spectra acquisition under
P-VSFPWM is demonstrated in Fig. 9. Besides, to obtain the
voltage harmonic spectra with (13), some simplifications are
adopted to accelerate the calculation with adequate accuracy.
Usually, the first three terms in the Fourier series expansion
of the periodic waveform can give a satisfactory approxima-
tion [32].

B. Differential-Mode (DM) Harmonics

In the three-phase three-wire ac/dc system, as illustrated in
Fig. 3, only the DM currents can flow into the three-phase grid
or load when considering supraharmonics frequency ranges.
This is due to the inherent large impedance that prevents the
common-mode (CM) or zero-sequence currents from flowing
into the grid or load. From the interest of harmonics and
supraharmonics emission and the related filter design, only
the DM harmonic components are concerned in terms of the
grid-side current harmonics. In general, the DM and CM
components satisfy the following relations:

Xg+xp +x.=0, Differential-mode
Xa = Xp = X¢,
Vg + Vp + U,
3 )
where j represents the three-phase voltages and currents in
the circuit. Alternatively, the terms with n equal zero, and the
triple multiples in (13) should be rid of from the original har-
monics in order to obtain only the DM harmonics components
according to (13) and (24). However, this approach can be only
used when the three phases adopt the same frequency profile.
Fig. 10 depicts the original and DM components of the con-
verter output voltage under both CSFPWM and P-VSFPWM
(sinusoidal profile). It can be seen that DM and CM compo-
nents are separately lying in the spectrum. Moreover, the DM
harmonic spectrum is only part of the original one and has
lower magnitudes. Besides, it is noteworthy that the CSFPWM
method only generates several considerable harmonics at n =
0,+2, and +4. This feature can be used in the proposed
algorithm to reduce the calculation time by setting N < 4.

Common-mode

(j=a,b,c)

(25)

Vjdm = Vj —

—L-h (=L+1)-h (L=1)-h --- L-h
Li=| : : RN T
| —L-h (=L+1)-h (L-1)-h --- L-h
_ 2h-L+1
h(m,—L - h) h(m, (=L +1)-h) h(m, (L —1)-h) h(m, L - h)
Hpy = : : : : 2N+1 (19)
| h(m, —L - h) h(m, (=L +1)-h) h(m, (L —1) - h) h(m, L - h)

2h-L+1
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Fig. 9. Proposed harmonic spectra-acquisition algorithm based on vectorization.

CSFPWM Sine-VSFPWM
300 ‘ 100 : :
Z n =0 fm - 6.f()
$ 150(n=-2 | n=2 |50
I ~a, /
3 n=-—4 n=4
-0 i e o 0
23 24 25 16 24 32
f [kHz] f [kHz]
| CM+DM DM |

Fig. 10. Original (CM + DM) and DM components of the converter output
voltage harmonics under CSFPWM and P-VSFPWM.

IV. SPECTRAL ANALYSIS OF P-VSFPWM
A. Spectra Symmetry Between Three Phases

According to (11)-(15), each carrier-frequency harmonic
spectrum of the converter output voltage is influenced by not
only the frequency profile but also the modulation and carrier
signals. In other words, the phase angle 6,,, and ¢,, determine
the shape of the spectrum significantly. Usually, 6y is restricted
by the intended P-VSFPWM application and, hence, cannot be
modified. The influence of 6, can be neglected by aligning the
carrier and modulation signals. However, 6, is inherently 120°
phase-shifted between three phases, and the frequency profile
for each phase has to be phase-shifted as follows to have the
symmetrical output:

fex(t) = fuo+ D CisinQukfut +k - Oox +6¢)  (26)
k=1

where x = a—c. Compared with (10), where the three phases
adopt the same frequency profile, (26) allows the three phases
to operate P-VSFPWM independently. The spectra of the
first carrier-frequency harmonics of the three-phase output
voltages are presented in Fig. 11, with the frequency profiles
determined by both (10) and (26) under f,, = 2f,.

It can be noted that the three-phase output voltages are
not symmetrical in terms of both original (CM + DM) and
DM harmonics with the same frequency profile [obtained
through (10)] applied to the three phases. By contrast, the three
phases exhibit the same original (CM + DM) harmonics if
three phase-shifted frequency profiles [obtained through (26)]
are used for three phases, respectively.

Unfortunately, the DM components are still three-phase
asymmetrical. In order to maintain three-phase symmetrical
for both original (CM + DM) and DM harmonics, as shown
in Fig. 11, f, should be selected to be triple multiple of
fo [32]. In this case, (10) and (26) become the same, and
the three phases adopt only one frequency profile. However,
in other cases where f,, is not triple of f,, the phase that has
the largest critical harmonic [32] should be considered for the
filter design.

B. Impact of f,, and 6, on the Harmonic Spectrum

The phase shift 6, plays a significant role in the spectrum
shape of the P-VSFPWM output voltages. More specifi-
cally, the value of 6; determines the alignment difference
between the frequency profile and the modulation reference
signals [34]. It can be found in Table I that 6, is usually 0°, 90°,
and 270° in the previous P-VSFPWM applications. Hence,
the voltage spectrum (phase A) of the interleaved two-level
converter is plotted in Fig. 12 under 6, 0°, 90°, 180°,
and 270° to highlight the differences. It is worth mentioning
that (10) is adopted for the switching frequency profiles of the
three phases. Based on the results, it can be summarized as
follows.

1) The value of 0; influences the shape of the voltage
harmonics spectrum.

Both CM + DM and DM harmonic spectrum of 6, = 0°
is symmetrical to that of 6; = 90° with regard to the
axis f = 2f.. The same symmetry happens between
the spectra of 8; = 90° and 6; = 270°.

The harmonic spectrum has a larger peak when f,,
equals even multiples (2k) of f, as compared with odd
multiples (2k—1).

Specifically, for the case f,, = 6f, depicted in Fig. 12,
the DM voltage harmonic spectrum generated at 6; = 90°
has its peak on the right-hand side of the axis f = 2f.
Consequently, it will lead to smaller current harmonic peaks
compared with other cases of 0; values under the same filter,
since the filter attenuates the voltage more with the increase
in frequency. Therefore, this shape is preferred from the
perspective of minimum filtering inductance for the harmonics
emission standard.

2)

3)
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Fig. 11. Spectra of the three-phase output voltages with the sinusoidal frequency profiles determined by (10) and (26): fco = 24.05 kHz and f, = 2 kHz.

C. Impact of Different EV Charging Power Conditions

In a PWM converter connected to a public grid, employing
CSFPWM, e.g., SPWM, the switching harmonics are solely
governed by the dc-link voltage [33], as indicated by (16).
For both ac onboard and dc off-board fast-charging sys-
tems, the power electronics structure involves two stages: the
grid-connected PFC converter and the isolated dc/dc converter,
interconnected through the dc link. Charging typically adheres
to a CC—CV (constant current—constant voltage) profile, result-
ing in variable charging power (load power) during operation.
Nevertheless, the dc-link voltage remains constant during
charging, regulated by the PFC rectifier’s voltage controller.
Consequently, switching harmonics remain consistent across
different load power levels.

The PFC converter in the EV charging system is exclusively
designed for operation at unit power factor (PF = 1), delivering
pure active power to the load. Consequently, other power
factor scenarios are not addressed in this article. Importantly,
it should be noted that load conditions with varying power
factors have no impact on the generated switching harmonics.
This observation can be explained by (16), where differences
in reactive power under distinct power factors only result in a

phase angle shift of the modulation voltage reference, denoted
by the shift in 6,. This shift alters the phase of the switching
harmonics as a whole but does not affect the magnitude of the
switching harmonics C,,,.

Hence, various load conditions exert no influence on
the switching harmonics generated through CSFPWM. Con-
sequently, the impact of different load conditions on the
switching harmonics generated by P-VSFPWM is identical.
This uniform effect arises from the harmonics model of P-
VSFPWM, which is established upon and derived from the
CSFPWM model, as indicated by (13) and (14).

V. OPTIMIZED P-VSFPWM DESIGN

In this section, an optimized P-VSFPWM design is devised
aiming to not only satisfy the grid harmonic standards with
less filtering, but also to keep the good performance of
current harmonic distortion level and power efficiency close
to which would be attained with the utilization of CSFPWM.
As discussed earlier, f is selected to be triple multiple of f,
for the symmetrical three-phase harmonic spectra. Besides,
fm can also be chosen to be even multiple of f, to locate
all the switching harmonics only at odd-harmonic order [32],
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Fig. 12.  Harmonic spectrum of (phase A) output voltage of the interleaved two-level converter under different values of f;, and 6; with sinusoidal profiles

determined by (10): fco = 24.05 kHz and f, = 6 kHz.

in order to avoid the stricter harmonics emission limit, e.g.,
IEEE 519-2022 [35] for the even-order harmonics. Therefore,
fm = 6f, is used in this work. Besides, 0; is selected to be
90°, as it requires less filtering and, hence, smaller inductance
as compared with other values, according to Fig. 12 and the
analysis in Section IV-B.

A. Filter Reduction by P-VSFPWM Optimization

The critical harmonic is defined as the most prominent peak
harmonic in the current harmonic spectra [36], [37], [38]. This
critical harmonic can be found by

Tt = i el = max| — @7
(L + L))

where o starts from wpi, to infinity. The minimum total

required inductance to attenuate the critical harmonic below

the emission limit Iy set by the supraharmonics standard is

Vcrit
Weritdga
Regarding the standards for supraharmonics, IEC 61000-4-
30 has given an informative guidance in Annex C about this

frequency range [29]. Useful information about measurement
in supraharmonic range can be found in IEC 61000-4-7 Annex

(28)

LT—req =

B (2-9 kHz) and in CISPR 16 (9-150 kHz). Unfortunately,
the standard for this frequency range is still evolving, and
the supraharmonics emission limits are still under discussion.
The suggested harmonic emission limit from the currently
available standards, such as EN 50065-1 and IEC 61000-
3-8, is only used for power line communication. Besides,
the IEC 61000-4-19 standard is used for immunity test for
the electrical and electronic equipment against conducted
DM disturbances and signaling in the supraharmonics range
but is not especially for the harmonic emission from the
power electronic converter [30]. Hence, this work still uses
the harmonic emission limits from IEEE 519 for simplicity
of demonstration, because the main goal of the proposed
P-VSFPWM is to show the relative reduction of require
inductance under the same standard. The adoption of different
standards does not affect this value.

In a symmetrical (between left and right of the spectrum)
carrier-frequency harmonic spectrum of the converter output
voltage, the critical harmonic is the one with the highest
magnitude on the left-hand side, as depicted in Fig. 13,
because the filtering attenuation increases with the frequency.
However, the spectrum shape might not be symmetrical due
to the various frequency profiles (as discussed in Section III).
In some extreme cases where the peak voltage harmonic occurs
on the right-hand side of the spectrum due to the frequency
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Fig. 13. Critical harmonic under the P-VSFPWM method.

profile or the harmonics overlap, the critical harmonic is also
located on the right-hand side of the centered frequency f.
In fact, such a harmonic spectra shape is preferred, since it
lowers down the filtering demand compared with other cases.
As demonstrated in Fig. 13, the distance between f,, and
ferie 1S defined as Af. Since the voltage harmonic spectra
are symmetrical (both between phases and left-right sides)
when f,, = 6f,, the position of the critical harmonic is
only associated with the frequency variation band f;. It is
interesting to observe this quantified relation in order to
find a minimum critical harmonic under a certain filter or,
in other words, the minimum required inductance Lt.req (€.g.,
L filter) for the concerned harmonic standard. The relation
between Lt.q and f; is depicted in Fig. 14 under the SPWM
method with various frequency profiles for interleaved two-
level converter, by using the parameters as listed in Table II.
It is noteworthy that the required inductance under the periodic
switching profiles always begins with a drop and then starts
to increase at a certain value of f;,. Therefore, there is a clear
minimum Lt.,q point for the P-VSFPWM profiles when f,
changes. Both sinusoidal and triangular profiles lead to the
reduction of the required inductance compared with the con-
stant frequency profile. More specifically, the triangle profile
has a flatter function relation but results in a smaller required
inductance value for L filter compared with sine profile. The
maximum reduction for triangular and sinusoidal profiles is
83.7% and 76.7%, which are achieved at f;, = 9300 Hz and
f» = 5400 Hz, respectively. Although Fig. 14 presents only
the case of 6; = 90°, the value of 6; has negligible impact
on this relation depicted in Fig. 14 based on the analysis in
Section IV-B.

B. Trade-Off: Carrier-Frequency Harmonic Distortion
(CHD)

As the trade-off to reshaping the harmonic peak by the
P-VSFPWM methods, harmonics, which are concentrated at
several frequencies, are spread over a wide range of frequency.
Based on Carson’s rule [23], the energy brought by these
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Fig. 14. Relation between L1 and f;, under the SPWM method with various
frequency profiles for interleaved two-level VSC: f.o = 24.05 kHz, f,, = 6f,,
and 6; = 90°.

harmonics will remain after the frequency changed from
CSFPWM to P-VSFPWM. Roughly, 98% of the energy is
spread over the harmonics residing in the frequency band B,
as depicted in Fig. 15, which can be roughly estimated by

By, =2(fm+n- fp)

where h is the carrier-frequency harmonic order. In other
words, the following relations are satisfied:

2 ~ 2
CHD, , = Z Vivse & Z Vi-cse

heB,

CHD, = |> CHD},

where CHD,,,, measures the voltage CHD level of certain
carrier-frequency harmonic band B,, and CHD, measures the
CHD level over the whole frequency range. Under the filter
with inductance L, CHD of the current can be similarly derived

as follows:
Vivse )
a)hL

> CHD;,

where I; is the fundamental current component of the con-
verter under the rated power and /% is the harmonic order inside
the carrier-frequency band B,,. It is important to highlight that
CHD essentially reflects the distortion level of the waveform,
as it encapsulates the root-mean-square (rms) information of
the waveform. Assuming a symmetrical DM voltage harmonic
spectrum of the nth carrier-frequency harmonics, by combin-
ing (29)—(31) together, it can it can be proved that the CHD,_,
of the P-SVFPWM is always larger than that of CSFPWM.
In fact, this has also been verified by Fig. 16, which sums
up the CHD generated by various switching profiles under
the SPWM method in the interleaved two-level VSC till

(29)

(30)

CHD;, = — -

CHD; = 31)
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Fig. 16. Current and voltage CHD of the interleaved two-level VSC under the
SPWM method with various frequency profiles: f.o = 24.05 kHz, f,, = 6f,,
and 0; = 90°.

150 kHz. Since the interleaved two-level VSC cancels out the
odd carrier-frequency harmonics, only the second and fourth
carrier-frequency harmonics are included in the calculation of
CHD considering the supraharmonics range.

It is crucial to emphasize that various P-VSFPWM profiles,
including CSFPWM, exhibit an identical level of harmonic
distortion in the converter’s output voltage, provided they share
a centered switching frequency f.. This has been verified by
Fig. 16, where the switching frequency (carrier-frequency) har-
monics distortion CHD,, remains nearly constant irrespective
of the periodic profiles and the frequency variation band fj.
Consequently, voltage harmonics are not a reliable indicator
for assessing the harmonics performance of the P-VSFPWM
profiles. It can be found in Fig. 16 that the CHD; under
P-VSFPWM is always larger than that of CSFPWM, which
corresponds to the previous analysis. With the increase in
f»» CHD; always increases, which clearly is the trade-off for
the reduced current harmonic peak brought by P-VSFPWM.
Therefore, the current instead of voltage harmonics is ana-
lyzed in this article to evaluate different P-VSFPWM profiles.
According to Fig. 14, CHD; is 2.63% and 2.49%, respectively,
for the selected optimal profiles, which was only increased by
12.4% and 6.4% as compared with 2.34% CHD,; of CSFPWM.

C. Impact and Limitation of P-VSFPWM Optimization

In addition to addressing CHD, it is important to consider
other trade-offs and potential negative impacts associated with
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TABLE I
SYSTEM PARAMETERS FOR SIMULATION AND EXPERIMENT

PARAMETER VALUE

Grid interface

Voltage Ve (rms) 230 V

Fundamental frequency f, 50 Hz

Converter-side inductance Lo 340 puH

Grid-side inductance Lg 2.28 mH

Converter

Semiconductor IKWI15N120BH6

Blocking voltage Vg 1200 V

Collector current I 15 A (T. = 100°)

Operating power 3.3 kW

Ve 700 V

Cac 365 uF

feo 24.05 kHz

Modulation

PWM SPWM

Frequency profile C.SFPV.VM, Triangular
Sinusoidal

this optimization process. These include the possibility of
overlapped harmonic spectra and low-frequency resonance
issues. Harmonic overlap becomes more likely when the fre-
quency variation band f;, is sufficiently large. Low-frequency
resonance can occur when the centered frequency f. is low,
and f, is large enough, potentially leading to interactions
between the first carrier-frequency switching harmonic and the
LC or LCL filter resonance. Fortunately, these side effects
have been effectively mitigated through the adoption of an
interleaved topology and the use of an L filter in this work.

The proposed optimization is only applicable to the PWM
converter implementing P-VSFPWM or other spread-spectrum
techniques. The PWM converters, e.g., two-level, multilevel,
cascaded H-bridge (CHB), and modular multilevel converters,
can be analyzed by the DFA approach, and the switching har-
monic model for CSFPWM can be subsequently obtained in a
similar way. The same mathematical manipulations from (11)
to (13) can be used to derive the switching harmonics model in
triple-summation form for these topologies implementing P-
VSFPWM. The attenuation (or admittance) of the filter, e.g.,
L, LC, LCL, and even higher order types, changes opposite
to Vit as fp varies, indicating the existence of the minimum
LT—req-

D. Discussion on Harmonics Overlap

The harmonics overlap between different carrier-frequency
harmonic bands usually results in an enhanced harmonic peak
in the output voltage of the PWM converter. In normal cases,
this enhanced harmonic peak is not concerned for quite some
cases, because the critical harmonic still appears in the left
half-part of the first carrier-frequency harmonic band after
the overlap between the first and second carrier-frequency
harmonic bands. However, in other scenarios, for instance, the
spectrum under f,, = 2f, and 8, = 270° shown in Fig. 12,
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Fig. 17. Overlap from the first and second carrier-frequency harmonics.

the overlap between the different harmonic bands increases
the critical harmonic by a considerable amount, as depicted in
Fig. 17.

In fact, several approaches can be adopted to avoid or min-
imize this effect. First, f,, can be selected to be large enough,
so that the spectrum shape becomes quasi-symmetrical, which
is proved by Fig. 12. Hence, the critical harmonic is located
in the left half-part of the spectra regardless of the overlap.
Another alternative method is to adopt LCL filter instead of
L filter. The critical voltage harmonic located at the right
half-part will be shifted to the left-hand side by the much
higher attenuation brought by the LCL filter. Hence, the
harmonic increment caused by overlap is not critical for
filter design. However, these approaches cannot be applied
to applications where the profile and passive elements are
already selected and fixed for specific purposes, such as ZVS
operation. This work adopts the interleaved circuit structure,
which can cancel out the odd-harmonic bands to avoid the har-
monics overlap. Meanwhile, the profiles and operations used
for the noninterleaved topology still apply to the interleaved
circuit. In this interleaved operation, the switching profile
used for the original operation should be halved, for instance,
f.0 = 48.05 kHz and f, = 32 kHz become f.o = 24.05 kHz
and f, = 16 kHz, so that the semiconductor switching losses
can be minimized for this interleaved operation. Hence, the
only trade-off by this method is the circuitry complexity due
to the doubled number of switches.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the accuracy of the proposed algorithm and the
optimal switching profiles for the minimum required induc-
tance, both simulation and experimental tests are conducted in
the three-phase interleaved two-level VSC depicted in Fig. 4.
First, a PLECS-based simulation is carried out. Thereafter,
the adopted periodic switching profiles are realized on a
digitally controlled hardware platform, as shown in Fig. 18,
with the DSP TMS320F28379D from Texas Instruments. The
key specifications of the considered VSC are listed in Table II.

The conducted experiments uses a 10-kW rated prototype
based on the three-phase interleaved converter illustrated in
Fig. 18. The power semiconductors employed for this setup
consist of 12 1200-V class discrete IGBTs (IKW15N120BH6)
provided by Infineon Technologies, with antiparallel diodes.
For thermal management, natural convection PCB-mounted
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Fig. 18. Interleaved VSC prototype and experimental test bench. (a) Proto-
type. (b) Test bench.

heat sinks are employed to maintain safe device junction
temperatures. The control system is facilitated by a 200-MHz
dual-core microcontroller unit (MCU) from Texas Instruments,
integrated into a LaunchPad development kit. A user-PC con-
trols the programed operating modes within the MCU through
a USB communication link. Importantly, this link is electri-
cally isolated using an XDS100v2 debug probe for safety and
precision. Furthermore, to ensure a high CM rejection ratio
(CMRR) and prioritize safety, the control and power boards
are interconnected via optical fiber links. In implementing
the conventional d—q controller, all necessary analog-to-digital
conversions (ADC) of inverter-related measurements—such as
ac converter and grid-side terminal currents, ac grid voltages,
and dc terminal voltages—are carried out on the power board
using 10-MHz delta—sigma modulators. The acquired data are
then transmitted to the MCU’s sigma—delta filter channels via
a 50-BMd fiber optic transmitter.

The inductor L. depicted in Fig. 18(a) is built with two
identical toroidal-core inductors with 340 wH, which are
measured with an impedance analyzer. The grid-side inductor
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Spectra comparison among analytical, simulation, and experimental results: the voltage harmonic spectra (phase A) of the interleaved two-level

converter under fco = 24.05 kHz, f;, = 2 kHz, and f,, = 6f,. Both the sinusoidal and triangular periodic profiles were tested at 6; = 0°, 90°, 180°, and

270°.

L, is built with amorphous cut-core (AMCC, also called
Metglas) material and litz wire and rated as 2.28 mH. The
component value selection was devised using the design
guideline presented in Section V while considering the SPWM
method and triangular profile. For experiment, the three-phase
interleaved two-level VSC is operated in the inverter mode
at full power factor. All of the experimental waveforms and
data used in this article are recorded by the oscilloscope
YOKOGAYA DLMS5038.

A. Verification of the Proposed Harmonic Spectra Model

The voltage harmonic spectra (phase A) of the interleaved
two-level converter under fco = 24.05 kHz, f;, = 2 kHz, and
fm = 6f, were obtained through conducting FFT analysis of

the converter output voltage measured from the simulation and
experiment. Both the sinusoidal and triangular periodic profiles
were tested at 6; = 0°, 90°, 180°, and 270°. The correctness of
the proposed harmonic spectra-acquisition method is be vali-
dated by comparing the analytical harmonic spectra obtained
based on Fig. 9 with those acquired from both the simulation
and experimental results. Fig. 19 presents the harmonic spectra
of the interleaved two-level VSC output voltage (phase a) from
the analytical, simulation, and experimental results. Because of
interleaving, the harmonic spectra are resided around 48.1 kHz
(second carrier-frequency harmonics) and 96.2 kHz (fourth
carrier-frequency harmonics). It can be found that the spectra
shape of the second carrier-frequency harmonics is consistent
with those presented in Fig. 12, which validates the impact of
6y on the harmonic spectrum. It can be clearly noted that the
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Fig. 20.  Simulation waveforms of the three-phase interleaved two-level

converter under the optimal profiles listed in Table III. (a) Waveforms under
CSFPWM. (b) Waveforms under the optimal sinusoidal profile. (c) Waveforms
under the optimal triangular profile.

analytical harmonic spectra based on the proposed algorithm
accurately match the simulated voltage harmonic spectra in
all cases. Even for the fourth carrier-frequency harmonics
components, which cost much longer computational efforts
with the algorithm proposed by [32], it can be easily calculated
with a very high accuracy (maximum difference at critical har-
monic: 0.2 V, 0.6%) to the simulation results. When compared
with the experimental results, the analytical voltage harmonic
spectra have a visible but negligible difference (maximum
difference at critical harmonic: 1.35 V, 3.8%). The difference
between the simulation and experimental results might be
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Fig. 21. Experimental waveforms of the three-phase interleaved two-level
converter under the optimal profiles listed in Table III. (a) Waveforms under
CSFPWM. (b) Waveforms under the optimal sinusoidal profile. (c) Waveforms
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(10A /div)

caused by the periodic switching frequency discretized by the
DSP, whose f, and f, values can be slightly offset from
the set values. Besides, the difference can also be resulted
by the variation of the dc-link voltage by the dc power source.
Finally, the unbalance between the three-phase load can lead
to the asymmetry between the three-phase spectra.

B. Optimal Profiles for Minimum Ly

The optimal switching profiles leading to the minimum
requirement of Ly are listed in Table III. The simulation and
experimental waveforms under the optimal switching profiles
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Fig. 22.  Spectra comparison among analytical, simulation, and experimental results: the current harmonic spectra (phase A) of the interleaved two-level

converter under fco = 24.05 kHz, f, = 2 kHz, and f,, = 6f,.

TABLE III
RECORDS FOR THE OPTIMAL PROFILES SHOWN IN FIG. 14

Switching Profile Lerie” (%) TRD" (%) CHD (%) n" ()
Simu” Exp* Simu Exp Simu Exp Exp
CSFPWM
fc0=24.05 kHz 1.642 1.756  0.121 0522 2478 2863 97.12
Sinusoidal
f=5400 Hz 0387 0392 0.092 0.523 2543 2913  97.09
Triangular
f5=9300 Hz 0.2844 0309 0.1183 0.657 2.637 2948  97.07

* Ierie refers to the ratio between the critical current harmonic and the rated load peak
current.

*TRD is the total rated-current distortion and calculates the low-order harmonics till
2 kHz.

* Simu and Exp refer to the simulation and experiment results.

* n refers to the tested system efficiency.

at 3.3-kW load power are presented in Figs. 20 and 21,
respectively. The experimental results closely resemble the
simulation waveforms across all profiles. Nevertheless, there
is a slight variance between the experimental and simulation
results for i.,; and i.,» when the load current reaches its peak.
This discrepancy can be attributed to the inherent differences
between the two inductors, L., in the interleaved bridges.
In practice, these inductors are not perfectly identical due to
manufacturing and materials variations.

Both simulated and experimental harmonic spectra of the
grid-side current under the optimal profiles are depicted in
Fig. 22 for a better comparison against the IEEE-519 emission
limit. Table III records the critical harmonic with regard to
the rated load peak current. Compared with other cases, the
current harmonics generated by the triangular profile match
the emission limit of 0.3% set by the IEEE-519. The I for
triangular profile is 5 times smaller than that of CSFPWM.
In other words, a five times smaller inductor can be adopted
to triangular profile to achieve the same critical current har-
monic peak compared with CSFPWM. The total rated-current
distortion (TRD) [39] is used in this article to evaluate the
low-order harmonics distortion level, which calculates the
total root sum square of the current distortion components
in percentage of the converter rated current instead of load

1 v T T 5
—@—— Conventional model —@—— Conventional model
—@— Proposed model —@—— Proposed model
08 4
" Py
=) g
0.6 =3
:
=04 22
= g
S S
0.2 l
)
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(a) Sinusoidal profile

f» (kHz)

(b) Triangular profile

Fig. 23. Comparison of the computational time cost between the model
in [32] and the proposed model. (a) Sinusoidal profile. (b) Triangular profile.

current. The measured TRD from experiment results are larger
than the simulated ones in all cases. This difference could be
resulted by the nonideal dc voltage source, asymmetry of the
three-phase circuitry parameters and slightly unbalanced three-
phase load. However, it can be noted that the TRD values
for all three cases are close to each other, which indicates a
negligible impact on the TRD from the P-VSFPWM methods.

Regarding the CHD analysis, it is worth noting that the
experimental results show slightly higher values than the sim-
ulated ones. This discrepancy may arise from high-frequency
noise that the oscilloscope recorded during the experiments.
Similarly, the CHD values for sinusoidal and triangular profiles
are marginally higher than those for CSFPWM, which is a
trade-off for reducing harmonic peaks. Both simulation and
experimental waveforms clearly indicate that periodic switch-
ing profiles result in higher current ripple in the converter
output current (i.,; and i.,») compared with CSFPWM. This
ripple increases, as the frequency variation band f}, increases.
In summary, it can be concluded that P-VSFPWM significantly
reduces the required inductance at a minor expense in terms
of CHD and current ripple.

The converter system efficiency under the three switch-
ing profiles remains almost unchanged, which are 97.12%,
97.09%, and 97.07%, respectively. This indicates that the
selected periodic switching profiles will not lead to extra
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switching losses, which is also proven in [32]. However, the
periodic switching profiles result in higher switching ripples,
which can lead to higher semiconductor conduction loss and
inductor loss, which can explain the slight decrease of the
efficiency under the sinusoidal and triangular profiles.

C. Computational Time for the Proposed Model

The vectorization-based model proposed in this article
offers a significant computational advantage over the con-
ventional harmonic spectra model by eliminating numerous
calculation loops. A comparison of computation time for
generating the first carrier-frequency harmonic spectrum using
both models [32] reveals that the proposed method reduces
the calculation time by eight times for optimal sinusoidal
and triangular profiles, as listed in Table IV. Specifically,
computation time increases exponentially with f; in sinusoidal
and triangular profiles with the conventional method, while
the proposed model shows a linear relationship for sinusoidal
profiles, as shown in Fig. 23. Triangular profiles exhibit an
exponential relationship with a smaller curvature compared
with the conventional model. This demonstrates the superiority
of the proposed approach.

D. Mitigation of Harmonics Overlap

In order to verify the effectiveness of the interleaving in
mitigating the harmonics overlap due to the large variation of

Simulation
Interleaving
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< Peak current: 16 mA
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5 2
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Experimental and simulated grid current harmonic spectra under hard-paralleling and interleaved operations.

TABLE IV
COMPUTATION TIME COMPARISON

C tation ti
Switching Profile omputation time (5)

Proposed model  Model in [32]
Sinusoidal: f},=5400 Hz 0.3028 0.252
Triangular: f1,=9300 Hz 0.479 3.630

the frequency band f;, under some common P-VSFPWM oper-
ations, for instance, the ZVS operation conducted by [13] the
sinusoidal profile has been tested under both hard-paralleling
and interleaving operations. In this case, the sinusoidal switch-
ing profile with f,, = 2f, and 6, = 270° is adopted in
order to realize ZVS operation for both positive and negative
cycles of the fundamental period. Therefore, f,, = 2f,, fco
= 48.05 kHz, and f, = 16 kHz and f, = 2f,, fco =
24.05 kHz, and f, = 8 kHz are used for hard-paralleling and
interleaving operations, respectively. The experimental wave-
forms are shown in Fig. 24 for both operations. By conducting
FFT analysis on the harmonic spectra of the three-phase grid
currents, the current spectra are obtained and depicted in
Fig. 25 for a clear comparison.

First, the experimental current harmonic spectra match the
simulated ones with a quite good accuracy. Besides, the current
harmonic peak has been significantly reduced from 65 to
16 mA, which is roughly a 75% reduction. Meanwhile, both
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TRD and CHD in interleaved operation have a considerable
drop compared with hard-paralleling operation. It is also
noteworthy that the semiconductor losses under two cases
will be similar, since the switching frequency is halved for
interleaved operation, and the converter remains to be the
identical one.

It is also worthy to mention that the selected converter
might not be the optimized design for the hard-paralleling
operation in terms of ratings and semiconductor loss metrics.
If the noninterleaving operation is directly applied to an
optimized conventional three-phase two-level VSC based on
six switches instead of using hard-paralleled topology, the
harmonics performance will still remain the same, as shown
in Fig. 25. However, the power losses of the two converters
will depend on the selection of the power components.

E. Loss Analysis of P-VSFPWM Profile

The rms current, semiconductor loss, and inductor loss are
obtained based on the time-based simulation results in MAT-
LAB and presented in Fig. 26. The adoption of P-VSFPWM
results in higher switching ripple, leading to increased rms
currents. Fig. 26(a) demonstrates that P-VSFPWM profiles
influence converter-side rms current similar to current CHD.
The grid-side current i, experiences a negligible change due
to the large grid-side filter inductance L.

Conduction loss associated with rms current follows a
similar increasing trend as fp. In contrast, switching losses
decrease with increasing f,. The switching energies Eqp off,
are interpolated from the IGBT datasheet and expressed as the
second-order polynomial functions, whose coefficients are a,
b, and c. Assuming an ideal current i (t) = I sin(w,t + ¢), the
switching loss under the proposed P-VSFPWM profile can be
modeled as follows:

Py = Pyyo +

4V ~= Cysin(6ky — 6
dc Z & sin(6kg — 6;) (32)

2 Vbl o 36k% —1

where Py is the switching loss under CSFPWM and V, is
the reference voltage in the datasheet. It is noteworthy that
P-VSFPWM results in an additional term in the switching
loss, which can be negative with certain P-VSFPWM profile
and power factor angle. The P-VSFPWM design selected
in this article leads to a smaller switching loss as com-
pared with CSFPWM as ¢ = 0 (PFC operation) and 6; =
90°, which corresponds to the simulated switching loss. The
inductor model incorporates core loss using iGSE (improved
Steinmetz equation) and winding loss considering skin effect
and proximity effect [40]. Inductor losses increase with f;
similar to current CHD, reflecting the relationship among core
loss, winding loss, and current harmonics. However, for the
grid-side inductor Lg, loss increment is minimal, remaining
virtually unchanged with increasing f,. Grid-side current, with
fewer harmonics, exhibits less influence (minimal increase in
rms current) with f;,. Winding loss dominates in the grid-side
inductor, primarily determined by winding resistance and the
fundamental current component. This clarifies the reason why
the measured efficiency of the converter under CSFPWM and
P-VSFPWM profiles is quite close, as the decreased switching
losses are balanced out due to the increased conduction losses
and inductor losses.
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Fig. 26. Modeled losses under the P-VSFPWM profiles. (a) RMS currents.

(b) Semiconductor device losses. (c) Inductor losses.

VII. CONCLUSION

This work proposes a generic fast-acquisition harmonic
spectra model based on vectorization for the grid-connected
PWM converter under P-VSFPWM. The P-VSFPWM method
has been implemented in the three-phase, three-wire inter-
leaved two-level ac/dc converter to mitigate the harmonic
spectra overlap. A comprehensive harmonic spectral analysis
is conducted to examine the influence of the periodic switching
profile on the symmetry property of the harmonics. Through
spectral analysis, optimal switching profiles are identified
to achieve the minimum required inductance while comply-
ing with the current harmonic emission limit set by the
IEEE-519 standard. The proposed generic harmonic spectra
model and analysis are validated through both simulation and
experimental results. The triangular profile is confirmed as
the optimal choice, as it requires an inductance that is five
times smaller than that of CSFPWM. Both simulation and
experimental findings indicate an increase in the CHD, along
with other analyzed trade-offs, during the implementation of
P-VSFPWM. Furthermore, the effectiveness of interleaved
operation in reducing harmonics overlap is demonstrated
through experimental results, which also show improved har-
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monic performance in terms of TRD and CHD. Overall, the
proposed method provides valuable insights into the analysis
and optimization of harmonic spectra in P-VSFPWM-based
converters, supported by rigorous simulation and experimental
validations.
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