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Abstract: Focused on addressing harmonic suppression in multiphase indirect matrix converters
(IMCs), this study explores spread-spectrum modulation technology through ripple analysis calcu-
lations. We introduce a current ripple spread-spectrum modulation (CR-SSM) method tailored for
multiphase IMC systems. In this approach, a 3 x 6-phase IMC is modeled as a two-port network,
and a small-signal model of the output side is established. The transfer function is utilized to analyze
the two-port network in the complex frequency domain (s-plane). The time-domain expression of
the output current ripple is derived in vector form. Subsequently, the distribution of the output
ripple and locus are determined based on specified constraints. The carrier frequency is dynami-
cally adjusted online according to the specified ripple locus. Compared to classical periodic PWM
methods, this approach offers a broader range of frequency variations and achieves a more uniform
output spectrum. Furthermore, CR-SSM optimizes system efficiency and enhances spread-spectrum
modulation. Experimental results demonstrate that this method effectively enhances the quality of
input and output waveforms in multiphase IMC systems.

Keywords: indirect matrix converter (IMC); current ripple analysis; spread-spectrum modulation;
periodic PWM; electromagnetic interference (EMI)

1. Introduction

The indirect matrix converter (IMC) represents a form of “all-silicon” AC/AC direct
power converter [1]. This converter achieves efficient power conversion without requiring
an energy storage link, owing to its compact structure, ability to deliver sinusoidal input-
output waveforms, adjustable input power factor, low harmonic distortion, flexible phase
adjustment of input current, and other noteworthy features. The IMC has proven highly
effective in applications within the green energy sector [2,3].

In a three-phase system, the conventional configuration of a matrix converter (MC)
is referred to as a direct matrix converter (DMC), featuring a 3 x 3 bidirectional switch
array [4]. A multiphase indirect matrix converter (IMC) comprises a three-phase rectifier
stage and a six-phase inverter stage, each divided into distinct structural and functional
segments. As illustrated in Figure 1, the rectifier stage of the IMC resembles a current
source rectifier (CSR). Conversely, the inverter stage of the IMC is designed to function
as two two-level voltage source inverters (VSIs) [5]. The clamper circuit is specifically
implemented for protective purposes and does not actively facilitate energy transfer. The
inherent design of the IMC allows for direct energy transfer between input and output, but
it also enables the transmission of harmonic distortion from one side of the converter to
the other. The study by [6] enhances the understanding of IMC topology, indicating that
the input filter plays a critical role in the converter system by attenuating high-frequency
harmonics to prevent interference with the normal operation of other equipment at their
common connection point. Additionally, it assists in smoothing out discrete input current
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to generate a continuous sinusoidal current waveform on the source side. One fundamental
and widely used method for improving waveform quality in frequency converters is by
increasing the carrier frequency of the controller. Recent advancements in wide bandgap
semiconductors, such as silicon carbide (SiC), have significantly expanded the feasible
carrier frequency of power converters [7-9]. Various approaches have been proposed
to enhance the effectiveness of power converters using pulse-width modulation (PWM),
including optimization techniques for vector selection among available vectors [10], re-
duction in common-mode components in modulation waves [11,12], refinement of switch
sequences [13-15], and enhancement of carrier properties [16-18].

L
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Figure 1. A 3 x 6 IMC system.

Spread-spectrum modulation (SSM) is an ideal strategy for reducing EMI in multiphase
IMC systems. Common SSM strategies currently include random PWM, programmed
PWM, and periodic PWM. In comparison to random PWM, periodic PWM uses a predeter-
mined frequency density function to dynamically change the carrier frequency, achieving a
fixed EMI spectrum [19]. By varying the carrier frequency, periodic PWM introduces addi-
tional modulation flexibility. Typical carrier waveforms encompass sinusoidal, exponential,
and triangular shapes. Dual Fourier analysis of inverter output voltages reveals that trian-
gular wave frequency density functions offer smoother spectral performance compared
to sinusoidal and exponential carriers, which exhibit distinct spectral peaks at specific fre-
quencies [20]. Research on the variation pattern of periodic signal frequency and waveform
under equal maximum frequency deviation is explored in [21], which derives an optimal
segmented modulation signal for superior EMI suppression by optimizing a combination of
three frequency density functions. Furthermore, reference [22] employs a variable density
sawtooth carrier to implement periodic PWM, thus achieving a spread-spectrum effect
while reducing inverter switch frequencies. Reference [23] explores a spread-spectrum
modulation scheme by varying switch frequencies according to uniform distribution,
exponential distribution, and normal distribution and derives corresponding equations.
Experimental results demonstrate that the proposed spread-spectrum modulation scheme
can reduce EMI by 20 dB. Reference [24] proposes an algorithm using sinusoidal-wave
pulse-width modulation (PWM) to suppress conducted-mode (CM) EMI in large-scale
networks. This method minimizes switch frequency overlap between converters, thereby
reducing total EMI levels. The authors of [25,26] focus on using £-A modulation for voltage
source converters. The proposed modulation techniques significantly reduce switching
losses and reduce lower-order harmonics by varying switch frequencies. Additionally, Y.
Huang utilizes a variable frequency density sawtooth carrier to achieve periodic PWM,
thereby achieving spread-spectrum effects while reducing inverter switch frequencies [27].
Reference [28] presents an optimized periodic PWM scheme that minimizes motor vibra-
tion frequency response peaks by considering the motor’s vibration frequency response
function. Reference [29] details the impact of periodic PWM on the current harmonics of
permanent magnet synchronous motors (PMSMs). Experimental evidence demonstrates
that periodic PWM disperses high-frequency harmonics across wider frequency bands,
thereby suppressing peak harmonics. Reference [30] proposes a spectral analysis method
based on periodic PWM and dual Fourier series to reduce current harmonics in active
power filters. Reference [31] introduces a novel PWM strategy based on uniform distribu-
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tion PWM and experimentally verifies its effectiveness in eliminating EMI peaks, reducing
conducted EMI, and minimizing switch losses. Reference [32] analyzes the suppression
of harmonics and common-mode EMI using periodic PWM, validating the accuracy of
theoretical analysis and the effectiveness of algorithms through experiments.

However, the widespread implementation of current-ripple-based spread-spectrum
modulation (CR-SSM) in multiphase inverter motor control (IMC) systems still encounters
several challenges. Firstly, variations in vector amplitudes of the rectifier and inverter
stages within the IMC, influenced by the DC-link voltage, pose difficulties in establishing a
consistent ripple model. Secondly, the presence of input filters can affect waveform quality
at the grid side and complicate the analysis of the impact of input switching sequences and
transmission ratios on the output current ripple locus. Additionally, the resonant frequency
and bandwidth of filters impose limitations on the range of carrier frequency variations.

To address these challenges, this study investigates the combined impact of the rectifier
and inverter stages in a 3 x 6-phase inverter motor control (IMC) system [33,34]. It involves
an analysis of a small-signal model at the output stage to derive a time-domain expression
for the output current ripple. Finally, based on the constraints related to ripple distribution
and ripple index, the CR-SSM (current ripple spread-spectrum modulation) method is
proposed. This method allows for a broader range of frequency fluctuations while ensuring
safe commutation and achieving higher-quality spread-spectrum modulation. The main
contributions of this paper are outlined as follows:

1.  Through the establishment of a small-signal model on the output side, the locus of
the output current ripple can be determined. Furthermore, dynamically adjusting the
carrier frequency based on the ripple locus can effectively broaden the harmonic spec-
trum, improve total harmonic distortion, and enhance output modulation efficiency.

2. The CR-SSM method dynamically adjusts the carrier frequency based on the rip-
ple locus. The CR-SSM method is based on the output current ripple, and thus the
debugging process of traditional periodic PWM is eliminated. It standardizes the con-
struction of carrier frequencies, providing clear numerical indicators and improving
frequency fluctuation efficiency. Furthermore, it reduces harmonic spikes at specific
frequency bands and optimizes system efficiency.

The remainder of this paper is structured as follows: In Section 2, we provide a brief
overview of multiphase IMC basic modulation strategies. Section 3 analyzes the voltage
error locus and establishes small-signal models for multiphase IMC outputs to derive time-
domain expressions for the current ripple. Subsequently, we explore achieving improved
total harmonic distortion (THD) and efficiency by implementing online adjustment of
carrier frequencies along the ripple locus. Section 4 presents experimental results comparing
CR-SSM and classical period PWM. Finally, Section 5 summarizes the key conclusions
drawn from this study.

2. Modulation Method of Multiphase IMC
2.1. Space Vector Modulation

To enhance the utilization of input voltage and facilitate the commutation action
of the switching device, we employed the indirect space vector modulation method for
the multiphase IMC. Specifically, the rectifier stage adopts zero-free vector modulation
based on the expected input current vector I;, while the inverter stage utilizes a maximum
four-vector SVPWM modulation according to the anticipated output voltage vector V,",
as illustrated in Figure 2. In this paper, the moment represented by the vector position
in Figure 2 is presented as an example. The red color arrows represent the vector of the
rectifier stage in the I sector and the inverter stage in the (1) sector.



Energies 2024, 17, 2546

40f18

,pn—. isv - -* @ \,4\ - \Z7pn=z7ulv
N -G 26 AR Upn=Uac
> 4 o7 U
. " PNipn=isatisu /‘\iz > b2} N
\ / ~
\ . 6 27\76,06 N\
12(Sac) T 4 2\
i -
\ r ARG
2 AN ‘
U7 Il i Vi >
- ! P
71(Sab)) 1 |
Y /

Figure 2. The vectors diagram of 3 x 6 IMC drives: (a) rectifier stage; (b) a-f.

As shown in Figure 2a, the space vector plane of the rectifier is divided into six sectors,
labeled as I 11, . . ., VI. The symbols iy (x =1, 2, ..., 6) represent the rectifier active vectors,
and 6; represents the angle included between I;” and the starting vector position of the
sector.

- 2 . ix-3)n/6
ix = —=ipn €/ (1)
V3
2. . .
Ii* — g(la + ip e]271’/3 + ZCe]477.’/3) (2)

where ipy is the DC-link current, which is related to the load current and the inverter
switching state. The rectifier stage is usually modulated by two effective vectors adjacent
to I;". The rectifier stage is responsible for synthesizing vpn and regulating the I;" phase,
and the I;” amplitude is determined by the output current. The rectifier stage duty cycle is
du:sin(g—gi)/cos(%—(ji) @)

i S 3

dy, = sin(6;)/ cos(% —6;)

where d,, is the duty cycle of the vector i, (vector i1 in Figure 2); d+ is the duty cycle of
the vector iy (vector iy in Figure 2). When the effective current vector i, acts, the DC-link
voltage is v, (corresponding to the input S,;), and when the effective current vector i, is
acted upon, the DC-link voltage is vac (corresponding to the input Sac). Vin, is the amplitude
of the three-phase sinusoidal input voltage so that the average DC-link voltage can be
expressed as follows:

3V;

- 2cos(r/6 —6;) @

Upn = Updy + 0vdy

In Figure 2a, the switching state S}, corresponds to the DC-link voltage v,,. Figure 2b
is a schematic diagram of the inverter stage output voltage space vector. The space vector

plane of the inverter is divided into 12 sectors, labeled as @, @, e, @ The symbols vy
(y=1,2,...,12) represent the inverter active vectors; vy and v; are the zero voltage vectors;
V," is the desired output voltage vector; 6, represents the angle included between V," and
the starting vector position of the sector; and vpy, is the DC-link voltage.

2 i(2y—
oy = 5pnel W12 ©)

2 ‘ . ‘ . .
Vz = g(va + 'Ubelzn/B + Uce]4n/3 + Uue]n/6 + Uve]5n/6 + Uwe]3n/2) (6)
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The IMC voltage transmission ratio g is defined as follows:
7= Vom/Vim (7)

where V,,;; and V,, are the desired output and input voltage vector amplitudes.
According to the vector space decoupling (VSD) transformation, each voltage vector of
the inverter stage can be projected to the a-f plane and the harmonic plane x-y. Each plane
contains 60 valid vectors and 4 zero vectors. While synthesizing the a-8 plane fundamental
voltage, it is necessary for the x-y plane output voltage to be zero [34]. Thus, a minimum of
four basic vectors are required to fulfill the modulation requirements, as expressed below.

-1

d Vlp V2n Usa Uda (2
dp _ U1 U2 U3g U ?)E (8)
ds Olx U2x U3x U4y 0
dy Uy U2y U3y Uy 0

where dq~d, donate the duty cycles of the four basic vectors, namely V1(55), V,(45), V3(44),
and V4(64), which are required to synthesize the output reference vector V,". To ensure
output voltage utilization, Vi, Vy, V3, and V4 can be selected as four vectors that are
adjacent to V', dg =1 — dy — do — d3 — dy donates the duty cycle of zero vectors. Table 1
provides the applied times of voltage vectors and the switch selection of the inverter sectors

@D,Q,... @ within T./2. V and V7 are zero vectors.

Table 1. Voltage vectors and switch selection of the inverter sectors.

Sec (D) Sec(2) Sec @ Sec @ Sec @ Sec @

Vo 00 00 00 00 00 00
Vv, 45 44 26 22 13 11
4 55 45 66 26 33 13
vy 77 77 77 77 77 77
V4 64 66 32 33 51 55
V3 44 64 22 32 11 51
\% 77 77 77 77 77 77
Sec @ Sec @ Sec @ Sec Sec @ Sec
Vo 00 00 00 00 00 00
\ 41 44 64 22 32 11 51
Vv, 64 66 32 33 51 55
\% 77 77 77 77 77 77
V3 66 26 33 13 55 45
Vy 26 22 13 11 45 44
\% 77 77 77 77 77 77

Given that the rectifier and inverter stages are directly cascaded, it is necessary to
ensure coordination between the switching sequences of the two stages. In order to reduce
switching losses, each power device is switched only once in each PWM cycle. In this
paper, symmetrical triangular carrier PWM is adopted. The rectifier stage vector sequence
is divided into 3 segments, and the inverter stage sequence is divided into 13 segments.
The vector action sequence is shown in Figure 3. To minimize the switching action, the
rectifier stage vector sequence needs to be switched from i,,-i-iy to iy-iy-iy when I; turns
from an odd sector to an even sector. Similarly, the inverter stage follows the principle of
minimum switching action. T, is a carrier cycle; d,, = T d,, and dv = T, d is the duration
time of rectifier vector i;, and i, respectively; d>,, = Tcdd, is the duration time when
rectifier vector i;, and inverter vector v, are implemented.
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Figure 3. Switching pattern of 3 x 6 IMC.

2.2. Classical Periodic PWM

In the classical periodic PWM modulation, the carrier frequency of the multiphase
IMC inverter stage is no longer constant [35-38] but varies periodically around a specific
center frequency according to certain mathematical rules.

fe(t) = foo £ Afcom(t) )

where f represents the center frequency of the time-varying carrier frequency, while Af,
denotes the maximum frequency deviation from the time-varying carrier frequency to
the center frequency. Furthermore, vy, (t) stands for a periodic signal with an amplitude
within [—1, 1]. Typically, sine wave, triangular wave, and exponential wave are selected as
modulation signals, which can be expressed as follows:

m(t) = My, Sin(27 fyt) (10)

0<t< kSTTm, m(t) = Mmfmkgt

S

T ks " My
k52k< F< (= )T ) = 5 (= 2t (11)

2
(1= 5)Tw < £ < Ty, m(t) = M- (fut = 1)

where k; is the symmetry index in the range (0, 1).

0<t< %’" m(t) = — (e 1)
-1

T T _ Mw 3

T<t<7,m(t)— 7 (ecfme 1)
(efm —1)

T a7 M -r (12)

_m vom — m o 2f pt

2<t<4,(1‘) N (1 —e4SmePt)
(e4fm —1)

3T, M £

S << Ty m(t) = —5—(1 —efmerty
(efm —1)

where p is the concavity coefficient.

According to the Parseval theorem, in order to ensure constant frequency energy, the
peak harmonic amplitude decreases as the bandwidth of the harmonic increases [39]. By
using periodic PWM modulation, the carrier frequency is no longer fixed, so the high-
frequency harmonics of multiphase IMC will not concentrate near a fixed frequency. This

can greatly reduce the amplitude of high-frequency current harmonics, but there still exists
some harmonic content.
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3. Spread-Spectrum Modulation Based on Current Ripple
3.1. Output Voltage Error Locus

The equilibrium operating points of the vectors vs, is, vj, and i are the grid voltage
sampling value vector V;, the average grid-side current vector I, the average input voltage
vector V;, and the input-side current expectation vector I;” per unit switching cycle. The
disturbance signals are the ripple vectors vs, ?s, and 7;, and the input current error vector 71

Space vector modulation utilizes fundamental voltage vectors and zero vectors to
synthesize the continuously varying reference voltage V,". When there is a variance
between the actual output voltage of the multiphase indirect matrix converter and the
reference voltage, a vector model can be established to represent the error in voltage
between the reference and actual output voltages [39,40].

Vs(t) = vo — Vi, (13)

where T/S(t) represents the voltage fluctuation quantity, v, represents the actual output
voltage vector, and V,, is the reference voltage. Taking V," located in the first sector as
an example, V1, V3, V3, and V, are required to synthesize this vector, corresponding to
inverter stages Vss, Vs, Va4, and Vg,

Taking Vo located in the first sector as an example, V1, V,, V3, and V4 required to
synthesize this vector correspond to the inverter levels Vss5, Va5, Va4, and Vi, and the
magnetic chain fluctuations will be presented as five dimensions in the unit switching
period, which are v1,,, U1+, U2\, U2+, U3y, U3y, and V4, U4y, along the V1~V4. As shown in
the PWM vector sequence, within one switching cycle, the actual input current vector is
composed of five instantaneous vectors: the direction of i}, i, g along the direction of iy,
and iy, iy along the direction of i, as well as the zero vector iy. Correspondingly, there
are five types of error current vectors, as depicted in Figure 4a.

Im(li)”o':
04< 0

(b)

Figure 4. Error vectors and their locus in the IMC output side in Section (D: (a) output voltage—error
vectors. (b) output current ripple vectors.

From this, the locus of the output current ripple vector is obtained, as shown in
Figure 4b. At the beginning of the carrier cycle, ¢ = fj, v, coincides with V', and the voltage
ripple vector corresponds to point O in Figure 4b; during the time period of ty~t7, the locus
departs from point O and forms the polygon OABCDEFO along the direction of the arrow;
from the vector sequence layout in Figure 2, it can be seen that the vector locus during the
time period of ty~t7 is the same as that during the time period of t7~t14. It needs to be noted
that the ratio of unit length on the Re-Im axis is set to 1:10, which is due to the fact that it
is a qualitative rather than a quantitative calculation of ripples and does not mislead the
understanding of its properties.

3.2. Small-Signal Model

Based on the principle of high-frequency synthesis, the space vector method employs
a finite number of effective and zero vectors to continuously synthesize desired vectors
with varying values. The discrepancy between the actual and desired vectors results in
the input and output of the IMC containing numerous high-frequency voltage harmonics,
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ultimately contributing to the formation of high-frequency ripple components. It should be
noted that I;” is usually synthesized by the two boundary current vectors in the rectifier
stage. In Figure 3, one section is the action time of the boundary current vector i, and
the other sector is the action time of the boundary current vector i,. Thus, the chopper
DC-link voltage of the multiphase IMC will be in a two-level fluctuation state along the
three-phase sine envelope. This implies that the output current ripple of the IMC is not
solely determined by the switching sequence of the inverter stage but is also affected
by the switching sequence of the rectifier stage. In order to mitigate its impact on grid-
side waveform quality, a second-order RLC low-pass filter is implemented at the input
side to provide an independent low-impedance flow path for the ripple current. This
facilitates the analysis of the output current ripple locus in relation to various factors such
as output/input switching sequences and converter regulation system influence [41].

The input current of the IMC is generated by chopping the load current, resulting in a
waveform characterized by a sequence of intermittent current pulses. To ensure the stability
of the input voltage, a parallel filter capacitor C; is required at the input terminal of the
IMC. Furthermore, a series filter inductor L¢ is necessary to attenuate the transmission of
high-frequency harmonic components of the input current between the power supply and
the IMC input. As a result, the high-frequency harmonic current primarily flows through
the low-impedance path provided by C;, which forms a loop and reduces its impact on
the waveform quality of the source. Collectively, Cy, L¢, along with a damping resistor R,
constitute the input filter. A single-phase equivalent circuit of the IMC system is shown in
Figure 5, where the filter is a typical two-port network.

Lt e

is
* R«

‘+
o C? CeT

Filter IMC Load

Figure 5. A double-phase equivalent of the IMC system.

Using transfer functions, the following analysis is performed on the two-port network
in the complex frequency domain of the s-plane: The source voltage vs. and the MC
input-side current i are selected as the independent variables of the port network; then, the
source current is and the input-side voltage v; can be expressed using the hybrid parametric
equation (h-equation) as follows:

i = B [ = ) s

The values of the elements of the hybrid parameter matrix h are as follows:

P v;(s) B 2 - sR¢L¢
1 *lg )S) 0s(5)=0 s2R¢L¢Cs + sL¢ + R¢
vi(s sL¢+ Ry
h = ! =
12 0s(5) li)=0  SPReLeCr +sLg + Ry 5
hoy = is(5) = —hp
_El()s) v5(s)=0 ( L _|_R) c
Is(S SL¢ £)sC¢
h = =
22 v5(s) ii(s)=0 $2R¢L¢C¢ + sL¢ + R¢
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where Ly, C¢, and Ry are the filter inductance, capacitance, and damping resistance, respectively.

Appropriate filter parameters are a prerequisite for the reliable operation of the IMC.

The input voltages ija, ijp, and ijc result from the high-frequency modulation of the
output current from the switching matrix. Furthermore, in the multiphase indirect matrix
converter discussed in this paper, a low-pass filter is integrated between the input side and
the grid side. This setup aims to curb the ingress of high-frequency harmonic components
from the input current into the power grid. By doing so, it alleviates interference with
other equipment at the common connection point and effectively filters out undesirable
high-frequency harmonics.

The design of the filter necessitates careful consideration of its limitations and device
selection criteria [30], which are evaluated based on the IMC equivalent circuit model
illustrated in Figure 5. Initially, it is crucial to address the constraints regarding switching
ripple and low-frequency harmonics. Since the fifth and seventh harmonics exhibit the
highest amplitudes in the grid voltage, for simplification purposes, we will exclude the
seventh harmonic from actual calculations. As depicted in Figure 5, the filter amplifies
the harmonic component of the low-frequency voltage on the grid side. Therefore, it is
imperative to restrict the low-frequency voltage gain coefficient of the filter to suppress
low-frequency harmonics in the input voltage.

|G(j7wy)| <2dB (16)

where wy, represents the input fundamental angular frequency. Similarly, to effectively
suppress the ripple component of the current carrier frequency on the grid side, it is
necessary to adjust the current gain coefficient of the filter at the carrier angular frequency
We.

|Gjwe)| < —26 dB (17)

Secondly, it is important to consider the limitations of inductor voltage drop and
capacitor current. The ability to regulate the power factor is dependent on restricting the
fundamental current of the filter capacitor. Therefore, it is crucial to take into account these
limitations when designing the system for optimal performance.

I~ wy Cyvg < 0.2072d (18)

where I[7%d g the effective value of input current fundamental wave under rated load. To
meet the voltage utilization requirements, it is necessary to limit the maximum fundamental
voltage drop across the filtering inductance, under rated load conditions.

v~ wpLey/ 2 + (I7d)? < 0,03V, (19)
where V is the RMS value of the gride-side voltage. At the same time,

2 2
prated _ P (Ve Ro _ (85V)° x10Q o (20)
i 3V, 3V, 3 x 100V '

where Prated js the rated active power, and V44 is the RMS of the rated output voltage.
From the above equation, the upper limit of the filter capacitance and inductance is as

follows:
{ C¢ < 55.8 uF

L < 1.09 mH 1)

Finally, the damping resistance Ry is carefully chosen to prevent oscillation in the CL
filter. It is crucial to limit the maximum power loss of the damping resistor Ry.

3R¢ig? < 0.01Prated (22)
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where iR is the filter resistor current. Based on the above analysis, the main performance
indicators considered in the filter design process are determined according to the required
parameters and comprehensive practical considerations as follows:

The attenuation ratio for high-order harmonics should be no less than 26 dB;

The gain of the seventh and lower-order harmonics must be limited to 2 dB;

The voltage drop in the inductor must not exceed 3% of the fundamental amplitude;
Reactive current flowing into the capacitor shall not exceed 20% of the rated current;
The loss on the Ry is less than 1% of the rated power.

G LN

Similarly, the output voltage vg and input current i; are chosen as the independent
variables of the port network, and the output current iz and input voltage v; can be
expressed using a mixed parameter equation (h-equation).

50 =l e =6 ] @

The values of the elements of the hybrid parameter matrix h are as follows:

I vi(s) B 2 - sR¢L¢
U —ii(5) oy om0 SPReLECs + s2(RZLiCy + L2) + 25L¢R; + R?
hip = v;(s) _ 1
vs((s)) i(s)=0  SLe+ Rg (24)
is(s ZSRfo
h pum— pu—
7 TE(S) oo S2ReLeCy + sLg + Ry
s(5)
hy = i(5) =1
vs(s) i(s)=0 4

3.3. Current Ripple Model

As mentioned above, the SVM used in the IMC uses a limited number of active and
zero vectors to generate a continuously changing target vector. The difference between the
actual and targeted vectors results in the presence of numerous high-frequency harmonics
in the input and output of the IMC. These harmonic components, which are filtered by the
inductor/capacitor filter, manifest as output current ripples.

With the help of the Clarke transformation, the six-phase current quantities can be
transformed into vector forms on the abc plane. The output current vector ig can be
represented as follows:

[1 1ej27r/3 ej47'f/3 ejr[/6 ej57r/6 ej37'[/2}_[iA iy ic iy iv iw }T (25)

WIN

lg

where ip, ip, ic, iy, iy, and iy are the six-phase current on the output side, and the
superscript T denotes matrix transpose. Similarly, the output voltage vector vg, input
current vector i;, and input current vector v; can be obtained. From this, it is easy to see
that by generalizing the variables in (18) to vectors, the equation form remains unchanged.

Using small-signal analysis methods, the vector-expanded form of the nonlinear Equa-
tion (18) can be linearized. Thereafter, by defining small variations ?g(s) = ig(s) — Ig(s),
Ug(s) = vg(s) — Vg(s), ii(s) = ij(s) — Ii(s), and ;(s) = i (s) — Vi(s) around equilibrium
points I¢(s), Vg(s), Ii(s), and Vj(s), and assuming that the ripple of input current i; = 0 when
the power supply is stable, it is possible to derive the small-signal model of the output side

as follows: .
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Taking the inverse Laplace transform of (19), we can obtain the time-domain integral
form of the output current ripple vector expression as follows:

~ 1/t
ig(s) = L—f/o vy dT (27)

Combined with the PWM switching sequence shown in Figure 3, the integration
Equation (27) can be discretized as follows:

~ 1t
lg:ff/o Uy dT = gk+ L (t—tk 1) (28)
k
gk_lgk+ Z g Tn (29)

wherek=1,2,...,14,t € (t,_1, ) (indicated as O, A, B.. .in Figure 3), ?g,k—l is the output
current ripple vector at t = f;,_1 and ?g,oz 0; Ug x is the output voltage error vector within
(k-1 te); Tk =t — te1-

The evaluation of the output current quality is typically conducted through quan-
tification of the total harmonic distortion (THD). Nevertheless, the THD represents a
frequency-domain metric that entails significant computational effort. The ripple consti-
tutes a time-domain variable that incorporates all harmonic components of the output
current. Consequently, the RMS value of the ripple signal can serve as an effective equiv-
alent for characterizing the THD; that is, within a carrier cycle, the THD of the output
current can be defined as follows:

=[R2 dt
T 0 ‘grms R
&
where if"d refers to the fundamental magnitude of the output current, and zfgms represents

the RMS of output current ripple within unit carrier frequency cycle T, which is defined as
follows:

~ N2 2 2 o N2 2 o N2

o = ()" () ()" () "+ () "+ () o
where zggs, zggs, 1?&‘5‘, 12%5, 1?“5 and 1féms denote the RMS of the six-phase source ripple
currents. The maximum value of the ripple is limited to

— max{|OA|, |OB| ... |OF|} = max(’gk‘) (32)

‘ ig,max

where max(‘ g k‘) is the maximum value representing the output ripple vector, which is
used to analyze the dynamic changes in the output current ripple locus.

3.4. Spread-Spectrum Modulation Based on Current Ripple Vectors

As depicted in Figure 4b, the locus of the output current ripple in the multiphase
IMC is correlated with the amplitude and phase of the input-output voltages, among
other factors. The fluctuation of the DC-link voltage vpn directly determines the output
ripple vector. The carrier frequency based on the dynamic variation in the ripple locus
no longer fluctuates within a specific range and has unique advantages in the spread
spectrum. Matching high carrier frequencies in the high ripple range can expand the energy
concentrated at specific frequencies to a wider spectrum, effectively reducing the THD.
Simultaneously, matching low carrier frequencies in the low ripple range improves system
efficiency while achieving the spread spectrum.
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By combining the two principles mentioned above, the correspondence between the
ripple locus and carrier frequency is further established. From (22), it can be seen that the
length of each segment of the locus is only related to the carrier period T.. It can be inferred
that the scale of the ripple can be easily manipulated by modulating the carrier frequency.
Therefore, in this section, by dynamically changing the carrier frequency with the ripple
locus, the variation is no longer based on a fixed magnitude. This method aims to optimize
the output spectrum and enhance system operational efficiency.

The variable T appears in each term of the ripple expression in (22). Hence, (25) can
be rewritten as follows:

k 5g,kdn
Ly

k. o,
gk
LT

n=1

= max( ) Tn = max( )Te (33)

’ Z'g,max

n=1

wherek=1,2, ..., 14; d;, = Tn/T.. This demonstrates that the output current ripple is
proportional to the carrier period T..
Within each carrier cycle, the carrier frequency is modified to maintain the modulation

*
. Itis evident that the carrier frequency f carrier

index ’?g,max at its specified value ‘?g,max

may be computed uniquely once the amplitude limit of the input voltage ripple vector in

each cycle is known.

5g,kdn
L

)/ " %20 kHz (34)

f c,carrier — max( i, max

f

k
)
n=1

The RMS of the current ripple can be used in place of the THD as a standard indicator
for assessing the quality of the current on the output side. Given that THD is a physical
quantity that has been established over a long period of time, a suitable method must be
used to assess if it complies with design criteria. In particular, it is sufficient to verify that
the RMS of the output current ripple of any carrier period ?g,rms satisfies the pertinent THD
requirement after averaging over a certain time interval (typically equals to a fundamental
period Ty,).

1 Ty, %
Tb fo b zérmsdt

The traditional periodic PWM carrier frequencies fluctuate within a specific range.
However, the carrier frequency defined by (19) no longer specifies a range of variation;
instead, it dynamically adjusts with the trajectory of the ripple. This modification leads
to a more standardized usage and eliminates the debugging process inherent in classical
periodic PWM. It also facilitates clearer numerical indexes, thereby enhancing efficiency in
carrier frequency fluctuation. Consequently, this approach can further reduce harmonic
spikes near specific switching frequencies and promote a more uniform energy distribution
within each frequency band.

4. Experimental Results

To assess the impact and effectiveness of the proposed CR-SSM method in terms of
spreading spectrum, enhancing power quality, and improving efficiency for multiphase
IMC systems, a 3 x 6-phase IMC system prototype was utilized for simulation and experi-
mental validation. Furthermore, to further confirm the efficacy of the proposed CR-SSM
method, it was compared with various conventional periodic PWM strategies such as
triangular (TWPWM), sinusoidal (SWPWM), and exponential (EWPWM) periodic PWM.

The experimental prototype of the IMC platform is shown in Figure 6. The controller
was a DSP (TI F28379D) + FPGA (Intel 5CEFA4) architecture, where the SVM modu-
lation algorithm was completed independently by FPGA. And DSP was used for the
online calculation of the carrier frequency. The rectifier circuit consisted of six Infineon
FF200R12KT3 power modules, while the inverter circuit included two two-level IPM mod-
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ules PM25CLA120 from the MITSUBISHI. Measurement equipment such as oscilloscopes
and power analyzers (WT5000) were all from the Yokogawa corporation, Tokyo, Japan. The
specific system parameters are shown in Table 2.

Figure 6. The experimental 3 x 6 IMC platform.

Table 2. Parameter settings.

Parameters Symbol Values
Effective value of grid-side Ve 100V
phase voltage
Grid-side voltage frequency fs 50 Hz
Grid-side filter capacitors Ct 35 uF
Grid-side filter inductors L¢ 1.37 mH
Grid-side filter resistors R¢ 10O
Load resistance R 100
Load inductance L 30 mH
Output voltage frequency fo 20 Hz
Fixed carrier frequency feo 10 kHz

4.1. Analysis of Harmonic Suppression

To demonstrate the change in carrier frequency in terms of distribution characteristics,
with respect to the input voltage phase angle 6;, the scalar value of f. was assigned the
same phase information as 6; and converted to the vector form, i.e.,

f. = feel (36)

The waveform of the vectorized carrier frequency f. can be represented using a polar
coordinate system. In this system, the radial distance represents the value of the carrier
frequency f, and the angular coordinate represents the phase angle ; of the input voltage
vector. The orange and purple circles in Figure 7a, respectively, show the carrier frequency
waveform for the CR-SSM method when f. = fmax = 20 kHz and f. = fo min = 5 kHz. The
annular region between the two circles represents the feasible range of carrier frequency
modulation. In order to visualize the distribution of the modulated carrier frequency in each
frequency band, Figure 7b illustrates the histogram of the output harmonic distribution
under the CR-SSM method in the 5-20 kHz band. The abscissa represents the harmonic
frequency band, and it is divided into 17 equal segments to show the actual output of 5-20 k.
The ordinate represents the approximate harmonic amplitude distribution in this band.
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Figure 7. Plot of carrier frequency with CR-SSM of (a) vectorized waveform and (b) distribution
histogram.

A comparison of three types of periodic PWM with the proposed CR-SSM method
was performed for further evaluation of the effectiveness of the proposed method. The
vectorized waveform of the frequency-modulated wave and the harmonic spectrum near
10 k for the other three types of periodic PWM methods are shown in Figure 8. The
following observations can be made:

1. The strategy of periodic PWM to reduce the carrier frequency always results in a lower
range of carrier frequencies compared to the CR-SSM method while maintaining the
same limit on output current ripple. It can be seen that the classical periodic PWM still
has harmonic spikes near the carrier frequency of 10 kHz, the variable band energy is
still more concentrated, and the THD value is higher. The proposed CR-SSM method
has better spectral characteristics, no harmonic spikes at specific frequencies, uniform
high-frequency energy distribution, and better THD values.

2. The carrier frequency waveform displays periodicity along the direction of the output
voltage vector angle 8,, but its locus is affected by the input frequency 6;, and it does
fully coincide with the previous cycle after a complete cycle (6, = 27).

TWPWM SWPWM EWPWM

Mag(% of Fundamental)

=

Figure 8. Comparison of the frequency variation locus between classic periodic PWM and CR-SSM
switching method.

4.2. Experimental Analysis of the Converter Efficiency

As the carrier frequency of the IMC system decreases, so do the losses. The efficiency
of IMC can be improved by modulating the carrier frequency with CR-SSM, which employs
a wider range of carrier frequency variations compared to the classical periodic PWM
method. Therefore, it is necessary to conduct further experimental verification to determine
the effect of CR-SSM and periodic PWM methods on the efficiency of IMC systems. Figure 9
shows the operational efficiency of the system under different methods. A comprehensive
analysis of the data reveals the following observations:
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1. The efficiency of the CR-SSM method is always lower than that of the periodic PWM
method at different voltage transmission ratios g;
2. As the voltage transfer ratio g increases, the efficiency of the system also increases.

100 A A

i =

90|

(e}
(e}

— fe— - CR-SSM
=€) TWPWM
SWPWM
- EWPWM

7
~ CR-SSM 83.064
TWPWM 79.786
SWPWM 80454
EWPWM 79.979

70[
60
50
40
30 %

20 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

voltage transmission ratio g

Efficiency

Figure 9. Operating efficiency of various methods under different working conditions.

Figure 9 illustrates the three periodic PWMs (EWPWM, TWPWM, and SWPWM)
and the operational efficiency of the multiphase IMC system under the proposed CS-
SSM strategy. As depicted, the system efficiency of the CS-SSM method escalates from
27.5% to 94.5%; in SWPWM, it increases from 23.1% to 92.1%; in EWPWM, it increases
from 23.3% to 91.9%; and in TWPWM, it increases from 22.8% to 92.2%. Notably, at
modulation 0.8, the CR-SSM method boosts efficiency by 2.4%, 2.3%, and 2.6% compared to
EWPWM, TWPWM, and SWPWM, respectively. Similarly, at modulation 0.6, the CR-SSM
method enhances efficiency by 2.7%, 2.3%, and 2.9% compared to EWPWM, TWPWM, and
SWPWM, respectively. The conjunction of these findings with Figure 9 demonstrates that
the proposed CR-SSM method not only ensures a spread-spectrum effect but also enhances
the operational efficiency of the multiphase IMC system by leveraging the carrier frequency
density function based on the current ripple.

4.3. Experimental Results on Input—Output Waveform Quality

Figure 10 illustrates a comparison of the total harmonic distortion (THD) of load
current under the CR-SSM method and periodic PWM. It can be observed that, under
different voltage transfer ratio g conditions, the THD of the load current under the proposed
CR-S5M method is lower than that of the periodic PWM method. This indicates that the
carrier frequency modulation technique can effectively reduce the harmonic level of the IMC
load current. Furthermore, as the modulation depth increases, the THD of the proposed
CR-SSM is always lower than that of the periodic PWM method.

50
" —¥—  CR-SSM

40F — fe— - TWPWM
- 30_ CR-SSM 9.86 SWPWM
2 30 TWPWM 11.76
% - SWPWM 1174 EWPWM
= 20F EWPWM

101

0 1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
voltage transmission ratio g

Figure 10. THD comparison of CR-SSM and three classical periodic PWM methods.

As depicted in Figure 10, the total harmonic distortion (THD) of the output current
diminishes with increasing modulation. Notably, employing the proposed CR-SSM strategy
results in a significant reduction in THD from 41.34% to 7.32%. Similarly, the THD for
the TWPWM method decreases from 41.34% to 7.65%, while for the SWPWM method, it
decreases from 43.09% to 7.89%, and for the EWPWM method, it decreases from 43.75% to
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7.67%. At a modulation index of 0.5, the THD for CR-SSM is 9.86%, while for TWPWM,
SWPWM, and EWPWW,, it stands at 11.76%, 11.74%, and 11.17%, respectively. This trend
underscores that, across all modulation methods, the THD of the proposed CR-SSM strategy
remains consistently lower than the other three periodic PWM methods. The findings from
Figures 4-8 corroborate that the proposed CR-SSM strategy enhances the output current of
the multiphase IMC system while ensuring the desired spread-spectrum effect.

The time-domain waveforms of the source current, DC-link voltage, input line voltage,
and load current under various methods are shown in Figure 11. Figure 12 depicts the
dynamic experimental waveforms using four different methods as the output frequency
varies from 20 Hz to 40 Hz. It can be observed from Figures 11 and 12 that the proposed
CR-SSM method ensures a balanced sinusoidal three-phase source current, DC-link voltage,
and load current without significant fluctuations. Moreover, it effectively suppresses
harmonic amplitude at switching frequencies.
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Figure 11. Comparison between the proposed CR-SSM and classic periodic PWM: (a) CR-SSM;
(b) TWPWM; (c) SWPWM; (d) EWPWM.
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Figure 12. Comparison between the proposed CR-SSM and classic periodic PWM dynamics:
(a) CR-SSM; (b) TWPWM; (c) SWPWM; (d) EWPWM.

5. Conclusions

This study analyzes output current ripple to construct a carrier frequency density
function and proposes a CR-S5SM method suitable for multiphase IMC systems. The method
selectively modulates carrier frequency without requiring changes to other modules, thus
serving as a complementary tool to optimize PWM modulators like SVM and carrier
modulation. CR-SSM utilizes output current ripple as an indicator to build a switch
frequency density function, addressing the limitations of traditional periodic PWM in center
frequency control. It offers a standardized application, eliminates the debugging process
associated with classic periodic PWM, and defines clear numerical indicators. Additionally,
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it improves switch frequency efficiency, reducing harmoni2c peaks near specific switch
frequencies. This promotes a more even energy distribution across frequency bands and
optimizes system efficiency by correlating switch frequencies with output ripple heights.
By distributing the power spectrum over a broader frequency range, the system’s output
current spectrum is optimized. Experimental results demonstrate that compared to periodic
PWM, the CR-S5M strategy effectively reduces system total harmonic distortion (THD)
while enhancing operational efficiency in achieving spread-spectrum operation modes.
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