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A Pseudodecoupled Modeling and Analysis Method
for Interleaved Multiphase Converters With
Coupled Inductors

Li Wei'™, Member, IEEE, Bingqi Ouyang

Abstract—Interleaved multiphase converters with coupled in-
ductors (MCClIs), which can increase the power density of switch-
ing power supplies, is a research hotspot in power electronics.
However, it is difficult to obtain ideal symmetrical coupled in-
ductors due to manufacturing inaccuracies, especially in high-
power applications. Asymmetrical coupling of inductors will lead
to phase imbalance in MCCIs and difficulty in circuit analysis.
To address this, this article proposes a novel modeling method
for MCClIs, extendable to the analysis of interleaved multiphase
converters with asymmetrical coupled inductors. This helps to
simplify the analysis of MCCIs and allows easier and more efficient
controller and inductor design for MCClIs. First, the concept of
pseudodecoupled equivalent circuits for MCCls is presented, which
solves the problem of modeling MCCls. Second, the transient be-
havior and steady-state current ripple performance of MCClIs are
analyzed based on the pseudodecoupled method. Third, the effect
of the degree of inductance asymmetry on the MCCI performance
is quantitatively analyzed. Then, the feasibility of extending PWM
phase sequence and phase-shift adjustment methods to MCClIs is
further verified using the proposed modeling approach, which can
reduce the current ripple. Finally, the accuracy of the modeling and
analysis methods is verified by simulation and experiment.

Index Terms—Asymmetrical coupled inductor, current ripple,
high-power multiphase converter, pseudodecoupled equivalent
circuit, PWM phase shift and phase sequence, transient response.

1. INTRODUCTION

EDUCING the volume of passive components is one of the

key methods to improve the power density of converters,
especially in high-power applications [1], [2], [3], [4], [S]. For
example, the magnetic components and filter capacitors in a
300-kW boost converter for fuel cell vehicle applications may
account for 30% and 15% of the converter volume, respectively.
The use of coupled inductors in interleaved multiphase convert-
ers can not only reduce the size of the magnetic components, but
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also improve the dynamic performance and reduce the current
ripple, which will cut down the size of the capacitors [6], [7], [8],
[9]. However, it is impossible to avoid asymmetrical coupling
of inductors due to manufacturing reasons, especially for high-
power applications. For example, a ladder-core structure [10],
[11] with three rungs is usually adopted for the three-phase
coupled inductor in a 150-kW boost converter. Theoretically,
the cross-sectional area of each rung should be different to
make sure of the symmetrical coupling. However, the cus-
tomized magnetic core not only lacks cost-effectiveness, but
also exhibits low accuracy. Thus, in practical applications, a
ladder-core structure with the same cross-sectional area of
each rung is adopted as a simplified alternative. This will in-
evitably lead to the asymmetrical coupling of inductors and
phase imbalance of the converter resulting in difficulties in
the transient and ripple analysis of the circuit [12], [13]. In-
direct coupling [14], [15] and lateral coupling [16] can be
used to ensure symmetrical coupling to some extent and re-
duce cost. However, for high-power applications, the fea-
sibility of these coupled inductors and their advantages in
terms of power density still need to be discussed. Therefore,
there is a critical need for an analytical method suitable for
multiphase converters with asymmetrical coupled inductors
(MCACIs).

Currently, there are analytical methods for multiphase con-
verters with symmetrical coupled inductors. Wong et al. [17]
were the first to suggest that coupled inductors can be used to im-
prove the performance of multiphase converters. They analyzed
how the converter performance varies with the coupling coeffi-
cient and duty cycle based on a coupled inductor matrix model of
a two-phase buck converter with symmetrical assumption. They
introduced the parameters of steady-state equivalent inductance
and transient equivalent inductance which are used to describe
the behavior of coupled inductors and calculate the dynamic
response and steady-state ripple performances of the converter.
Dong [18] further explored this approach in the analysis of an
n-phase parallel buck converter with coupled inductors. Zhou
et al. [20], [21] employed the inductance-dual model of coupled
inductors to analyze the n-phase parallel buck converter with
coupled inductors, which offered opportunities to further study
the details of core loss, saturation, and flux distribution in the
core. However, those analytical methods are not suitable for
MCACIs.
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Currently, there are relatively few studies on MCACIs. The
difficulty in analyzing MCACTIs is that it not only has more
parameters, but also the current ripple is related to both PWM
phase shift and phase sequence [22]. In [18], the performance
of a three-phase buck converter with an asymmetrical coupled
inductor was discussed by an exhaustive method, and in [19] this
methodology is further analyzed and experimentally verified in
detail. Based on this method, researchers have written automated
programs to calculate steady-state equivalent inductance and
transient equivalent inductance of n-phase coupled inductor
buck converters considering asymmetric designs, where each
phase’s PWM stage is sequentially phase-shifted by 27 /n [23].
However, the above method is not a general solution for analyz-
ing MCACTs, and the relationship among current ripple, PWM
phase shift and phase sequence is not discussed. Therefore, a
more general method is needed to quantitatively analyze the
performance of MCACIs. Quantifying the relationship among
current ripple, PWM phase shift and phase sequence is also a
worthwhile research problem, because minimizing the current
ripple is an effective way to reduce the filter capacitance and
increase the reliability of converters [24], [25]. There are some
studies on current ripple optimization through changing PWM
phase shift and phase sequence for multiphase asymmetrical
converters with independent inductors [26], [27], [28], though.
It is still rare to find such studies in MCACIs.

The motivation of this article is to develop a generalized mod-
eling method for interleaved multiphase converters with coupled
inductors (MCClIs), extendable to the analysis of MCACIs,
in order to analyze analyzing the impact of multiphase cou-
pled inductors on the transient behavior and ripple current
of the converter efficiently and quantitatively. The theoretical
framework of modeling MCClISs is described with the concept
of pseudodecoupled equivalent circuits. The pseudodecoupling
modeling method first constructs a diagonal matrix without
coupling relationship based on the original inductance matrix
of the multiphase coupled inductors, and then uses the proposed
ripple distribution coefficient matrix to describe the coupling
relationship between the inductors, which can simplify the anal-
ysis of MCCIs as an independent inductor converter. With the
proposed methodology, the relationship among ripple current,
PWM phase shift and phase sequence can be easily calcu-
lated allowing for the further control strategy optimization of
MCACIs.

The rest of this article is organized as follows. Section II
describes the proposed pseudodecoupled modeling method for
MCCIs and analyzes the transient performance and steady-state
current ripple performance of MCClIs based on this modeling
method. Section III quantitatively analyzes the effect of the de-
gree of inductance asymmetry on the performance of the MCCI
and gives the suggestion of asymmetrical coupled inductors
compensating design and coupling coefficients selection. Sec-
tion IV verifies the idea of extending the PWM phase sequence
and phase shift optimization method to MCClIs, and illustrates
the optimization idea with a case study. In Section V, with a
six-phase Boost converter, the accuracy and feasibility of the
proposed model, analysis method and PWM phase sequence and
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Fig. 1. Equivalent circuit of an interleaved multiphase converter with coupled
inductors.

phase shift optimization method are verified from simulation and
experiment. Finally, Section VI concludes this article.

II. PROPOSED MODELING METHOD FOR MULTIPHASE
CONVERTERS WITH ASYMMETRICAL COUPLED INDUCTORS

In this section, a method is proposed to address the dynamic
and steady-state performance analysis issues of MCCIs with n
phases and a switching frequency of fs, applicable to both
symmetrical and asymmetrical inductors. The equivalent circuit
is illustrated in Fig. 1, where the inductor’s equivalent series
resistance is neglected. This equivalent circuit is a general-
ized topology that can represent multiphase Buck converters,
multiphase Boost converters and other topologies with similar
structures. For instance, for a buck converter, the voltage source
Upec represents the equivalent model of the load and output filter,
and controlled voltage sources vy, va,... v, denote the equivalent
models of the inputs of each phase. While for a boost converter,
the voltage source vy stands for the equivalent model of its
input source and input filter, and controlled voltage sources v1,
Va,... Uy, represent the equivalent models of the output of each
phase. The phase voltages and phase currents in the MCCI are
described by the inductance matrix L

UCP1 - UCPpcc

UCPQ - vCPpcc

UCpn - vcppcc

Vep
Li My My, ] [diep, /dt
Moy Ly Moy, | | dicy, /dt
| : ) : : (1)
My My - Ly | |diep, /dt
L Icp

In the matrix L, the element L; represents the self-inductance
of the ¢th phase of the coupled inductor, and the element M;;
represents the mutual inductance of the ith and jth phases of
the coupled inductor. For an MCSCI, the self-inductances of all
phases are equal, and the mutual inductances between all phases
are equal. For an MCACI there is no such relationship.

The modeling method proposed in this article makes certain
idealistic assumptions, considering that there will be some errors
in the actual situation. The details are as follows.
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Fig. 2. Pseudodecoupled circuit of an interleaved multiphase converter with
coupled inductors.

1) The performance analysis is assumed to be car-
ried out in the continuous conduction mode (CCM)
condition.

2) In deriving the formula for the peak-to-peak value of
ripple, it is assumed that the inductor voltage waveforms
are ideal rectangular waveforms and the inductors are
ideal linear. However, due to actual input and output volt-
age fluctuations and the presence of parasitic parameters
in the inductors, switching devices, and converter lines,
the inductor voltage waveform deviates from the ideal
rectangular form. Consequently, the peak-to-peak current
ripple in the actual circuit will differ from the theoretical
calculations presented in this article.

A. Pseudodecoupled Circuits for MCCls

Decoupling is a common method for analyzing circuits with
coupling relationships, and it requires that the current and volt-
age relationships remain unchanged before and after decoupling.
However, it is very difficult to achieve a true decoupling of each
phase for MCClISs.

In order to solve this problem, a pseudodecoupling idea is pro-
posed in this article. The pseudodecoupling modeling method
first constructs a diagonal matrix without coupling relation-
ship based on the original inductance matrix of the multiphase
coupled inductors, and then uses the proposed ripple distri-
bution coefficient matrix to describe the coupling relationship
between the phases of the inductors, which can simplify the
analysis of an MCCI as an independent inductor converter. In
this way, the current and voltage relationships of the circuit
phases before and after pseudodecoupling are not exactly the
same, but they maintain the same steady-state and transient
characteristics at the point of common connection (PCC). This
method helps to simplify the analysis of MCCIs and enables
easier and more efficient design of controllers and inductors for
MCClIs.

The pseudodecoupling operation of an MCCI is defined as
follows:

Lap = diag (L 'p) " )

where p is an n-dimensional column vector with all elements
equal to 1. The independent inductor multiphase converter
with inductance matrix Lgp is defined as the pseudodecou-
pled equivalent circuit of the MCCI. The pseudodecoupled
equivalent circuit of the MCCI is shown in Fig. 2. Lgp; is
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the ith element on the diagonal of the matrix Lqgp and repre-
sents the ith phase pseudodecoupled inductance of the MCCI,
given by

Lapi = S 3

(LY

=1

The phase voltage and phase current of the pseudodecoupled
equivalent circuit are described by the inductance matrix Lgp

Udp1 - vdppcc
Udp2 - vdppcc

Udp,, — Vdppce

Vap
Lap1 diqp, /dt
Lap2 digp, /dt
= ' " @)
Lapn diqp, /dt
Ldp Idp
If Vap = V¢p = V, substituting (4) into (1) yields
dicpl/dt 511 512 51n didpl /dt
dicp2 /dt 521 522 62n didpz /dt
: | : : : ®)
dicp, /dt On1 On2 Onn diqp,, /dt
Icp S Idp

where § = L™'Lg, = L 'diag(L'p)™! is defined as the
ripple distribution coefficient matrix, with d;; in the matrix
representing the ripple distribution coefficient from phase j to
phase i. In particular, it should be noted that d,; and d;; are not
necessarily equal due to asymmetrical coupling. The formula
for calculating 6;; is

;5 = Q)

Z?:1 (L71>ij .
There is Z?Zl di; = 1, so the phase current change rates of an
MCCI can be seen as the result of redistributing and recombining
the phase current change rates from its pseudodecoupled circuit.
The current change rate at the PCC of both the MCCI and its
pseudodecoupled circuit is the same, viz

dicp, .. /dt = diap,,_/dt. )

Specifically, when all elements of the voltage vector V are equal,
where V; represents the ith element of vector V, and namely,
when V; =V, = ... =V, = v, it follows that:

V = Laplep. (8)

Thatis, I.p = I4p, meaning the phase current of an MCCl varies
in agreement with its pseudodecoupled circuit. The detailed
proof procedure is shown in Appendix A.
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B. Transient Performance Analysis

The dynamic characteristics of converters at their operating
points is crucial for designing coupled inductors with opti-
mal transient performance. The transient performance of an
MCCI can be analyzed based on the switching period averaging
method [29].

By applying the switching period averaging method to (1),
we get

UCP1 - ,Ucppcc
UCDl - UCPpcc

UCP1 - vcppcc

Vep
Ly M My, d?cpl/dt
_ ]\/{21 L:2 ]\4:271 dchf/dt ©)
Myt Mo Ly d%cp;L/dt
L i

where 9, denotes the switching cycle average perturbation of
variable v, . Similarly, switching cycle averaging is performed
for the pseudodecoupled circuit as follows:

V = Laplap (10

when Vdp = ch = V. Then, using the property of the pseu-
dodecoupled equivalent circuit, it can be said that

Iep = 01ap,

)

dicpm Jdt = d%dpw /dt. (12)

Therefore, an MCCI and its pseudodecoupled circuit are consid-
ered to have the same transient characteristics at the PCC. The
transient characteristics of each phase of the MCCI can also be
analyzed by (11) using the pseudodecoupled circuit.

1) Transient Performance Under Common-Mode Perturba-
tions: In particular, when a common-mode voltage perturbation
is introduced into the MCCI, i.e., when the same voltage per-
turbation is introduced into each phase, the following can be
derived according to the characteristics of the pseudodecoupled
circuit:

V = Laplep. (13)

In MCCI, the tracking control tends to introduce the same
duty cycle variation in each phase, which can be approximated
as introducing a common-mode voltage perturbation to the
MCCI. Therefore, the equivalent transient inductance of each
phase under the common-mode voltage perturbation can be
used to evaluate the transient performance of each phase of
the MCCI. The smaller the equivalent common-mode transient
inductance, the faster the MCClI response. Let Ly,; be the equiv-
alent common-mode transient inductance of the ¢th phase of the
MCCI. According to (13), we have

Ltri = Ldpi~ (14)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

Under the common-mode voltage perturbation, the current at the
PCC of the MCCl is given by

1 dicp,.

> i Z?:1 (Lil)ij dt

Therefore, L, = 1/(p"L™'p) is defined as the equivalent
common mode transient inductance at the PCC of the MCCI,
which is used to evaluate the transient performance at the PCC
of the MCCIL.

2) Transient Performance Under Differential-Mode Pertur-
bations: When a differential mode voltage perturbation is in-
troduced, the relationship between the voltage difference and
current difference of each phase has to be studied [20]. Taking
the example of introducing perturbation v in the first phase of
an MCCI, i.e., setting V = [0,0,...,0]" and constructing the
transformation matrix T

’ﬁ:

15)

1 1 1 1
1 -1 0 0

T=|(1 0 -1 0 (16)
1 0 0 —1

The matrix T is invertible. Use this matrix to transform the
current perturbation vector I.p. Let the transformed vector
be qi

d (icpl + %sz Tt gcpn) /dt

A d (gcpl - 'Zcp2> /dt

qi = T- Icp = (17)

 (iep, —:%Cpﬂ) Jdt

The first element of the vector q; represents the sum of the cur-
rent perturbation change rates for each phase of the MCCI, while
the ith element (for 7 # 1) represents the difference between
the current perturbation change rates of phase 1 and phase <.
Similarly, the voltage perturbation vector V is transformed and
the transformed vector is set to be qy,

By + Do + -+ + By — Npec

01 — Vo
=T V= 01 — 03 (18)
01 — Op,
Substitute (17) and (18) into (9)
qv = TLT 'q;. (19)

When V = [0,0,...,0", qy = [0,D,--- ], i.e., each element
of the vector qy is equal. Matrix TLT ! is invertible. Thus it
follows that:

-1 .

Gv = diag (TL'T 'p) & (20)

The proof is similar to that of (8) and will not be re-
peated here. For details, please refer to Appendix A. Define
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diag(TL T~ 'p)~" to be the equivalent differential mode tran-
sient inductance matrix Lq¢,; of the first phase with

Ltrl
Ldtr12

Latrr = Latr13 1)

Ldtrln

Lyy1 1s the equivalent common mode transient inductance of
phase 1. Lgir1; is the equivalent differential mode transient
inductance from phase 1 to phase i. The larger the Lgt,14, the
less likely it is for a current difference to develop between
phase 1 and phase 7 of the MCCI due to a differential mode
voltage perturbation in phase 1. Thus the equivalent differential
mode transient inductance can be used to evaluate the ability of
MCCT to resist differential mode perturbations. The calculation
formula for Lgi,1; 1S

Latr1i = (22)
The derivation of the differential mode transient inductance
matrix for the remaining phases can be referred to the above
steps.

C. Steady-State Current Ripple Analysis

The steady-state current ripple at each phase and the PCC
affects the efficiency, reliability, and selection of filter capacitors
for converters. To better understand the influence of coupling
effects on current ripple, we derive current ripple formulations
for MCCls and define the equivalent steady-state inductance for
evaluating the steady-state performance of MCClIs.

When the voltage vectors at steady state satisfy Vqp =
V¢p = V,inconjunction with (5), the following can be derived:

AiCPl 01 012 O1n Aidpl
A’L.Cp2 _ 521 5.2 52-" Aldp2 (23)
AiCpn 5n1 5n2 57m Aidpn

Aicp é Aigp

The vectors Ai.p and Aigp, respectively, represent the phase
current ripple of an MCCI and its pseudodecoupled equivalent
circuit. As shown in Fig. 3, the current ripples of the phases
of an MCCI can be regarded as the result of the redistribution
and recombination of the current ripples of the phases of its
corresponding pseudodecoupled circuits. Moreover, the current
ripple Aipc. at the PCC of an MCCI is identical to that at the
PCC of its pseudodecoupled equivalent circuit, being the sum
of the phase current ripples of the pseudodecoupled equivalent
circuit.

1) Current Ripple of Each Phase of an MCCI: Assuming that
the phase inductor voltage waveforms of the MCCI and its pseu-
dodecoupled equivalent circuit are ideal rectangular waveforms.
Let the duty cycle of the inductor voltage V; for the ith phase
be D;, the high level value be V},, the low level value be V7, and
the switching period be Ty, = 1/ fiw. Then, the phase inductor
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Fig. 3. Comparison of current ripple of multiphase converters. (a) Current
ripple of a multiphase converter with coupled inductor. (b) Current ripple of a
multiphase converter with pseudodecoupled inductor.

current ripples of the pseudodecoupled equivalent circuit are
ideal triangular waveforms, and the current ripple Aiqy,. (t) of
the ith phase is given by

where

fi(®)

—kTsw
_{(tpinw)—%, KT <t < (D; + k)T
T (Tow—(t—kToy ’
W_%a (Di+ k)T <t<(k+1)T

ke Z. 25)

The peak-to-peak value Aifj’ can be computed as
DZ‘V 1— Dz Vi
Aigp_ = h o _ ( ) z. 26)
Pi Lap, fsw Lap, fw

From (23), the phase current ripple of the MCCI can be perceived
as the summation of n triangular waveforms with different phase
shifts. If the phase shifts of these waveforms are denoted as
Y1, 2. . .y the expression for the ¢th phase current ripple of
the multiphase converter with coupled inductors is

_ VW - %ch (t— &Tsw)-

fow = Layp, 2T

For the peak-to-peak value Ailggi of the phase current ripple of
the MCCI, it can be precisely calculated using the geometric
features of the triangular wave. Specifically, the sum wave
Aiicp, (t) of n triangular waves has 2n turning points of slope
which occur at the timing of the extreme points of the triangular
waves. Hence, by comparing the values of all the turning points
of the wave Ay, (t), we can obtain its maximum and minimum

Aicp, (1) 27)

J

values, yielding the peak-to-peak value Aiggi as
. n . Pk . Pk
AZESL = r]?ji( {Achi (%Tsw) ’ Alcpi (%Tsw + DkTsw>}
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" . Pk . Pk
pin {Aiep, (57 Tow ) s Aiew, (55 Tow+ DiTow)
(28)

The equivalent steady-state inductance of phase ¢ of the MCCI
can be defined as follows, which is used to evaluate the steady-
state current ripple performance of phase ¢ of the MCCI

;PP
= D AZ.;‘;;Z‘ Lag, - (29)

fswAZcm Alcpi ’

In particular, based on the properties of the pseudodecoupled
circuit, it is known that when the same (same phase-shift, same
duty cycle, same amplitude) rectangular waveform voltage is
applied to each phase of an MCCI, the equivalent steady-state
inductance of each phase of the MCCI is equal to the pseudode-
coupled inductance.

As a smaller Ly,, indicates a faster response and a larger
L, indicates a smaller current ripple, Ltr;/Lss; can be
defined as the performance improvement coefficient p; of
phase i of an MCCI, which is to evaluate the degree of
performance improvement of an MCCI compared to a multi-
phase converter with independent inductors

Lss,i

Ly, Lap, Ail%
pp =t = =P = b (30)
Lssi Lssi Aldp.

From (28), u; is a function of the duty ratio D, phase number
n, and the inductance matrix L. This indicates that, under
the same operating conditions and transient characteristics, the
peak-to-peak value of the current ripple of phase i of the MCCI
is p; times that of the multiphase converter with independent
inductors. Alternatively, if the current ripple performance is
the same, the inductor current change rate of phase i of the
multiphase converter with independent inductors under the same
inductor voltage perturbation is j; times that of the MCCI. A
smaller u; indicates a higher degree of improvement.

2) Current Ripple At the PCC of an MCCI: For the current
ripple Aipc(t) at the PCC, it can be calculated by the following
formula:

_ Vi~ D;
fsw =1 Ldpj

The peak-to-peak expression is

. n . Pk . Pk
AZEEC = I]?ji( {Azpcc (%ﬂw) aAchc (%Tsw + D:rsw)}

Aipec(t)

fi (t - %TSW) 31

- Hﬁn {Aipcc (ﬂTsw) ’ Aipcc (ﬂTsw'i_DTsw)} .

k=1 2 2T

(32)

Similarly, an equivalent steady-state inductance L, at the
PCC of the MCCl is defined, which is used to evaluate the steady-
state performance at the PCC of the MCCI

DV,

$Spcc — ADD F
pee A'chcfsw

L (33)

where D is the average value of the duty cycle of each phase.
The modeling method can also be used to evaluate the per-

formance improvement of an MCCI compared to a single-phase
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converter. The performance improvement of PCC of an MCCI
can be quantified as follows:

Ly .. AP
Hpce = B = n IZC'DP ’ (34)
LSSpcc Zi:l dei

This indicates that, under the same operating conditions and
transient characteristics, the peak-to-peak value of the cur-
rent ripple at the PCC of the multiphase converter is fipcc
times the peak-to-peak value of the inductor current ripple in
the single-phase converter. Alternatively, if the current ripple
performance is the same, the inductor current change rate in
the single-phase converter under the same inductor voltage
perturbation is fipc times the inductor current change rate at
the PCC of the multiphase converter.

D. Discussion of the Modeling Method

The traditional MCCI modeling method [17], [18], [19] in-
volves multiple segmented calculations when solving for cur-
rent expressions and equivalent inductance, making the entire
analysis process cumbersome and time consuming, especially
when dealing with a large number of phases or numerous induc-
tance parameters, which increases the computational burden.
In addition, this method requires strict conditions for analysis,
such as limiting the duty cycle, phase shift, phase sequence, and
topology. While these conditions help simplify the problem, they
also reduce the flexibility of the model, making it unable to adapt
to complex or changing working condition power electronic
systems, thus limiting its applicability.

The proposed pseudodecoupling modeling method introduces
the concepts of pseudodecoupling inductance and exchange
coefficient, and presents general matrix expressions for equiva-
lent transient inductance and equivalent steady-state inductance
in continuous mode, significantly reducing the complexity of
the solution process. Compared to the traditional modeling
method, which relies on strict system configurations, the pro-
posed method offers greater flexibility and can adapt to a wider
range of MCCI topologies and operating conditions. The process
of the proposed method is summarized as follows.

1) Determine the inductance matrix of coupled inductors.

2) Pseudodecoupling of the coupled inductance: Use (2) and
(6) to calculate the pseudodecoupling inductance matrix
and the exchange coefficient matrix, respectively.

3) Transient characteristic analysis: Use (14) to calculate the
common-mode transient inductance; use (22) to calculate
the differential-mode transient inductance.

4) Steady-state characteristic analysis: Use (28) or (32) to
calculate the peak-to-peak ripple of phase currents or
the peak-to-peak ripple at the PCC; Use (29) or (33) to
calculate the equivalent steady-state inductance of each
phase or at the PCC.

‘When the inductance matrix is difficult to determine, identical
rectangular-waveform voltages can be applied to each phase of
the MCCI. The coupled inductor’s pseudodecoupled inductance
can then be directly calculated from the resulting current wave-
forms, simplifying the analysis process.
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III. EFFECT OF ASYMMETRY DEGREE ON THE PERFORMANCE
OF MULTIPHASE CONVERTERS WITH COUPLED INDUCTORS

A. Performance Analysis of Multiphase Converters With
Symmetrical Coupled Inductors

To quantitatively discuss the effect of asymmetrical param-
eters on the performance of an MCCI, an MCSCI is first an-
alyzed. Let the symmetrical multiphase coupled inductor self-
inductance of each phase be L, the mutual inductance of each
phase be M, the coupling coefficient be o = W, and its
inductance matrix Ly, be

L M --- M
M L - M
Lsym = (35)

M M --- L
1) Pseudodecoupling of an MCSCI: Substituting (35) into
(3), it can be seen that the pseudodecoupled inductance of each

phase of MCSCI is equal, and the pseudodecoupled inductance

of MCSCI can be calculated as follows:
LZ"Q“:L—&-(n—l)M:(l—i—a)L. (36)

Substituting (35) into (6), the ripple distribution coefficient
matrix dgym, of MCSCl is

§s 8 -0 &
§ 6 -+ &
5sym: . (37)
6 0 O
where
-M —o
6_L7M_n71704’ (38)
L+ (n—-2)M n—-1+(n—-2)a
0s = L-—M . n—-1l-a - 39

2) Transient Performance Analysis of an MCSCI: According
to the analysis in Section II, the equivalent common-mode
transient inductance of each phase of the MCCI is equal
to the pseudodecoupled inductance. Therefore, the equivalent
common-mode transient inductance of each phase of the MCSCI

is the same and is denoted as L;Y™. Thus, we have
LY =LY =L+ (m—1)M=(1+a)L. (40

The equivalent common-mode transient inductance at the PCC
of MCSCl is set to be Ly} , with

L+(n—-1)M

trpce n

_ (1+Q)L.

sym  __

(41)

By substituting (36) and (37) into (6), it is evident that the
equivalent differential mode transient inductance between the

phases of the MCSCI is equal, denoted as L, and is given by

Ly™ «
L= 1 _M=(1-——)L.
N ( n— 1>
From the above analysis, it can be seen that the inverse cou-
pling (o < 0) of the coupled inductors enables the MCSCI

(42)
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to have a smaller common-mode transient inductance and a
larger differential-mode transient inductance. This means that an
inversely coupled MCSCI can respond faster to load variations
and is less prone to phase-to-phase current differences due to
differential-mode voltage perturbations, thus exhibiting more
desirable transient performance.

3) Steady-State Performance Analysis of an MCSCI: Be-
cause the coupled inductors are symmetrical, setting the duty
cycle of each phase as D and the phase shift of each phase differs
by 27 /n in turn. Substituting (36) into (12), the pseudodecou-
pled circuit of an MCSCT has equal current ripple peak-to-peak

value Aigg for each phase, with

. DV,
AiPP = .
Yo T F T+ (n— 1) M]

The current ripple at the PCC of an MCSCI can be viewed as
the summation of »n triangular waves, all with identical shapes
but each shifted by 27 /n. The formula to calculate the current
ripple peak-to-peak value AibP, at the PCC of an MCSCI can
be written as

(43)

nDVh
fsw [L+ (n— I)M}
where F, is defined as the cancellation factor, which is equal to
pec under symmetric conditions, given by
(k4+1—Dn)(Dn—k)
(1 - D) Dn?

PP _ ) APP L
Aigle =ndig, - Fo =

- FL (44)

F.=

(45)

where k is the index for the duty ratio D range, and it is given
by £ < D < = When D = £, F, = 0, and if the number of
converter phases is odd, i.e., n = 2¢ 4+ 1, then when D = 0.5,
F.=1/(2i 4+ 1)2 Since pipec = F.. in the symmetric case, it
can be concluded that the more phases there are, the better the
performance of the converter. However, the performance im-
provement becomes smaller as the number of phases increases.

Therefore, the current ripple of each phase can be perceived as
the summation of n triangular waves, where only one has a dif-
ferent peak-to-peak value, and the others have identical shapes
but each shifted by 27 /n. Using (44), the ripple expression can
be simplified as follows:

A = nd AR - F, + (8, — 6) AdRY. (46)

Correspondingly, the performance improvement coefficient pis
of each phase of an MCSCI can be calculated as follows:
AdRh L—M+nM(1-F,)

= = . F — =

(47)

Rewrite the above equation in terms of the coupling coefficient
a

n—1—a+na(l—-F,)

n—1—« (48)

Hs =
Fig. 4 is a graphical interpretation of the phase current ripple
analysis. Expression (46) can be obtained quite intuitively by
equating Fig. 4(a) to (b). It can be clearly observed that in
the case of symmetry, the phase current ripple period of the
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iA

(6, —8) - Ny,
\ (6,— &) Adgp
8+ (Digy, + Digy, + Nigy) 3odigy - F.
o
(b) t

Fig.4. Graphical interpretation of phase current ripple analysis of symmetrical
coupled inductors (Taking a three-phase inductor as an example, assuming 5 =
d11, 0 = 012 = 013, Aifp = Aiggl = Aiggz = Aifp ) (a) Phase current
ripple Aicp, can be viewed as the sum of triangular waves 65 Aiqp1, 6 Aigpo,
and dAigp3. (b) Phase current ripple Aidcp,, can be viewed as the sum of
triangular waves (85 — 0) Aiqp and 0(Aiqp1 + Aigpa + Aidps).

multiphase converter with coupled inductor remains unchanged
at T'. According to (48), if n and F| are regarded as constants,
then s can be regarded as a fractional linear function of the
coupling coefficient o. Based on the properties of fractional lin-
ear functions, j4 is monotonically increasing within its domain
of definition. Specifically, s = F,. when o = —1, and ps = 1
when o = 0. Therefore, itis not possible for 15 to be less than the
cancellation factor F.. the tighter the inverse coupling (o < 0
and « has a larger absolute value), the better the performance of
the MCSCI. Conversely, the tighter the positive coupling (o > 0
and « has a larger absolute value), the worse the performance
of the MCSCI. These insights from the analysis of the coupled
inductor in symmetrical situations are equivalent to the results
of previous literature studies [17], [18], [20], [21].

B. Effect of Self-Inductance Deviation

As an example, the deviation Dewv; present in the self-
inductance of the first phase of the MCCI is discussed. In this
case, the inductance matrix L p.,1 of the coupled inductor is set
to be

L(1+ Devy) M --- M
LDevl = : : ) : (49)
M M --- L

where |(n —1)M| < L(1 4 Dew;), i.e., the coupling coeffi-
cient « satisfies |a| < 1+ Deuv;.
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1) Effect of Self-Inductance Deviation on Pseudodecoupling
Parameters: The analysis in Section II shows that the pseudode-
coupled parameters of an MCCI directly determines the transient
and steady-state performance of the converter. Therefore it is
important to understand the effect of self-inductance deviation
on the pseudodecoupled inductances and ripple distribution
coefficients. Substituting (49) into (2), the pseudodecoupled
inductance matrix Lg’;”l with the self-inductance deviation
Dewy is given by

Devl
Ldpl
et Lé)pevl
ev
Lo = (50)
Devl
Ldp
where
Devl

Ldpl

(L+(n—1)M)(L—M+ L-Devy)— LM - Dev,
(L= ) |

(D)

Devl

(L+(n—1)M)(L—M+ L-Devy)— LM - Devy
(L— M+ L- Devy) '
(52)

The self-inductance deviation Dev; makes the pseudodecoupled
inductance of phase 1 different from that of the remaining
phases. The pseudodecoupled inductance deviation Devqp due
to the self-inductance deviation Dewv; can be calculated as
follows:

Devl Devl
Ldpl - Ldp o L - Devy

D = .
€Vdp1 Ldee'Ul L— M

(53)

Rewrite the above equation in terms of the coupling coefficient
«

Devy

D =1
el = T (- 1)

(54)
Fig. 5(a) shows the curves of the pseudodecoupled inductance
deviation Devqp according to (54) when the self-inductance
deviation Dev; = 0.5. It can be found that the inverse coupling
(i.e., coupling coefficient av < 0) can reduce the impact of self-
inductance deviation Dev;. The tighter the inverse coupling
(the larger the absolute value of the coupling coefficient «),
the smaller the pseudodecoupled inductance deviation Devqp .
Moreover, as the phase number n increases, the pseudodecou-
pled inductance deviation Devqp increases.

Substituting (49) into (6), the ripple distribution coefficient
matrix 0 pe,1 with the self-inductance deviation is given by

53 51 o 51
6Dev1 = : : . : (55)
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03 ————— ,
210 08 -0.6 —04 —02 00 02 04 06 08 1.0
o
(a)

0.6

Devgpy

.2

-1.0 0.8 -06 -04 -02 00 02 04 06 08 1.0
o
(b)

Fig. 5. Effect on the pseudodecoupled inductance deviation to each phase.

(a) Effect of phase 1 self-inductance deviation (Dev; = 0.5). (b) Effect of
mutual inductance deviation (Deve = 0.5).

It can be noticed that the ripple distribution coefficient ¢; and
09 are different from that in the symmetrical condition, where

M

51__L7M+L'Dev1’ (56)
5 [(Devy + 1)L — M][L + (n — 2)M] — LM - Deuv;

2 — .

(L —M)((1+ Devy)L — M)
(57

2) Effect of Self-Inductance Deviation on Transient Perfor-
mances: The equivalent common-mode transient inductance
of each phase of the MCCI is equal to the pseudodecoupled
inductance. Therefore, the common-mode transient inductance
of each phase of the MCCI with self-inductance deviation can
also be calculated by (51) and (52).

The variation in pseudodecoupled inductance (also the
common-mode transient inductance) of phase 1 due to self-
inductance deviation Dewvq, relative to the symmetrical condi-
tion, can be calculated by (58). The variation in pseudodecoupled
inductances (also the common-mode transient inductances) of
the remaining phases relative to the symmetrical condition can
be calculated by (59). The variation in common-mode transient
inductance of the PCC relative to the symmetrical condition can
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Fig.6. Effect of the self-inductance deviation Dewv; on each pseudodecoupled

inductance parameter. (a) Effect of Dev; and o on Lé)pel” t/ Lsdi)m whenn = 6.

(b) Effect of Devy and n on L' /L™ when a = —0.3. (¢) Effect of
Dev; and « on LE;“/LZ’;‘“ when n = 6. (d) Effect of Dev; and n on

LPevt /L3 when a = —0.3. (e) Effect of Devy and a on L€t /L™
when n = 6. (f) Effect of Dev; and n on ngzcl/L?;m when o = —0.3.
be calculated by (60).

Devl sym
Ldpl /Ldp

(14+a)(l—a/(n—1)+ Devy) —a- Devy/(n —1)
l—a/(n-1)) 1+ «)

(58)

Devl /rsym
Ldp /Ldp

(I1+a)(l—=a/(n—1)+ Devy) — - Devy/ (n— 1)
(I14a)(1—af(n—1)+ Devy)

(59)

Devl

trpce

_ n[(l1+a)(l—a/(n—1)+ Devi) —a-Devi/(n—1)]

14+ a)[n(1—-a/(n—1)+ Devy) —a- Devy/ (n—1)]
(60)

sym
trpce

Fig. 6, based on (58), (59), and (60), illustrates the effect of the
self-inductance deviation Dewv; on pseudodecoupled inductance
parameters. It can be observed that the pseudodecoupled induc-
tance of phase 1 is most affected by self-inductance deviation
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Dew; . In the case of inverse coupling, a positive self-inductance
deviation Dev; increases the pseudodecoupled inductance of
each phase and the equivalent transient inductance at the PCC.
As the self-inductance deviation increases, the increase in the
pseudodecoupled inductance of the phases and the equivalent
transient inductance at the PCC also increases. The greater the
number of phases n, the smaller the effect of the self-inductance
deviation, but this effect becomes less pronounced if n 20. In the
case of inverse coupling, the tighter the coupling, the greater the
effect of the deviation, and this effect becomes significant after
the coupling coefficient a reaches —0.8.

For the equivalent differential mode transient inductance,
combining (6), (50), and (55), it can be seen that the self-
inductance deviation causes the differential mode transient in-
ductance L5 from phase 1 to the remaining phases to be
unequal to the differential mode transient inductance Lé)ti”l
between the remaining phases, as shown in

(?lel

Lagt' = 57 1)
(?evl

L = 505 (62)

3) Effect of Self-Inductance Deviation on Steady-State Per-
formances: Substituting (50) and (55) into (27), the peak-to-
peak value of current ripples Aisgl (Dev1) Of Phase 1 of the MCCI
with the self-inductance deviation Dewv; can be calculated as

follows:

AZ-Ic)gl(Devl)
sym
= e s (6,220 63
L(?pevl de |:n 1 & + ( \SO'De’Udpl 1 . ( )

A comparison of (63) and (46) shows that with the self-
inductance deviation Dewvy, the composition of the current ripple
in phase 1 of the MCCI is similar to that in the MCSCI, except
that each component is multiplied by a different factor.

Similarly, the peak-to-peak value of current ripple
Ai?}‘;i( Devl) of the phase i (for i # 1) is calculated as follows:
-pp
AZcpi(Devl)
dp —Devap
= P AP Ing - F. ) ;o 0——P
L(?pevl fap | (0 )+ m 1+ Devgpr
(64)

where the coefficient v;; depends on the phase difference be-
tween the PWM of phase 1 and phase i. Fig. 8 shows the
current ripple of phase 4 of a four-phase MCCI with each
phase PWM shifted by 27t /n in turn as an example of the phase
current ripple. Compared to the phase current ripples in the
MCSCI, the phase 1 self-inductance deviation adds a triangular
waveform component to the current ripples in other phases of the
MCCI. The additional triangular waveform component makes
it possible for the location of the peak point to change and not
necessarily be at the original peak point in this phase. And the
phase ripple peak value may increase or decrease relative to
the symmetry, when the PWM phase difference is within 7/2,
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Fig.7. Effect of the mutual inductance deviation Dewvg on each pseudodecou-

pled inductance parameter. (a) Effect of Devs and o on L?pelw / Lff;)m when

n = 6. (b) Effect of Devy and n on L?;f’Q/LZ’;m when a = —0.3. (c) Effect

of Devy and o on L(?pevz/L?;m when n = 6. (d) Effect of Devs and n on
Lpev? /LY when a = —0.3. (e) Effect of Devs and a on L€V /L™
when n = 6. () Effect of Devy and n on LtDrgi’f/LZ)m when oo = —0.3.

as shown in Fig. 8(a), then the ripple peak value may increase
relative to the symmetry; when the PWM phase difference is
more than 7/2, as shown in Fig. 8(b), then the ripple peak value
may decrease.

The peak-to-peak value of current ripple Aigp (

cc(Devl)
PCC can be calculated by the following equation:

at the

. . Devgp
PP _ PP | _ p
Achc(Devl) = nAzdp (FC nt Devdpl)) . (65)

The current ripple at the PCC of the MCCI with the self-
inductance deviation Deuv; is similar to the phase current ripple
of MCSCI shown in Fig. 4. Considering the characteristics of the
inverse proportional function, it can be seen that if the deviation
is negative, it becomes impossible for the current ripple at the
PCC to be reduced to 0, as it would be in an MCSCI. Compared
to an MCSCI, a higher number of phases is required to achieve
the same low current ripple.
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(8, 8) - Aigy,

8+ (- Devap) Ay,

(b)

Fig. 8. Two possibilities of phase current ripple in the nonfirst phase of the
MCCI with the phase 1 self-inductance deviation Dewv (Taking a four-phase
coupled inductor as an example). (a) Asymmetry increases phase current ripple.
(b) Asymmetry reduces phase current ripple.

Hpce at this case

DE’Udpl
Fe — n(14+Devap1)

Hpce = Devam (66)

- n(14+Devgp1)
As the number of phases n increases, jipc. of the MCCI with
self-inductance deviation gets closer to F..

C. Effect of Mutual Inductance Deviation

As an example, the deviation Devy present in the mutual
inductance between the phase 1 and phase 2 of an MCCI is
discussed. In this case, the inductance matrix Lpe,o of the
coupled inductor is set to be

L M (1 + Devs) M
M (14 Devs) L M
LDev2 = : : )
M M U
(67)

where |(n — 1 + Devs) M| < L, i.e., the coupling coefficient o
satisfies || < -

1) Effect of Mutual Inductance Deviation on Pseudodecou-
pling Parameters: Substituting (67) into (2), the pseudodecou-
pled inductance matrix ngm with the mutual inductance devi-

ation is given by

LDer

dpl
L(?62’U2
Dev2 __ p
Lis" = (68)
Dev2
Ldp
where
LD€U2_ Dev2 __
dpl — Hdp2
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(L+(n—1)M) (L — M+ M - Devy) —2M? - Devs
(L — M) ’
(69)

Dev2 __

(L+(n—1)M) (L—M+ M - Devy) —2M? - Dev,
(L— M+ M - Devs) '

(70)

The mutual inductance deviation Dev, makes the pseudode-
coupled inductance of phases 1 and 2 different from that of the
remaining phases. The pseudodecoupled inductance deviation
Devgpo due to the mutual inductance deviation Devy can be
calculated as follows:

Dev2 Dev2
LR — L M - Dev,

dpl
Dev2 ’
LY L—M

Devgpa = (71)

Rewrite the above equation in terms of the coupling coefficient
o

Devsy 0
Devays = 4 07D/ T ,a # 72)
0 ,a=0

Fig. 5(b) shows the curve of the pseudodecoupled inductance
deviation Devgp2 according to (72) when the mutual inductance
deviation Devy = 0.5. It can be found that under inverse cou-
pling (i.e., coupling coefficient o < 0), the mutual inductance
deviation Devs brings about the opposite pseudodecoupled in-
ductance deviation Devqpz. The tighter the inverse coupling (the
larger the absolute value of the coupling coefficient «v), the larger
the absolute value of the pseudodecoupled inductance deviation.
Moreover, as the phase number n increases, the absolute value of
the pseudodecoupled inductance deviation Devqpa decreases.
Substituting (67) into (6), the ripple distribution coefficient
matrix 8 pe,2 With the mutual inductance deviation is given by

05 04 O3 -+ O3
04 05 O3 --- O3

Opez= |0 0 O -+ 0 (73)
6 o6 o6 - g

It can be noticed that 93, d4, J5, and d¢ are different from those
in the symmetrical condition, where

M

%= L - Dev; M’ 74
(Devy + 1)LM + [(n — 3) - Devy — 1] M?
0q = ) (75)
(L—M)M — L+ M - Devs)
L+ (n-2M
% = L — (Devy + 1)M’ (76)
55 = [L+ (n—2)M](L— M + M - Devy) — 2M? - Deus

(L—M)(L— M + Devy - M)
(77)
2) Effect of Mutual Inductance Deviation on Transient Per-
formances: The equivalent common-mode transient inductance
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of each phase of the MCCI is equal to the pseudodecoupled
inductance. Therefore, the common-mode transient inductance
of each phase of the MCCI with self-inductance deviation can
also be calculated by (69) and (70).

The variation in pseudodecoupled inductances (also the
common-mode transient inductances) of phase 1 and phase 2 due
to mutual inductance deviation Devs, relative to the symmetrical
condition, can be calculated by (78) shown at the bottom of this
page. The variation in pseudodecoupled inductances (also the
common-mode transient inductances) of the remaining phases
relative to the symmetrical condition can be calculated by (79)
shown at the bottom of this page. The variation in equivalent
transient inductance of the PCC relative to the symmetrical
condition can be calculated by (80) shown at the bottom of this
page

Fig. 7, based on (78), (79), and (80), illustrates the effect
of the mutual inductance deviation Devs on pseudodecoupled
inductance parameters. Comparing Figs. 6 and 7, it can be
observed that the mutual inductance deviation Dewvs has less
effect on the pseudodecoupled inductance parameters compared
to the self-inductance deviation Dewvy, and the effect is opposite.
In the case of inverse coupling, a positive mutual inductance
deviation Dewv, reduces the pseudodecoupled inductance of each
phase and the equivalent transient inductance at the PCC. As the
mutual inductance deviation Dewvs increases, the reduction in the
pseudodecoupled inductance of each phase and the equivalent
transient inductance at the PCC becomes more pronounced.
The greater the number of phases n, the smaller the effect of
the mutual inductance deviation, but this effect becomes less
pronounced after 20 phases. In the case of inverse coupling, the
tighter the coupling, the greater the effect of the deviation, which
becomes significant after the coupling coefficient o reaches
—0.8.

For the equivalent differential mode transient inductance,
combining (6), (68), and (73), it can be seen that the mutual
inductance deviation causes the differential mode transient in-
ductance from phase 1 to phase 2 and that from phase 2 to phase
1 to be unequal to differential mode transient inductance L{v?
between the remaining phases, as shown in

Dev2 Dev2
pog =SB = pher = 2 81
05 — 04 ! 05 — 04
Dev2 LC?PGU2
Lis® = 35 (82)

3) Effect of Mutual Inductance Deviation on Steady-
State Performances: Substituting (68) and (73) into (27), the
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peak-to-peak value of current ripples of phases 1 and 2 of
the MCCI with the mutual inductance deviation Devs can be
calculated as follows:

Aigsl(De’UQ) = Aing(Der)
o 1
= —P _AitP | nds - F, 0p——— — 0
Ly p 10 B ¥ < 1+ Devapa

1
| 0y———— — b 83
+ 712 ( T Devan 3) ] (83)

where 712 depends on the phase difference between the PWM
of phase 1 and phase 2. Compared to the phase current ripple
in the MCSCI, the current ripple in phase 1 or phase 2 of the
MCCIT with the mutual-inductance deviation has an additional
triangular wave component. Thus, it is similar to the phase
current ripple of the MCCI with the self-inductance deviation
shown in Fig. 8.

Similarly, the the peak-to-peak value of current ripple

Aig’i( Devg) for phase i (i # 1 & i # 2) is calculated as follows:
dp
Ai?ﬁi(Dew) = L(?EUQ Azgg |:n6 ' FC + (66 - 6)
P
—Devgps
i i) o 84
+ (710 +724) 1+D€vdp2} (84)

where 71, depends on the phase difference between the PWM
of phase 1 and phase i, yo; depends on the phase difference
the PWM of phase 2 and phase i. Compared to the phase
current ripple in the MCSCI, the current ripple in phase i of
the MCCI with the mutual-inductance deviation has two addi-
tional triangular waveform components.

The peak-to-peak value of current ripple AiPY at the

cc(Dev2)
PCC can be calculated by the following equatiolr)l:

(1+72) Devdpz) (85)

A .pp = nA ;PP | FC —
chc(Dev2) n ZdP ( n (1 =+ DeUdPQ)

where 12 depends on the phase difference between the PWM
of phase 1 and phase 2. Similar to the phase current ripple of
MCCI with self-inductance deviation shown in Fig. 8, the current
ripple at the PCC of the MCCI with mutual-inductance deviation
has two more triangular waveform components than the current
ripple at the PCC in the MCSCI. Since there are two additional
triangular waveform components, when the phase difference of
these components is appropriate, the ripple reduction effect of
the current at the PCC will be close to that in the MCSCI.

(14+a)(1—a/(n—1)+aDevy/(n—1)) — 2a2Devy/ (n — 1)*

Dev2 sym __ 7 Dev2 sym __
Ldpl /Ld; - Ldp2 /Ld}}; - (1 o Oé/ (n . 1)) (1 + Oé) (78)
Dev2 jpsym (1 +a) (1 —a/(n—1)+aDevy/(n—1)) — 2a%Devs/ (n — 1)2
Lap™/Lgp" = (1+a)(l—a/(n—1)+aDevy/ (n—1)) (79)
Lt[ﬁsf 2,:; _ n[(1+a)(1—a/(n—1)+aDevy/ (n — 1)) — 2a%Devy/ (n — 1)2 (80)

(I14+a)[n(1—a/(n—1)+aDevy/(n—1)) —2aDevy/ (n — 1)]



WEI et al.: PSEUDODECOUPLED MODELING AND ANALY SIS METHOD FOR INTERLEAVED MULTIPHASE CONVERTERS

Accordingly, at this case fipcc is

_ (A+v)Devap:
¢ n(14+Devap1)
2Devgp1 :
T n(I+Devapr)

,Ufpcc == (86)

The above discussion is based on the example of self-inductance
or mutual inductance deviation in a particular phase. For the case
of multiphase self-inductance or mutual inductance deviation,
the effects caused by the self-inductance and mutual-inductance
deviation of each phase can be discussed individually and then
superimposed. Alternatively, (3), (6), (27), and (31) can be used
directly by substitute the inductance matrix for discussions.

D. Design Ideas for Coupled Inductors With Asymmetries

Based on the previous analysis of the MCCI, the cou-
pled inductor can be designed according to the following
recommendations:

1) Asymmetrical Coupled Inductor Compensation Design
Ideas: From the previous analysis, it can be seen that even in
the case of asymmetrical self-inductance and mutual inductance,
the consistent pseudodecoupled inductance of each phase can
make the current ripple at the PCC the same as in the symmetrical
case. In addition, the consistent pseudodecoupled inductance of
each phase ensures that each phase has the same common-mode
transient characteristics. The asymmetry of self-inductance or
mutual-inductance parameters of coupled inductors due to core
structure design problems or other factors can be compen-
sated appropriately to make their pseudodecoupling inductance
consistent.

Based on the quantitative analysis presented in this section, the
compensation strategy is discussed using a three-phase coupled
inductor as an example, as follows:

If the coupling inductor is inverse-coupled, and there is a
negative deviation in the mutual inductance of phases 1 and 3,
then theoretically the pseudodecoupled inductances of phase 1
and phase 3 will be larger compared to phase 2. It is possible to
increase the self-inductance of phase 2, e.g., by increasing the
number of turns or by connecting a small inductor in series with
phase 2, so that the pseudodecoupled inductances of all three
phases can be as consistent as possible. If there is a positive
deviation, then the pseudodecoupled inductances of phase 1 and
phase 3 will be smaller, and the self-inductances of phases 1 and
3 can be increased appropriately to make the pseudodecoupled
inductances as consistent as possible.

If the coupling inductor is positive-coupled, and there is a
negative deviation in the mutual inductance of phases 1 and
3, then theoretically the pseudodecoupled inductances of phase
1 and phase 3 will be smaller compared to that of phase 2.
In this case, the self-inductances of phases 1 and 3 can be
increased appropriately. If there is a positive deviation, then the
pseudodecoupled inductances of phase 1 and phase 3 will be
larger, and the self-inductance of phase 2 can be increased appro-
priately to make the pseudodecoupled inductances as consistent
as possible.

2) Selection of Coupling Coefficient: In the case of MCSCI,
the tighter the coupled inductors are inverse-coupled, the better
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the steady-state and transient performance of the converter.
However, as analyzed in this section, excessively tight inverse
coupling amplifies the effects of self-inductance or mutual-
inductance deviations, causing the performance of the MCCI
to differ significantly from expectations. Therefore, based on
the analysis in Figs. 6 and 7, it is conservatively recommended
that the coupling coefficient should not be less than —0.8.

IV. CONTROL STRATEGIES FOR PWM PHASE-SHIFT AND
PHASE SEQUENCE OF MULTIPHASE CONVERTERS WITH
ASYMMETRICAL COUPLED INDUCTORS

From the analysis in Section II, we know that the MCCI
and its pseudodecoupled circuit have the same transient and
steady-state characteristics at the PCC under CCM condition.
In addition, the proposed pseudodecoupling method enables a
quantitative analysis of the effect of PWM phase shift and phase
sequence on current ripple. This makes feasible to extend the
PWM phase-shift and phase-sequence control strategy, which is
applied to multiphase converters with independent inductors,
to MCCI. This section validates this idea and develops the
optimal control strategies for MCCI PWM phase shift and phase
sequence.

A. Control Strategy for PWM Phase Shift

Regarding phase-shift control strategies for multiphase con-
verters with independent inductors, Caris et al. [27], [28] pro-
posed a method to calculate improved carrier phase-shifts that
completely remove the fundamental switching frequency sub-
harmonic components from the output current spectrum. It was
verified that although the higher harmonic components of the
ripple increase slightly when the fundamental component is
removed, the overall reduction in ripple magnitude is greater.

For a independent inductor multiphase converter, the ripple at
the PCC can be regarded as consisting of n triangular waveforms.
The fundamental component of each triangle waveform can be
expressed as a phasor

fk = Apel(ertwt) (87)

where I, . represents the fundamental component phasor of the
kth triangular waveform, and the amplitude of this phasor,
represented as Ay.

As shown in Fig. 9, the phasor representation of the strategy
is demonstrated using a three-phase converter as an example.
For a three-phase converter, the phasor can be adjusted using
the cosine theorem as follows:

¢h =m —arccos ((A] + A3 — A3) /(24,1 4))

¢y =m+arccos (A3 + AT — A3) /(24:143)) . (83)

For converters whichn > 3, the optimal phase-shift strategy can
be solved using numerical methods such as Newton’s iterative
method.

According to (31), the current ripple at the PCC of an MCCI
can be regarded as consisting of n triangular waveforms, allow-
ing the strategy to be applied similarly. To make this strategy
applicable to optimise the ripple at the PCC of an MCCI, since
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Fig. 9. Phasor representation when changing the PWM phase shift (Taking
a three-phase as an example.) (a) Before changing the PWM phase shift.
(b) After changing the PWM phase shift.

Fig. 10. Phasor representation when changing the phase sequence (Taking
a four-phase as an example.) (a) Before changing the PWM phase sequence.
(b) After changing the PWM phase sequence.

the triangular waveform that makes up the ripple of the PCC of
an MCCI is determined by the pseudodecoupled inductance of
each phase, itis sufficient to revise the expression of each triangle
waveform phasor. A Fourier analysis of (31) is performed and
the amplitude expression is modified as follows:

B 2V,
Ldpkfsw (1 — Dk) 7'('2

If applied to reduce the phase current ripple, since the triangular
waveform that makes up the MCCI phase current ripple is de-
termined by both the pseudodecoupled inductance of that phase
and the ripple distribution coefficient, the amplitude expression
is modified as follows:

Ay, sin (Dym) . (89)

_ 26i1Vh
Ldpkfsw (]. — Dk) 7T2

Ak sin (Dkﬂ') . (90)

B. Control Strategy for PWM Phase Sequence

For a phase sequence control strategy for independent induc-
tor multiphase converters, Garcia et al. [26] proposed a method
of ripple reduction using digital control. This method is based on
the idea that if each pair of phases with the most similar ripples
are shifted by 180°, the ripples in the total current will be min-
imized. Fig. 10 shows the phasor representation of the strategy.
In Fig. 10(b), two phasors of similar size are shifted by 180°,
resulting in a significant reduction of the phasor sum compared
to Fig. 10(a). This strategy allows for quickly obtaining a better
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Fig. 1.  Genetic algorithm implementation for the optimal phase sequence.

TABLE I
INDUCTOR PARAMETERS USED FOR CASE STUDIES AND SIMULATIONS

Coupled Inductor A (uH)

L L a2 Las Maia Mazs Mais
99.353 109.152  102.257 -28.49 -28.9215 -13.314
Coupled Inductor B (1H)

Lp: Lpo Lps Mpi2 Mpag Mpis
131.25 171.22 136.605  -34.4075 -37.3205 -13.202

phase sequence with lower computational power, though it may
not necessarily be optimal.

For this strategy to be applied to a coupled inductor multiphase
converter, the amplitude can be calculated through (89) or (90).

To obtain the optimal phase sequence of MCCI, the opti-
mization problem can be defined as detailed in Appendix B.
Since the PWM phase sequence optimization problem involves
sequences, it has nonpolynomial level complexity. Therefore,
using a heuristic algorithm is recommended to solve it. Fig. 11
shows the genetic algorithm used to solve for the optimal phase
sequence.

C. Case Study: Six-Phase Boost Converter

To illustrate how the performance of an MCACI can be
improved using an optimized PWM phase sequence and phase
control strategy, a case study of a six-phase Boost converter
is performed. The topology of this six-phase Boost converter
is shown in Fig. 12. The converter consists of two three-phase
coupled inductors, labeled as Coupled Inductor A and Coupled
Inductor B. Coupled Inductor A is shared by phase Al, phase
A2, and phase A3, while Coupled Inductor B is shared by phase
B1, phase B2, and phase B3. The inductor parameters used for
the case study are shown in Table 1.

The following two cases will be discussed separately: First,
we will take a three-phase operation as an example to discuss
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Fig. 12.  Six-phase Boost converter topology used for case study and simula-
tion.
TABLE I
PWM PHASE SHIFT OF B1, B2, AND B3 UNDER THREE-PHASE OPERATION
MODE
Converter PWM Pseudo-decoupled ~ Phase Shift ~ Phase Shift
Phase Sequence Inductance (pH) (Default) (Adjusted)
Bl 1th 86.67 0 0
B2 2th 94.07 2w /3 0.6520
B3 3th 88.19 47/3 1.3076 w

the effect of changing the PWM phase shift on converter perfor-
mance. Second, we will take a six-phase operation as an example
to discuss the effect of changing the PWM phase sequence on
the converter performance.

In the analysis, the duty cycle of each phase is kept the same
and set to D. The performance of the converter is evaluated using
the performance improvement coefficient jipcc, which is defined
by (34).

1) Effect of PWM Phase Shift on The Performance: Similar
to the independent inductor multiphase converter [27], [28],
the three-phase converter is sufficient to verify the effect of
phase-shift change on the current ripple of MCACI. Therefore,
the three-phase operation mode (phase B1, phase B2, and phase
B3) is used for illustration. The PWM phase-shift strategy is
shown in Table II and the comparison results are shown in
Fig. 13.

The default phase-shift strategy of PWM is that the initial
phase-shift of each phase differs by 270/3 in turn, so the PWM
phase shifts of phase B1, phase B2, phase B3 are 0, 27/3,
47 /3, respectively. Whereas the adjusted PWM phase shift is
calculated based on (90).

It can be seen from Fig. 13 that the phase-shift-adjusted
[pce curves are closer to the symmetrical three-phase converter,
indicating that the current ripple at the PCC of the converter is
reduced after phase shift adjustment.
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Fig. 13.  Performance improvement coefficient pipcc after phase adjusted

under three-phase operation mode.

TABLE IIT
PWM PHASE SEQUENCE UNDER S1X-PHASE OPERATION MODE

Converter  Pseudo-decoupled ~ Sequence Sequence Sequence
Phase Inductance (pH) (Default)  (Empirical)  (Optimized)

Al 56.7 1th(0) 1th(0) 1th(0)
A2 54.53 2th (&%) 5th (A7) 5th (4r)
A3 57.93 3th (2F)  3th (2F) 3th (2F)
Bl 86.67 4th (3F)  2th (1) 2th (5F)
B2 94.07 5th (7)) Ath (57) 6th (2F)
B3 88.19 6th (23F)  6th (5F) 4th (21)

2) Effect of PWM Sequence on The Performance: Since an
MCACI with a number of phases greater than three is required
to discuss the effect of phase sequence, the six-phase operation
mode is used for illustration. We compare the effect of three
sequences on the performance improvement £}, at the PCC un-
der the condition that the phases shift differ sequentially by 7 /6.
The PWM phase-sequencing strategies are shown in Table III,
and the calculation and simulation results of the comparison are
shown in Fig. 14. The parameters of the converter used in the
simulation are given in Table VIIIL.

The default phase sequence of the PWM, i.e., the inductor
layout order of Fig. 12, has the phase sequence 1, 2, 3, 4, 5,
and 6 in sequence. The empirical control PWM phase sequence
is 1, 5, 3, 2, 4, 6, which is summarized by an experienced
engineer. The optimal phase sequence of the PWM obtained
through optimization analysis is 1, 5, 3, 2, 6, 4. The definition of
the optimization problem is detailed in Appendix B. In this case
study, a simplified objective function is chosen and MATLAB’s
“ga” function is used for the solution, with the strategy and most
of the parameters of the genetic algorithm kept at default settings.
Fig. 14 shows that the converter with optimal phase sequence
outperforms the empirical phase sequence when the duty cycle
D is in the range of 1/6-5/6, and significantly outperforms the
default phase sequence in the full duty cycle range. Although
there are some gaps in performance compared to the ideal
symmetrical converter, the performance of the MCACI with
optimal phase sequence is the closest to the ideal symmetrical
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Fig. 14.  Performance improvement coefficient jipcc of calculation and sim-

ulation under six-phase operation mode with different PWM phase sequences
(The lines are the calculation results and the scatter points are the simulation
results.)

converter. The simulation results are generally consistent with
the theoretical calculations, showing similar trends. However,
at higher duty cycles, a noticeable discrepancy appears between
the simulation and theoretical results. This difference arises
because, at higher duty cycles, the increased current causes a
significant deviation of the inductor voltage waveform from the
ideal rectangular shape, which differs from the assumption made
in theoretical calculations.

D. Discussion of the Control Strategies

This section discusses the idea of extending the PWM phase-
shift and phase-sequence control strategies to MCACIs. From
the perspective of developing control strategies for MCCI, it
is essential not only to adjust phase shift and phase sequence,
but also to address current balancing. In multiphase converters
with independent inductors, nonlinear inductor effects play a
crucial role in achieving current balancing. Previous studies,
such as [32], have demonstrated the potential of leveraging these
nonlinear characteristics for improved balancing performance.
However, a deeper understanding of the nonlinear dynamics of
hypothetical pseudo-decoupled inductors and their impact on
current balancing remains necessary to achieve effective current
balancing in MCCI. These aspects, while important, fall beyond
the scope of this article and will be explored in future work.

V. EXPERIMENTAL AND SIMULATION VERIFICATION
A. Experimental Platform Setup

Fig. 15 illustrates the coupled inductors and the interleaved
six-phase boost converter used for the experiment. This con-
verter was developed for high-power onboard hydrogen fuel cell
applications. The main parameters of the converter are shown in
Table IV.

The converter consists of two three-phase coupled inductors,
labeled as Coupled Inductor A and Coupled Inductor B. Coupled
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Fig. 15.
converter.

Hardware platform. (a) Coupled inductor. (b) Six-phase boost

TABLE IV
EXPERIMENTAL PARAMETERS OF THE CONVERTER PROTOTYPE

Parameters Value

Input Voltage (Vin) 250V

Switching Frequency (fsw) 18 kHz

Phase Number (n) 3or6

Input Capacitance (Cly,) / Output Capacitance (C,) 100 uF / 100 puF
IGBT Equivalent On-resistance 0.004 Q
Diode Equivalent On-resistance 0.0045 Q2
Diode Forward Voltage Drop 2V

Inductor A is shared by phase Al, phase A2, and phase A3,
while Coupled Inductor B is shared by phase B1, phase B2,
and phase B3. The inductor’s core is MKF212U35-90.5 from
EAGTOP company. The parameters of these two inductors are
not consistent due to the production lot, and each inductor
itself is asymmetrical in each phase parameter. The Agilent
4263B LCR meter is used to measure the self-inductance, mutual
inductance, and equivalent series resistance of coupled inductors
A and B. The inductance measurement parameters are shown in
Table V. The pseudodecoupled inductance of each phase of the
Boost converter is calculated according to the coupled inductor
parameters in Table V and (3) as shown in Table VI.

A Tektronix TCP303 current probe with a TCPA300 amplifier
was used to measure the inductor currents (including dc and ac
components) of each phase at position 1. A TCP404XL current
probe with a TCPA400 amplifier was used to measure the total
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TABLE V
MEASUREMENT PARAMETERS OF THE COUPLED INDUCTORS

Coupled Inductor A

L L a2 Las
99453 uH  109.252uH  102.257 uH
Ma12 M a23 Mays
2849uH  289215uH  -13314 uH
RAl RAQ RAS
0.1563 0.11129 0.1651 Q2
Coupled Inductor B
Lp: Lpa Lps
131.25 uH 171.22 pH 136.605 pH
Mpi2 Mpas Mpis
344075 uH  -37.3205uH -13.202 uH
Rp Rpa Rp3
0.2035 ) 0.3908 ©2 0.2143 Q2
TABLE VI

CALCULATED PSEUDODECOUPLED INDUCTANCE FOR EACH PHASE

Lap(B3)
88.19 uH

Lap(B2)
94.07 uH

Lap(B1)
86.67 uH

Lap(as)
57.93 uH

Lap(a2)
54.53 uH

Lap(an
56.70 pH

input current (including dc and ac components) of phases B1,
B2, and B3 at position 2. A CWT Rogowski coil from PEM was
used to measure the total input current ripple (ac components)
of the 6 phases at position 3. According to the datasheet, the
insertion impedance of these probes is 4 to 5 orders of magnitude
smaller than the impedance of the coupled inductors used, which
is negligible. Voltage measurements were made using Tektronix
P5200A probes.

The experiments were carried out under open-loop conditions.
Two types of loads were used for the experiments, as shown in
Fig. 16, using a dc power supply as a 500-V constant voltage
load and six 50 2 resistors in parallel as a resistive load.

B. Verification of Steady-State Performance Analysis for
McCcCI

1) Steady-State Experiment With the Same Inductor Voltage
for Each Phase: According to the analysis in Section II, when
the same (same phase-shift, duty cycle, and amplitude) rectan-
gular waveform voltage is applied to each phase of MCClSs, the
equivalent steady-state inductance of each phase is equal to the
pseudodecoupled inductance. In this experiment, the converter
was operated under the three-phase operation mode of phase
Al, phase A2, and phase A3 and the three-phase operation
mode of phase BIl, phase B2, and phase B3, respectively,
with the constant voltage load. The PWM phase shift of each
phase was set to 0, and the duty cycle of each phase was set
to 0.505. The current and voltage waveforms are shown in
Fig. 17. The experimental results and the theoretical steady-state
inductance are shown in Table VII(a), where the theoretical
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Fig. 16.  Two types of loads used in the experiment: (a) DC power supply as a
500-V constant voltage load; (b) six 50 €2 resistors in parallel as resistive loads.
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Fig. 17. Experimental steady-state voltage and current waveforms un-
der the same inductor voltage setting (Da1 = Da2 = Das = 0.505,
Dpy = Dpe = Dps = 0.505, constant voltage load): (a) inductor volt-
age and current of phase Al; (b) inductor voltage and current of phase B1;
(c) inductor voltage and current of phase A2; (d) inductor voltage and current
of phase B2; (e) inductor voltage and current of phase A3; (f) inductor voltage
and current of phase B3.

steady-state inductance values are the pseudo-decoupled induc-
tance values in Table VI.

Comparing the experimental steady-state inductances and the
theoretical steady-state inductances shown in Table VII(a), it can
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TABLE VII
EXPERIMENTAL RESULTS
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TABLE VIII
SIMULATION PARAMETERS OF THE CONVERTER PROTOTYPE

(a) Steady-State Behavior with Same Inductor Voltage for Each Phase
(D A1=D 42=D 43=0.505, Dp1=Dpo=D p3=0.505,
Constant Voltage Load)

Phase Inductor Experimental ~ Experimental — Theoretical

of the High-level Current Steady-state Steady-state

Converter Voltage Ripple Inductance Inductance
Al 2512V 1240A 56.8 uH 56.7 uH
A2 2458V 126.8 A 54.4 uH 54.5 uH
A3 2483V 122.1A 57.1 uH 57.9 uH
Bl 243.0V 78.6 A 86.7 uH 86.7 uH
B2 240.7V 724 A 93.3 uH 94.1 uH
B3 239.3V 76.1 A 88.2 uH 88.2 uH

(b) Steady-State Behavior with Same PWM Duty Cycle for Each Phase
(Dp1=Dpo=Dp3=0.5, Resistive Load)

Phase Inductor Experimental Theoretical
of the High-level Current Current
Converter Voltage Ripple Ripple
B1 2409V 47.6 A 48.0A
B2 2403V 35.8A 35.7A
B3 2413V 459 A 462 A
Input 240.8 V 278 A 28.2 A

(c) Transient Behavior under Common-Mode Perturbation
(Dp1=Dpo=Dp3=0.5 to Dp1=D po=D p3=0.6, Resistive Load)

Phase Cycle Avg  Cycle Avg  Experimental — Theoretical
of the Voltage Current Transient Transient
Converter  Increment  Increment Inductance Inductance
Bl 435V 279 A 86.6 nH 86.7 uH
B2 442V 25.7A 95.6 uH 94.1 uH
B3 43.6V 27.0 A 89.7 uH 88.2 uH

(d) Transient Behavior under Differential Mode Perturbation
(Dp1=0.5 to Dp1=0.6,Dpo=D p3=0.5, Resistive Load)

Phase Cycle Avg  Cycle Avg  Experimental — Theoretical
of the Voltage Current Transient Transient
Converter  Increment Increment Inductance Inductance
B1 502V 23.1A - -
B2 - 55A - -
B3 - 3.7A - -
input - 31.8A 87.7 uH 86.7 tH
B1-B2 - 17.6 A 158.5 uH 158.4 uH
B1-B3 - 194 A 143.7 uH 144.2 uH

(e) Verification of PWM phase-shift adjustment method
(Dp1=Dp2=Dp3=0.5, Constant Voltage Load)

Phase-shift Strategy Input Current Ripple

274 A
26.0 A

(f) Verification of PWM phase sequence adjustment method
(Da1=D a2=D s3=Dp1=Dpo=Dp3=0.5, Constant Voltage Load)

Default
adjusted

Phase Sequence Strategy Input Current Ripple

Default 89.6 A
Empirical 232A
Optimized 18.0A

be found that they are very close, which verifies the theoretical
analysis in Section II.

2) Steady-State Experiment With the Same PWM Duty Cycle
for Each Phase: Section Il provides the formulas for calculating
the peak-to-peak values of inductor current ripple at steady state
for each phase and at the PCC. In this experiment, the converter
was operated under the three-phase operation mode of phase B1,
phase B2, and phase B3, with the resistive load. The PWM phase
shift of each phase differs by 27/3 in turn, and the duty cycle of
each phase was set to 0.5. The current and voltage waveforms are
shown in Fig. 18. The experimental results and the theoretical
current ripple peak-to-peak values calculated according to (28),
(32) are shown in Table VII(b).

Parameters Value
Input Voltage (Vin) 250V
Switching Frequency (fsw) 18 kHz

Phase Number (n) 3
Input Capacitance (Cjy,) / Output Capacitance (C,) 100 uF / 100 uF

IGBT Equivalent On-resistance 0.004 ©2

Diode Equivalent On-resistance 0.0045 2
Diode Forward Voltage Drop 2V
Load Resistance (Rjoaq) 10

TABLE IX
SIMULATION RESULTS OF STEADY-STATE SIMULATION WITH DIFFERENT PWM
Duty CYCLES FOR EACH PHASE (D1 = 0.5, Do = 0.52, Dp3 = 0.51,

Rioaq =1 Q)

Phase Inductor Simulation  Theoretical
of the High-level Current Current
Converter ~ Voltage [V]  Ripple [A]  Ripple [A]
Bl 248.4 48.5 48.8
B2 248.0 38.7 38.3
B3 249.5 49.2 49.1
Input - 31.7 31.3

The difference between the experimental results and theo-
retical calculations under this experimental condition is within
2%. The error is acceptable considering the undesirable inductor
voltage waveform and the accuracy of the measuring instruments
(TCP303 dc gain accuracy is + 3% and P5200A dc gain ac-
curacy is &+ 2%). Therefore, the experimental results validate
the theoretical analysis of the steady-state current ripple in
Section II.

3) Steady-State Simulation With Different PWM Duty Cycles
for Each Phase: Due to the limitations of the experimental con-
ditions, MATLAB is used to simulate the steady-state behavior
of the converter at different duty cycle settings for each phase.
The simulation topology is shown in Fig. 12. The parameters of
the converter used in the simulation are given in Table VIII and
the inductor parameters are given in Table I. In this simulation,
the converter was operated under the three-phase operation mode
of phase B1, phase B2, and phase B3, with a 1 {2 resistive load.
The PWM phase shift of each phase differs by 27 /3 in turn, and
the duty cycles of phases B1, B2, and B3 are 0.5, 0.52, and 0.51,
respectively. The current waveforms are shown in Fig. 19, and
voltage waveforms are shown in Fig. 20.

The simulation results and the theoretical current ripple peak-
to-peak values calculated according to (28), (32) are shown in
Table IX. According to (28) and (32), the theoretical calculations
of the peak-to-peak current ripple values of phase B1, phase B2,
and phase B3 are 49.8 A, 37.2 A, and 47.8 A, respectively, and
the peak-to-peak ripple value of the total input current is 29.3A.
The simulation results in Fig. 19 show that the peak-to-peak
current ripple values of phase B1, phase B2, and phase B3 are
48.5 A, 38.7 A, and 49.2 A, respectively, and the peak-to-peak
ripple value of the total input current is 31.7 A.

There is some differences between theoretical and simulated
values. This is due to the nonideal inductor voltage rectangular
waveforms and the different inductor voltage high level averages



WEI et al.: PSEUDODECOUPLED MODELING AND ANALY SIS METHOD FOR INTERLEAVED MULTIPHASE CONVERTERS

6623

250V/div 2409 J’B,I_ZO SR N O N N |
UVpioH--+——F—=4——F— I _ _ __________________ — I— (- k=
L L] | [250V/div] 240.3V
40ps/div 5 [20A/div 35.8A
/\ / \ /‘ \ \. //«,\ ‘
/// N\ \ / \ /7~ \ Ve \\ / A
, N )
n____________________________¢_1_B_1_*_9____ 250V/d1v
(@) (b)
[250V /div 2413V vp3 =0
gl L1 | _ O I A L 2 e ; i -
B ] N ] . n T80V /div]
. f i
[20A/d1v 459A 0 us/dlv e _565/:h_v ———————————————————————————
./\ A A A A A I T
s { / / \ J\ P /\ / /\ ya ,Lm AAANANNAN
B3 \ / \ ) E \\5/’/ \\ // \\\\ /// \\ 7 :L v/ 4 A AN AvY
N % \ v Y w}«g 3=0 Y
(©)

Fig. 18.

Experimental steady-state voltage and current waveforms under the same PWM duty cycle setting (Dp1 = Dpo = Dp3 = 0.5, resistive load):

(a) inductor voltage and current of phase B1; (b) inductor voltage and current of phase B2; (c) inductor voltage and current of phase B3; (d) output voltage, input

voltage, and input current.
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Fig. 19. Simulation steady-state current waveforms under the different PWM
duty cycle setting (Dp1 = 0.5, Dps = 0.52, D3 = 0.51, Rjgaq = 1 Q).
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Fig. 21. Simulation input current waveforms of the converter and its pseu-
dodecoupled circuit under the different PWM duty cycle setting (Dp; = 0.5,
Dpo =0.52, D3 =0.51, Rjpaq = 1 2): (a) input current waveforms of the
converter; (b) input current waveforms of its pseudodecoupled circuit.

for each phase as shown in Fig. 20, which caused by the fluc-
tuations in output voltage and nonideal parameters of switching
devices. So, (27) and (31) are revised as follows:

. 1N Vig Dy 2
Ay, () = LI - LT ). 91)
fsw j=1 Ldpj ( 2 )
) 1 Vi D ©Yj
Aipec(t) = J ]fj jT 92)
fsw j=1 Ldpj ( )
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where V},; is the inductor high-level voltage in phase j. Using
the simulated inductor high-level voltage to calculate the peak-
to-peak current ripple values of phase B1, phase B2, and phase
B3 are 48.8 A, 38.3 A, and 49.1 A, respectively, and the peak-
to-peak ripple value of the total input current is 31.3 A, which
are consistent to the simulated values.

To further verify the accuracy of the modeling approach, the
pseudodecoupled equivalent circuit of the converter is simulated.
The inductance parameters are shown in the Table VI. The input
currents of the coupled inductor Boost converter and its pseudo-
decoupled circuit under this operating condition are compared
in Fig. 21. The current ripple shapes and peak-to-peak values of
the two circuits are almost the same, which not only verifies
the inference that the coupled-inductor Boost converter and
its pseudodecoupled circuit have the same input current ripple,
but also illustrates the versatility of the proposed pseudodecou-
pled circuit model—the pseudodecoupled circuit model is valid
regardless of whether the inductor voltages are ideal rectangular
waveform or not.

C. Experimental Verification of Transient Performance
Analysis for MCCI

1) Transient Experiment Under Common-Mode Duty Cycle
Perturbation: According to the analysis in Section II, when
the same cycle-averaged voltage perturbation is applied to
each phase of the coupled-inductance multiphase converter, the
equivalent transient inductance of each of its phase is equal
to the pseudodecoupled inductance. In this experiment, the
converter was operated under the three-phase operation mode
of phase B1, phase B2, and phase B3, with the resistive load.
The PWM phase shift of each phase differs by 27/3 in turn,
and the duty cycle of each phase was set to 0.5. Then, an
increment of 0.1 is applied to the PWM duty cycle of each
phase. The current and voltage waveforms are shown in Fig. 22.
The experimental results and the theoretical transient inductance
are shown in Table VII(c), where the theoretical transient in-
ductance values are the pseudodecoupled inductance values in
Table VI

Comparing the experimental transient inductances and the
theoretical transient inductances shown in Table VII(c), it can
be found that they are very close, which verifies the theoretical
analysis in Section II.

2) Transient Experiment Under Differential Mode Duty Cy-
cle Perturbation: Section II provides the formulas for calculat-
ing the differential mode equivalent transient inductance matrix.
In this experiment, the converter was operated under the three-
phase operation mode of phase B1, phase B2, and phase B3, with
the resistive load. The PWM phase shift of each phase differs
by 27 /3 in turn, and the duty cycle of each phase was set to
0.5. Then an increment of 0.1 is applied to the PWM duty cycle
of phase B1. The current and voltage waveforms are shown in
Fig. 23. The experimental results and the theoretical differential
mode transient inductances calculated according to (21) and (22)
are shown in Table VII(d).

The difference between the experimental results and theo-
retical calculations under this experimental condition is not
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Fig. 24.  Input current ripple before and after PWM phase-shift adjustment

(Dp1 = Do = Dps = 0.5, constant voltage load): (a) using default phase
shift; (b) using adjusted phase shift.

significant, which validates the theoretical analysis of the dif-
ferential mode transient behavior in Section II.

D. Experimental Verification of PWM Phase-Shift and
Phase-Sequence Adjustment Methods for MCACI

1) Experimental Verification of PWM Phase-Shift Adjust-
ment Method: Section IV analyzes the PWM phase-shift opti-
mization strategy for MCACI. In this experiment, the converter
was operated under the three-phase operation mode of phase
B1, phase B2, and phase B3, with the constant voltage load.
The PWM phase-shift strategies are shown in Table II, and the
duty cycle of each phase was set to 0.5. The input current ripple
waveforms are shown in Fig. 24, and the experimental results
are shown in Table VII(e). After using the adjusted phase-shift
strategy, the peak-to-peak value of the input current ripple of the
converter is reduced by 5.1% compared to the default strategy.
This indicates that adjusting the phase shift can reduce the input
current ripple, verifying the theoretical analysis of the phase
shift adjustment method of MCCI in Section IV.

2) Experimental Verification of PWM Phase Sequence Ad-
Jjustment Method: Section IV analyzes the PWM sequence op-
timization strategy for MCCI. In this experiment, the converter
was operated under the six-phase operation mode, with the
constant voltage load. The PWM phase shift of each phase differs
by 27 /3 in turn, and the duty cycle of each phase was set to 0.5.
The PWM phase sequence strategies are shown in Table III.
The input current ripple waveforms are shown in Fig. 25, and
the experimental results are shown in Table VII(f). After using
the optimized phase sequence strategy, the peak-to-peak value
of input current ripple of the converter was reduced by 79.9%
compared to the default phase sequence and reduced by 22.4%
compared to the empirical phase sequence. This indicates that
adjusting the phase sequence can reduce the input current ripple,
verifying the theoretical analysis of the phase sequence adjust-
ment method of MCCI in Section I'V.
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VI. CONCLUSION

This article presents a comprehensive study of the novel gen-
eralized modeling method of MCClIs. The idea of pseudodecou-
pling equivalence is proposed, and the performance and PWM
phase-shift and phase-sequence adjustment method of MCCI
are analyzed. Furthermore, the accuracy of the modeling and
analysis method is verified through simulation and experiment.
This provides a strong theoretical foundation for deploying
coupled inductors in high-power multiphase converters, as well
as a novel approach and methodology for designing high-power
multiphase converters. Future research should concentrate on the
performance characteristics of MCCI under DCM conditions.
Moreover, in addition to the optimal control of phase shift and
phase sequence, other MCCI control strategies can be considered
for the design of MCCI using the present modeling approach.

APPENDIX A
PROOF OF (8)

Suppose Vgp = V¢p =V, and the elements of the voltage
vector V are equal. If V; denotes the ith element of the vector

V.,ie,whenV; =V, =--- =V, = v, then
V =up. (93)
Substituting into (1) gives
vp = Llcp. 94)

Since the inductance matrices in practice must be strictly diag-
onal dominant matrices, the matrix L is invertible, and we have

vLlp = Igp. (95)
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Denote by L~'p(4) the ith element of the n-dimensional vector
L~'p. Denote by I.p,(i) the ith element of the n-dimensional
vector Ic,. The above equation can be written in the form of a
linear equation

vL1p(1) = Iep(1)
oL p(2) = Iep(2)
o7 (96)
vL1p(n) = Iep(n)
Since Vi = Vo = ... =1V, = v, there is
Vi =1/L7'p(1) - Ip(1)
Vo =1/L71p(2) - Icp(2)
: D)
V, =1/L7'p(n) - Iep(n)
The linear equation can be expressed in matrix form
AN EECoR. dicy, /dt
‘/2 L—lp(g) dicpg /dt
Vi L%p() dicp,, /dt
v diag(L-'p)~* Lep
(98)

That is V = Lgplcp, which completes the proof of (8).

APPENDIX B
DEFINITION OF THE PHASE SEQUENCE STRATEGY
OPTIMIZATION PROBLEM

A. Variable Definitions and Constraints

The n-dimensional vector x represents the phase sequence.
Denote by x; the ith element of the vector x. The phase sequence
vector x is an arrangement of the set {1,2,...,n} withz; = 1.

Define the n-dimensional phase-shift vector 8, and denote by
0; the ith element of the vector 6. If we analyze the effect of
the phase sequence under the condition that the phases differ
sequentially by 27 /n, we have

20i — 1)

0, = 99)
Define the n-dimensional duty cycle vector D. Denote the jth
element of the vector D by D,. D; is the duty cycle of the jth
phase in the order of the inductor layout of the converter.

Lap, is the jth phase pseudodecoupled inductance in the order
of the converter inductor layout.

B. Objective Function

1) Objective Function Constructed With the Current Ripple
Equation: With the phase-shift vector € and duty cycle vector D
set, the optimal phase sequence x can be found by minimizing
the ripples at the PCC for an MCACI with pseudodecoupled
inductance matrix Lqgp. According to (32), the peak-to-peak
value Ipop (x, D, 8) of the current ripple at the PCC at this point
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is

Ipop(x,D,0) =

n . ek: . ak
max {AZ(X,D,G) <27TTsw> s Ai(x,D,6) (%Tsw + Dmk,TSW)}

§ . O . Ok
_Iknznll {AZ(X,D,G) (271_Tsw> ) AZ(x,D,AS’) (27TTsw+DwkTsw>}
(100)

where

) Vi o Dg, ( 0. )
Ad t) = — ool t— LT ). (101)
pot) = 5 ; Tt (

_ Com
J
If the duty cycle of each phase is uniform D, the optimal phase
sequence x of the duty cycle interval [ID, uD] is required, and
the objective function can be set as

uD
/ Ioap (x. D, 6) dD. (102)
l

D

2) Simplified Objective Function: The objective function can
be simplified by using the method of summing the fundamental
waveform phasors. If the duty cycle of each phase is uniform D,
the optimal phase sequence x of the duty cycle interval [ D, uD)]
is required, and the objective function can be set as

uD
/ P (x, D,8) dD (103)
1D
where
n ]
Pam (x,D,0) = Y A, |, (104)
=1
20 )
A, = D, ). 105
" Lap, (1= Dy,)m? sin (Do) (105)
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