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Abstract—Multileg Class-D amplifiers (CDAs) with phase-
shifted carrier modulation can increase the equivalent switching
frequency and reduce the output current ripples, which further
reduces the size of the output filter. However, these benefits are de-
graded by the tolerances in the phase inductance values. The phase
inductance mismatches impact the ripple cancelation effects (the
harmonic contents at switching frequency and its harmonics ap-
pearing in the output current ripple). Therefore, the quality of the
output waveform can further be impacted. Current research works
dealing with this issue mainly focused on the interleaved dc—dc
converters, which does not cover the analysis in multileg CDAs or
inverters, especially for the full-bridge configuration. This paper
proposes a general analytical method to characterize the steady-
state phase and the total current ripple in the multileg CDAs with
full-bridge configuration under inductance mismatches. Monte
Carlo simulation is used to study the impact of inductance mis-
matches on the harmonic contents of the total current ripple, and
the distribution law of the inductances at the worst case is revealed.
The analytical method is verified by simulation and experimental
results of a four-leg full-bridge CDA. A design guideline is given
to optimize the filter design based on the analytical method.

Index Terms—Class-D amplifiers (CDAs), current ripples,
inductance mismatches.

1. INTRODUCTION

IGH-POWER Class-D amplifiers (CDAs) have been stud-
H ied for the applications that require high switching fre-
quency and high-power handling capability, such as industrial
vibration test systems, electromagnetic interference test sys-
tems, and current control systems for magnetic resonance imag-
ing scanners [1], [2]. Compared to the traditional linear power
amplifiers, the main drawback of CDAs is the low bandwidth
due to the limitation of the switching frequency of the power
semiconductor devices. To overcome this drawback, the phase-
shifted carrier modulation (PSCM) has been used in CDAs [3],
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Fig. 1. General topology of multileg CDA. (a) MHB CDAs. (b) MFB CDAs.

which can be regarded as the multileg (multiphase) interleaved
dc—ac converters. The double Fourier series analysis [4] has
revealed that PSCM can reduce the harmonic components at
the switching frequency and its harmonics at the output, and
increase the output bandwidth without increasing the switching
frequency [3], [5]. Another advantage of PSCM is the ripple
reduction of the total current, which also reduces the output
capacitance [6].

The general topology of the multileg CDA is shown in
Fig. 1(a). Balanced topology shown in Fig. 1(b) can be used
when the number of legs in parallel is even [3]. This paper uses
the abbreviation MHB CDAs (Multileg Half-Bridge CDAs) for
the topology in Fig. 1(a) and MFB CDAs (Multileg Full-Bridge
CDA:ss) for the topology in Fig. 1(b). Also, for the variables in
the later derivations, (f) and (h) in the subscripts refer to MFB
and MHB CDAs, respectively. The total current ripple refers to
the current ripple of ¢7,symm) for MHB CDAs and %7, ¢umc) for
MEFB CDAs, as shown in Fig. 1. Compared to the MHB CDAs,
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there is no need for a neutral point in MFB CDAs. Also, due
to the bridge-tied load (BTL) configuration, the dc bus volt-
age of MFB CDAs can be halved compared to that of MHB
CDAs. Therefore, the breakdown voltage requirement of the
power semiconductor switches is halved for MFB CDAs.

However, some practical issues affecting the aforementioned
features of multileg interleaved converters, should be consid-
ered, such as the tolerances and nonidealities of passive and
active components [7]-[9]. A major effect is the imbalance of
dc current distribution among phases, which can be solved by
digital control techniques [10]-[12]. The mismatches of phase
inductance values mainly influence the peak values of the phase
current ripples and the ripple cancelation effect, which, however,
cannot be removed by control strategies [13]. The tolerance of
the inductance values can vary up to £15%, caused by the tol-
erance in the manufacture process and the magnetic property
variations [6]. To study the effects of inductance mismatches,
the information of the phase current ripple is needed, which is as-
sumed as a triangular wave for interleaved converters [13], [14].

The input current and output voltage spectrums of the half-
bridge and full-bridge inverters have been studied analytically
in [15]. However, the multileg inverter is not considered. The
established analytical method to characterize the current ripple
in interleaved converters can be directly applied to MHB CDAs.
However, for MFB CDAs, the phase current ripple cannot be
regarded as a triangular wave, which, in fact, cannot have a uni-
form and simple characterization. The reason is that the output
voltages at the common point of the legs in balanced topology v,
and vy, [as shown in Fig. 1(b)] change with the switching states
of all the legs. While for the half-bridge configuration, the output
voltage at the common point equals to v, and can be assumed
as constant during a switching cycle. As v, and v, change with
the switching functions of all the legs, the waveform of i, s
depends on the switching sequence of all the legs. Fig. 2 shows
the simulation waveforms of 4, yy during the switching period
T when the total phase number is four, with different switching
sequence according to the duty ratio D. It can be found that the
waveform of i, (t) is no more a triangular wave and cannot have
a simple and uniform characterization.

Therefore, it becomes a complicated work to directly follow
the analysis given in [13] and [14] for MFB CDAs. Consider-
ing the advantages of using the full-bridge topology over the
half-bridge topology for CDAs and inverters, it is necessary
to analyze the current ripple in MFB CDAs under inductance
mismatches. To the best knowledge of the authors, no effective
solution to this problem has been proposed.

This paper proposes a general analytical method to charac-
terize the phase and total current ripple in MFB CDAs un-
der inductance mismatches. Theoretical analysis proves that the
characterization of the phase current ripple in MFB CDAs can
be characterized by a linear combination of the phase current
ripple in MHB CDAs. Thus, a simple and uniform time-domain
analysis on the current ripple in MFB CDAs is derived. Then,
the worst case of the effects on the total current ripple harmonics
when the inductor values vary within the tolerance limits is an-
alyzed by Monte Carlo simulation. Furthermore, the influence
of the inductance mismatches on the total current ripple and its
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Fig.2.  Simulation waveforms of i) and i ¢y when the total phase number
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harmonics is studied analytically and verified by the simulation
and experimental results. Finally, a design guideline is given to
optimize the design of the output filter considering the phase
inductance mismatches.

II. THEORETICAL ANALYSIS

This section will first introduce the modulation principle of
MHB and MFB CDAs, which implies that the inductor current
ripples in MFB CDAs are related to that in MHB CDAs. There-
fore, the characterization of current ripples in MFB CDAs can
be solved by utilizing this relationship. Inspired by this idea,
Section II-B will first introduce the established characterization
of current ripple in MHB CDAs, which is the basis for later
derivations. Then, the relationship between MFB CDAs and
MHB CDAs is introduced in Section II-C, and the character-
ization of current ripple in MFB CDAs is given. Further, the
harmonic analysis of the current ripple is given in Section II-D.

A. Modulation Principle of MFB CDAs

Fig. 3 shows the modulation principle for MHB and MFB
CDAs [16]. V@) and V, (1) are the reference signal of MHB
and MFB CDAs, respectively. Vi) and Vi, (1) are the triangle
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Fig. 3. Modulation principle of (a) MHB CDAs and (b) MFB CDAs [16].

carrier signal of leg x in MHB and MFB CDAss, respectively. For
MHB CDAs, the phase shift angle among all legs is 27/N, where
N is the total number of legs. For MFB CDAs, the modulation
principle in Fig. 3(b) ensures that the switch action (turn-ON
or turn-OFF) of the same leg in MHB and MFB CDAs happens
simultaneously with the same reference signal, which is further
verified by the modulation waveforms when the leg number is
four, as shown in Fig. 4.

As shown in Fig. 4, V,q) and V(1) are the same reference
signal. Vpwmzm and Vyyme(r) are the output pulsewidth mod-
ulation (PWM) signals of leg x. Viwmom) and Viyymo(r) are the
equivalent output PWM signals. According to the modulation
principle shown in Fig. 3, the phase angle of Vo) and Vi
are identical to Viiom) and Viiomy, while Vi and Vi) have
a phase shift of 7, compared to Viiiny and Viizm). The PWM
signals Viwmemy and Vowme(r) verify that the switching instants
of leg x in MHB and MFB CDAs are identical. Therefore, the
equivalent output PWM signals are the same between MHB and
MFB CDAs.

B. Characterization of Current Ripple in MHB CDAs

The MHB CDAs can be regarded as interleaved buck con-
verters, for which the characterization of current ripple under
inductance mismatches has been proposed in [13]. This sec-
tion briefly introduces the analytical method and some results
in [13].

The total current ripple is characterized by the peak values
and the instant when these peaks occur. As proposed in [13], the
normalized peak values P can be calculated

— 2k 2
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Fig. 4. Illustration of the modulation principle of (a) MHB CDAs and
(b) MFB CDAs with four legs.
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where P} (P,") is the normalized peak value of the total current
ripple when a positive (negative) peak of the phase current ripple
in leg x appears. D is the duty ratio. A, and f(r) define the
current ripple of leg x, as shown in (3), where L, and L.y, are
the actual and nominal inductances of leg x, respectively. f(7)
is a triangular-shaped function of period 7, and f,:“ (f, ) is the
sample of f(¢) at the moment when the positive (negative) current
ripple peak of the phase k occur. The time instants corresponding
to P,” and P, can also be calculated analytically, as given in

ro(t) = A, () = Loom

L,
th =aT/N
t; =aT/N — DT.

ft) 3)

“)

C. Characterization of Current Ripple in MFB CDAs

To overcome this problem, the proposed analytical method
tries to find the relationship between i, rip and i nyip. Here,
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L (hyrip (k=0,1,...,N —1) is the ripple component of ijp) in
MHB CDAs. According to the modulation principle introduced
in Section II-A, the switch action of the same leg between MHB
and MFB CDAs happens simultaneously with the same refer-
ence signal. Therefore, both i, fip and i myip change linearly
during two adjacent switching instants of all the phases. In other
words, both dipyip/dt and dixmyip/dt keep constant and thus
12(prip can be denoted by a linear combination of 7, ()4p during
two adjacent switching instants, as given by

Z Ayl Zk(h)np (5)

k=0

L(f rip —

where a,; is a constant. Then, general analysis is made to prove
the existence of ., ;., which makes (5) satisfied during the whole
switching period 7. To carry out this analysis, assumptions [13]
are made as follows:

1) the analysis is conducted for steady-state operation;

2) the duty ratio D is the same for all phases during one
switching cycle;

3) the phase current changes linearly between two adjacent
switching instants, and therefore can be regarded as the
linear segments;

4) the phase shift errors among phases are small compared
to the switching period and can be neglected.

Also, the correlation of some parameters between MHB and

MFB CDAs needs to be clarified to connect i (pyip With i, pyip-

1) The dc bus voltage of MHB CDAs is two times that of
MFB CDAs, namely Viusr = Vi/2, Viys. = —Vi/2, and
Vous = Vi/2.

2) The phase inductors should have the same ratio, that is,
Lk(h)/Lk(f) =m, k=0,1,..., N—1. Further, if all the
phase inductances of MHB CDAs equal to the nominal
inductance Lyomen, the equivalent output inductance is
Lyomm/N. For MFB CDA, this equivalent output induc-
tance is 4 Lpome/N. Thus, to have the same equivalent
inductance, m is selected as 4.

Based on the above assumptions and the correlations of the

parameters, the parameter «,; can be derived as follows. The
detailed derivation is given in the Appendix

“9Le/Low, k=0,24,...,N—2andz #Fk
2(1 = Leq/Law), £=0,2,4,...,N —2andz =k
0L/ Lo, k=1,3,5,...,N —land  # k
—2(1 = Leg/Lew), k=1,3,5,...,N —landz =k
6)

where L, is the parallel equivalent inductances of all the phase
inductors.

L )]
= 1/Logty + 1/ Ly + -+ + 1/ Ly 1))

Therefore, the total current ripple of MFB CDAs is

N/2-1 N_1 [N/2-1
Z‘tot(f)rip: Z Z'(2]')(f)rip = Z Z Q(2j)k Z.k(h)rip' (8)
j=0 k=0 \ j=0
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Substituting ij)hp With (3), the total current ripple of MFB
CDA s can be rewritten as

N-1
Z.tot(t)rip = Z A;f(t) (9)
k=0
where A) is
N/2-1 L N/2-1
—A _ nom(f) . 10
. Z e appr (10)

j=0
where Lnom(p and Ly, (y) are the nominal and actual inductances of
phase k£ in MFB CDAs. Replacing Ay in (1) and (2) with A;g, the
normalized expression of the positive and negative peaks of total
current ripple 4ryip 1S presented by the following equations,
and the time instants are the same as (4):

N 2%
Plip) = k:ZOA el —ZA [ (1/3)}

2k 2

|wmamp) o

N-1
+ Y A
D)

k>N (1—

— 2k
PT_HD):ZA sl == ZA [ ND}
N-—1

_ZA

k>ND

. 2k 2
ok [ND(l -D) 1 D} (12)

To calculate the total ripple from its normalized value, the
results in (11) and (12) should be multiplied by I;o,,. When
Vous = Vi/2, Inom s
Vi(1-D)DT V(1 - D)DT
8Ln0m(f) .

13)

Inom -

2Lnom(h)

D. Harmonic Analysis of the Total Current Ripple

Inductance mismatches have a major impact on the harmonic
contents of the total current ripple, which can be calculated using
the peak values and time instants of the total current ripple. For
MFB CDAs, ioyfyip can be denoted by a Fourier series, as given
in the following equation:

o0

Z‘tot(f)rip(t) - Z [hm €os (th + 90777,)]

m=1

where h,, = y/a2, + b2, and a,, and b,, can be calculated as

{am = % fO i[ot(f)rip(t)COS mwt dt

T, .
b = 2 [ drouprip(t)sinmwt dt.

(14)

15)

As shown in Section II-C, dpyip can be denoted piecewise
linearly, as
P

—_ P
r(t) = il

t—t;)+ P,
th—tj( i)+ P

ty <t <tjyr. (16)
Therefore, the integration in (15) can also be calculated by

segments. The final results of a,, and b,, are presented by the



3650

x10° x10? x107
20f © 23 & 30}
s
Al() sl AZO ,-\25
< T2 <2
< 8 H QSIOH <15
% 101[] &
4 5 al o
o= .‘% O_Q‘Qé 0-?;‘4.5&’
2 3 T 23 45 6 12345678
ST S1Fs Sk
(a) (b) (©
Fig. 5. Boxplots of the harmonic contents of the total current ripple.

(@N=4.(b)N=6.(c) N =8.

following equation, which can be used to study the impact of
inductance mismatches on the harmonic contents of the total
current ripple:

oN—1 [ Pjqq sin (mwtjiq) — Pjsin (mwt;)

1 N
am = 37 Z Pj. 1 —P; cos(mwtjy ) —cos(mwt;)
J=0 tir1—t; mw

LS Pjcos (mwt;) — Pjicos (mwt;i1)
bm = mn Z Pj 1 —P; sin(mwtj ) —sin(mwt;)
j=0 tiy1—t; mw

a7

III. WORST CASE ANALYSIS

The inductance mismatches impact the harmonic contents of
the current ripple, which further influences the output total har-
monic distortion (THD) under the sinusoidal signal modulation.
The worst case analysis is necessary for designers to evaluate the
system performance under the inductance mismatches. Monte
Carlo simulation is used in [6] to identify the worst case when
the demanding output filter capacitance is maximum. The same
method is used here to study the effects of inductance mis-
matches on the harmonic contents of the total current ripple
for MFB CDAs. The harmonic contents taken into considera-
tion are the harmonic of kfs (k=1,2,...,N). As shown in
Section II-C, to calculate the normalized total current ripple,
only normalized inductances are needed. Therefore, the nor-
malized phase inductances are chosen as variables, which are
generated randomly within predefined tolerance ey,. The anal-
ysis is conducted under the sinusoidal signal modulation. The
modulation frequency fy = 1 kHz and the switching frequency
fs = 100 kHz.

To conduct Monte Carlo simulations, the inductance tolerance
e, phase number &, and modulation ratio M are defined first.
Besides, Vi and Lyom(ry should also be given to calculate the
nominal ripple current [,o,,. Then, the duty ratio D is calculated
according to the modulation signal, which is sampled at each
switching cycle 7. With duty ratio D and generated random
phase inductances, the total current ripple is calculated. Finally,
the harmonic contents can be calculated using (17). Fig. 5 shows
the analytical results when the inductance tolerance is 15%, and
the phase number is 4, 6, and 8, respectively. The number of
samples is 2000. The other parameters are defined as M = 0.9,
Vs =400V, and Lyomr = 190 uH.

The boxplot is a useful tool to display the distribution of
data [17]. The central rectangle in the boxplot spans the first
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TABLE I
NORMALIZED PHASE INDUCTANCE VALUES IN THE WORST CASE
N=4 N=6 N=8
Lo(tynom 1.15 1.11 1.13
Ltynom 0.86 1.03 091
Li(tynom — 0.86 0.85
Lé(ﬂnom - - 1.11
Li(fynom 0.86 1.13 1.05
Li(tynom 1.09 0.85 0.90
LS(ﬂnom - 1.04 0.90
L7tnom — — 1.12
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quartile to the third quartile, denoted by IQR (the interquartile
range), which reflects the likely range of variation. As shown in
Fig. 5, the inductance mismatches mainly affect the harmonic
content at f,. Therefore, the worst case refers to the case when
the harmonic content at f; is maximum. The normalized phase
inductance values L pnom in the worst case is listed in Table 1.

As indicated in Table I, the worst case occurs when the phase
inductors in the upper (lower) phase group are equally or nearly
equally distributed above and below the nominal phase induc-
tance. Here, the upper phase group refers to the phases with
phase number £ =0, 2,...,N — 2, and the lower phase group
refers to the phases with phase number £ = 1,3,...,N — 1, as
shown in Fig. 1(b). Therefore, considering the whole range of
the phase inductances, the worst case happens when the im-
balance of the phase inductances in the upper or lower phase
is maximum, which means the phase inductances are equally
distributed to their maximum and minimum limits, as shown in
Fig. 6(a)—(c). For further verification, Fig. 6(d)—(f) compares the
harmonic content at f, of the total current ripple between the
Monte Carlo simulation results and the calculated value when
the phase inductances are distributed as in Fig. 6(a)—(c). Here,
h(1) stands for the harmonic content at f; under the inductances
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TABLE II

HARMONIC CONTENTS WITH DIFFERENT DISTRIBUTION OF INDUCTANCES
UNDER THE WORST CASE

Distribution of phase inductances, | The harmonic content at f;,
[Lotynoms Latnoms Li(dnoms La(tnom | Nimax(1y (A)

Case1 | [0.85,1.15,0.85,1.15] 0.02378

Case2 | [1.15,0.85,0.85,1.15] 0.02329

Case3 | [0.85,1.15,1.15,0.85] 0.02292

Case4 | [1.15,0.85,1.15,0.85] 0.02371

TABLE III
SIMULATION PARAMETERS FOR THE FOUR-LEG MHB AND MFB CDA

Simulation MFB CDA MHB CDA
Description Variable | Value | Variable | Value
DC bus voltage Vs (V) 200 ';; ((\\;)) _22%%
Switching period T (ns) 10 T (us) 10
Modulation period T, (ms) 1 T, (ms) 1
Modulation ratio M 0.9 M 0.9
Output Capacitor Cr(nF) 180 Cr(nF) 180
Load Resistor Rioad () 30 Rigad () 30
Nominal phase inductance | L.y (uH) 190 Lo (UH) 760
Loy (H) | 2194 | Low (uH) | 877.6
. Loy (WH) | 163.4 | Ly (uH) | 653.6
Phase inductance Ly (uH) 163.1 | L (uH) | 6524
Ly (0H) | 217.9 | Lyw(uH) | 871.6

of sample n, and hmax(1) is the harmonic content at f; when the
inductances are distributed as shown in Fig. 6(a)—(c). The ratio
h(1)/ Pmax(1y is always smaller than 1 in Fig. 6(d)—(f), which ver-
ifies that Fig. 6(a)—(c) refers to the distribution of inductances
in the worst case.

Also, the influence of different permutation of phase induc-
tances on the harmonics of the total current ripple in the worst
case is analyzed. The analytical results for N = 4 is shown
in Table II. The maximum deviation of A,y among the four
cases is 3.62%, which reveals that in the worst case, the different
permutation of phase inductances in the upper or lower phase
group has insignificant impact on the harmonic content at f in
the total current ripple.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

The four-leg MHB and MFB CDAs are simulated in the
Simulink. The simulation parameters of the MFB CDAs are
given according to the experimental prototype, as introduced
later. While the simulation parameters of the MHB CDAs
are given according to the conversion rules introduced in
Section II-C. The detailed simulation parameters are given in
Table III.

Fig. 7 shows the simulated and analytical waveforms of in-
ductor current ripple %, (fip. The analytical 4, fyip is calculated
using (5), where the ijmyip is the simulated inductor current
ripple from the MHB CDA simulation. The simulated %, yrip
and iy yip are extracted from the simulated 7, f) and i), as
follows:

75;1?(f)rip = i.;z:(t) - Z.L"z:(’r)sig (18)
Lk(hyrip = k(h) — Lk(h)sig
where i f)sig and i1 n)sig are the low-frequency signal component
of 4,(r) and iy, respectively.

3651

ogoyip (A)

| |
o © Analytical ’
) — Simulation
- 1 1 1 1 1 1 1 1 1
T T T T T T T T T
—_ ——— Analytical
< . .
~ A —— Simulatig 1
= () 1
g i
-2 1 1 1 1 1 1 1 1 1
2 T T T T T T T T T
<
- ol ——— Analytica I
-~ 5 — Simulation
- 1 1 1 1 1 1 1 1 1
2 T T T T T T T T

Analyltical
— Simulation

Ix(pyip (A)

1 1 1 1 1
184 185 186 187 188 189 19

t(ms)

1 1 1
18 18.1 182 183

(@

Analytilcal Simullation

[}

. locip (A)

/\/\/\/\/\I/_IAMMMR

ixpip (A)
! jen)

. Analytilcal Simllllation

[}

i1(prip (A)

'
D

/\/\/\/\/\/\/AW

[\S]

) i3(tyip (A)
(=)

o]

1
18.55
7(ms)

(b)

18.5 18.6
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For simplicity, the ¢, psig and i p)sig are estimated as follows:

) 2i,/N, whenz=0,2,4,..., N —2

Ly (f)sig = . (19)
—2iy/N, whenxz=1,3,5,...,N—1

Thhysig = to/IN (20)

where i, is the load current, and N is the number of legs.

As shown in Fig. 7, the simulated and analytical waveforms
of 7,(p coincide well, which verifies the relationship between
MHB and MFB CDAs, as given in (5).

To verify the proposed analytical method, a four-leg MFB
CDA experimental prototype was built, as shown in Fig. 8.
The PSCM was realized in the field programmable gate ar-
ray (XC6SLX16 from Xilinx) using the triangular carriers. The
semiconductor devices used in the prototype are SiC MOSFETs
(C2M0080120D from Wolfspeed) [18] and SiC Schottky Barrier
Diodes (C4D30120D from Wolfspeed) [19]. The other parame-
ters are the same as listed in Table III for the MFB CDA.
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Driver Source Input

Fig. 8. Four-leg MFB CDA prototype.

The phase inductors are built with the double-C gapped
amorphous cores and Litz wire winding, with a £15%
inductance tolerance: Lo(f) = 2194 uH, LQ(f) = 163.4 uH,
Lysy =163.1 pH, and L3 sy = 217.9 uH. The inductance val-
ues correspond to the inductance values in the worst case for
N =4, referred as case 1. For comparisons, the permutation
of the phase inductance values changes to: L) = 219.4 uH,
Lysy =2179 pH, Ly(yy = 163.1 uH, and L3 = 163.4 uH,
referred as case 2. The tolerances lead to the difference among
the amplitude of the phase current ripples, reflected by A,
in (9), yielding A, = 0.868, A, = 1.163, A, = 1.165, and
A;=0.870 in case 1 and A, =0992, A; = 0.996,
A, =0.998, and A; = 0.994 in case 2. This also indicates that
the imbalance among the phase current ripples is mainly caused
by the inductance mismatches in the same leg group of MFB
CDA. As for case 2, although the tolerance of all the phase
inductors is still 15%, the phase inductance values in the up-
per (lower) group are consistent, leading to a slight difference
among the amplitude of the phase current ripples. Therefore,
case 2 can be approximated as the ideal case.

Fig. 9 compares the analytical total current ripple iy and
the simulated 77,sm(r) under different duty ratio D. Regardless
of the low-frequency signal component of 77, qum(r), the analyt-
ical iper) characterize the current ripple of 7z gm With good
accuracy, which is further verified by comparing the analyt-
ical iy with the experimental waveforms of irgum). The
high-frequency ringing present in the experimental waveforms
is caused by the switching device and the converter parasitic
elements [20].

Fig. 10 shows the harmonics of experimental waveform and
the calculated harmonics using (17), which are relatively con-
sistent. The amplitude errors are caused by the noises in the
experimental and measurement setup. As indicated in Fig. 10,
when comparing case 1 with case 2, the harmonic content of the
total current ripple at 4 f, is almost the same under the same duty
ratio D, while the harmonic content at f; in case 1 is much larger
than that in case 2. Therefore, with inductance mismatches in the
upper or lower leg group of MFB CDAs, the harmonic content
of the total current ripple at switching frequency and its har-
monics are no longer canceled, which influences the quality of
the output waveform. This is verified by Fig. 11, which presents
the experimental waveform of the output voltage v, and the
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total output current ¢z, gum(r under 1 kHz sinusoidal modulation
in case 1 and 2. Due to the degradation of ripple cancelation
effects, the THD of i1, gm(r) is 7.28% in case 1, which is about
1.6 times of that in case 2. As for the output voltage, the THD of
v, 15 3.85% in case 1, slightly higher than that in case 2 (3.55%).
Taking currents for example, the calculation of THD is based
on the equation given as follows:

THD = \/I3 + 1§+ + I2/I; @1
where I; is the rms value of the fundamental current, and I, is
the rms value of the harmonic n. The maximum frequency is
selected as 4 f,, namely 400 kHz.

It should be noted that the cutoff frequency of the output filter
is 27.2 kHz based on the parameters given in Table II. Therefore,
the harmonic contents of 47 sum(r) at switching frequency and its
harmonics are mostly filtered out, leading to a slight difference
in the THD of v, between case 1 and 2. However, if the filter is
designed based on the equivalent switching frequency N f, the
cutoff frequency can be set even close to the switching frequency
to reduce the size of the filter. On this occasion, the harmonic
contents of %7,sum) at the switching frequency and its low order
harmonics are only partly filtered out, rendering severe impact
on the THD of v, under inductance mismatches. In other words,
the phase inductance mismatches make it more difficult to deal
with the tradeoff between low THD and size reduction of the
output filter.

V. DESIGN GUIDELINE

The proposed analytical method can act as an effective ana-
Iytical tool to optimize the design of the output filter considering
the inductance mismatches. To design the parameters of the out-
put filter, the nominal phase inductance is first considered. The
nominal phase inductance Lnom(r) is related to the maximum
allowable output current ripple, as given by (22), where o; is
the maximum allowable ratio of the output current ripple to
the steady-state load current I,. Then, the output capacitance is
selected according to the cutoff frequency f. of the output fil-
ter. For N-leg MFB CDAs, f. is selected between the maximum
modulation frequency f; and the equivalent switching frequency
N f. Then, the output capacitor C is given as follows:

Lnom(f) > VLus/ (16NfsJiIo) (22)
Cy = N/ (167 f2 Lyom)) - (23)

While the specific value of f. can be obtained by the given
attenuation level of the high-frequency contents of the output
voltage, namely the harmonic contents at and above the switch-
ing frequency f;. The harmonic content at kf; of the output
voltage can be calculated as hy Rioaacvy (K fs), where hy, is the
harmonic content at & f; of the total current ripple, and «, (f)
can be obtained as (24), according to the amplitude-frequency
response of the output filter

N?f?R?
N=1/ |14+ =772 (24)
\/ 642 fAL2 o
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Analytical, simulated, and experimental total current ripple under different D. [(a) ~ (e) for case 1; (f) ~ (j) for case 2]. (a) Casel, D = 0.2. (b) Casel,

D = 0.4. (c) Casel, D = 0.5. (D) Casel, D = 0.6. (e) Casel, D = 0.8. (f) Case2, D = 0.2. (g) Case2, D = 0.4. (h) Case2, D = 0.5. (i) Case2, D = 0.6. (j) Case2,

D =0..

Therefore, the selection of f. should satisfy hy R
a, (kfs) < hytim, where hyjim is the given maximum level of
high-frequency component of the output voltage. When the in-
ductance mismatches are neglected, the high-frequency compo-
nent dominates at or near N f,, denoted by hy . Then, according

t0 hy Rioady (N fs) < hylim, the maximum allowable cutoff
frequency is given by

fr:l =Nfs

87Tf5 Lnom(f)

Qylim (Nfe) Rload
1- aizflim (Nfs)

(25)
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Fig.10.  Analytical and experimental harmonics of total current ripple in case 1
and case 2.
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Fig. 11.  Output waveform of v, and i, sum(f) in (a) case 1 and (b) case 2.

where yjim (N fs) = hytim/ (AN Rioad) is the maximum attenu-
ation factor at N f.

However, with inductance mismatches considered, the high-
frequency harmonic content appears at f,. Therefore, the cri-
terion given by (25) should be modified as (26) to ensure all
the high-frequency components of the output voltage are be-
low the limit A, jiy,. It should be noted that ayim(N fs) and
aiim(fs) should be calculated under the worst case with the
given tolerance of the phase inductances ey, as introduced in

Section III
Niof

N f. @yt (fs ) Rioad
fb \/87TNf, Lnom(f)\/l 70;2,];"1(]03 )

The simulation of a four-leg MFB CDA is conducted to verify
the impact of inductance mismatches on the output capacitor or
the cutoff frequency. The simulation parameters are the same
as listed in Table III. Fig. 12 shows the calculated harmonic
contents of the total current ripple under the ideal case and the
worst case when the inductance tolerance e is 15%, which
reveals that h; = 0.062 A, and hy = 0.036 A. Therefore, un-
der the same h,jim, the relationship between o, jim (N f) and
awlim(fs) s obtained as

Of’z;lim(fs)/avlim(Nfs) = hf\//hl =0.5645.

ytim(N fs ) Rioad
Lnom \/1 7(1%‘ lim (Nfs)

fe2 = min (26)

27

The attenuation factor a,jim(IV f5) is given as 0.1 for exam-
ple. Then, f.; is calculated as 31.8 kHz and f.o is calculated
as 11.9 kHz. Fig. 13 compares the simulation results of the
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output voltage. (a) fo = fe

Simulation results of the high-frequency harmonic contents of the

1-(0) fo = fea.

high-frequency harmonic contents of the output voltage when
the cutoff frequency is f.; and f.o, respectively. As shown
in Fig. 13, when f, is calculated without considering the in-
ductance mismatches (f. = f.1), the harmonic content near f
(100 kHz) exceeds the maximum limit A}, by more than an
order of magnitude. While when f. is calculated by considering
the inductance mismatches (f. = f.2), the harmonic contents
of the output voltage are all below or near h,jm, which shows
the effectiveness of the proposed design strategy of the output
filter by considering the phase inductance mismatches. Also,
(26) can be used to select the maximum allowable tolerance of
the phase inductance, when the cutoff frequency f. is given,
which is helpful for the designers to design or select inductors.

VI. CONCLUSION

The main benefit of multileg CDAs under the PSCM is the
increase of effective switching frequency, leading to higher
bandwidth. This benefit, however, can be degenerated by the
mismatch of phase inductances, which can be attributed to
the tolerances in the manufacturing process and the magnetic
materials. This mismatch of phase inductances results in the
imbalance of the amplitude of the phase current ripples, which
generates the switching frequency component and its harmonics
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in the total current ripple, and thus influences the quality of the
output waveform.

This paper proposes a general analytical method to calculate
the total current ripple in MFB CDAs considering inductance
mismatches. The proposed method utilizes the relationship of
the phase current ripple between MFB and MHB CDA s to avoid
the difficulty and complexity of characterizing the phase current
ripple in MFB CDAs directly. Using the proposed method, the
influence of inductance mismatches on the harmonic contents of
the total current ripple is investigated. Monte Carlo simulation
is conducted to identify the phase inductance values and distri-
bution in the worst case. Then, it is convenient for the designers
to directly evaluate the performance of the MFB CDAs in the
worst case. Such evaluation is helpful for the designers to design
the parameters of the output filter and select the allowed maxi-
mum tolerances of the phase inductances. Finally, the proposed
analytical method is verified by simulation and experimental
results. Also, the proposed analytical method can be applied to
multileg inverters with the same topology as MFB CDAs.

APPENDIX

This section introduces the derivation of (6). Sim(t) and
Sk(r) (t) are the switching function of leg k in MHB and MFB
CDAs, respectively. For MHB CDAs, Sjn)(t) = 1 means the
output voltage of leg k is Viyst (V5/2), and Sim(t) = 0 means
the output voltage of leg k is Viys (—V5/2). For MFB CDAs,
Sk(n (t) = 1 means the output voltage of leg k is Vius (V5/2),
and Sj,(r) (t) = 0 means the output voltage of leg k is 0.

According to the modulation principle, the switching actions
of leg k in MHB and MFB CDAs occur at the same time under
the same reference signal. Here, ¢,,, is the time instant when .S, )
changes from O to 1. ¢,,—; and ¢,,, . are the time instants when
the closest switching action of all the phases happens before
and after ¢,,,. Considering the other legs except leg k during the
time interval ¢,,— <t <t,,+1, p and N-1-p (¢ and N-1-q)
are defined as the number of legs of MHB CDAs (MFB CDAs)
whose switching function stays at 0 and 1, respectively.

A. When k=25 (j =0,1,...,N/2—1): According to the
modulation principle shown in Fig. 2, Sj (s changes from 0 to
1 at time ¢, . Here, we define Sy and Sgy as the left-hand and
right-hand side of (5), respectively.

At time interval ,,—1 <t < ty,, Skw(t) = 0, Spp(t) = 0.
Therefore, the derivative of Syy at this time interval can be
denoted by

dSin (1) + (v — va)ra(m) — v
= (28)
dt Lx(t)
where
1, whenS,p(t) =1
w(z,t) = ol (29)
0, whenS,p(t) =0
1, whenz =2j(j=0,1,...,N/2—1)
Ao (z) = : .
0, whenz=2j+1(j =0,1,...,N/2—1).
(30)
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With the positive direction defined in Fig. 1, the sum of all
the phase currents of MFB CDAs equals to 0

N-1
> i =0 31
j=0
The derivative of (31) yields
N/2-1 N/2-1
o) 2 ()
Vg + —u
j;] (Laj)m ;} Lj+ vy
N—q—1
1\ Vi
3 ()
Lyw) 2

Jj=1

where L, (1) is the phase inductor of the phases whose switching
function equals to 1 at time interval t,,—; <t < t,,. Also, v,
and v, satisfy

Vg — Uy = V. (33)

Based on (28), (32), and (33), the derivative of Sy can be
rewritten as

dSLH o kl(az,t)VS
dt 2L,
y Lo [(L=Ra(a)vo @y Vi
L.T,(f) Leql Lqu 2Leq3
(34)
where Leq, Leg1, Leg2, and Ley3 are
Leq =1/ 33350 (1/Lyn)

Legi = 1/ 007" (1/ L)
Lep =1/ X087 (1/Laj s i)
Legy =1/ 37" (1 Ly ) -
The derivative of Sry at time interval ¢,,— <t < t,, is

e () 2 ()

N
Vs Qzq
( 2 )l_z (La](h)>

p+2

(35)

Ak

Lim)

(36)

where a; (j = 1,2,...,p) is the leg number whose switching
function stays at 0, and a; (j = p+2,p+ 3,...,N) is the leg
number whose switching function stays at 1. Substituting (34)
and (36) into the differential form of (5), we can obtain

2 (z, 1)V Leg {(1 — A2 () vy B Ao (x)v, 2 ]
2LI (f) La: f) Leql Leq2 2Leq3

- Qzq; A
> () o
“— \ Lq; ) Li(ny

37
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At time interval ¢, <t <ty 1, Spay(t) =1, S () = L.
Therefore, the derivative of Spy and Sgy at this time interval
can be calculated as

dSLH - Al(x,t)VS
dt 2L,
Leg {[1 —la(@)]ve A (@), <L N 1 > E]
Lz(f) Leql Leq2 Leq3 Lk(f) 2
(38)
dSrH . Vs Qzga;
dt _< 2 UO)E(L@;(}])
J
N
Vs Qza Qg
g ) ] -
2 7 j:pzﬁ La; ) Ly n)

Substituting (38) and (39) into the differential form of (5), we
can obtain

)\.1 (l‘, t)‘/;
2Lm(f>

1 1\ Vi 14 - <0u )
_ +— ) =|=(—-——=—v )
(Leq3 Lk(f)) 2} ( 2 0); La; )
N
‘/g Qg
+({5—v — |+
(3 ) | 2, (25)

J=p+2
According to (37), (40) and the relationship between the phase
inductance of MHB and MFB CDAs, namely Ly /Ly =
4(k=0,1,...,N- 1), the parameter c, can be represented by

_2Leq/Lz(f)a T 7é k
2(1_Leq/Lx(f))a r=k.

B. When k=2j+1(j =0,1,...,N/2—1): According to
the modulation principle shown in Fig. 2, Sy () changes from 1
to 0 at time ¢,,, in this case. Following similar analysis in case
A, we can derive o, in this case as

2Leq/Lx(f)7 €z 7é k
~2 (1~ Leg/Lar)) -

Therefore, combining (41) and (42) in each case, we can
obtain the results given by (6). It should be noted that the results
in (6) can make (5) satisfied at the time interval ¢,,— <t <
tm+1, namely the time interval before and after the switching
action of leg k. Then, the relationship in (5) can hold true during
the whole switching period 7, when k takes the value from O to
N—1.

Leg {[1 —Ma(z)]v, A2 (2)V,
Ly Leqi Leg

Ak

Ly (ny

(40)

Az = (41)

Q= (42)

r=k.
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