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Abstract—Interleaved power converters are used in high-current
applications due to their inherent reduction of semiconductors
stress and total ripple. Ripple reduction is accomplished by a cor-
rect phase shifting, and the filtering improvement explained by the
increase in the ripple frequency. However, these benefits are wasted,
among other reasons, by the mismatch of the phase inductor value.
As a consequence, differences in the ripple amplitude among phases
are produced, leading to a total current ripple significantly greater
than the ideal case, the loss of the cancellation points and the gen-
eration of the switching frequency component and its harmonics.
The works dealing with this subject matter have focused on partic-
ular cases, such as a given number of phases, a specific converter
topology, or a particular case of inductance mismatch, disregarding
a general analytical approach. This paper proposes an analytical
method to characterize the total ripple in steady state as a function
of the duty cycle and the number of phases under any condition on
inductance mismatch. Experimental results validate the proposed
method.

Index Terms—Current ripple, inductance tolerance, interleaved
power converters.

I. INTRODUCTION

N applications where the efficient control of high currents is
I required, like in grid-connected inverters, automotive appli-
cations, PFC converters, voltage regulator modules, and high-
power applications, the use of an interleaved power converter
is the most convenient solution [1]-[6]. The use of /N phases
allows the distribution of high current among phases, thereby
reducing the conduction and commutation losses of switching
devices. The control of said devices permits to interleave the
phases ripples in such a way that their sum, defined as a to-
tal ripple, is minimized. Under ideal conditions, the amplitude,
duty cycle, and frequency are the same for all phases, and the
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phase shift is QW” Consequently, the frequency of the total rip-
ple is increased to N times the switching frequency f,,, which
allows us to improve the filtering of the total current [7]-[9].

The benefits aforementioned are affected by tolerances and
nonidealities in passive and active components (like switch on-
resistance, driver delays, inductor parasitic resistance, and in-
ductor values) [10], [11]. Most of these nonidealities cause dc
current unbalance among phases, which can be mitigated by
means of digital control [12]-[15]. Regarding the total ripple,
its minimization deteriorates with respect to the ideal case due
to two main causes: 1) improper phase shift among the different
phase currents, and 2) differences between the peak amplitude
of the phase currents. The error in the phase shift may be the
result of the different turn-on delays in the switches, which leads
to a total current ripple degradation that worsens as the differ-
ence between the time delays is comparable to the commutation
period T = f.,! [16]. Even though phase-shift errors could gen-
erate remarkable differences on total ripple cancellation, there
are strategies to mitigate these effects [4], [17]-[19]. With re-
spect to the differences between the peak amplitude of the phase
currents, the main cause is phase inductance mismatch. The ori-
gin of this mismatch may differ depending on whether ungapped
or gapped inductors are analyzed. In the case of ungapped in-
ductors, the most important causes of mismatch are tolerances in
the magnetic permeability (usually 5%, £10% for iron powder
cores) and differences in the winding process (such as winding
mechanical pressure or distribution) [20]. In the case of gapped
inductors, the main cause of inductance mismatch is given by
gap size tolerance, which is more critical in small gaps. The
design-specified gap may change for several reasons, among
them: tolerance in the grinding process if the gap is machined,
thickness of the glue used to clamp the two core halves, or
shrinking of potting material as it cures. Provided these con-
siderations are taken into account, inductance tolerances within
4+10% could be expected in a standard design [21].

Unlike the case of phase-shift error, mismatches among in-
ductances generate differences in the current ripple amplitude
among phases that cannot be eliminated by means of control
strategies [22]. Compared to the ideal condition, under induc-
tance mismatches, the total current ripple becomes significantly
greater, and the switching frequency component and its har-
monics are not canceled, which impacts on the overall system
performance. For instance, the output capacitance in an inter-
leaved buck converter must be sized based on the increased
current ripple and lower frequency components, leading to an
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increase in the capacitance value. With regard to the analysis of
total current ripple due to inductance mismatches, only particu-
lar cases have been reported, such as a given number of phases,
a specific converter topology, or a particular case of difference
between inductances [16], [22]-[24]. Yet a general analytical
approach remains to be determined.

This paper proposes a method to characterize the total cur-
rent ripple in steady state as a function of the duty cycle for
N-phase interleaved power converters under any condition on
inductance mismatch. The characterization of the total current
ripple is performed by analyzing the peak values of this cur-
rent ripple, and the instant when these peak values appear. The
proposed methodology leads to general analytical expressions
that allow us to numerically evaluate different characteristics
related to the total current ripple for the whole range of the duty
cycle. This avoids simulating the converter for each value of the
duty cycle. By using this approach, expressions for the maxi-
mum amplitude, RMS value, and harmonic content of the total
current ripple, and the amplitude of the voltage ripple across
the capacitor connected to the common connection point of the
phases can be computed. These expressions were computed and
verified with measurements on a three-phase interleaved buck
converter.

II. PROPOSED METHOD

The proposed method characterizes the total current ripple in
the interleaved power converters (i.e., the current ripple at the
input in a boost converter or at the output in a buck converter),
based on the analysis of each phase ripple in the time domain.
To carry out this analysis, the following is assumed:

1) theinterleaved power converter is operating in steady-state

and continuous-conduction mode;

2) the voltage drop of the semiconductor devices and para-
sitic resistances among phases are similar, thus, the duty
cycle D is the same for all phases;

3) the time constant, associated with the inductors and their
resistive component, is usually much higher than the
switching period, thus, the phase current can be approxi-
mated by linear segments;

4) the phase errors among phases, with respect to the ideal
phase shift (3F), are small compared to the switching
period; therefore, they are neglected.

Under these conditions, the possible differences in the ripple
amplitude depend mainly on inductances tolerance. Moreover,
given the linear approximation of the phase current waveform,
the ripple of each phase current is defined by the peak values of
the ripple and the instant in which these peaks appear.

Fig. 1 shows an example of the normalized phase current rip-
ples, r(t), and the total current ripple, 7. (¢), of an interleaved
power converter with inductance mismatches. The aim of this
figure is to illustrate a starting point to develop the ripple char-
acterization based on a general case. As it can be observed,
due to the ripple waveform, the peaks in the total ripple occur
at the same time instant than the peaks in the phases ripple.
These peaks are named positive (negative) when the current
slope changes from positive to negative (from negative to pos-
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Fig. 1. Interleaved power converter. Normalized phase (top) and total current
ripple (bottom).

itive). In the case of a positive (negative) peak the superscript
+ (=) is used. Hence, P, (P;) is the peak of the total current
ripple when a positive (negative) peak in the phase x occurs.

In the figure, a generic positive peak P,f, which occurs at
time ¢}, can be computed as

Pl =ro(tf)+ i)+ rvoa(ty) (1)

where 7, (¢) is the phase current ripple of the phase z in time
.

+7’m(tj;)...

The time instants ¢= are related to the occurrence of positive
and negative peaks in the phase currents. Since the time when
these peaks occur can be analytically calculated, the instants of
the peaks in the total current can be precisely defined. In Fig. 1,
it can be seen that the time elapsing between positive (negative)
peaks in the phase or the total ripple is constant and equals %
If the time at which the positive peak of phase 0 (P;") occurs
is taken as a reference, the time at which the peak associated
with a generic phase x, ¢}, occurs is equal to % It can also
be noticed that the time instant at which the negative peak of
phase z, ¢, occurs is equal to ﬂ — DT. Notice that, due to the
periodicity of the system, ¢ is equal to & — DT + T, when
% — DT is negative.

In order to calculate the value of the phase current ripples
when a positive or negative peak occurs in any of the phases, a
generic representation of the phase current ripples is proposed,
based on the system symmetry and periodicity. In this repre-
sentation, the current ripple of a given phase x is defined as
a triangular shaped function f(¢) of period 7' weighed by a
normalized amplitude A,

L fit) @

n

Tz(t) = Axf(t) =

where I, and I,, are the maximum ripple amplitudes associated
with phase z and the nominal amplitude, respectively. These
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TABLE I
PHASE PEAK AMPLITUDE AS A FUNCTION OF THE DUTY CYCLE

Iz I,
V;DT V;DT
Boost 5L, 5L,
V;(1—D)DT V;(1—D)DT
Buck 3T, 3T,

Fig.2. () (dashed line) and f, (dots).

amplitudes are a function of the duty cycle and the type of
converter used, as shown in Table 1.

In Table I, L, is the inductance associated with the phase x
and L, is the nominal inductance, which is defined based on
the design specification. The remaining phases are generated
using a delayed version of f(t) weighed by their corresponding
normalized amplitude.

In order to calculate P, it is convenient to express the func-
tion f(¢) with its maximum positive at ¢ = 0. This function,
named [T (¢), is represented by two sections with different
slopes, separated by the instant ¢ = (1 — D)T, as shown by
the dashed line in Fig. 2. Since only f(t) value is required
when a positive peak occurs, the function f,f is defined by sam-
pling f (t) in the instants when the positive peaks of the phases
occur (see Fig. 2). Then

2%
1- if0<k<N(1—D
. 1_-D)N’ if0<k<NQ1-D)
I = 2% 2(1-D)
2k 20-D) g < N_1.
I+ ==, N(1-D)<k<N-1

3

By using this representation, Fig. 3 illustrates the phases rip-
ple and the total current ripple for a switching period. Notice that
each phase current ripple has its own k index, with the origin in
its respective positive peak. From this figure, it can be inferred
that P/ is given by

P7+ :Amf: +A;xt—lfl+ ..'+A1f3+ +A0f:

+A;\e71f: +"'+Ar+1f;71

N -1
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Notice that in (4), x — k could become negative. In such case,
due to the system periodicity, x — k + N should be considered.
Operating with (3) and (4), the expression for P, is obtained

N-1 N-1 2/{;
P = Ao [ = A {1 - }
(D) kz:(:) k ]; (z—k) (1 7D)N

N -1

2k 2] )

+ Aw-r [(1 —D)DN D
k>N(1-D)

In the case of negative peaks, P, , it is convenient to express
the function f(¢) with its maximum negative on ¢ = 0. This
function, named f (¢), is represented by two sections with dif-
ferent slopes, separated by the instant ¢ = DT". Operating in the

same way as P,", the expression for P, can be obtained

N-1 N_1 o
Prpy= D Aek-fi == 3 Aw- {1 - DN}
k=0

k=0

Nl 2% 9
- 2 Aew {<1—D>DN<1—D>} (©
k>N-D

Analyzing (5) and (6), it can be noticed that the summands in
the first sum are valid for any k, while in the second sum, due
to the piecewise nature of f and the relationship between k and
D, only the summands that verify the expression in the limits
of the sum are valid. It is worth considering that the values of
D determining the validity zone of each section are coincident
with the cases of ripple cancellation in the ideal case.

It should be noticed that, due to the nonlinear relationship be-
tween the magnetic field and the inductor current, the L, used
to calculate A, can change with the current. In such case, to
calculate expressions (5) and (6), the peak amplitudes of each
phase should be evaluated taking into account their current de-
pendence. In some cases, such as in current-source applications,
current dependence is associated with duty cycle dependence.
Then, the A, value will change with D, and has to be updated
in each computation of (5) and (6) based on the relationship
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between L, and D. In other cases, where the total current does
not affect the steady-state duty cycle, e.g., voltage regulators
under different loads, the A, value to be used in (5) and (6) has
to be computed according to its current dependence and is valid
for every D. Hence, computing these expressions for several
current values leads to a family of curves.

III. SOME APPLICATIONS OF THE PROPOSED METHOD

Knowing the numerical value and the sequence of appear-
ance of P~ allows us to characterize the total current ripple,
which is useful when it comes to evaluating relevant aspects
of the converter design. In this sense, this section presents the
calculation of some of these aspects such as the maximum am-
plitude, the harmonic content, and the RMS value of the total
current ripple, and the voltage variation that this ripple gener-
ates in the capacitor C' connected to the common point of the
phases. These parameters, which are used to define C' size and
technology, impact on the power loss and voltage ripple in the
capacitor. With respect to the harmonic content, if the N-phase
converter is ideal, the first N — 1 ripple harmonics are canceled
relaxing the total current filtering specifications. However, in
the nonideal case, this benefit is degraded, and consequently, an
analysis of the first N — 1 harmonics becomes necessary. This
section lies on the proposed method to determine the analytic
expressions of the aforementioned parameters.

A. Maximum Total Current Ripple Amplitude

The maximum value of the total current ripple can be ob-
tained as a function of the duty cycle, B (D). The procedure
relies on the calculation of the ripple peaks produced by each
phase current peak for different values of D, i.e., P*(D) for
x=0,1,...,N — 1, using (5) and (6), respectively. Then, the
maximum ripple is obtained by considering the maximum value
of ]—?i for a given D, as indicated in the following:

Pr(D) = max (1P )| Pyp)) )

This equation evaluates the absolute value of the ripple, so
that the amplitude of the total ripple can be analyzed regardless
of the P* sign. As an example, the maximum total current rip-
ple for the particular case of three-phase interleaved buck and
boost converters was computed. The normalized total ripple
was obtained using (5)—(7), and the total ripple for each par-
ticular converter was derived from ﬁL in Table I. In both cases,
the main parameters are: Ly = 280.5uH, Ly = 255uH, Ly =
242uH, fq, = 12.21kHz, and input voltage V; = 50V. Fig. 4
displays the obtained results together with the ideal case, where
the loss of the cancellation points can be noted.

B. RMS Value of the Total Current Ripple

The RMS value of the total current ripple can be calculated

as
1 T
TTrms = T /() [TT (T)]2 dr (8)
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Fig. 4. Output current ripple. Ideal case (dashed). Non ideal case (solid).
(a) Buck converter. (b) Boost converter.
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Fig. 5. Normalized RMS value calculation.

where 7, is the expression corresponding to the total current
ripple, whose value in the peaks is given by the previously cal-
culated P*. Knowing these values allows us to segment the
calculation of the RMS value in intervals. Then, the total RMS
value is the sum of all the RMS values calculated in each inter-
val. For this calculation, the intervals were defined as including
a positive peak and being delimited by the appearance of two
consecutive negative peaks, as shown in Fig. 5. This figure dis-
plays the phases ripple and the total ripple, where the interval
including the positive peak associated with the phase x is high-
lighted. This positive peak, which is related to the instant DT, is
located inside the interval given by % < DT < WT”T Thus,
Pt is located between the negative peaks of the total current

B~ ;and 7, , asillustrated in the figure.
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The expression of RMS current ripple in this interval is shown

as
1 DT %
TTrms (z,D) = T /T [rg" (T)]2 dT+/ [T% (T)]2 dT]
IT DT
©)
with
(1) =m" (1 —t5) + ¢’
n'(r) =m" (1 —t5) +¢" (10)
Pt —-p . i
mP = = ‘T.ﬂ:qu_»—tpj—
T T+7 0
DT - iL N
pP..., —Dbt
no_ Tetj+l  Tw "Pt =t/ DT (11)

where 7 and 1" are the expressions corresponding to the total
current ripple in this interval for the positive and negative slope,
respectively. From Fig. 5, it can be noticed that j value is not
arbitrary, but changes based on DT value. Since DT > JA—T in
the interval under analysis and j is an integer, then, j is the
largest integer less than or equal to N D. This relationship can
be expressed as
j=max{j € Z|j < ND}. (12)
Then, the RMS value of the total current ripple as a function
of the duty cycle is obtained by adding up the previous results
of all the intervals, as shown in the following:

rTrmS(D ) =

N-1
E 2
Trms(w,D)
z=0

N-1 .
ND —
2 — E
rTrmS(D) - ( 3N

(B~ P, ) +E B+,+1])
(13)

Notice that (13) is only a function of D, since j is related to
D by (12).

C. Maximum Voltage Ripple Across the Capacitor

Knowing P* allows us to calculate the voltage ripple across
the capacitor connected to the common point of the phase induc-
tors, i.e., at the input or at the output depending on the converter
topology. In the following, it is assumed that the ripple of the
total current mainly flows through the capacitor.

The voltage ripple, Av(t), can be calculated by using

f/ A~
/ I,
(¢

I,r (t)ESR

Auv(t) = é (r)dr + (Av(to) I (tg)ESR)
+

(14)
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Fig. 6. Normalized voltage ripple calculation.
where ESR is the capacitor series resistance. The normalized
version of Awv, defined as Av,,, is shown as

Av(t) 1 !
-Zjl Zn B ZnC

+ [1 (1) — 5 (to)] ESR,
where Z, in = = (27 f5, C) ! is the impedance of the capacitor at
fow T and ESR, = £ S £ is the normalized F.SR. The max-
imum voltage swing across the capacitor, Av,, .y, 1S obtained
for each D value and calculated from the difference between the

maximum and the minimum values of Awv,, (¢) in a commutation
period

Av, (t) =

. (1) dT + Av, (1))

s)

(16)

For a given D, (16) is calculated using the same methodology
as in the calculation of the RMS current ripple, i.e., the voltage
ripple across the capacitor is analyzed by intervals. In each inter-
val, the maximum and minimum Auw,, (¢) values are computed,
and then, Av,, max is obtained by evaluating the maximum and
minimum of all the intervals. To determine the maximum and
minimum voltage inside each interval, Av, (¢) should be calcu-
lated for different points. These points allow us to concatenate
the results of the different intervals and to establish the poten-
tial absolute maximum and minimum. Fig. 6 shows the total
current ripple and the voltage ripple across the capacitor, Awv,,,
where the interval associated with phase x is highlighted and
the voltage corresponding to the previously mentioned points is
shown. These points are: voltage at the beginning of the interval
(V}), voltage at time ¢y (V}), voltage in the instant of change in
the slope of 7, (Vpr), voltage at time o (V3), and voltage at
the end of the interval (V;, ). Note that the initial value of the
voltage in the analyzed interval is the same as the voltage at the

Avnmax(D) = max (A’Un) — min (Avn) .
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end of the previous interval. Moreover, since ¢; and ¢, are the
times corresponding to potential maximum or minimum values,
they are obtained by making the first derivative of Av,, (¢) equal
to zero.

The expressions that allow us to calculate the different values
of the voltage ripple, starting from an initial voltage V;, are
shown as follows:

1 t JT
— P v D
" Z,LC/Jg {m (T N)“MT

+Vj7‘+mp <t1—

_ P _ 4 p
VDT—ZRC - {m (7’ N)+q]d7'

T
Vi +mP (DT - ’) ESR,

N
I
_ n — DT n
Vo= oo [ - DT+ dr
+ Vpr +m" (t, — DT) ESR,
U+
1 N n n
Via=ga [ - DI) g ar
+Vpr +m" (U—’_Nl)T — DT) ESR,. (17)

In the interval under analysis, Av,, could be monotonic; in
such case, times ¢; or £ do not exist, and the described equations
cannot be used for the calculation of V; and V5. If time ¢; does
not exist, V; is then defined as V| = V;, whereas if time ?5 does
not exist, V5 is defined as Vo = V. The values for ¢, and ¢,
can be calculated from the following equation, if they exist:

LT (4
1—N mp n

n

ty = DT — (qn +ESRnZnC).
o

Operating with (17) and (18), the calculation of the different
voltages are obtained
> Z,C

% ¢
e (Z,LC 2mp

Jr mP T
= | DT—— DT ——
Vor < N){2Z7,C ( N

(18)

+m1’ESRn> +V;

Z,lC
_ qn n ZnC
‘/2 (Z C ESRrL) m +VDT
+1T m" ((G+ 1T
Vigi= < N DT 2Z.C ¥ DT

Aq—+m’”ESRn] +Vir. (19)

zZ,C
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By evaluating (19) for each interval, the pair (V;, V%) is ob-
tained and stored in vector V. Once the IV intervals are eval-
uated, Av,max is calculated by considering the maximum and
minimum vector values of Vi

Avpmax (D) = max (Vo) — min (Vi) . (20)

Below the procedure to compute Av,, .5 is summarized:

1) for a given D, obtain j using (12);

2) update the index of the interval to be computed, i.e., x
value;

3) givenz and j values, and known the values of P*, evaluate
the expressions shown in (11);

4) evaluate (19) and store (7, V5) in vector V;

5) repeat steps 2—4 until computing N intervals, i.e., evaluate
from the interval corresponding to « = 0 to that of x =
N —1;

6) obtain the maximum voltage swing across the capacitor
using (20).

D. Harmonic Content of the Total Current Ripple

In this section, the harmonic content of the current ripple
in the common point of the phase inductors is calculated as a
function of P. This ripple can be written as a Fourier series,
as shown in the following:

> h27t
()= Irnlcos (—oh) 1)
h=1
where
|TTh‘ = \/ a}21, + 6}21 (22)

being a;, and by, the real and imaginary parts of the hth compo-
nent, respectively, which are calculated as follows:

(23)

As proposed in Section III-B, 7, (¢) function can be seg-
mented, so as to include a positive peak in each segment and be
delimited by the appearance of two consecutive negative peaks

(% <t< W), in order to calculate (23) by intervals, as
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TABLE IT
EXPRESSION FOR P, AS A FUNCTION OF D

p(;L (D) Condition
Ao — A PS4, (B1/) 0<D<1/3
Ag+ A 2223 _ 4, (’(31 1D/3") 1/3< D <2/3
Ao + Ay B=2/3) 4 g, (D=4/3) 2/3<D<1

PH(D) Condition
—Ag B 1 Ay - 4, BEUD | o< D <1/3
— A B 4 Ay 4+ A, P2 | 13 < D < 2/3
AL 4 a4, P2 | 33<D<1

p+ (D) Condition
—Aﬁﬁtg? A<27%?.%A2 0<D<1/3
A LPEE - A G + A2 | 1/3<D<2/3
40P 4 4y B 4y | 23 <D<

Py (D) Condition
—Ao+ A1 BT + 4, ZEL) | 0<D<1/3
—M+Aﬁ%%?<&wgm 1/3< D <2/3
A+ AP 4, (D223) | 930 p<

P (D) Condition
Ao%—fhﬂ-flz(ﬁfé?) 0<D<1/3
ﬂ%g%yﬁ_Al+A(az§) 1/3<D<2/3
—Ag P23 py A, P28 | 930D <

Py (D) Condition
Ao <(D1 114)3) LA <?+1/§> As 0<D<1/3
MBI 4, Yy | 1z <D<
—Ag P8 A (P23 4, | 2/3<D<1

shown in the following:
L+1 -1

) cos (hﬂ) — Z (Z‘x
T
(41 N-1
hrt by
by, = Z /T ) sin (T) dt 2 o

Then, by solving the integral terms for each segment and by
simplifying the resulting expressions, ay,, and by, are

)mnc((j%fl—;;WD)hw)

(24)

_(pt_p-
ahm*(@ 71;+j+1

) ((2x+ND+j+ 1)h71'>
X sin N
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Fig. 7. Phase current and total ripple. Experimental and simulation results.
(a) Experimental. (b) Simulated.

+ (B

— p*)sine ((j — ND)hﬂ') sin ((Qx + ND + j)hw)

N N

2z +j+ 1)h7r> n<2(x+j)h7r>
N

+P+J+1%m( N — P i
(25)

T+ 5"

th* (]?v+ —F,

. (j+1—ND)hrw
T jpr)sine | S

N

((u +ND+j+ 1)hﬂ)
X cOoS N

j — ND 2 ND +j
+(P£1J—EE+)sinc((j N )hﬂ)cos<( T ~ +j)h7r)

2z +j+1)hr _ 2(3: + j)hm
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(26)

Once ay,,, and by, are computed for each h and D, (22) can
be computed through (24).
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TABLE III
EXPERIMENTAL RESULTS

D =0.25, V;;, =178V, I, =0.539 A
I, P, Calculated [mA] [ Measured [mA]
InPy 206 210
InP/" 207 197
In Py 113 112
InPy -238 -241
L P -145 -144
1n Py -144 -163
Denormalized PZ.
Tek Stop - 11

~173.4pus 53.60mV

[2]

O  -37.20us O -51.60mV

A136.2ps A105.2my
dv/dt ~772.4V/s
A /N 1
E)/ \\ \
W \/
£
2} £
B
° : !
@ 20.0mvAe @ 500mA &) [2ﬂ.ous ] Sn.OMS/s‘ A 140V
@ s STTImA 1000 % 10k points
+Duty 45.55%
17:58:20
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....................................... — 500™4/prv | |
— 20mV/p1V
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100 120 140 160 ¢t [us]
(b)

Fig. 8. Capacitor voltage (D = 0.45). Experimental and simulation results.

IV. EXPERIMENTAL RESULTS

In order to validate the proposed method and the described
applications, experimental results on a three-phase interleaved
buck converter were conducted and compared to the com-
puted results of the expressions using MATLAB software. The
main specifications are: commutation period 7' = 81.9us (i.e.,
few = T~ = 12.21kHz) and output capacitor C' = 40uF. The
nominal phase inductance is sized according to the peak ampli-
tude of the phase current ripple specified by the design, which
was selected to be 1A. Since the maximum ripple occurs at
D = 0.5 and considering V; = 25V, the nominal phase induc-

1847

1.2
--- Ideal case
NG .| — Analytical | . /]
. : : » Experimental Y

1
D
(@
0.6
--- Ideal case
0Bk N e s ot wnrmsni foss — Analytical |/
’ * Experimental

i v ! i .
0 0.2 0.4 0.6 0.8 1
D
(b)
0.7 T | T T
--- Ideal case
06 Nrem st srmemeidnse — Analytical |- -
#* Experimental
BB Pag == g fomremnmeBonnm s darmrm oy
S e~ Ay By s orasfac e o mdman e e -
5
q 03N\ R
s N, 0 . Ko -
0.2 LN g : /,
* . 8 7 NG /
Locsmscmsifow Nowempllnomemune Neomaghosm e vimeman J
o \\\ // .\\\ //
. v \ o/
0 1 \ I 1 v 1
0 0.2 0.4 0.6 0.8 1
(©

Fig.9. Experimental results. (a) Normalized maximum ripple amplitude | Py |.
(b) Normalized total rms current ripple 77, 5. (¢) Normalized capacitor maxi-
mum voltage ripple Avy, ax -

tance is

I V:(1-D)DT
n 9 fn

The phase inductors are built with double-E gapped fer-
rite cores, leading to 7% inductance tolerance: Ly = 239 H,
Ly =255uH, and Ly = 273uH. The use of gapped inductors
allows us to obtain approximately constant inductances in the
evaluated current range, thereby A, values were considered

= 256uH. 27)
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Experimental results. Spectrum analysis.

constants for all D. The tolerances in the inductance produce
mismatches in the amplitude of the phase ripples, leading to
Ay =1.07,A; =1.004, and A, = 0.937. Given the reduced
number of phases, compact expressions for P can be obtained
by using (5) and (6). Table II shows the expressions for P, .

Fig. 7 shows the experimental and simulated waveforms cor-
responding to the phase currents and the total current ripple
obtained with D = 0.25. The peaks of the total current, which
are the denormalized Pa,i, are identified in the figures. Table III
summarizes the measured values, which are in close agreement
with the calculated values.

The maximum voltage ripple was also evaluated. Fig. 8 dis-
plays the experimental and simulated waveforms of the total
current ripple and the capacitor voltage ripple in the condition
described. The case of D = 0.45 and V; = 28V was calculated
and then simulated, leading to a peak-to-peak voltage ripple
of 112.4mV, as shown in Fig. 8(b), which corresponds to a
normalized voltage ripple of Ave,max = 0.325. On the other
hand, the experimental measured peak-to-peak voltage ripple is
105.2mV, as shown in Fig. 8(a), which corresponds to a normal-
ized value of Ave,max = 0.305. Notice that the ringing present
in the experimental voltage waveform is produced by the com-
mutation noise being picked up by the parasitic inductances of
the experimental and measurement setup.

The analytical expressions developed in Section III were val-
idated by means of experimental measurements on the power
converter. Fig. 9 shows the validation of (7), (13), and (20). It
can be seen that the experimental results obtained are in close
agreement with the analytical curves obtained with the proposed
method. The ideal case is also included in the figure as a refer-
ence, in order to illustrate the difference between this case and
the analyzed one. Additionally, Fig. 10 illustrates the validation
of (22). It can be appreciated that, due to the inductance mis-
match, the spectral lines corresponding to f,, (|7.1]) and 2 f;,,
(7. 2]) are no longer canceled in the output current. As a con-
sequence, the ripple cancellation points are lost in 77, although
they are still present in the spectral line corresponding to NV £,

(|7 3D-
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V. CONCLUSION

The benefits of interleaved power converters are degraded,
among other causes, by phase inductance mismatch. This mis-
match can be caused by tolerances in the manufacturing process
or in the core magnetic properties, leading to differences in
phase ripples amplitudes. Consequently, compared to the ideal
case, the total current ripple becomes significantly greater, and
the switching frequency component and its harmonics are not
canceled, which impacts on the overall system performance.
This paper presents a general analysis method for the character-
ization of the steady-state total current ripple for any inductance
mismatch. This characterization, based on the analysis of each
phase ripple in the time domain, allows us to determine the peak
values of the total current ripple and the instant in which these
peaks appear. The proposal permits to obtain a general expres-
sion for the total current ripple for the whole duty cycle range,
which enables to compute different characteristics related to this
ripple with no need to simulate the converter for each value of
the duty cycle. Using the proposed method, expressions for the
maximum amplitude, the harmonic content, and the RMS value
of the total current ripple, and the voltage variation that this rip-
ple generates in the capacitor connected to the common point of
the phases, were obtained. The proposal was experimentally val-
idated by means of measurements on a three-phase interleaved
buck converter, displaying an outstanding correlation with the
analytical expressions developed.
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