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Current Ripple Amplitude Measurement in Multiphase Power Converters

Paula Cervellini, Pablo Antoszczuk, Rogelio Garcia Retegui, and Marcos Funes

Abstract—Improvements in the total current ripple in inter-
leaved power converters are mainly determined by differences
between the phase inductor values. Several methods have been
presented in the literature to mitigate this problem, which re-
quires the knowledge of the relative current ripple amplitude.
However, in these methods, the measurement of such an am-
plitude is not addressed. This characteristic is difficult to mea-
sure because of the switching noise and the necessity to pre-
cisely locate the current waveforms peaks, despite the switches
and drivers delay. Furthermore, the above-mentioned methods ei-
ther perform the correction in real time or in a self-commissioning
state. Therefore, it is necessary to implement the amplitude mea-
surement in the same platform as the current control, which im-
plies that the computational overhead should be minimized. This
work presents a methodology for the measurement of the ratio
among phase current ripple amplitudes in the frequency domain.
The proposal allows us to precisely determine this characteris-
tic, with a reduced sampling frequency and high noise immunity.
Experimental tests on a four-phase buck converter validate the
proposal.

Index Terms—Current ripple,
processing.

power converters, signal

I. INTRODUCTION

ULTIPHASE power converters consist of the parallel
M connection of M equal converters in such a way that
the total current i is divided among M paths or phases. When
compared to a single converter, multiphase converters reduce
switching and conduction losses by dividing the total current
among phases. They also improve total current ripple (Aip)
characteristics, including amplitude reduction and frequency in-
crease to M times the switching frequency fy, by interleaving
each phase current ripple [1], [2]. Therefore, filtering require-
ments are reduced in the common point among phases, as the
minimum frequency is M fg,.

However, the above-mentioned features can be affected by
various practical implementation factors, such as tolerances and
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parasitic elements on the converter passive and active compo-
nents. In this sense, series voltage drop on switching devices
and inductor parasitic resistance could produce mismatch on
the mean current among phases [3]. Nevertheless, this effect, as
well as the nonideal phase shift produced by delays on switch-
ing devices and drivers, can be mitigated by means of control
techniques [2], [4], [5]. Furthermore, as inductance value toler-
ance may reach +5 % to £10 % [6], differences on each phase
current ripple amplitude are generated, which impacts on the
total current ripple characteristics [7], [8]. Under this condition,
the switching frequency component f,, and its A/ — 1 harmon-
ics are not canceled in Aip. As a consequence, if the filter is
designed to attenuate the M fs, component, the voltage rip-
ple amplitude is increased in the common point among phases.
This problem becomes more significant as the number of phases
increases, as the difference between the expected minimum fre-
quency and the switching frequency increases.

Several strategies have been presented in the literature to mit-
igate the effect of differences among the phase inductors. In [8],
it is proposed to modify the switching sequence, in such a way
that similar amplitude phase current ripples are shifted 180°,
which reduces f;, component in the total ripple. This principle
is extended to any phase number and its results are improved
in [9] by using an objective function for the optimization pro-
cedure. On the other hand, in [10] and [11], it is proposed to
modify the ideal phase shift (27 /M) to cancel fs, component
and its harmonics in the total ripple. All these strategies rely
on the precise knowledge of the ratio among the phase current
ripple amplitudes; however, the measurement methodology is
not discussed.

In this sense, the measurement of the current ripple amplitude
presents several issues illustrated in Fig. 1. This figure shows
the phase current ripple (ipnase) affected by the high-frequency
noise produced by the switching device and the converter para-
sitic elements. It also presents the sampled version (i}, ) using
a sampling frequency f; = 20 fgy.

As can be noted in Fig. 1, in order to determine the amplitude,
the measurement must be performed in the switching instants.
However, the location of these instants varies depending on the
input and output voltages. One possible option to determine
the amplitude is to synchronize the sampling instant with
the switching signal. Nevertheless, as previously stated, this
approach can be affected by the switching noise, which requires
the knowledge of the measurement circuit bandwidth and the
different system delays, in order to reach the synchronization.
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Fig. 1. Phase current ripple (ipnase) and sampled current ripple with
Is =20 fsw (i;()hase)‘

The above-mentioned problem in the amplitude measurement
can be reduced by using frequency-domain methods [12], which
allow us to increase the noise rejection and are independent of
the switching instant. Since correction strategies are intended
as online or self-commissioning methodologies, the amplitude
measurement should be implemented in the same platform as
the current control. This requirement implies that the measure-
ment should be performed without increasing the computational
overhead of the digital platform.

Considering the aforementioned issues, this work presents a
methodology for measuring the ratio among the phase current
ripple values in interleaved converters in the frequency domain.
The proposed method allows us to determine said amplitude
with high immunity to the switching noise and a reduced number
of points, consequently reducing the memory use and sampling
frequency. Furthermore, the proposed method can be used both
in the continuous conduction mode (CCM) and the discontin-
uous conduction mode (DCM). The proposal is experimentally
validated using a four-phase buck converter.

II. PROPOSED METHOD

The proposed method is based on the frequency-domain anal-
ysis of each phase current ripple. In order to perform such anal-
ysis, the following is assumed:

1) the converter operates in the steady state;

2) the current ripple is approximated as linear segments, as
the time constant associated with the inductor and its resis-
tive component is much higher than the switching period
T [13], [14];

3) all phases have the same waveform, same period T, and
switch turn-on time 7, ;

4) the sampling signal period can be precisely defined,
provided the timing accuracy of modern digital plat-
forms [15];

5) windowing problems in the frequency-domain analysis
are neglected, as control signals and sampling instants are
generated on the same digital platform.

Under these considerations, each phase ripple can be con-
sidered as a piecewise linear function with different slopes.
Therefore, current ripple can be defined as a triangular function
when the converter is operating in the CCM, or as a triangular
function with dead time when operating in the DCM. Fig. 2
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Fig. 2. Inductor current ripple for the DCM case.

shows the waveform for the DCM case. In this case, the switch
is ON during 715, interval and turns OFF in ¢ = t,,. During T
interval, the switch is OFF, but the current is greater than zero
until instant ¢, where it starts the dead time of length 7T’.. The
CCM case can be considered as a particular DCM case with no
dead time, i.e., t; = T'. The duty cycle is defined for the CCM
caseasd =1,/T.

Once the current ripple waveform is defined, its harmonic
content can be evaluated. Since the module of each frequency
component of a given periodic signal is proportional to its peak-
to-peak amplitude, A7y} in this case, then

Clpem = A7;phase/-KvDCM (1)
Cleem = Aiphase/KCCM 2)

where c;,,, and ¢, are the modules of the switching fre-
quency components for DCM and CCM cases, respectively,
whereas Kpcv and Kcem are proportionality factors that de-
pend on the current ripple shape, i.e., DCM or CCM operation.

Furthermore, the switching frequency component for a given
conduction mode can be calculated by using the Fourier
series as

Cc1 =

T
/ iphase (t). 2T dt| 3)
0

T

As previously stated, 75, Ty, and T’ are the same on all
phases for a given DCM converter, and d is the same along
phases for a given CCM converter [16]. Therefore, the ratio
between the peak-to-peak amplitude of two given phases is
equal to the ratio between the amplitude of their respective
switching frequency components. In order to verify that this

factor is constant among the different phases, Kpcv and Kcem
are calculated using (3) for the DCM and the CCM

_tp))

+ 2bc cos(wew.tf) — 2ac cos(wey-t,)] 2 (@)

Kpem = 7[a® + b + ¢* — 2ab cos(wsw(ty

where
271’ ]. tf
Wew = — a= —_—
Wy wew tp (b —tp)
1 1 11
= _ c= ——.
wWsw by — tp Wsw tp
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Fig.3. SGT z-plane singularities and frequency response. k = 1and N = 20.

Given that, in the CCM, t; =T and d =1,/T, Kccwm is
simplified as

72d(1 — d)

sin(rd) )

Kcem =
As can be noted, (4) and (5) depend on the switching period
T and instants ¢, and ¢;, which are equal in all phases. There-
fore, the ratio between the peak-to-peak amplitude of two given
phases can be calculated as the ratio between their switching
frequency components. For example, for phases 1 and 2 corre-
sponding to a DCM operating converter, the amplitude ratio is
calculated as

Aiphascl _ CllDCM (6)

cl?DCM

AiphaseQ

From the previous analysis, it can be concluded that the phase
amplitude ratio is equal to the switching component ratio. Con-
sequently, a suitable frequency-domain method for this pur-
pose is the sliding Goertzel transform (SGT), which allows the
efficient calculation of a single-frequency component in real
time [12], [17]. The transfer function of the SGT of length NV,
configured to calculate the kth order frequency component, is
shown as follows [18]:

(1 o ZﬁN)(l o efj%k/Nz—l)

Hsar(z) = 1 —2cos(2mk/N)z=t + 272

@)

As can be noted, Hsgr singularities in the z-plane are com-
posed of N zeros on the unity circle, produced by the sliding
window of length N, an additional zero on e 727%/N ' and two
poles on e*727F/N Fig. 3 shows the distribution of poles and
zeros in the z-plane, and the frequency response fora k£ = 1 and
N = 20 filter. As can be seen, as sampling frequency can be
precisely set as a function of switching frequency, Hsgt pro-
vides N transmission zeros located at the f,, harmonics, other
than the central frequency, defined by k.

However, the representation of this function coefficients in
systems with finite precision arithmetic may yield an incorrect
cancellation among zeros and poles. Furthermore, rounding er-
rors may produce that the singularities are moved outside the
unity circle, thus affecting the system stability. In order to en-
sure stability, it is necessary to introduce a damping coefficient
to move the singularities back inside the unity circle [18]. Even
though this methodology ensures stability, the attenuation at
frequencies others than the central frequency is reduced and the
phase response is distorted [19].
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Fig. 4. Proposed method block diagram.

In [20], previously mentioned stability issues are avoided
configuring the SGT to calculate the dc level (k = 0), since it is
not necessary to represent any coefficient different than 1, as

(-2
(==

In this sense, if the signal under test is multiplied by another
signal with the same frequency as the harmonic of interest [20],
a dc value proportional to the current ripple amplitude can be
obtained. As an example, in (9), the result of the multiplication
of two signals Vi and V5 is shown, proving that the result, V; (%),
has a continuous current (dc) component only when w; and w»
are equal

Hsgr(z) = (8

Vo(t) = Vi(t).Va(t)
A
2

+ cos (w1 — wa)t + ¢)] . ©)

[cos ((wy + w2 )t + @)

Fig. 4 summarizes the proposed method to obtain the ratio
between phase 1 and a generic phase n current ripples. In this
diagram, it is shown that i,p,s is sampled at f; = N foy to
obtainiy, ... Then, 45, . is multiplied by a signal with the same
frequency as the switching frequency, and phase-shift equal to
the corresponding phase, i.e., O for phase 1, 27 /M for phase 2,
and so on. Moreover, by means of the SGT filter with £ = 0,
the dc component is obtained. Finally, the ratio among phases
is obtained by dividing the fs, component of each phase by the
fsw component of the phase selected as a reference (phase 1 in
this case).

III. EXPERIMENTAL RESULTS

The proposed method validation has been performed using
signals acquired from a four-phase buck converter, operating in
the CCM and the DCM. The switching period is T' = 40.96 us.
The duty cycle for the CCM case is d = 0.09, whereas, for the
DCM case, t, = 13.5 us and ¢ty = 28.1 us. The duty cycle for
the CCM has been selected to test the measurement methodol-
ogy in a critical case, where one of the current ripple slopes is
much larger than the other.
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First, in order to illustrate the testing methodology and verify
expressions (1) and (2), the ripple amplitude for a single phase is
calculated. For this purpose, constants Kpcy (4) and Kcewm (5)
must be calculated using the parameters described above

Kpem = 2.18
Kceem = 2.9.

(10)
Y

Once Kpcm and Kcew are determined, the peak-to-peak am-
plitude for each case is calculated using a sampling period
T, = T'/32. It should be pointed out that, since the switching
signals are generated in a digital platform, it is simple to gener-
ate a sampling frequency multiple of the switching frequency.
Therefore, windowing problems can be neglected. Figs. 5 and 6
show the current ripple, the sampled version, and the amplitude
obtained using the proposed method for the DMC and CCM
cases, respectively.

As can be noticed, the proposed method allows us to obtain
the peak-to-peak amplitude in both cases. However, due to the
switching noise, it is difficult to evaluate the method precision.
In order to obtain an amplitude to be contrasted with the pro-
posed method, a linear interpolation is calculated for the rising
and falling segments, using a much higher sampling frequency
T, = T/4096. The peak value is then computed from the inter-
section between the two interpolations, as shown with dashed
and dotted lines in Figs. 7 and 8. Finally, the value obtained
using the proposed method, shown with dashed line in Figs. 7
and 8, is compared with the interpolation to compute the error.
As the interpolation requires a much larger number of points,
and given its computational complexity, it is not practical to
implement the measuring system in the same platform as the
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current control. Therefore, it is only used for evaluating the
proposed method. If this procedure is repeated for successive
peaks in the current ripple, it can be determined that the error
is between 0.15% and 1.1% for the DCM and +0.17% for the
CCM.

As can be observed, the error is larger for the DCM case,
which is due to the inverse recovery phenomenon. This phe-
nomenon has switching frequency components that add to the
ones proportional to the current ripple amplitude. Precision in
the DCM can be improved by disregarding negative current val-
ues. By using this procedure, the error is improved to +0.5%.

The multiphase case is evaluated using the previously pre-
sented methodology, i.e., comparing the results obtained using
the proposed method with the interpolation for each phase. Fig. 9
shows the amplitudes ratio for the M = 4 converter in the DCM
mode, obtained using the proposed method. In this case, as pre-
viously stated, the ratio among phase ripple amplitudes will be
equal to the ratio among the switching frequency components.
Thus, it is not necessary to calculate Kpcym or Kcem.

It should be pointed out that the correction methods previ-
ously described have a much smaller bandwidth than the switch-
ing frequency. Therefore, in these methods, it is possible to use
the average amplitude value. Then, if the previously described
methodology is averaged ten consecutive switching cycles, the
amplitude ratios yield

Aiphase, /Alphase, = 1

Aiphase, / Aiphase, = 1.0016

Aiphase, /Aiphase, = 0.9955

Aiphase, /Alphase, = 1.0254. (12)
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amplitude ratios using the proposed method.

These amplitudes ratio can be compared with the amplitudes
ratio obtained using the linear interpolation. If Aiimj is defined
as the jth phase amplitude obtained using interpolation, the
interpolated amplitude ratios result

Aiintl /Aiintl =1
Niine, /A, = 1.0087
Aiintg /Aiint] = 09998

Aiiiye, /Ny, = 1.0278. (13)

From previous results, it can be seen that the proposed method
allows us to obtain the relative amplitudes with a precision
smaller than 1%. Therefore, this method allows us to determine
whether a given phase ripple amplitude is smaller or larger
than the remaining ones. This information can then be used by
compensation methodologies to reduce the impact on the total

ripple.

IV. CONCLUSION

Difference among the phase inductor value is one of the main
factors that affect the multiphase power converter performance,
as it avoids the correct current ripple reduction and frequency
increase. Available methodologies to mitigate this problem rely
on the precise knowledge of the ratio among the phase rip-
ple amplitudes. In this work, a methodology to measure this
ratio has been presented. The proposed method is able to deter-
mine the relative current ripple amplitude with high immunity
to the switching noise and a reduced number of points, based
on the frequency-domain analysis of each phase current ripple.
By means of tests on a four-phase buck converter, it has been
determined that this methodology is capable of determining the
ratio among phases with a precision better than 1%, when com-
pared to the results obtained by using linear interpolation with
a much larger number of points. Furthermore, as the required
samples per period and computational overhead are reduced,
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the proposed method is suitable to be implemented in the same
platform as the current control.
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