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Abstract—Symmetric multiphase dc-dc converters are widely
used in power electronics, as they enable the processing of high
power through splitting the overall load-current into multiple
phases. Distributing the processed power symmetrically between
the phases and performing ripple minimization through inter-
leaving is well understood. However, in recent applications such
as maximum power point (MPP) tracking for solar photovoltaic
(PV), converters are forced to operate under asymmetric condi-
tions, due to differences in the sources or loads of each converter.
This work presents a control technique, based on harmonic
elimination, that allows for ripple minimization under asymmet-
ric conditions. The mathematical derivations are outlined and
simulations are used to evaluate the performance of the proposed
technique. Measurements taken from an experimental prototype,
consisting of three dc-dc buck converters, demonstrate significant
improvements in ripple reduction over conventional interleaving
techniques. When the multi-phase converter is operated at the
optimum asymmetric phase-shift found through the techniques
presented here, a more than 3x reduction in net current ripple
is observed under realistic operating conditions. Additionally,
the undesirable first harmonic ripple component is reduced by
14.8 dB with the proposed technique.

Index Terms—multiphase converter, interleaved converter,
asymmetric operation, harmonic elimination, ripple minimiza-
tion.

I. INTRODUCTION

CURRENT ripple cancellation is an important feature

of multiphase switching converters, as it enables each

individual converter of the system to operate at a higher

ripple than the overall load-current ripple through interleaving

of the phases [1]–[4]. This yields significantly lower values

for the inductor and capacitors of each converter, and (as

shown in [5], [6]) it can lead to substantial reductions in

converter size and cost, while increasing the efficiency. In

standard symmetric multiphase converters (see Fig. 1), where

the output current is the sum of all phase currents, it is possible

to accomplish a load-current ripple minimization by phase-

shifting the switching functions of each phase by an angle

determined by

φn = (n− 1) · 360
◦

N
, (1)
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where N is the total number of phases and n is the consid-

ered phase [7]–[10]. This technique is well understood and

described in power electronics literature [11] for a balanced

operation of all parallel phases with a common source and a

common load. Recently, asymmetric phase-shifting has been

used to account for imbalances in the converter phases due

to component tolerances [12]–[14], and in the context of EMI

noise shaping, where certain higher order harmonics can be

reduced, which therefore reduces the filter size as dictated by

EMI regulations [15]–[17]. This method is also employed in

multilevel cascaded H-bridges with non-equal dc-link voltages

to reduce sideband harmonics [18], [19]. However, as demon-

strated in [12], [13], little improvement can be achieved due

to practical limitations such as measurement errors and signal

delays in the complex control circuitry. Usually, component

tolerances are small, which means that the deviations from

symmetrical operation are limited. Consequently, the addi-

tional cost introduced by the more sophisticated control might

not be justified. Contrarily, phase-shifting for non-uniform

duty ratios and different input sources for each phase is a

more relevant field of application for these techniques, that

is not well understood, and has not been explored in the

literature. Figure 3 shows a schematic drawing of an emerging

application where non-uniform duty ratios occur. A single PV

panel is usually divided into three sub-modules, which are

connected to separate inputs of the converters. Each power

converter performs MPP tracking for one sub-module. The

MPP of a PV cell varies with irradiation and temperature.

It may also change throughout the lifetime of a cell due

to aging. Figure 4 shows the variation of the MPP and the

change in the respective voltage VMPP for different levels

of irradiation in the case of a single PV cell. As has been

shown, operating individual panels [11], or even sub-modules

[20]–[23] at their individual MPPs, can yield a significant

improvement in energy capture in PV applications. In addition

to the aforementioned references, possible implementations

and the corresponding control of distributed maximum power

point tracking (DMPPT) are also presented in [24]–[28]. The

topology shown in Fig. 2 is used as an example in this paper.

MPP tracking is performed locally on a sub-module level

through a dc-dc converter that is connected to a string of solar

cells at its input. The global maximum power point tracking is

done by the inverter and can be performed on different levels,

e.g. for all panels, a single string, or a single panel. In the



0885-8993 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/TPEL.2015.2393812, IEEE Transactions on Power Electronics

DC

DC

Load

IOUT

+
−

VIN

IIN

DC

DC

DC

DC

Phase n=1

Phase n=2

Phase n=N

Fig. 1: Standard multi-phase interleaved converter topology

with common input and output voltages.

system of Fig. 3, all the outputs of the dc-dc converters are

connected in series - supplying one common load. However,

since the operating point of each sub-module may differ due

to shading, manufacturing tolerances, cell damage, and aging;

the duty cycles of the individual converters are oftentimes

different. These operating conditions are different from what

is usually referred to as multi-phase interleaved converters as

described above. The average output current is identical for

all three converters, but the output voltages are different due

to the series connection. In this application, it is desirable to

employ interleaving of the module (or sub-module) converters

to reduce the overall current ripple, and enable the use of

small, low-cost inductors in each converter. This is still possi-

ble, because of the common output current. Furthermore, the

DMPPT converters do not require large electrolytic capacitors,

as they do not need to buffer the line-frequency power ripple.

This ripple is buffered by the inverter, which is connected

to the output of the dc-dc converters. The dc input ripple is

typically buffered by PV interfacing circuits in modern grid-

connected PV inverters [29].

Interleaving of the different converters and applying a sym-

metric phase-shift will yield some benefits in the architecture

of Fig. 3. However, methods that go beyond this technique

are required to minimize the output current ripple under

asymmetric operating conditions, which will be explored in

this work. The presented results are universally applicable

for different dc-dc converter topologies, such as buck-type

(buck, buck-boost, flyback) and boost-type (boost, boost-buck,

SEPIC) converters. This work represents an expansion of our

earlier conference paper [30], and includes a more detailed de-

scription of the proposed control method, as well as additional

discussions and more extensive experimental results.

The remainder of this paper is organized as follows: Sec-

tion II presents the mathematical derivation of the proposed

ripple cancellation method for asymmetric converter operation,

and Section III describes a control technique that can be

applied together with an MPP tracking algorithm. Section IV

provides simulation results that illustrate the improvement that
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Fig. 2: DMPPT topology used as an example in this work.

is achievable with the proposed method compared to a con-

ventional phase-shifting technique. The results are verified in

Section V by applying the proposed control to an experimental

prototype. Finally, Section VI summarizes and concludes the

paper.

II. MATHEMATICAL DESCRIPTION OF THE PROBLEM

The previous section provided numerous examples in the lit-

erature [1]–[11] that describe standard interleaved multi-phase

converters in different applications. Additionally, asymmetric

phase-shifting techniques have recently been proposed to com-

pensate for component tolerances [12]–[14], and a number of

different applications for these techniques have been proposed

in [15]–[17]. This paper extends the aforementioned works to

the general case of different operating points for the converter

of each phase in multiphase circuits. This will facilitate ripple

minimization in DMPPT applications such as described in

[20]–[28]. Our previous work in this area can be found in [30]–

[33]. A key contribution of our proposed analysis technique is

that it is based on a more universally applicable frequency-

domain description of the converter current waveforms, as

opposed to a time-domain description as outlined in [34], [35].

References [36]–[38] describe the mathematical fundamentals

of the presented analysis.

A. Two Phases (N = 2)

For the case of two converter phases (N = 2), a 180◦ shift

of the operation between phases yields the optimal cancellation

effect. However, a complete cancellation of a certain harmonic
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Fig. 3: Multiphase dc-dc buck converter in a solar PV application.
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and constant temperature.

ripple component is not possible under asymmetric operating

conditions.
The conditions for improved ripple cancellation in asym-

metric multiphase circuits are derived for the case of general

N here.

B. Derivations for general N
In multiphase dc-dc converters N current ripple waveforms

can be observed where the shape varies depending on the

converter type and operation mode (see [31] for an overview).

The framework presented here is universally applicable and

can be used for various converter types and modes of opera-

tion. As one illustrative example, consider the buck converter.

Figure 5 shows the inductor current ripple waveform for

buck-type converter topologies (buck, buck-boost, flyback) in

continuous conduction mode (CCM). This waveform is used

as an example in the derivations here. However, it should be

noted that the general method presented here is applicable to

other waveforms as well.

Fig. 5: Inductor current waveform for a buck converter in

continuous conduction mode.

In the PV application considered here, each sub-module

may operate at a slightly different voltage and current, owing

to a mismatch in the I-V relationship between sub-modules.

This mismatch can occur due to manufacturing variability,

partial shading, aging, and dirt accumulation. The different

input sources cause different magnitudes of the average output

voltages Vout,n in the output series-connected topology shown

in Fig. 3. Moreover, different duty ratios Dn can be observed.

The overall current ripple can be obtained by summing up all

N ripple components, which are denoted by ĩn

ĩsum(t) =

N∑
n=1

ĩn. (2)

The magnitude of ĩsum(t) can be minimized by adequately

phase-shifting the ripple components of the individual phases.

The input voltages, input currents, output voltages, output

currents, and duty ratios of all converters are determined

by the operating conditions. Consequently, the phase shift is

left as the only degree of freedom to influence the current

ripple. To describe the waveform shown in Fig. 5 in terms

of the phase-shift angle φ0n of each phase, it is represented

by its Fourier series. Performing the calculations in the fre-

quency domain makes it possible to directly influence certain

harmonic frequency components of the ripple, which are

occurring at multiples of the switching frequency. This makes

the proposed solution more universally applicable than a time-

domain analysis such as outlined in [34], [35]. In practice,
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the goal is typically to minimize the lowest harmonics of the

ripple, as they are usually dominant and dictate the output

filter requirements.

In general, the Fourier series of the current waveform for

each phase is obtained as

in(t) =
an0
2

+
∞∑
k=1

[
ank · cos(k(ωt− φ0n)) + ...

bnk · sin(k(ωt− φ0n))
]
,

(3)

where n is the considered phase and k denotes the harmonic

order.

An alternative representation based on the sum of phase-

shifted cosine terms is given as

in(t) =
an0
2

+

∞∑
k=1

Ank · cos(k(ωt− φ0n)− ϕnk) (4)

with Ank being the magnitude and ϕnk being the phase of the

Fourier coefficient. The two forms are related by

Ank =
√
a2nk + b2nk (5)

and

ϕnk = atan2(bnk, ank), (6)

where atan2 is the inverse tangent function that returns the

angle in the interval of (−π, π].

For the considered ripple components ĩn of the waveform

shown in Fig. 5, the Fourier coefficients can be calculated as

shown in the Appendix. The resulting Fourier coefficients are:

an0 = 0 (7a)

ank = 0 (7b)

bnk = − Δin(−1)k

k2Dn(1−Dn)π2
sin [k(1−Dn)π] . (7c)

When applying the substitution

θnk = kφ0n + ϕnk, (8)

the expression inside the sum in Eq. (4) can equivalently be

rewritten as a phasor

Ank · e−jθnk . (9)

Note that the following derivation can be simplified for the

waveform shown in Fig. 5, as ank = 0 and therefore Ank =
bnk and φnk = ±π

2 . However, it is carried out for the general

case in order to be applicable to other waveforms.

Using Eq. (2), the summation of a certain harmonic ripple

component corresponds to the summation of all phasors,

whose magnitudes Ank are determined by the converter

operation. From the harmonic addition theorem [36], it is

known that the sum of sinusoidal functions can again be

written as a sinusoid. The goal of minimizing the harmonic

ripple component dependent on the phase-shift angles φ0n can

therefore be achieved by minimizing the corresponding phasor

sum

min
θnk,n=[1,2,...,N ]

∣∣∣∣∣
N∑

n=1

Ank · e−jθnk

∣∣∣∣∣ . (10)

To minimize this cost function (absolute value of the summed

phasor), its real and imaginary parts can be minimized sepa-

rately. Moreover, θ1k = 0 can be chosen as a reference, which

results in a purely real phasor corresponding to the first phase.

The reformulated minimization problem is given by

min
θnk,n=[2,...,N ]

(∣∣∣∣A1k +

N∑
n=2

Ank · cos(θnk)︸ ︷︷ ︸
real part

∣∣∣∣+ ...

∣∣∣∣ N∑
n=2

Ank · sin(θnk)︸ ︷︷ ︸
imaginary part

∣∣∣∣
)
.

(11)

The complete cancellation of a certain harmonic component

may be possible, depending on the magnitudes Ank. In this

case, the corresponding condition can be written as

N∑
n=1

Ank · e−jθnk = 0. (12)

C. Analytic Solution for N = 3

A unique analytic solution can be found [30], [31] for the

case where N = 3 as shown in the Appendix. The closed

form analytic expressions for the relative phase-angles are as

follows:

φ01 = −ϕ1k

k
(13a)

φ02 =
1

k
·
[
cos−1

(−A2
1k −A2

2k +A2
3k

2A1kA2k

)
− ϕ2k

]
(13b)

φ03 =
1

k
·
[
2π − cos−1

(−A2
1k +A2

2k −A2
3k

2A1kA3k

)
− ϕ3k

]
.

(13c)

This solution is closely related to the law of cosines [36] and

can also be derived accordingly [12]. It enables the elimination

of one harmonic component of the current. In practice, the

fundamental (k = 1), occurring at the switching frequency, is

usually chosen to be eliminated.

D. Visualization for N = 3

An example of an asymmetric phasor diagram can be seen in

Fig. 6, which shows the fundamental components (n = 1) for

the example waveform of Fig. 5, with D and Δi as indicated

in the legend, and the three phases operating with symmetric

(θ = 120◦) phase shift. It can be observed that since the dif-

ferent phases are operated under asymmetric conditions, their

phasor sum does not add to zero if the conventional phase-

shift is employed. Figure 7 shows the same system, when the

phases are instead operated with asymmetric phase shifts, as

calculated in Eqs. (13a)-(13c). With the proposed phase-shift

technique, complete cancellation of the fundamental ripple

component can be achieved, as observed by the fact that the

three phasors of Figure 7 sum to zero (i.e., they form a closed

polygon), despite their different individual magnitudes.

If the difference between the magnitudes Ank is too large,

it is not possible to entirely balance their real and imaginary
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Fig. 6: Asymmetric three-phase system with symmetric phase-

shift, resulting in a non-zero sum of the phasors.

Fig. 7: Asymmetric phasor diagram with asymmetric phase-

shift and symmetric reference system.

Fig. 8: Asymmetric three phase system with phase-shifts of

0◦ and 180◦ only.

parts. For N = 3, this corresponds to the inability to find a

closed chain triangle. Consequently, a solution that minimizes

a certain harmonic to zero only exists, if the magnitudes Ank

fulfill the triangle inequality [37]

||x+ y|| ≤ ||x||+ ||y|| ∀x, y ∈ {A1k, A2k, A3k}. (14)

Not satisfying these conditions, results in arguments for

the cos−1 terms with absolute values greater than one in

Eqs. (13b)-(13c). Consequently, suitable angles cannot be

found and the non-zero minimum of the cost function

(Eq. (11)) is obtained at phase-shift angles of either 0◦ or 180◦,

as has been shown in [32]. This ensures that the expression

in the cost function that corresponds to the imaginary part

of the phasors is kept at zero. The real part is minimized by

operating the two phases with the smaller values for Ank in

phase, while the phase with the highest Ank is operated with a

180◦ phase-shift relative to the other two. This phase-shifting

is illustrated in Fig. 8.

E. Solutions for N > 3

As shown above, it is necessary to solve N − 1 equations

in order to determine the desired phase-shift angles. For each

harmonic component, two equations occur, of which one

describes the real- and one describes the imaginary-part of

the corresponding phasors (see Eq. (11)). Consequently, it is

possible to eliminate

M =

⌊
N − 1

2

⌋
(15)

harmonics with a given number of N phases [13]. Due to the

complexity of the problem for many phases, the solution will

preferably be obtained iteratively.
A minimization problem as formulated in Eq. (10) can,

for example, be solved by Newton’s method [38]. A vector

Φ = [0, φ02, ..., φ0N ] can be constructed, where the phase-

shift angle φ01 is set to zero as discussed above. This vector

is used as a parameter for a vector function F (Φ) of order

N −1. The phase-shift angles can then be obtained iteratively

by solving the Newton iteration sequence

Φk+1 = Φk − F ′(Φk)
−1F (Φk). (16)

The starting values Φ0 need to be chosen appropriately (close

enough to the solution) in order to support convergence of

the iteration sequence. In [13] a modified iteration method for

small deviations was presented.
As shown in Eq. (17), the magnitude of the current ripple

for the considered buck-converter topology is dependent on

the input voltage and duty cycle.

Δin =
Vin,n

Ln
Dn(1−Dn)T. (17)

Consequently, the derived technique can generally also be ap-

plied in regular symmetrical interleaved multiphase converters

to compensate for tolerances in the inductor values Ln and

slight mismatches in the operating duty ratios Dn. In case

of the DMPPT application described in Section I, the input

voltage Vin,n is controlled such that it equals the voltage of

the sub-module at its MPP (VMPP).
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III. CONTROL TECHNIQUE FOR N = 3

Based on the results presented in Section II, a control tech-

nique can be established. For the aforementioned technique

to be applicable, the value of the current ripple Δin has to

be calculated as shown in Eq. (17) for the buck converter.

Subsequently, the Fourier coefficients bnk, Ank, and ϕnk are

determined as given by Eqs. (5), (6), and (7c). Therefore, the

necessary parameters which have to be known in order to be

able to perform the calculations are Vin,n, Dn, Ln, T , and k.

Vin,n can easily be measured, e.g., with the analog-to-digital

converter (ADC) of the employed microcontroller. The value

of the inductance Ln is determined by the hardware setup and

is known a priori. The switching period T , which is determined

by the controller switching frequency fsw, and the duty cycle

Dn are determined by the operating point and are accessible

in the control circuit. The order k of the harmonic component

to be canceled is set as desired and is readily available at the

time calculations are carried out. Note that knowledge of the

converter current values is not necessary in order to employ

the proposed ripple-minimization technique. This simplifies

the required implementation, as current measurements usually

necessitate additional hardware [39]. A flowchart of the

resulting algorithm is shown for N = 3 in Fig. 9. The

inputs Ln, fsw, and k, as well as the controller parameter

Dn are used with the measured value of Vin,n or Vout,n to

calculate the values of Δin, bnk, Ank, and ϕnk sequentially.

The desired phase-shift angles are obtained using the outlined

solutions (Eqs. (13a)-(13c)). The values of the arguments of

the cos−1 functions are used as a threshold to evaluate if a

complete cancellation of the desired harmonic is possible, or

if A1k, A2k, and A3k fulfill the triangle inequality (Eq. (14)),

respectively. Subsequently, the values of φ01, φ02, and φ03 are

set accordingly, and the power stage controller is adjusted.

IV. PERFORMANCE EVALUATION BY SIMULATION

To evaluate the performance of the proposed ripple cancel-

lation method, simulations in MATLAB were carried out. Ad-

ditional simulation results using the circuit simulator LTspice

have been presented in [30] and [32]. The three-phase buck

converter topology shown in Fig. 3 is used as an example.

The simulations relate to the summed inductor currents. We

explore the improvement of our proposed method compared

to the conventional phase-shifting technique (φ01 = 0◦, φ02 =
120◦, φ03 = 240◦) over a wide range of operating conditions.

For each set of operating conditions, the converter operation

was simulated with the conventional, and subsequently with

the proposed, phase-shifting method applied. The relative de-

crease in current ripple achieved with the proposed technique

has been calculated in percent as∣∣∣∣Δisum −Δisum,sym

Δisum,sym

∣∣∣∣ · 100%, (18)

where Δisum,sym is the overall current ripple magnitude

for the case with an applied symmetric phase-shift. The

magnitudes Ank of the corresponding phasors for a certain

harmonic k are dependent on two variables per phase, namely

Δin and Dn, which yields a six dimensional variable space

Vin,n or Vout,n
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Fig. 9: Flowchart of the current ripple cancellation control.

for N = 3. We considered again the application of sub-

module MPP tracking. In this case, it is possible to reduce

the variable space to three dimensions by assuming that the

input voltages are approximately identical for all converters.

This is valid for slight variations between sub-modules, as the

MPP voltages do not change substantially [11] (see Fig. 4).

Moreover, the current ripple Δin, as given in Eq. (17), is only

linearly dependent on the input voltages Vin,n, while it shows

a quadratic dependency on Dn. This means that in case of a

change in input voltage (e.g., due to an irradiation change of

the sub-modules), the magnitude of Δin is scaled by a linear

factor, yielding similar results. Consequently, the magnitudes

of Ank are approximately only dependent on the duty cycle

Dn of each phase, as the current ripple is now also only

dependent on this variable, if Vin,n is fixed (see Eq. (17)).

For the simulations, the input voltages have been chosen to be

Vin,1 = Vin,2 = Vin,3 = 12 V. The operating duty ratio Dn of

each converter has been varied between 0.1 and 0.9 with a step

size of 0.1. The calculations were carried out with the goal

of minimizing the fundamental ripple component (k = 1).

The result is a 9x9x9 matrix holding the decrease of the

summed inductor current ripple in percent. However, not all

values within the matrix are independent, as combinations of
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converters running at certain duty ratios are calculated multiple

times. This can be seen in Table I. It shows the results of the

aforementioned simulations, where the average improvement

was calculated over D3 = 0.1 to 0.9, while D1 and D2 have

been varied. By averaging over D3, the aforementioned 9x9x9
matrix is reduced to the displayed 9x9 table. Consequently, the

entries do not represent a single operating condition for D3 but

rather an average. The resulting matrix is bisymmetric, due to

the previously mentioned dependency of the results. The main

diagonals have been highlighted in red and blue respectively.

TABLE I: Average Improvement / % over D3

D1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.1 21.7 29.6 44.1 45.6 45.1 46.9 45.6 45.6 28.6
0.2 29.6 25.2 34.2 40.3 43.6 41.4 28.5 17.7 45.6
0.3 44.1 34.2 27.5 37.6 38.3 33.6 16.1 28.5 45.6
0.4 45.6 40.3 37.6 31.6 33.0 25.1 33.6 41.4 46.9

D2 0.5 45.1 43.6 38.3 33.0 31.2 33.0 38.3 43.6 45.1
0.6 46.9 41.4 33.6 25.1 33.0 31.6 37.6 40.3 45.6
0.7 45.6 28.5 16.1 33.6 38.3 37.6 27.5 34.2 44.1
0.8 45.6 17.7 28.5 41.4 43.6 40.3 34.2 25.2 29.6
0.9 28.6 45.6 45.6 46.9 45.1 45.6 44.1 29.6 21.7

In order to show the achievable improvement in case of one

duty ratio being fixed, D3 has been set to 0.9. High duty ratios

are typical in the solar MPP tracking applications considered

here, as shown in [24]. The resulting surface plot can be seen

in Fig. 10. This surface can be obtained, when ”slicing” the

aforementioned matrix with the results at D3 = 0.9. In order

to achieve a better resolution, the step size has been decreased,

such that D1 and D2 are varied between 0.1 and 0.9, with the

interval now being 0.025. In the plot, we can again observe

the symmetry around the red-shaded plane. The plot that can

be observed when D3 is set to 0.1 looks similar and is the

mirrored image around the blue-shaded plane. Moreover, it

can be observed in Fig. 10 that the achievable improvement

over a conventional phase-shift is zero for D1 = D3 = D3

as expected. Additionally, Fig. 11 shows the magnitude of

the unfiltered output current ripple with an even phase-shift

applied under the same operating conditions as before. As it

can be observed, operating regions where a high improvement

is possible coincide with operating conditions which would

normally result in a high output current ripple.

V. EXPERIMENTAL RESULTS

A hardware implementation of the system has been de-

signed, consisting of three identical synchronous buck con-

verters. Figures 12 and 13 show annotated photographs of

the hardware, Table II lists the converter specifications, while

Table III contains a listing of the components.

To implement the proposed control technique, all three

converters are controlled by a single microcontroller (MC).

This allows for precise timing of the three converters without

the requirement to synchronize controllers. Moreover, control

losses are reduced in comparison to an implementation with

three separate MCs. The used Atmel AT90PWM316 mi-

crocontroller provides three hardware power stage controllers

Fig. 10: Improvement in ripple cancellation for the summed

inductor current with V1 = V2 = V3 = 12 V, D3 = 0.9, D1

and D2 varied.

0
0.25

0.5
0.75

1 0

0.25

0.5

0.75

1

2

3

4

5

6

 

D2

D1

 

Output current ripple / A

0

1

2

3

4

5

6

Fig. 11: Magnitude of the unfiltered output current ripple with

even phase-shift applied at Vin,1 = Vin,2 = Vin,3 = 12 V,

D3 = 0.9, D1 and D2 varied.

Fig. 12: Annotated photograph of the experimental prototype

- top view of the printed circuit board (PCB).
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Gate driver
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Fig. 13: Annotated photograph of the experimental prototype

- bottom view of the PCB.
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Fig. 14: Control architecture of the experimental prototype.

(PSCs) for easy interfacing with the gate drivers. An on-

chip PLL with a frequency of up to 64 MHz is used for

accurate PWM waveform generation. The three PSCs are

initialized with the desired PWM values (duty cycles, dead

times, frequency) by setting the corresponding MC registers.

The phase-shift of the waveforms is implemented by starting

the waveform outputs at different times. This is coordinated

by events (interrupts) generated by the internal timer as shown

in Fig. 15. When changed operating conditions, that require

a different phase-shift for ripple minimization, have been

detected, the PSCs are restarted accordingly with the new

TABLE II: Converter Specifications

Input Voltage Range 7 - 16 V
Output Voltage Range 1 - 14 V
Max. Output Power per Converter 100 W
Switching Frequency 100 kHz
Converter Peak Efficiency 95%
Board Area per Converter 21 mm x 27 mm
Overall Board Area 63 mm x 27 mm

TABLE III: Component Listing

Device Model Value Manufacturer

High side MOSFET FDMS8023S Fairchild
Low side MOSFET FDS8882 Fairchild
Gate driver FAN7390MX Fairchild
Bypass MOSFET STL150N3LLH5 ST
Ln SER2300 4.7 μH Coilcraft
CINn 1206, X5R, 16 V 4 x 10 μF Taiyo Yuden
COUTn 1206, X5R, 16 V 3 x 10 μF Taiyo Yuden
Microcontroller AT90PWM316 Atmel

timer values. With the switching frequency of the prototype

(fsw = 100 kHz), these adjustments are possible during

operation within one switching period. More information on

the PSC, PLL and timers of the microcontroller used for the

prototype can be found in [40], [41]. It should be noted, that

the approach to generate the PWM waveforms, as described

here, is dependent on the PWM architecture of the employed

MC and might be different for other controller types. The

desired asymmetric phase-shift angles can either be calculated

in real-time or taken from a precalculated lookup table. During

operation, the MC continuously measures the input voltage

Vin,n of each converter through its ADCs. Based on these

measurements, the Δin values are calculated as shown by

Eq. (2). This is possible, because all other required variables

are known to the controller, as discussed in Section III. These

values are used as an input to perform a search or interpolation

of the corresponding phase-angles φ01, φ02 and φ03 from the

lookup table. The size of the lookup table can significantly be

reduced by utilizing the symmetry properties of the solutions

as discussed in Section IV. Alternatively, Eqs. (13a)-(13c) can

be implemented in the controller for online calculation, which

reduces the required storage space. However, computational

requirements are increased. Reference [33] contains an analy-

sis of the trade-off between lookup table size and computing

time for a related application. The corresponding control

architecture for adjusting the phase-shift of all three converters

is shown in Fig. 14. In case multiple prototype modules, each

consisting of three converters, are used, a synchronization

between all controllers has to be implemented. However, this

is only required if it is intended to use more than the three

phases per module to improve ripple cancellation. In the PV

application intended here, there is additional complexity of

synchronization between PV modules (e.g., added wiring) if an

asymmetric phase-shift beyond a single PV module is desired.

In a typical scenario, we envision that ripple cancellation

between three sub-modules alone (i.e., at the PV module

level) provides the best trade-off between implementation
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complexity and overall component size/cost reduction. The

prototype converters can be connected differently to either

implement a series-connected topology (as shown in Fig. 3) or

a parallel-connected topology. Figure 16 shows the calculated

phase currents for three converters at the operating conditions

Vin,1 = 14 V, Vin,2 = 12 V, and Vin,3 = 10 V and duty

cycles D1 = 0.6, D2 = 0.7, and D3 = 0.8 (see phasor

diagram shown in Fig. 7). The dc component of the phase

currents has been removed, as it is equal for all converters in

the output-series connection considered here. The switching

frequency fsw is set to 100 kHz. The resulting phase-shift

angles are φ01 = 0◦, φ02 = 138.4◦, and φ03 = 185.3◦.

Figure 17 shows the corresponding spectrum (Ank values) of

the waveforms for k from 1 to 10. Moreover, Fig. 18 shows

the resulting spectrum, if the Ank coefficients of all phases are

added with the proposed phase-shift angles applied. It can be

seen that the first harmonic is completely eliminated. Figure 19

shows the phase currents as well as the load-current measured

with the converters of the experimental prototype connected in

series at the same operating conditions as for the calculations

(Vin,1 = 14 V, Vin,2 = 12 V, Vin,3 = 10 V, D1 = 0.6,

D2 = 0.7, D3 = 0.8, fsw= 100 kHz). Laboratory power sup-

plies have been used as sources for the different input voltages.

An electronic load has been used in constant-current mode

and the common output current of all converters has been set

to 5 A. A symmetric phase-shift (φ01 = 0◦, φ02 = 120◦, and

φ03 = 240◦) was applied first, yielding an output current ripple

of 220 mA. Figure 20 shows the measurement results with the

same topology and same operating conditions, but with the

proposed asymmetric phase-shifting technique applied (phase-

shift angles are now φ01 = 0◦, φ02 = 138.4◦, φ03 = 185.3◦),

yielding an output current ripple of 60 mA. This corresponds

to a relative improvement of 73% (as calculated by Eq. (18)),

or correspondingly, a 3.67x reduction in current ripple. Here,

we did not assume that the input voltages were equal for all

converters as in the simulations shown in Section IV. This

allows us to demonstrate the performance of the proposed

control scheme for a general operating point. Carrying out

the simulations over a wide range of duty ratios with input

voltages Vin,1 = 14 V, Vin,2 = 12 V, and Vin,3 = 10 V

(as given above), yields an average improvement in ripple

reduction of 43.2%.

To analyze the frequency content of the experimentally

obtained output ripple waveforms, their fast Fourier transform

(FFT) was calculated using the mathematical toolset of the

oscilloscope. The results are shown in Fig. 21 for a symmet-

ric phase-shift and in Fig. 22 for the proposed asymmetric

phase-shifting technique. A complete elimination of the first

harmonic component, as shown in the theoretical calculations,

is not achieved with the experimental setup due to timing

resolution constraints and circuit tolerances. However, it can

be seen that the fundamental ripple component is significantly

attenuated by 14.8 dB when using the proposed method. Our

experimental results thus confirm the significant improvements

in ripple reduction achievable through our proposed phase-

shifting technique. It should be noted that the focus of the

experimental verification here has been set on steady-state

ripple reduction. During transient events there will necessarily
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Fig. 15: Timer events for implementation of the phase-shift

and corresponding PWM signals.
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Fig. 16: Calculated ripple component of the phase currents for

three converters with the proposed phase-shifting technique

applied.

be a small period of time when optimum cancellation is

not achieved, due to the finite time to compute and update

the phase shift angles. In practice, however, solar irradiation

changes in real-world applications occur at a relatively slow

pace, as has been shown in the long-term field measurements

of [42]. Moreover, the update interval of MPPT algorithms are

typically the limiting factor in such situations, even in cases

of high-speed solutions [43]–[45] making non-optimum ripple

cancellation during sudden irradiation changes a relatively

minor concern.

VI. CONCLUSIONS

We have presented an analytical derivation of a control

strategy that enables interleaved operation and improved rip-
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summed with the proposed phase-shift angles applied.

ple cancellation for multiphase converters with non-uniform

duty cycles. Through simulations, we have illustrated the

improved performance of the proposed method compared to

the conventional ripple cancellation method. The calculation

of asymmetric phase-angles based on the Fourier space repre-

sentation of the current ripple goes beyond the previous works

in the field [34], [35], [46], [47]. Moreover, application of

the proposed technique to multiphase converters with different

input voltages and currents, operating at asymmetric duty

cycles, extends the scope of [12]–[14] to the general case.

The presented control scheme enables significant performance

improvements of the converter without requiring additional

hardware.

APPENDIX

A. Calculation of the Fourier coefficients

In order to represent the ripple part of the current in terms

of its harmonics, the Fourier coefficients need to be obtained.

To simplify the calculations, the waveform shown in Fig. 5 can

be shifted such that it is point symmetric around the origin.

Inductor current Phase 1   5 A/div

Inductor current Phase 2   5 A/div

Inductor current Phase 3   5 A/div

Output current   100 mA/div

 = 220 mAiout

Fig. 19: Measured phase currents and load-current of the

experimental prototype in series connection with symmetric

phase-shift.

Inductor current Phase 1   5 A/div

Inductor current Phase 2   5 A/div

Inductor current Phase 3   5 A/div

Output current   100 mA/div  = 60 mAiout

Fig. 20: Measured phase currents and load-current of the

experimental prototype in series connection with proposed

asymmetric phase-shift and reduced output current ripple.

The zero crossings now occur at 0, T/2, and T [36] and the

resulting waveform is displayed in Fig. 23.

The time-domain representation for one period of this

current waveform is given by

ĩ(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δi

DT
· t for 0 ≤ t ≤ DT

2
Δi

2
− Δi

(1−D)T2
·
(
t− DT

2

)

for
DT

2
≤ t ≤ T − DT

2
Δi

DT
· (t− T ) for T − DT

2
≤ t ≤ T .

(19)

Because the function is odd with zero average value,

a0 = 0 (20)

and

ak = 0 (21)
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First harmonic ripple component (  = 100 kHz)
Amplitude: -23.6 dB
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Fig. 21: Spectrum of the output current with symmetric phase-

shift.

First harmonic ripple component (  = 100 kHz)
Amplitude: -38.4 dB

 f

Fig. 22: Spectrum of the output current with proposed asym-

metric phase-shift.

~

Fig. 23: Current ripple waveform for a buck converter in

continuous conduction mode, time-shifted such that it is sym-

metrical around the origin.

holds (see [36]). The remaining coefficient bk is calculated as:

bk =
2

T

∫ T

0

ĩ(t) sin(kωt) dt. (22)

Inserting the time-domain description outlined above and

performing the integration yields the result

bk = − Δi(−1)k

k2D(1−D)π2
sin [k(1−D)π] . (23)

B. Derivation of the analytic solution for N = 3

Equation (12) can be rewritten in its cartesian form as

follows:

A1k · cos(θ1k)− j ·A1k · sin(θ1k) + ...

A2k · cos(θ2k)− j ·A2k · sin(θ2k) + ...

A3k · cos(θ3k)− j ·A3k · sin(θ3k) = 0,

(24)

which yields a set of equations that can be solved for the phase

angles θ2k and θ3k (θ1k can be chosen to be zero)

A1k +A2k · cos(θ2k) +A3k · cos(θ3k) = 0 (25a)

A2k · sin(θ2k) +A3k · sin(θ3k) = 0. (25b)

To obtain an analytic solution, Eq. (25b) is rewritten with

cosine terms only, which can be achieved by using the trigono-

metric identity [36]

sin(x) =

{√
1− cos2(x) for x ∈ [0, π]

−√
1− cos2(x) for x ∈ [π, 2π] .

(26)

This yields four possible variations of Eq. (25b), dependent

on the values of the angles θ2k and θ3k:

A2k ·
√
1− cos2(θ2k) +A3k ·

√
1− cos2(θ3k) = 0

for mod (θ2k, 2π) ∈ [0, π]

and mod (θ3k, 2π) ∈ [0, π]

(27a)

A2k ·
√
1− cos2(θ2k)−A3k ·

√
1− cos2(θ3k) = 0

for mod (θ2k, 2π) ∈ [0, π]

and mod (θ3k, 2π) ∈ [π, 2π]

(27b)

−A2k ·
√
1− cos2(θ2k) +A3k ·

√
1− cos2(θ3k) = 0

for mod (θ2k, 2π) ∈ [π, 2π]

and mod (θ3k, 2π) ∈ [0, π]

(27c)

−A2k ·
√
1− cos2(θ2k)−A3k ·

√
1− cos2(θ3k) = 0

for mod (θ2k, 2π) ∈ [π, 2π]

and mod (θ3k, 2π) ∈ [π, 2π] .

(27d)

Due to the periodicity of the cosine function, Eq. (27a) and

Eq. (27d) as well as Eq. (27b) and Eq. (27c) are linearly

dependent. To achieve an imaginary part equal to zero, the

first and the second term of the equation have to be of

opposite sign, as the magnitudes Ank are always positive. This

condition leaves Eq. (27b) and Eq. (27c) as possible solutions,

which are linearly dependent. Eq. (27b) was chosen to obtain

the solution. The system consisting of Eq. (25a) and Eq. (25b)

can now be rewritten as

A1k +A2k · cos(θ2k) +A3k · cos(θ3k) = 0 (28a)

A2k ·
√
1− cos2(θ2k)−A3k ·

√
1− cos2(θ3k) = 0. (28b)

Resubstituting as shown in Eq. (8) and rearranging yields

the solutions outlined in Eqs. (13a)-(13c).
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