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Abstract

In this paper, a coupled-inductor-based interleaved Buck converter is presented. By em-
ploying a negatively coupled inductor, the proposed topology reduces magnetic component
number and improves dynamic response. Operating in boundary conduction mode (BCM),
the proposed converter can achieve zero-voltage switching (ZVS) under a wide voltage
and load range. The control strategy is fully digital, allowing the switching frequency
to be adaptively adjusted without the need for a zero-crossing detection (ZCD) circuit.
Furthermore, an optimal coupling coefficient design is proposed, which minimizes the
frequency adjustment range. In addition, the design process for a coupled inductor with
an interleaved winding structure is introduced in detail. Finally, a 300 W experimen-
tal prototype is built, the experimental results of which demonstrate its effectiveness
and feasibility.

Keywords: interleaved buck converter; coupled inductor; optimal design; BCM; ZVS
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1. Introduction
DC/DC converters are widely used in industrial applications such as renewable

energy generation and energy storage systems [1,2]. Among them, the Buck and Boost
converters are commonly used due to their simple structures [3,4]. As the switching
frequency increases, in order to reduce switching losses, ZVS soft switching needs to be
adopted. Generally, ZVS can be achieved by adding auxiliary clamping circuits [5,6]. In
addition, the zero-voltage transition (ZVT) converter, which can also achieve ZVS operation
and effectively reduce switching losses, is implemented [7]. However, the reliability of
the system is reduced because of the complexity of the driver circuit and control strategy.
In [8,9], the addition of auxiliary capacitors or inductors provides additional current paths
to achieve ZVS at a fixed switching frequency. Moreover, adding resonant tanks can
allow quasi resonant converters to achieve ZVS operation [10,11]. However, among these
types of converters, the presence of additional passive components will still increase
hardware costs.

Buck and Boost converters operating in BCM can achieve ZVS without additional
auxiliary components [12,13]. ZVS can be achieved by employing a smaller filtering
inductor and higher current ripple. However, when the operating conditions change, a
higher switching frequency will result in a loss of ZVS, while a lower switching frequency
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will generate higher circulating current. Therefore, it is necessary to accurately adjust the
switching frequency according to different voltages and loads to maintain BCM operation.
Adding a zero-crossing detection circuit (ZCD) can achieve BCM operation with good
response speed [14,15]. However, ZCD circuits are more sensitive to sampling noise.
In addition, high-bandwidth sensors and sampling circuits may also increase hardware
costs. In order to simplify hardware circuit design, digital control methods for BCM
are studied [16–18]. Under digital control, the switching frequency is calculated based
on the average value of the voltage and current, effectively reducing the interference of
sampling noise.

In addition, compared with a single-phase DC/DC converter, the interleaved DC/DC
converter can achieve higher power capacity and lower current ripple [19]. However,
two bulky separated inductors will reduce the total power density. In order to improve
the power density, the coupled inductor can be adopted to achieve the integration of
magnetic components [20–22]. Nevertheless, the optimization design of coupling coefficient
is rarely discussed. Generally, there are two types of coupled inductor: the positively
coupled inductor and negatively coupled inductor. Compared with the positively coupled
inductor, the negatively coupled inductor can reduce current ripple and improve dynamic
performance [23]. However, in the coupled-inductor-based interleaved DC/DC converter,
the inductance parameters and the inductor current modes become more complex. During
one switching cycle, the inductor current may have multiple operating modes. Hence, the
design of coupled inductors and the control of ZVS operation are more challenging.

On the other hand, under BCM modulation, the switching frequency needs to be
adjusted in a wide range at different working voltages. The wide frequency range will
bring challenges to the design of magnetic components and driving circuits. Therefore, it is
necessary to limit the switching frequency through optimized design.

In this paper, a coupled inductor-based interleaved Buck converter with fully digital
control and optimal coupling coefficient is proposed, which has two main advantages
as follows:

(1) Compared with traditional interleaved parallel DC/DC converters, the proposed
optimal coupling coefficient design minimizes the switching frequency range. This
characteristic is advantageous for the design of magnetic components and drive
circuits, as it can simultaneously reduce switching and magnetic losses.

(2) The coupled inductor current has multiple stages within one switching cycle. In this
regard, a unified equation for adjusting the switching frequency has been proposed,
and digital BCM control can be achieved. Furthermore, only the average values of
voltage and current need to be sampled.

2. Working Principle and Characteristic Analysis
2.1. Steady State Analysis

The interleaved Buck converter with negatively coupled inductor is shown in Figure 1.
M is mutual inductance. L1 and L2 are self-inductance, and L1 = L2 = L. The input voltage is
Vi, and the output voltage is Vo. The duty cycle of S1 and S3 is defined as D. The MOSFETs
of each bridge operate complementarily, and the two bridges operate with a 180 degree
phase difference.

The two winding currents of the coupled inductor are defined as iL1 and iL2. The flow
from the midpoint of the bridge to the output side is defined as positive. The voltages of
the two inductor windings are vL1 and vL2, respectively, which can be expressed in (1).{

vL1 = L1
diL1
dt + M diL2

dt
vL2 = L2

diL2
dt + M diL1

dt
(1)
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Figure 1. Interleaved Buck converter with negatively coupled inductor.

Because the self-inductance of the two windings is equal (L1 = L2 = L), (1) can be
derived as

LvL1 − MvL2 = (L2 − M2) · diL1

dt
(2)

α is defined as coupling coefficient (α = M/L). (2) can be written as

(vL1 − α · vL2) =
(

1 − α2
)
· L · diL1

dt
(3)

When the relationship between vL1 and vL2 is determined, according to the definition
of the inductance state equation, (3) can be rewritten as

vL1 = Leq ·
diL1

dt
(4)

Because the relationship between vL1 and vL2 is not constant in a period, the equivalent
inductance value Leq will also change at different stages. According to the principle of
volt-second balance, Vo is equal to Vi × D. Hence, the relation between vL1 and vL2 can be
expressed as 

{
vL1 = Vi − Vo

vL2 = −Vo
⇒ vL2 = − D

1−D vL1

{
vL1 = Vi − Vo

vL2 = Vi − Vo

or

{
vL1 = −Vo

vL2 = −Vo

⇒ vL2 = vL1

{
vL1 = −Vo

vL2 = Vi − Vo
⇒ vL2 = − 1−D

D vL1

(5)

The voltage and current waveforms of the three different conditions during a switching
cycle are shown in Figure 2. It can be seen that, during a switching cycle, the inductor
current operates in multiple stages.

The first type of equivalent inductance Leq1 is shown in area 1, when vL1 is equal to
Vi −Vo and vL2 is equal to −Vo. The second type of equivalent inductance Leq2 is shown
in area 2, when vL1 is equal to vL2. The third type of equivalent inductance Leq3 is shown
in area 3, when vL1 is equal to −Vo and vL2 is equal to Vi − Vo. The three equivalent
inductances are listed in Table 1, respectively.

Table 1. Equivalent Inductance.

Leq1 Leq2 Leq3

L(1 − α2)

1 + αD
1−D

L(1 + α)
L(1 − α2)

1 + α(1−D)
D
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(a) 

 
(b) 

Figure 2. Voltage and current waveforms of steady state. (a) D < 0.5. (b) D > 0.5.

2.2. Dynamic Analysis

The dynamic process waveforms are shown in Figure 3. The black dashed line repre-
sents the inductor current of the dynamic process. The duty cycle difference is defined as
∆D. During one switching cycle, the current difference ∆iL can be divided into five parts,
which can be expressed as

t0 ∼ t1 : ∆iL1 = (Vi−Vo
Leq2

+ Vo
Leq3

)∆D
fs

t1 ∼ t2 : ∆iL2 = (−Vo
Leq3

+ Vo
Leq3

) 1−D−∆D
f = 0

t2 ∼ t3 : ∆iL3 = (Vi−Vo
Leq2

− Vi−Vo
Leq2

)D−0.5
f = 0

t3 ∼ t4 : ∆iL4 = (Vi−Vo
Leq2

− Vi−Vo
Leq1

)∆D
fs

t4 ∼ t5 : ∆iL5 = (Vi−Vo
Leq1

− Vi−Vo
Leq1

)D−0.5
f = 0

(6)
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Figure 3. Dynamic process waveforms.

By summing Equation (6), the inductor current difference after one switching cycle
can be calculated as

∆iL =
5

∑
k=1

∆ik =

(
2 · Vi − Vo

Leq2
− Vi − Vo

Leq1
+

Vo

Leq3

)
∆D
fs

(7)

The steady-state inductor current satisfies the volt second balance principle, hence the
current difference within one switching cycle is equal to zero, which can be expressed as

(1 − D)
−Vo

Leq3
+ [D − (1 − D)]

Vi − Vo

Leq2
+ (1 − D)

Vi − Vo

Leq1
= 0 (8)

Finally, combining (7) and (8), the dynamic process inductor current state equation
can be derived as

∆iL = 1
1−D · Vi−Vo

Leq2
· ∆D

fs

⇒ ∆iL = Vi
Leq2

· ∆D
fs

⇒ Leq2 · ∆iL
∆t = Vi

(9)

where Leq2 is the equivalent inductance when vL1 is equal to vL2.
According to (9), it can be seen that the response speed of inductor current is inversely

proportional to Leq2. When the coupling coefficient is less than zero, the equivalent in-
ductance Leq2 will decrease relative to self-inductance L. Therefore, the interleaved Buck
converter with negatively coupled inductor has a higher current response speed.

2.3. ZVS Analysis

For the coupled inductor-based interleaved Buck converter, the calculation of ZVS
conditions will be more complex because the inductor current operates in multiple different
modes. In this paper, the conditions of ZVS will be unified and easily implemented in
digital processors.

The equivalent circuit modes and operating waveforms of ZVS are shown in Figure 4.
For S2, during the dead time at t1, iL1 must be greater than zero, which will flow through
the body diode of S2, as shown in Figure 4b. Therefore, S2 must achieve ZVS at any voltage
and power. For S1, in order to achieve ZVS, the inductor current needs to be reversed
within one switching cycle, as shown in Figure 4c. Therefore, the peak-to-peak value of the
inductor current Ipp needs to be higher than twice the average value Iave. Hence, it is more
difficult to achieve ZVS under full load.

Under BCM, Ipp is approximately equal to 2 × Iave. This condition can achieve ZVS and
reduce circulating current. Therefore, it is necessary to calculate the appropriate switching
frequency based on Iave.
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(a) 

(b)  (c) 

Figure 4. ZVS operation. (a) ZVS waveforms. (b) ZVS operation equivalent circuit of S2. (c) ZVS
operation equivalent circuit of S1.

During a switching cycle, the inductor current operates in multiple stages. Due to the
symmetry of the two bridges, in Figure 4a, the shaded areas a1 and a2 are equal. Therefore,
the operating modes of the inductor current in multiple stages can be equivalent to the red
dashed line. Taking iL1 as an example (D < 0.5), the peak-to-peak value of inductor current
can be calculated as

Ipp =
(Vi − Vo)D

Leq1 · fs
(10)

According to the ZVS condition, the switching frequency range can be derived as

Ipp > 2 · Iave

⇒ fs <
(Vi−Vo)Vo

2·Leq1·Iave ·Vi

(11)

where Iave is equal to Io/2.
Similarly, when D > 0.5, the range of switching frequency can be expressed as

fs <
(Vi − Vo)Vo

2 · Leq3 · Iave · Vi
(12)

When the switching frequency is too low, although ZVS can be achieved, higher
circulating currents will be generated. Therefore, the switching frequency is typically
set near its upper limit. Combining (11) and (12), the calculation of switching frequency
requires consideration of the correct equivalent inductance value at different duty cycles,
which can be expressed as

fs =
(Vi−Vo)Vo

2·Leq ·Iave ·Vi{
Leq = Leq1 (D ≤ 0.5)
Leq = Leq3 (D ≥ 0.5)

(13)

2.4. Digital BCM Control Strategy

In this paper, the traditional average current control can be adopted, hence, Iave, Vin

and Vo need to be sampled by the digital processor. In addition, Iave can be obtained
by sampling inductor current at the duty cycle midpoint. The detailed steps are shown
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in Figure 5. The proposed variable frequency control mainly consists of the following
five steps:

Figure 5. The flow chart of variable frequency control.

Step 1: Sample the average value of inductor current Iave, input voltage Vi and output
voltage Vo.

Step 2: Calculate Ipp.
Step 3: Determine Leq value.
Step 4: Calculate the switching frequency reference by (13).
Step 5: Adjust the switch frequency.

3. Coupled Inductor Design
3.1. Optimal Coupling Coefficient Design

According to (13), under BCM control, as the operating voltage (duty cycle) varies
widely, the switching frequency will also be adjusted widely. It will bring challenges to
the design of magnetic components and driving circuits. Among them, the equivalent
inductance value Leq will also change with the duty cycle, hence the range of switching
frequency can be minimized by designing the optimal coupling coefficient.

Substitute the expression of Leq into (13), which can be rewritten as

fs =


V2

o
Po(1−α2)L (1 − D + αD) D ≤ 0.5

V2
o

Po(1−α2)L
(D+α−αD)(1−D)

D D ≥ 0.5
(14)

where Po is the entire output power of the two phases.
Equation (14) shows that the switching frequency is inversely proportional to the

out-put power. At full load, the switching frequency is the lowest, which is also the most
difficult to achieve ZVS. Therefore, it is necessary to design parameters under full load.

Under full load, when the output voltage Vo and self-inductance L are fixed, the
switching frequency needs to be adjusted with the duty cycle D. The purpose of designing
the optimal coupling coefficient is to minimize the switching frequency range variation
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with duty cycle. By setting V2
o /(Po × L

)
to 1, the normalized switching frequency fsn can

be obtained as

fsn =


1

(1−α2)
(1 − D + αD) D ≤ 0.5

1
(1−α2)

(D+α−αD)(1−D)
D D ≥ 0.5

(15)

Base on (15), the relationship between D and the normalized switching frequency fsn

under different coupling coefficients α is shown in Figure 6.

   
(a)  (b) 

Figure 6. Normalized switching frequency under different coupling coefficients and duty cycles.
(a) α = 0, α = −0.3 and α = −0.6. (b) α = −0.7 and α = −0.9.

When D < 0.5, the D − fs curve is a monotonically decreasing function. Therefore, the
switching frequency of point a (Dmin) must be greater than that of point b (D = 0.5).

When D > 0.5, the D − fs curve has a maximum at point c (f’sn = 0). And it also has
another boundary value at point d (Dmax).

To sum up, the highest frequency may occur at point a (Dmin) or point c (f’sn = 0), and
the lowest frequency may occur at point b (D = 0.5) or point d (Dmax). Taking the experi-
mental prototype built in this paper as an example, the duty cycle range is approximately
0.4~0.8.

The flowchart for designing the optimal coupling coefficient is shown in Figure 7.
Firstly, based on the piecewise function (15), the switching frequency points (a, b, c, d) need
to be solved. Secondly, calculate the values of four points (a, b, c, d) and determine the
highest and lowest frequencies. Thirdly, the frequency range expression can be obtained by
subtracting the lowest frequency from the highest frequency. Finally, calculate the coupling
coefficient at the lowest frequency range.

The duty cycle range in this paper is 0.4–0.8. Taking this as an example, the optimal
coupling coefficient can be calculated through the following four steps.

(1) Calculate frequency value: The switching frequency of the four points can be calculated as



fsna|D=0.4 = 2 α+3
5(1−α2)

fsnb|D=0.5 = α+1
2(1−α2)

fsnc

∣∣∣D=
√

α
α−1

= α +1
(1−α2)

√
α

α−1

fsnd|D=0.8 = α+4
0.8(1−α2)

(16)

(2) Determine the maximum and minimum values of switch frequency: fsna is always greater
than fsnc; therefore, the maximum switching frequency is equal to fsna. In addition,
when α ≤ −2/3, fsnb < fsnd, and when α > −2/3, fsnb > fsnd. Therefore, the maximum
and minimum values of the switching frequency can be expressed as:
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
fsnmax = 2 α+3

5(1−α2)

fsnmin =


α+1

2(1−α2)
(α ≤ −2/3)

α+4
0.8(1−α2)

(α > −2/3)

(17)

1. Calculate switching 
frequency points 

(a, b, c, d) from (15)

2. Determine the 
highest and lowest 

frequencies

3. Derive the switching 
frequency range 

expression

4. Calculate the 
coupling coefficient at 
the lowest switching 

frequency range

Figure 7. Design flowchart.

(3) Derive frequency range expression: After subtracting the minimum value from the
maximum value, the range of switching frequency can be derived as

fsrange = fsmax − fsmin =


2 α+3

5(1−α2)
− α+1

2(1−α2)
α ≤ −2/3

2 α+3
5(1−α2)

− α+4
0.8(1−α2)

α > −2/3
(18)

(4) Calculate the optimal coupling coefficient: According to (16), the relationship between
coupling coefficient and switching frequency range is shown in Figure 8. It can be seen
that when the coupling coefficient α is approximately −0.6, the range of switching
frequencies is minimal. Especially compared with separate inductor designs (α = 0),
the adjustment range of switching frequency is significantly reduced. In addition,
when the coupling coefficient is around 0.6, the slope of the frequency range function
is nearly flat. Even considering a 10% design error, the range of switching frequency
variation is very low.

Figure 8. The relationship between coupling coefficient and switching frequency range.
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3.2. Self-Inductance Design

According to (13), after determining the coupling coefficient, at full load and lowest
switching frequency, the self-inductance range can be expressed as

Leq ≤ (Vi−Vo)Vo
2· fs ·Iave ·Vi{

Leq = Leq1 (D ≤ 0.5)
Leq = Leq3 (D ≥ 0.5)

(19)

Based on (19), the self-inductance range is shown in Figure 9. Below the red curve
is the ZVS area. In addition, a too low inductance value can lead to a higher circulating
current, hence the self-inductance value needs to be designed near the upper boundary
value. In this paper, the self-inductance value is designed to be about 10 µH.

D
0.4 0.5 0.6 0.7 0.8

10

12

14

16

18

20

22

ZVS Area

L
(μ

H
)

Figure 9. Range of self-inductance values.

3.3. Coupled Inductor Structure Design

In order to increase the coupling degree between the primary and secondary sides, a
coupled inductor with interleaved winding structure is adopted in this paper, as shown in
Figure 10a. The two windings are wound on the outer side leg of the magnetic core. The
total turns are (Nm + Nc). Taking winding L1 as an example, on the left leg, the number
of turns in the main winding is Nm. On the right leg, the number of turns crossing with
winding L2 is Nc. Due to the symmetry of the coupled inductor structure, winding L2 has a
similar distribution. The air gap length of both outer legs is lgo, and the air gap length of
the central leg is lgo. In addition, the cross-sectional areas of the outer leg and the central
leg are Aeo and Aec, respectively.

According to the structure of the winding, the equivalent magnetic circuit is shown
in Figure 10b. The magnetic flux of the outer leg is ϕ1 and ϕ2, respectively. The magnetic
flux of the central leg is ϕc. The magnetic resistance of the outer leg and the central leg are
Rgo and Rgc, respectively. According to the superposition theorem, ϕ1, ϕ2 and ϕc can be
calculated as 

ϕ1 = Nm I1−Nc I2
Rgo+

1
1

Rgo
+ 1

Rgc

+ Nc I1−Nm I2
Rgo+

1
1

Rgo
+ 1

Rgc

· Rgc
Rgo+Rgc

ϕ2 = Nm I2−Nc I1
Rgo+

1
1

Rgo
+ 1

Rgc

+ Nc I2−Nm I1
Rgo+

1
1

Rgo
+ 1

Rgc

· Rgc
Rgo+Rgc

ϕc = ϕ1 + ϕ2

(20)
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According to the definition, self-inductance and mutual inductance can be expressed as

L = Nmϕ1−Ncϕ2
I1

∣∣∣
I2=0

=
(N2

m+N2
c )Rgo+(Nm+Nc)

2Rgc
Rgo(Rgo+2Rgc)

M = Nmϕ1−Ncϕ2
I2

∣∣∣
I1=0

= − (N2
m+N2

c )Rgc+2Nm Nc(Rgo+Rgc)

Rgo(Rgo+2Rgc)

(21)

(a) 

 
(b) 

Figure 10. Coupled inductor structure. (a) Coupled inductor with interleaved winding structure.
(b) Equivalent magnetic circuit.

After the self-inductance, mutual-inductance, and number of turns are determined,
the magnetic reluctance Rgo and Rgc can be solved. Then, based on the relationship between
air gap and magnetic resistance, the air gap length can be calculated as{

lgo = Rgoµ0 Aeo

lgc = Rgcµ0 Aec
(22)

In this paper, the magnetic core type EE4220 is adopted. The main winding turns
number Nm is 11, and the crossing winding turns number Nc is 2. The outer leg and
the center leg air gap length are both approximately 1.5 mm. According to the design
parameters, the waveforms of magnetic flux density and current are shown in Figure 11.
The magnetic flux density peak to peak value can be deduced as (Bmax − Bmin)/2. In
addition, in the proposed coupled inductor structure, the magnetic flux density of the
center leg is reduced due to the 180 degree phase difference of the inductor current. But the
magnetic flux density of the outer leg is higher.

(A)

(T)

iL1iL2

B1B2 Bc

0
5
10

0

0.05

0.1

Figure 11. Magnetic flux density waveforms.
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3.4. ZVS Range

In this paper, the lowest frequency is 50 kHz, with a duty cycle range of approximately
0.4–0.8 (input voltage 30–60 V, output voltage 24 V). The ZVS range figures at the rated
power (300 W) and 1.5 times overload (450 W) are shown in Figure 12. According to ZVS
analysis, Iave − Ipp/2 needs to be less than zero to achieve ZVS. Under the rated power
(300 W), ZVS can be implemented when the duty cycle is less than 0.8. When the duty
cycle is greater than 0.8, ZVS will be lost. In addition, at higher power„ such as 1.5 times
overload (450 W), ZVS can only be implemented when the duty cycle is less than 0.45.
Hence, ZVS is more difficult to achieve at high power.

 

(a)  (b) 

Figure 12. ZVS range. (a) 300 W. (b) 450 W.

3.5. Characteristic Comparison

Under the same parameters of voltage range, operating power, and minimum switch-
ing frequency, a comparison is conducted among the following three types of Buck convert-
ers with different inductors: separate inductors, positively coupled inductors (α = 0.6), and
negatively coupled inductors (α = −0.6).

The simulation waveforms of the negatively coupled inductor and the separate in-
ductor are shown in Figure 13. In addition, the detailed comparative data are shown in
Table 2. Regarding current ripple, under the control of the BCM, in order to achieve ZVS,
the peak-to-peak value of the inductor current in each phase is approximately equal to twice
the average value. Therefore, the three types of current ripple and circulating current are
completely identical. However, in order to achieve BCM control, the switching frequency
ranges are different. The negatively coupled inductor with the optimal coupling coefficient
has the narrowest frequency range, as shown in Figure 14. Furthermore, for dynamic
equivalent inductance (L(1 + α), as shown in Table 1), using positively coupled inductor
will increase the equivalent inductance. Therefore, dynamic response is decreased.

Table 2. Characteristic comparison.

Separate
Inductors

Positively Coupled
Inductors (α = 0.6)

Negatively Coupled
Inductors (α = −0.6)

Current ripple equal equal equal
Frequency range medium wide narrow

Dynamic
response - decrease increase
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Figure 13. Simulation waveforms (300 W). (a) Separate inductor, 30 V. (b) Separate inductor, 60 V.
(c) Coupled inductor, 30 V. (d) Coupled inductor, 60 V.

Figure 14. Switching frequency range.

3.6. Loss Analysis and Comparison

The theoretical loss analysis results are shown in Figure 15. All MOSFETs can achieve
ZVS; therefore, the turning-on loss of MOSFETs can be ignored. The main losses include
turning-off loss, conduction loss, core loss and copper loss. The loss analysis results are
compared with the separate-inductor converter. Among them, the separate inductors
are designed with two EE30 magnetic cores. The overall cost is similar to that of one
EE4220 magnetic core. Due to the adoption of the optimal coupling coefficient design, the
switching frequency range is narrower, and the proposed converter can achieve BCM at
lower frequency. Therefore, the turning off losses and core losses are lower than in the case
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with the separate-inductor converter, and the overall efficiency of the proposed converter
is also higher.
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Figure 15. Loss analysis.

In addition, the main losses of the converter are conduction loss and turn-off loss.
This is because under BCM control, the peak-to-peak value of the inductor current is
relatively high (twice the average value). Therefore, the proposed solution is more suitable
for low-current applications.

4. Experimental Verification
In order to validate the performance of optimal design with the coupling coefficient,

an experimental prototype is built. The detailed parameters are listed in Table 3.

Table 3. Parameters of the Experimental Prototype.

Designed Parameters Value

Input voltage (Vin) 30–60 V
Output voltage (Vo) 24 V
Rated power (Po) 300 W
Self-inductance (L) 10 µH
Coupling coefficient (α) −0.6
Switching frequency (fs) 50–200 kHz

The full load steady-state operating waveforms with different loads and input voltages
are shown in Figure 16. It can be seen that the phase difference between the two-phase
inductor currents is 180 degrees. And the inductor current has multiple stages within one
switching cycle, which is consistent with theoretical analysis. Under BCM control, the
inductor current valley value is slightly below zero. The drain-source voltage of MOSFET
has already dropped to zero before turning on, hence ZVS can be achieved. In addition, the
switching frequency will be adjusted at different voltages to achieve BCM operation. There-
fore, the valley value of inductor current is relatively fixed. Under the optimal coupling
coefficient design, the lowest switching frequency is approximately 50 kHz (Vi = 30 V) and
the highest switching frequency is approximately 100 kHz (Vi = 60 V). The experimental
results are consistent with the simulation results in Figure 13. Under the proposed opti-
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mization design, the switching frequency range is relatively narrow when operating at
full load.

Vgs(10V/div)

Vds(25V/div)

iL1(10A/div)

iL2(10A/div)

Time(2μs/div)
Vi  =60V, full load

ZVS

(a) 

Vgs(10V/div)

Vds(25V/div)

iL1(10A/div)

iL2(10A/div)

Time(2μs/div)
Vi  =48V, full load

ZVS

(b) 

Vgs(10V/div)

Vds(25V/div)

iL1(10A/div)

iL2(10A/div)

Time(2μs/div)
Vi  =30V, full load

ZVS

(c) 

Figure 16. Full-load steady-state waveforms. (a) Input 60 V. (b) Input 48 V. (c) Input 30 V.

The experimental waveforms of half-load operation are shown in Figure 17. Because
the average value of inductor current decreases, the switching frequency needs to be
increased. In this way, while maintaining ZVS operation, the ripple of inductor current is
reduced to decrease conduction loss.

The waveform of the no-load experiment is shown in Figure 18. It can be seen that
under no-load conditions, ZVS is very easy to be achieved because the average value of
inductor current is close to zero. In order to reduce the circulating current, the switching
frequency will be adjusted to the highest level (200 kHz).

The dynamic waveforms are shown in Figures 19 and 20. Under digital BCM control,
adjusting the switching frequency will cause the inductor current to enter a transient
state. In order to prevent frequency adjustment from disturbing the voltage and current
control loops, the switching frequency is adjusted using a ramp function. In this paper,
the control and sampling periods are both 20 kHz. In addition, the adjustment step of the
switching frequency is 0.1 kHz. When the load switches from full load to half load, the
switching frequency is increased to reduce the circulating current. Similarly, when the load
is increased, the switching frequency will be reduced to achieve ZVS. The adjustment time
for current ripple and switching frequency is approximately 20 ms. When the input voltage
changes, the switching frequency also needs to be adjusted, and the ripple of the inductor
current remains constant.
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Figure 17. Half-load steady-state waveforms. (a) Input 60 V. (b) Input 48 V. (c) Input 30 V.
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Figure 18. No-load steady-state waveforms. (a) Input 60 V. (b) Input 48 V. (c) Input 30 V.
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The measurement efficiency curves are shown in Figure 21. At low input voltages,
the switching frequency is correspondingly reduced, resulting in lower turn-off losses and
core losses. Conversely, under high input voltages, an increased switching frequency is
required to reduce current ripple, which leads to relatively higher turn-off and core losses.
Overall, the operating efficiency of the converter is higher at low input voltages.

Vi  =48V, full load to half load
Vo(25V/div)

Io(10A/div)

Vi (50V/div)

iL1(10A/div)

Time(100ms/div)

(a) 

Vo(25V/div)

Io(10A/div)

Vi (50V/div)

iL1(10A/div)

Time(100ms/div)
Vi  =48V, half load to full load

(b) 

Figure 19. Load-switching waveforms. (a) Full load to half load. (b) Half load to full load.
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Figure 20. Input voltage switching waveforms. (a) 60 V to 30 V. (b) 30 V to 60 V.
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Figure 21. Measurement efficiency.
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5. Conclusions
In this paper, an interleaved Buck converter with negatively coupled inductor and

optimal coupling coefficient is proposed. The proposed converter operates under BCM
to achieve ZVS. A fully digital adaptive frequency control strategy is implemented, elim-
inating the need for ZCD circuits or auxiliary components. Compared with the analog
scheme, the proposed method only requires sampling the average values of voltage and
current, which can reduce the sensitivity to sampling noise. In addition, in order to reduce
the adjustment range of the switching frequency, a design method for the optimal coupling
coefficient is proposed. Compared with separate-inductor designs, the adjustment range of
switching frequency is significantly reduced. A 300 W experimental prototype was built,
and the experimental results validated the effectiveness of the proposed solution.
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Nomenclature
Vi, Vo Input voltage and output voltage
Po Output power
L1, L2 Self-inductance
M Mutual inductance
α Coupling coefficient
vL1, vL2 Terminal voltage of coupled inductor windings L1 and L2

iL1, iL2 Current of coupled inductor windings L1 and L2

D Duty cycle of S1 and S3

Ipp Peak to peak value of inductor current
Iave Average value of inductor current
fsn Normalized switching frequency
Nm Main winding turns number
Nc Crossing turns number
lgo, lgc Air gap length of outer legs and central leg
Aeo, Aec Cross-sectional areas of outer leg and central leg
ϕ1, ϕ2, ϕc Magnetic flux of the outer leg and central leg
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