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Abstract—This paper proposes a coupled-inductor-
based soft switching non-inverting Buck-Boost Converter
(NIBBC) with reduced auxiliary component count. Instead
of using multiple auxiliary passive components to achieve
soft switching, the proposed coupled-inductor-based
NIBBC uses the coupled inductor as the main inductor, and
the auxiliary current generated by the magnetic coupling
effect is used to obtain the soft switching for all switches.
With simple PWM modulation under fixed frequency, full
load range ZVS can be obtained under wide voltage range.
Unlike the conventional method utilizing the coupled
inductor only to generate non-active power, the coupled
inductor of the proposed converter also takes participant
in the power transmission. Besides, the added diode can
achieve zero current turn-off which avoids the diode
recovery issue. The operating principle, the soft switching
and parameter designs are analyzed in this paper. Finally,
experimental results have verified the effectiveness of the
proposed solution.

Index Terms— Coupled inductor, non-inverting buck-
boost converter, full load range ZVS.

I. INTRODUCTION

Due to its simple structure and wide voltage range
conversion capability, the non-inverting buck-boost
converters (NIBBC) have been widely used in renewable
energy development, energy storage equipment, and even the
integration of basic power converter modules as DC distributed
power systems in recent years [1], [2]. In order to simplify the
control of NIBBC, two switches are often switched
synchronously, and so are the other two switches [3], [4]. In
that case, NIBBC has two control variables, which include two
duty cycles for the two sets of switches. Such control is easy for
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implementation, but because there are always two switches
working under hard-switching [5], the converter efficiency is
reduced [6]. In order to reduce the switching loss, the
zero-voltage switching (ZVS) technology of NIBBC has been
extensively studied [7]-[16]. According to the types of auxiliary
devices, these methods can be roughly divided into two
categories: none auxiliary circuit and auxiliary circuit.

The none auxiliary circuit NIBBC mostly uses triangular
current mode (TCM) operation and corresponding modulation
method to provide soft switching conditions for NIBBC
without adding redundant auxiliary equipment [9]. However,
the frequency is changeable, and the propagation delay and
dead time of the comparator will cause unpredictable output
voltage ripple, which will cause the converter to malfunction.
Ripple interference can be eliminated by a mode conversion
technique controlled by duty cycle lock [10]. The controller
proposed in [11] can eliminate the ripple interference while
keeping other system parameters within an acceptable range.
However, the control complexity of the converter is increased.

In order to realize all the soft-switching conditions of NIBBC
and simplify the control strategy, auxiliary circuits can be
added. Reference [12] uses an auxiliary circuit composed of an
inductor, an auxiliary switch and a power diode to realize ZVS.
Although the volume of the auxiliary circuit is reduced,
additional control method and driver circuit are needed.
Reference [13] proposes ZVS NIBBC using LC circuit. The
proposed converter can realize ZVS at different load currents
by using current cycling of auxiliary inductors and capacitors.
References [14]-[16] propose a coupled inductor auxiliary
circuit, which uses the magnetic coupling effect to generate
auxiliary current to achieve ZVS, and the soft switching range
can be adjusted by adjusting the auxiliary current. However, in
[14]-[16], the coupled inductor is used as auxiliary circuit to
provide the circulating current to help achieve ZVS, which does
not contribute to the output power, and could increase the
related losses. In addition, at least five auxiliary components
are added for these solutions.

In addition, switched resonator DC/DC converter with a
single switch and small inductors could enhance the power
density, but the ZVS range is narrow and the design is complex
[17]. In most cases, high-performance resonant converter
control requires a continuous adaptation of the power device
switching instances depending on the power input source, load
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Fig. 1. Proposed NIBBC. (a) Circuit topology. (b) Equivalent circuit.

current, or parameter variation in passive components. If the
resonant converter is switched before or after the resonant
swing ends, it will suffer from higher losses [18]. In addition,
for high power applications, the inrush current during start-up
needs to be specially dealt with. The bridge structure is adopted
in proposed NIBBC because of low voltage stress, wide voltage
range and simple structure, which is widely studied and used in
the industrial applications [19]-[20] and is also the focus of this
paper.

To achieve soft switching with fewer auxiliary components,
a new coupled-inductor-based soft-switching NIBBC is
proposed in this paper. Compared with other methods in
[12]-[16], the proposed soft-switching NIBBC has the fewest
auxiliary components. It only utilizes coupled inductor and one
diode to achieve full load range ZVS under wide voltage range.
Besides, unlike the conventional method utilizing the coupled
inductor only generating non-active power, the coupled
inductor of the proposed converter also takes participant in the
power transmission.

Il. TOPOLOGY AND WORKING PRINCIPLE

A. Proposed Topology

The proposed NIBBC structure and equivalent circuit are
shown in Fig. 1. Csy (n = 1—4) is the junction capacitor of switch
Sn; Co is the output filter capacitor; L is the main inductor; L, is
the auxiliary inductor (L is coupled with Lj). L and Ly are the
equivalent inductance after adopting the cantilever model, iLm
and i are the currents flowing through the two inductors
respectively (the reference direction is shown in Fig. 1(b)), and
Vin is the DC voltage source. k is the coupling coefficient. If
-1<k<1, a negative value represents reverse coupling, and a
positive value represents positive coupling. Compared with the
NIBBC in [16], at least one inductor and two capacitors can be
removed, which could reduce the magnetic loss and converter
volume.

B. Working Principle

The waveforms of the proposed NIBBC are shown in Fig.2.
Since all of the four switches are active switches, and the
driving signal for each bridge is complementary, the converter
will only operate in CCM mode. The working modes of the
proposed NIBBC can be divided into six intervals. Fig. 3 shows
the corresponding converter operation mode for each interval.

Interval 1 (to-t1): When S; and Sz are turned off, this interval
starts. In this interval, the switch junction capacitors (Csi, Csa,
Css, and Cs) are charging and discharging.

Interval 2 (ti-t2): The interval starts when the body diodes of
S; and S, are turned on. In this interval, the drain-source
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Fig. 2. Waveforms of the proposed NIBBC.
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Fig. 3. Six intervals of the proposed NIBBC. (a) Interval 1. (b) Interval 2.
(c) Interval 3. (d) Interval 4. (e) Interval 5. (f) Interval 6.

voltages (vs2 and vss) of S, and S4 are reduced to zero, which
ensures the zero-voltage turn-on.

Interval 3 (to-t3): This interval starts when S, and Sa are
turned on under ZVS conditions. The power is transferred to the
output through the coupled inductor.

During this interval, the following equations can be obtained:

VLm = I‘m d(;Lrn = _Vo

it (1)
EV -L dliLk =V
n° dt °

where V, is output voltage, n is the equivalent turns ratio of the
coupled inductance cantilever model. These current differential
equations will be

o iV,
Lml — dt - Lm (2)
di V, n—

Interval 4 (t3-ts): In this interval, all the switches are off.

Interval 5 (ts-ts): At time t4, the body diodes of S; and S; are
turned on, and then the drain-source voltages (vs; and vsz) of Sy
and Sz decrease to zero.
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Interval 6 (ts-t): Similar to interval 3, at time ts, S; and Sz are
turned on under ZVS conditions. In this interval, power is
stored in the couple inductor.

The following equation can be obtained during this interval:

VLm = Lm d:thm :Vin

1 di ®
7Vo - Lk — :Vin

n dt :

D is the duty cycle of S; and S, the relationship of Vi, and V,
can be obtained as

v="Cy @
1-D ".
And the following equation can be obtained:
di,, V, 1-D
ke =0 1D
) " ®)
di, -V, n-11-D
Koo = = TN
dt L. n D

IIl.  Zvs ANALYSIS AND DESIGN

A. ZVS Analysis

At t,, the current iLm(t2) flowing through Ly, is always positive
(the direction in Fig. 3(b) is positive), so before S, and S, are
turned on, the direction of the current flowing through is
consistent with the direction of the switch body diode.
Therefore, S; and S4 of the converter can naturally achieve ZVS.
In order to achieve the ZVS conditions of S; and Ss, the current
at ts must satisfy

fon =1 (ts)_iLm(ts)_%iLk (ts) >0 ®)

where iy is the turn on current of S; and Ss. In steady state
operation, the average current I, and I x can be expressed as
Iyl 2l = e = b )
Lm Lk n Lk 1—D VO(].— D)

where |, is the average current of the load, P, is the output
power. Then iw(ts) and iLm(ts) can be expressed as
V,T,(0-D)(n-1)

iLk (ts) =
nL, ®)
N A D)[(n-1)L, -nL,] P
hin(ts) = 2nL, L, V,(1-D)
where T; is switching period. Substituting (8) to (6), then
i - VARG D)[(? -1)? Lm+n2LJ R 0 (9)
2n’L L, V,(1-D)

According to the cantilever model, (9) can be transformed
into the following relationship:

AR D)(L+L,-2k/LL,) P 0 (10)
o 2LL, (1-k?) V,(1-D) .

The soft-switching condition of the proposed NIBBC is
expressed in (10). In order to realize the ZVS, the ion value must
be positive. The soft-switching range is related to Vo, Po, k, D, L,
La, and Ts.

B. Parameter Design

The parameters with Vi, = 67-150 V, V, = 100 V, switching
frequency f; = 100 kHz and P, = 500 W, are selected as the
application background to analyze the effect of k and L on the
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Fig. 4. ZVS Range plots. (a) ZVS range versus L and k with D = 0.6. (b)
ZVS range versus P and D with L =21 pH and k = 0.5.

soft-switching range. When the input voltage is lower than the
output voltage (such as: Vin=67V, V,=100V), the converter
works in boost mode, on the contrary (such as: Vi, = 150V, Vo=
100V) it works in buck mode. Due to the existence of diodes in
the proposed converter, power can only be transmitted in the
forward direction. Therefore, both boost mode and buck mode
represent forward power transmission. According to (5), the
variation range of D is 0.4-0.6. Since ZVS achievement will
become worse if duty cycle increases, Vin = 67 V (D = 0.6) is
analyzed here. In order to simplify the calculation and the
design of the coupled inductor, set the self-inductance of the
two coupled inductors to be equal. Then get the mapping of k, L
and ion, as shown in Fig. 4(a). A positive value indicates that Sy,
Sz will obtain a soft switching condition, and a negative value
indicates that there is no soft-switching condition in this area.

As the value of io, increases, the current stress of the device
will increase. Therefore, in the case of reaching the ZVS
condition, hardware parameters that make the io, value as close
to 0 as possible should be adopted. In addition, when
considering the design of coupled inductor, in order to prevent
uneven distribution of core losses and uneven heating of the
core, the magnetic flux distribution of each magnetic column
should be as uniform as possible. Therefore, the parameters of
coupled inductance can take L = L, =21 uH, k = 0.5 as pointed
out in Fig. 4(a). Consequently, the relationship between D and
P, can be obtained, as shown in Fig. 4(b). It can be seen that the
proposed NIBBC can achieve the full load range of ZVS
conditions for four switches within 500 W of power when D is
changed from 0.4 to 0.6.

C. Derivation of inductor current expression

With the adding of the diode, the waveform of “i.s” will be
forced to have positive bias due to the reverse current blocking
capability. And this positive bias can be used to eliminate the
DC bias in the main inductor i, to help achieve ZVS. Due to the

existence of the diode, the current cannot be negative, and the
auxiliary inductor current i, starts to rise from zero when S;
and S, are turned on in a switching period. The current
expression of main inductor can be derived according to the
current of auxiliary inductor through magnetic field analysis
with the initial condition: i a(to) = 0. The details are as follows,

The expression of i , in a switching period can be written as

VKT

0<t<(-D)T,

Lo=] R0 (1)
VT, (1- D)(L—kﬂ/LLa)_VO(L—kJLLa)‘t (A= DJT, <t<T,
DLL,(1-k?) LL@-k?) STOT e
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Fig. 5. The winding structure of coupled inductor.

The average currents of the two inductors and the average

output current satisfy the following relationship
[ S—
® 1-D V,1-D)-

The EE core is used for the coupled inductor, and the energy
is transferred between the two windings through the magnetic
flux as shown in Fig. 5, where ¢1 and ¢, represent the magnetic
flux passing through two outer legs respectively. Ry, Ro, and Rc
represent the magnetic reluctance of the air gap lgi, lg2 and lgc
respectively.

The relationship between the magnetic flux and the currents
of the two inductors can be expressed as

R,+R. -R

(12)

Vl(t)}: TR OR [nLiL(t) } @
60]7| R RAR [niL0
AR AR

where n_. and n., are the turns of the two windings, and
AR=R;R,+RiRc+R;Rc. The magnetic reluctance can be
calculated as

E Pm lye IWI
C =l o
R Ar Ac Ao

2

(14)

where yo is the vacuum permeability, which is 4mx1071° H/mm,
Ae1, A and Acc are the cross-sectional areas of the three
magnetic columns respectively.

When the converter is in steady state operation, the
difference between ¢1(t) and #2(t) can be expressed as

(1-D)Ts
[ vdt, 0<t<(@-D)T,
¢14 (t) =
[ =Dy,
D), D
Combining (11) - (15), the current i (t) can be calculated as:
V,T,(1-D)(L+L, —2k1/LL) P,

(15)
(1-D)T, <t<T,.

2LL, (1-k?) "V.a-D)
Volby kL) 0<t<@-D)T,
LL, (1-k?) b
it= (16)
VDTS(lfD)[DLf(ZfD)La+2(17D)k1/L-La)} P
2DLL, (1-K?) V. 1-D)
RACSENANELLN (1-D)T, <t<T,.
LLA-k’) D

Fig. 6(a) shows the waveforms of i. and i, calculated
according to (16) and (11). It can be seen that the calculated
results are consistent with the simulated waveforms as shown in
Fig. 6(b).
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Fig. 6. The waveforms of inductor. (a) Calculated waveforms of i. and iLa.
(b) Simulated waveforms of i. and iLa.

D. Comparison

Table I lists the comparison with the other five options. The
schemes in [12] and [13] are suitable for low-power
applications. Although the voltage level of the converter in the
schemes [14]-[16] is similar to the proposed NIBBC, it uses
more auxiliary devices such as auxiliary inductors and
capacitors. The proposed NIBBC uses a coupled inductor to
replace the single inductor of the traditional converter.
Compared with other methods, it has the fewest auxiliary
components. At the same time, the equivalent inductance can
be changed, and the magnetic flux of the center column can be
offset to reduce magnetic loss. By adding a diode, the peak

TABLE | Detailed parameter comparison

Tonologies In In In In In Proposed
polog [12] [13] [14] [15] [16] NIBBC
Number of switches 5 4 4 4 4 4
Number of inductors 2 3 5 4 3 2
Auxiliary switches 1 X X X X X
Auxiliary diodes 1 X 2 1 X 1
Auxiliary capacitors X 2 X 1 4 X
Output voltage (V) 48 48 90 100 100 100
Output power (W) 75 60 322 400 220 500
Prass(W) Loss breakdown (P,=100W) i'fss Loss breakdown (P,=100W)
6 12
5 10
4 8
3 6
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Fig. 7. Loss breakdown comparisons. (a) At light load (100W) when
Vin=67V. (b) At light load (100W) when Vin=150V. (c) At heavy load
(500W) when Vin=67V. (d) At heavy load (500W) when Vir=150V.

converter in [16]
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value of the auxiliary inductor current can be increased, thereby
improving the ability to cancel the main inductor current to help
achieve ZVS.

E. Loss breakdown comparisons

The loss breakdown comparisons of the proposed NIBBC
and the converter in [16] under different loads and voltages are
shown in Fig. 7. At light load (100W), Fig. 7(a) and Fig.7(b)
show the loss breakdown under V=67V and Vi,=150V
respectively. When the converter works at light load (100W),
the total loss of the proposed NIBBC is higher than that of the
converter in [16], which is mainly caused by the larger current
flowing through the switches, leading to larger conduction loss
and larger core loss at light load. However, when the converter
works at heavy load condition (500W), as Fig. 7(c) and Fig. 7(d)
show, the total loss of the converter in [16] is higher than that of
the proposed NIBBC, which is mainly caused by the increased
conduction and core loss.

V. EXPERIMENT RESULTS

A 500W prototype of the proposed NIBBC was built to
verify the effectiveness of the solution, as shown in Fig. 8. For
the MOSFETSs, IRFB4332PBF was chosen. Due to the switch
junction capacitance, the diode will have a temporary reverse
voltage drop during the dead time. To ensure the safety, the
SBR20U60CT with a rated voltage of 60V and a rated current
of 20A was chosen. In addition, the parameters of method in
[16] were listed to show a fair comparison, as shown in Table
Il.

Since ZVS achievement will become worse if the load
increases, therefore, if the converter can realize ZVS under
heavy load condition, ZVS can also be realized under light load
condition. Fig. 9 shows the ZVS and current waveforms under
half load condition when Vi, = 150 V (D = 0.4). Before turning
on the switch, the difference between the currents of the two
inductors (iL-iLa), Which is the turn on current of switches, is
negative, and the voltage across the switch has dropped to zero,
so all the switches can be turned on at zero voltage as illustrated
in the Figures. In the case of full load, although the turn on
current of the switch is reduced, the ZVS condition still exists
as shown in Fig. 10. Figs. 11 and 12 respectively show the
realization of ZVS under full load condition and no-load
condition of the converter when Vi, =67 V (D = 0.6). It can be
concluded that the proposed NIBBC can achieve ZVS within
full load range under different input voltages.

TABLE |1 Parameters of the prototype

Parameter Ttgoiz/oepr?:fd Method in [16]
Input Voltage (Vin) 67-150 V
Output Voltage (V,) 100 vV
Duty Cycle (D) 0.4-0.6
Switching Frequency (fs) 100 kHz
The MOSFETS (S:-Ss) IRFB4332PBF
Main Inductance (L) 21 uH 21 uH
Auxiliary Inductance (L) 21 yH Ly =L, =60 puH
Mutual Inductance (M) 10.5 uH 30 uH
The Diode SBR20U60CT —
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Fig. 8. Prototype of the proposed NIBBC.
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Fig. 9. ZVS waveforms of four switches under half load condition when
D=0.4. (a) ZVS of S;. (b) ZVS of S,. (c) ZVS of Ss. (d) ZVS of S,.
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Fig. 10. ZVS waveforms of four switches under full load condition when
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'ng(zsvldiv) Ve (50V/div) | vga(25VIdiv) vdz(EOV/div
o % N
T i A .

FZvg— 2 NG U3
\ 4 4 .
i (L0A/div) iLa (L0A/div) | | (10A/div) iLa (LOA/div)
) @) ) (b)
Vg3(25V/div) Vs (50VIdIV)| 'vga(25V7div) Vg(50V7div)
¥ H 3 b IBES | & | |
o ] L ul | N — i s )
e VS S IS 28
) |L(lOA/d|v; iLa (10A/div) | | (10A/div) iLa (10A/diV
(© (d)

Fig. 11. ZVS waveforms of four switches under full load condition when
D=0.6. (a) ZVS of S;. (b) ZVS of S,. (c) ZVS of S;. (d) ZVS of S,.
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Fig. 12. ZVS waveforms of four switches under no-load condition when
D=0.6. (a) ZVS of S;. (b) ZVS of S,. (c) ZVS of Ss. (d) ZVS of S,.

—e— Proposed NIBBC —a— Method in [16] 1005~ Proposed NIBBC —a— Method in [16]

—e—0—0

95 . e N g—o——e—o
= 2 ~—a =05 e \\A\ —e
i:go A// i: K/C// A\\
885 / 89
b= b=
b} y, ] J

80 85

.

0 100 200 Py(w) 400 500 0 100 200 P, (W) 400 500
@ (b)

Fig. 13. Comparisons of measured efficiency. (a) D = 0.4. (b) D = 0.6.

Fig. 13 shows the measured efficiency curves of two
converters: the NIBBC proposed in [16] and the proposed
NIBBC in this paper. As the output power increases, the
method in [16] has lower efficiency because there are more
auxiliary components and higher related losses. When Vi, =
67V (D = 0.6), the efficiency under heavy load condition
decreases more obviously as shown in Fig. 13(b). The proposed
NIBBC has a slightly lower efficiency under light load
condition, but the efficiency is improved under heavy load
condition and the maximum efficiency is 96%.

V. CONCLUSION

In this paper, a new NIBBC is obtained by using the coupled
inductor as the main inductor, and the auxiliary current
generated by the magnetic coupling effect is used to obtain the
soft switching conditions of all switches. The new NIBBC has
fewer auxiliary devices while achieving higher conversion
efficiency. This paper presents the topology analysis and
mathematical model of the new NIBBC, and derives the
conditions for realizing full-range soft switching. Finally, an
experimental prototype was built to verify the effectiveness of
the proposed converter and design.
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