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Tri-state Modulation with Operating Losses
Minimization for a Soft-switching Bidirectional

DC-DC Converter

Jiaqi Yu, Yong Li, Senior Member, IEEE, Jianghu Wan, Feng Zhou, Mingmin Zhang, and Lihua Cao

Abstract—This paper introduces a tri-state modulation
technique for a soft-switching bidirectional DC-DC con-
verter (BDC). This method maintains the soft-switching
condition and introduces a freewheeling interval that
reduces the rise and fall times of the inductor current,
effectively suppressing inductor current ripples. Addi-
tionally, the tri-state modulation provides an extra degree
of freedom, enabling optimization for reduced operating
losses. The paper details the operation principles of
tri-state modulation in both buck and boost modes and
discusses optimization strategies for minimizing losses. An
experimental setup is developed to validate the tri-state
modulation approach, where switching waveforms and
efficiency are measured. The experimental results con-
firm that the proposed method achieves soft-switching
conditions, suppresses inductor current ripples, and pro-
vides higher efficiency compared to conventional
hard-switching BDC and typical soft-switching BDC.

Index  Terms—Bidirectional DC-DC converter,
soft-switching, inductor current ripples, tri-state control,
efficiency improvement.
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ZVS zero-voltage-switching
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ZCS
DCM

zero-current-switching
discontinuous conduction mode

I. INTRODUCTION

idirectional DC-DC converter (BDCs), capable of

delivering energy in both directions, are widely
utilized as interface circuits in various applications,
such as photovoltaic systems [1], [2], uninterrupted
power supplies [3], [4], and electric vehicles [5], [6].
BDC can be derived from a unidirectional DC-DC
converter by replacing the diode with a synchronous
rectification switch. However, this modification intro-
duces significant switching and reverse recovery losses
[7]. Furthermore, distributed loss analysis of conven-
tional BDCs indicates that core losses constitute the
largest portion of total losses under light load conditions
[8], [9]. Therefore, reducing core losses is essential to
enhance efficiency.

To mitigate switching losses and reverse recovery
losses, several soft-switching strategies have been
proposed, which can be broadly categorized into three
types: BDCs without auxiliary circuits, BDCs with
passive auxiliary circuits, and BDCs with active auxil-
iary circuits. BDCs without auxiliary circuits utilize a
triangular current mode or quasi-square wave operation
to achieve zero-voltage-switching (ZVS) for switches
without adding extra components [10], [11]. However,
these operational modes result in significant inductor
current ripples, necessitating a larger capacitor to
maintain low output voltage ripple, leading to increased
core losses. While variable frequency control tech-
niques have been implemented in [12] to reduce the
ripples under light load conditions, they also introduce
additional control complexity. Moreover, as the load
increases, the switching frequency must decrease to
ensure adequate energy transmission, which exacer-
bates core losses and degrades output voltage quality.
To address these limitations, BDCs with passive auxil-
iary circuits but without switches have been introduced.

In [13], two pairs of small auxiliary inductors and
capacitors are introduced to achieve ZVS for all tran-
sistors. The use of current circulation through these
auxiliary components helps minimize inductor current
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ripples. However, the effectiveness of the soft-switching
range in BDCs with passive auxiliary circuits is highly
dependent on the converter’s operating duty cycle and
load conditions, making them effective only within a
specific load range [14], [15]. Conversely, BDCs with
active auxiliary circuits use active control switches to
achieve ZVS for all switches. For example, in [16], a
BDC with an active auxiliary circuit employing a
leakage inductor as the auxiliary inductor is proposed.
This design provides the benefits of soft-switching and
a reduced number of magnetic cores. Unfortunately, in
certain topologies, the turns ratios are fixed, limiting the
range of soft-switching operation. Moreover, since in-
ductor current ripples are not mitigated, the converter
continues to suffer from significant core losses. In [17],
a fully switched BDC with an auxiliary resonant circuit,
consisting of a resonant element and a single auxiliary
switch, is presented. This resonant circuit enables
soft-switching for all switches. However, operating in
resonance leads to high reactive currents, which cause
additional losses. In [18]-[20], a typical soft-switching
BDC is proposed, offering several advantages: 1)
soft-switching is achieved for all auxiliary switches; 2)
the voltage stress on auxiliary switches is lower than in
previous BDC designs; and 3) no additional voltage or
current stress is placed on the main switches. However,
this approach is also limited by the absence of strategies
to suppress inductor current ripples and reduce core
losses.

Several studies have explored methods to enhance
efficiency by suppressing inductor current ripples
[21]-[24]. In [21], a tri-state boost converter is proposed
to eliminate the right-half-plane zero in the converter’s
small-signal control-to-output transfer function, thereby
expanding bandwidth and reducing inductor current
ripples through tri-state control. In [22], current ripple
reduction is achieved under light load conditions using a
dual-pole switching method without the need for in-
creased inductance. A soft-switching tri-state boost
converter is introduced in [23], where comparative re-
sults indicate that its performance surpasses that of both
the soft-switching boost converter and the tri-state boost
converter. In [24], an interleaved tri-state boost con-
verter is proposed to further suppress inductor current
ripples and enhance dynamic response. The key ad-
vantage of BDCs with tri-state modulation lies in their
ability to reduce inductor current ripples while achiev-
ing a faster dynamic response. However, these con-
verters also experience relatively higher reverse recov-
ery and hard-switching losses compared to those in [18].

Therefore, this paper introduces a tri-state modulation
for a typical soft-switching BDC aimed at suppressing
inductor current ripples while maintaining the
soft-switching condition. By incorporating a free-
wheeling interval within the tri-state modulation, this
approach effectively suppresses inductor current ripples

and minimizes losses across various output power con-
ditions. The main contributions of this paper are as
follows:

1) A tri-state modulation method is proposed to re-
duce the ripple current flowing in the main inductor.

2) A comprehensive analysis of power loss is con-
ducted to develop a detailed loss model.

3) The loss model is executed, and a corresponding
figure is generated to determine the optimal duty cycle
for the auxiliary switch, thereby maximizing efficiency.

The structure of this paper is as follows. Section II
details the operating principles of the BDC with tri-state
modulation. Section III discusses design considerations
and strategies for minimizing losses. Section IV pre-
sents the experimental results, and conclusions are
given in Section V.

II. OPERATION PRINCIPLES WITH TRI-STATE
MODULATION

The configuration of the typical soft-switching BDC
is depicted in Fig. 1. This circuit comprises a conven-
tional hard-switching BDC integrated with a simple
auxiliary circuit. The conventional hard-switching BDC
features two switches (S, and S,) and a main inductor
L, while the auxiliary circuit includes a pair of auxiliary
switches (S,, and S, ) and a small auxiliary inductor

L. . Depending on the direction of power flow, this

soft-switching BDC can operate in either buck or boost
mode. In Fig. 1, the positive current flow direction is
shown for the buck mode. Conversely, in boost mode,
the positive current flow direction is opposite to that of
buck mode.

Fig. 1. Configuration of the typical soft-switching BDC.

In buck mode, the BDC operates in three distinct
modes: 1) main inductor charging mode, where switch
S, is on and S, is off, causing the current in the main

inductor #;, to increase due to the positive voltage
(uy —u;); 2) main inductor discharging mode, in
which S,is off and S,is on, leading to a decrease in
inductor current i; due to the applied negative voltage
—u, ; 3) free-wheeling mode, where both S, and S, are

off, and the auxiliary switches S, and S_, are on. In this
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mode, the inductor current freewheels through the aux-
iliary circuit, and the current is assumed to be constant.
This freewheeling interval introduces an additional
operational state for the BDC, which narrows the rise
and fall times of the inductor current and helps reduce
inductor current ripples. In boost mode, the BDC oper-

ates similarly, with the state of S, and S, reversed.

A. Operation Principle with Tri-state Modulation in
Buck Mode

In buck mode, a BDC with tri-state modulation op-
erates through six distinct intervals during each
switching period. The conduction circuit in buck mode
is illustrated in Fig. 2, and the corresponding key theo-
retical waveforms are depicted in Fig. 3(a).
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Fig. 2. Conduction circuit for all intervals in the buck mode. (a)
Interval 1. (b) Interval 2. (c) Interval 3. (d) Interval 4. (e) Interval
5. (f) Interval 6.

The auxiliary switches S, and S,, have the same
on-off action and drive signals. Before the initial in-
terval, only the auxiliary circuit is active: both S, and

S, are off, while S, and S, are on. In this state, the

currents in both the main inductor and the auxiliary
inductor are equal and circulate through the auxiliary
circuit. The subsequent intervals are characterized by
various combinations of switch states, which are de-
tailed in the conduction circuits provided.

Interval 1: [¢, —¢,, Fig. 2(a)]: At time ¢,, the main
switch S, is turned on, causing the current in the main
inductor i, to begin increasing due to the positive
voltage (u,, —u,) . Concurrently, the current in the
auxiliary inductor i decreases as a result of the nega-
tive voltage (u, —u,) . The inductor currents during
this interval can be expressed as follows:

iL(t):iL(t0)+(uH _uL)(t_tO)/L (1)
i, () =i, (8) + (uy, —uy )t —1,)/ L ()

During this stage, S, experiences only capacitive
turn-on losses, and the turn-on voltage across S, is
Uy — Uy .

Interval 2: [ ¢ —¢,, Fig. 2(b)]: At time ¢, , the current

i; . in the auxiliary inductor decays to zero. To avoid
reversal of the auxiliary current, the auxiliary switches
S,; and S, are turned off, rendering the auxiliary circuit
inactive. As a result, the system behaves similarly to a
conventional buck circuit: with the main switch S, still

on, the current i in the main inductor continues to in-

crease, maintaining the same slope as in the previous
interval.

i () =i () + (uy —u )t —14,)/ L, i, (£) =0 (3)
Interval 3: [z, —¢,, Fig. 2(c)]: This stage introduces a
dead time to prevent short-circuiting of the input volt-
age source. At time ¢, , the main switch S, is turned off,

causing the body diode of S, to become forward-biased
and begin conducting. As a result, the terminal voltage
of S, drops to zero, and the current i in the main in-

ductor reaches its maximum value /,. Subsequently,
i, begins to decrease due to the application of the neg-
ative voltage —u, .
i () =i (t,)—u (t-1,)/ L, i, (1)=0 “)
Interval 4: [¢, —¢,, Fig. 2(d)]: At time ¢,, switch
S,is turned on. During this interval, S, operates in its
Ohmic region, and the current i, in the main inductor

gradually decreases with the same slope as in the pre-
vious intervals.

i () =i () —u (t—t)/ L, i, (1)=0 (5)
Interval 5: [z, —¢,, Fig. 2(e)]: At time ¢,, switches
S, and S,, are turned on, activating the auxiliary circuit.
The current i, in the main inductor continues to de-
crease with a slope of —u, /L . Due to the positive
voltage u, , the current i, in the auxiliary inductor be-
gins to increase. During the turn-on transient of S,, and
S
S,, experiences ZVS during its turn-on.

S,, incurs capacitive turn-on losses, whereas

a2
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Fig. 3. The key theoretical waveforms in buck and boost modes.

(a) Buck mode. (b) Boost mode.

i (=i () —u (t—1,)/ L (6)

i, () =u (t-1,)/ L, (7

Interval 6: [ ¢, —¢,, Fig. 2(f)]: At time ¢, , the current
i, . in the auxiliary inductor reaches its maximum value

and equals i, . Simultaneously, S,is turned off to pre-
vent the output current from flowing back into the input
side. S, achieves zero-current-switching (ZCS) during
this turn-off, resulting in no reverse recovery losses
since all current is circulating within the auxiliary cir-
cuit. Additionally, due to the extremely low channel
resistance of S, and S_,, the voltages across both the
main inductor and auxiliary inductor are nearly zero,
causing i, and i, to remain approximately constant.

i()=i,@)=1, ®)

To visually illustrate the reduction in inductor current
ripples, Fig. 4 compares the inductor current waveforms
of a BDC with tri-state modulation and a conventional
hard-switching BDC in buck mode. The figure shows
that the introduction of the free-wheeling mode (d.T)

compresses the inductor’s charging and discharging
times. Consequently, the average inductor current in the
BDC with tri-state modulation is higher than that in the
conventional hard-switching BDC. Additionally, the
inductor current ripples are significantly smaller in the
BDC with tri-state modulation compared to the
hard-switching BDC.

Fig. 4. The principle of inductor current ripples suppression.

B. Operation Principle with Tri-state Modulation in
Boost Mode

When the BDC operates in boost mode, energy is
transferred from the low-voltage side to the
high-voltage side. Similar to buck mode, boost mode
involves six operating intervals per switching period,
with the key theoretical waveforms depicted in Fig.
3(b). The corresponding conduction circuits for all
intervals are illustrated in Fig. 5. For simplicity, the
reference current direction in boost mode is opposite to
that in buck mode. Since boost mode is essentially the
reverse process of buck mode, its operational principles
mirror those of buck mode. Consequently, the descrip-
tion of boost mode operation is presented here in a brief
overview.

Fig. 5. Conduction circuit for all intervals in the boost mode. (a)
Interval 1. (b) Interval 2. (c) Interval 3. (d) Interval 4. (e) Interval
5. (f) Interval 6.
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Interval 1: [¢, —¢ , Fig. 5(a)]: At time ¢,, switch
S, is activated, applying voltage u, across the main
inductor L and —u, across the auxiliary inductor L, . As
a result, the current through the main inductor i; begins
to increase with a slope of u,/L , while the current
through the auxiliary inductor i, decreases with a slope
of —u, /L . The equations governing i, and i, during
this interval are given by:

i (1) =1, (t) +u (t—1,)/ L ©)
iLr(t):iLr(tO)_uL(t_tO)/Lr (10)

This interval concludes when i decays to zero.
Throughout this period, switch S, incurs only capacitive
turn-on losses, with the turn-on voltage being u, .

Interval 2: [¢ —¢,, Fig. 5(b)]: At ¢, , switches
S, and S, are turned off under ZCS conditions, ren-

dering the auxiliary circuit inactive. The inductor cur-
rent i, continues to increase due to the positive voltage

u, . The equations governing the inductor current dur-
ing this interval are:
(@)= () +u (t—14)/ L, i, (5)=0 (1D
Interval 3: [¢, —¢,, Fig. 5(c)]: Att,, switch S, is
turned off, causing the body diode of S, to become
forward biased and start conducting. As a result,
(u;, —uy) is applied across the inductor L. The inductor
current i, reaches its maximum and then begins to de-

crease. The equations describing the inductor behavior
during this interval are:

(O =i (&) + @, —uy)(¢-1,)/ L,i, 6)=0 (12)
Interval 4: [, —¢,, Fig. 5(d)]: At ¢, switch S is
turned on under ZVS conditions. The voltage across the
main inductor L remains at (4, —u,,), so the inductor
current i, continues to decrease with the same slope in

the previous interval. The equation for this interval is
given by:

i (=i (&) + @, —u)t—1t)/L,i ()=0 (13)
Interval 5: [ ¢, —¢, , Fig. 5(e)]: At ¢, , switches

S,  and S, are turned on, activating the auxiliary circuit.

Consequently, due to the positive voltage (u, —u;)
across the auxiliary inductor, the auxiliary inductor
current i, begins to increase from zero, while i, con-

tinues to decrease. The equations governing the current
in the inductor are given as:

i () =i (1) + @y, —uy )t —1,)/ L (14)

i () = (uy —u )t —1,)/ L, (15)

During the turn-on phase of S, and S,,, switch S,,

only experiences only capacitive turn-on losses, where

the turn-on voltage is u, —u, , while S, is turned on
under ZVS conditions.

Interval 6: [z, —¢,, Fig. 5(f)]: At ¢,, i, and i are
equal. Simultaneously, switch S, is turned off under

ZCS conditions, resulting in current circulation only
within the auxiliary circuit. Due to the small channel
resistance of S, and S, , the voltage across inductors L
and L_are nearly zero, causing the currents 7, and i,
to remain approximately constant.

i () =14, (1) (16)

III. DESIGN CONSIDERATIONS AND LOSSES
MINIMIZATION
This section outlines the design process for the key
components, including the main inductor L and auxil-
iary inductor L , as well as the critical factor d, for

minimizing losses. The BDC with tri-state modulation
is designed under the following conditions: high-side

voltage u,; of 45V, low-side voltage u, of 30V,
switching frequency f, of 100 kHz, and output power

P of 200 W. The design methods for both buck and

boost modes are analogous; hence, only the design
methodology for buck mode is detailed here.

A. Design of L and L,

To ensure continuous inductor current across a broad
load range, the minimum value of the main inductor L
should be determined under conditions where inductor
current ripple is at its maximum. Therefore, the mini-
mum value of L is initially designed in a manner similar
to a conventional PWM buck converter, which can be
calculated using:

L=Zupd>(1-d,))/ (2P.f.) (17)

Choosing an appropriate L, is crucial as it influences
the inverse transmission energy, the rise and fall times
of i;., and the reverse recovery losses of the parasitic
anti-parallel diode in the synchronous rectification

switch. In steady state, the switching period T can be
divided into three parts based on the operating modes:

d.T for main inductor charging mode (intervals 1 and 2),
d, T for main inductor discharging mode, and d.T for

free-wheeling mode. Ignoring the dead time and switch-
ing transient effects, the duty ratios for the buck operation,

d,, d;, ,and d, satisfy the following equation:
t,=ty=dT, t,—t,=d; T
ty—t;=d.T, d +d, +d; =1

Using the principles of inductor volt-second balance,
the voltage transfer ratio £ can be derived as follows:

k:uL/uH:dc/(dc+ddis) (19)
During the circulation, the current 7, flows in the

dis »

(18)

opposite direction of i , resulting in energy being
transferred back to the input side. According to the
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principle of energy conservation over one switching
period, the total energy transferred by the main inductor,
along with the reverse energy transferred by the auxil-
iary inductor, must equal the output energy. This rela-
tionship can be expressed as:

Lu (1-d)-1udT/2=PT (20)
where [, represents the average current of the main
inductor during the charging and discharging phases;
I, denotes the peak current of the auxiliary inductor;
and d.T indicates the charging time of the auxiliary
inductor, which is equal to its discharging time. Addi-
tionally, based on the current waveforms of i, and i,
the estimates for /, and I, can be calculated as follows:

{IL =1 +u.d,T/(2L) 1)
I =udT/L
By substituting (18), (19), and (21) into (20), a
quadratic equation in terms of d_ can be obtained. This
quadratic equation is expressed as follows:
wT o wT(=d) , wd,T(-d)
2L " L ° 2L
Given that A>0 and 0 <<d <d,_ , the following
conditions must be satisfied for the quadratic equation:

{L = (1—k)1—d, ) u’T /(2P)

=0 (22)

(23
(A=KHL+(1-k)L)/LL =2P, / (w;T(1-d,)")
Given the range 0 <d, <1, the maximum value of

the main inductor in (23) will be larger than that in (17).
Therefore, the inductance values for both the main in-
ductor and the auxiliary inductor can be determined
based on (23). For this paper, the inductance values are

chosenas L=33puH and L =2puH.

By solving (22), the parameters d,, I, , and I, are

L>
calculated as follows:

L 2PL
d, =(1—df)—\/(l—df)2+—'ddis(l—df)— — (24)
L u, T
u T Lr 2])0Ll’
I :f[l—df—\/(l—dfy +Iddis(l—df)— ufT ](25)
IL = uLT[l_df _\/(l_df)z +£ddis(1_df)_ ZIE)LI ]+
L]_ L MLT (26)
u dy T
2L

B. Design of d, Consideration for Losses Minimization

To achieve optimal performance with minimized
losses, it is crucial to accurately calculate the total losses.
The total losses in the BDC can be categorized into two
primary types: losses associated with switches and
losses associated with inductors. Losses of switches
include conduction, turn-on, and turn-off losses.

1) Conduction Losses

With a driving voltage of 12 V, the on-resistance R,
of MOSFETs is approximately 70 mQ. During the in-
terval [0,dT], the slope of the inductor current i is
given by (u, —u,)/L, and it goes through the point
(d.T/2,1,). Consequently, the RMS value of the in-

ductor current 7, , is calculated as:

Lsl
Ly =d.I? +(uy —u YT 1(1213)  (27)

Accordingly, the conduction losses for switch S, are

given by:
Py =d IR, +(u, —u, ) dT’R, / (12L°) (28)
Similarly, the conduction losses for switch S, are:
P, =d,I'R, +uid; T*R, /(121%) (29)
Similarly, the conduction losses for both S, and S,
are identical, resulting in the total conduction losses
being:
R = 2(df[r2 +[r3LruH / Guy (g —uy )T))R (30)
2) Turn-on Losses
The turn-on losses encompass the capacitive losses
associated with S, and S, . Assuming each switch has
an identical capacitance of C, =1nF, the capacitive
turn-on losses for S, and S, are calculated as follows:
Py =C(ty —u )" £/2 (31)
P =Cui /2 (32)
3) Turn-off Losses
All switches, except S,, are turned off under ZCS
conditions. Based on literature [23], the turn-off losses
of S, are influenced by the drain-source voltage u, , the
fall time ¢, and the maximum inductor current i,
during the turn-off process. These losses can be ex-

pressed as follows:

I .
})lfsl = Eudlemaxtffs =

1 u T
E“H [IL +6L_L(1_df)jtffs

where ¢ represents 20 ns, as specified in the switch’s
datasheet.
4) Core Losses

The current ripples induce losses in the inductor core.
For a core material chosen as Kool Mpu-77350A7, the
core losses per unit volume can be described by the
following equation:

P, =91.58¢ °B** % (34)
where B denotes flux density. Based on the expression
of B and the empirical formula for L, the flux density B
can be derived as follows:

B=\JuL/V.AI

(33)

(35)
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where u represents the magnetic permeability; L is the
inductance value; V, is the core volume; and A/ de-

notes the current ripple. In buck mode, the current ripple
of the main inductor is given by:

Al =u, (uy —u, )1-d)T/(Luy,) (36)
Accordingly, the core losses in the main inductor are

expressed as follows [25]:

22

B =91.58¢™ % uy (uy —u )1-d)T fsl,éaVe
V. Luy,

€

(37)

In contrast, the SER2012 high-current shielded power

inductor is chosen for the auxiliary inductor. According

to its datasheet, the losses for the auxiliary inductor are
189MWat L =2puH and 7, =12 A.

The conduction, turn-on, and turn-off losses for the
four switches, along with the core losses of the main and
auxiliary inductors, are summarized in Table I. As a
result, the total losses in buck mode are given by:

Ptotal = B:sl + Pcs2 + PcsalZ + })msl + (38)
RnsaZ + Ptfsl + PfeL + PfeLr
TABLE 1
Losses OF THE BDC wiTH TRI-STATE MODULATION IN BUCK MODE
Conduction Turn-on loss  Turn-off losses
losses
S, Eq. (28) Eq. (31) Eq. (33)
Losses of 5, Eq.(29)
switches Sy Eq. (30) Eq. (32)
S Eq. (30)
Losses of
inductors Eq. (37)

Given the circuit parameters of the BDC, such as L =
33uH, L =2uH, #=60, and V,=2280 mm’, the
total losses are a function of d; and P,. Therefore, by
adjusting the duty ratio d, , the total losses P, can be

optimized, allowing for the minimization of losses
across various load conditions.

Figure 6 illustrates P, as a function of 4, and P,.
It is evident that P, increases, and the range of d; de-
creases. This can be explained by energy transmission
dynamics: as P, rises, d, must also increase, leading to a
reduction in the range of d, . Furthermore, total losses
with P, their

P =200and d, =0.7. To minimize losses, a large d,

increase reaching peak when

is beneficial at lower output power, while a smaller d,

is preferable at higher output power.
Under these conditions, the minimum losses are
represented by the red area in Fig. 6, indicating that the

approximate optimal range for d, is between 0.3 and
0.8. At a specific output power P,, total losses initially

decrease with increasing d; but eventually rise as d,
continues to increase. This behavior is further clarified

in Fig. 7, which illustrates the relationship between
P . and d, at various P, levels. The figure shows that

total
an optimal d, exists for minimizing losses. In practice,
this optimal d, is determined by solving for the mini-
mum value of (38).

Maximum lossesm
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Fig. 6. Total losses P
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Fig. 7. Relationship of P,

total

and d, at different P .

Additionally, the value of d; impacts the maximum
inductor current, which in turn influences the saturation
current and the volume of the inductor. Consequently,
d. must be constrained by the maximum allowable

inductor current. The maximum inductor current [

Lmax

is given by the following equation:

T ZE 1-d; - (l_df)2+ L (1—df)2_2}}Lr' +
L 3L it )" o)

u, T
—(1-4d,
5 (=)

Figure 8 illustrates the relationship between I

max

and d, across different output power levels P, . As d,

increases, [, also rises. Beyond d;=0.6 and

Lmax
d, =0.7 , the increase in [, becomes more pro-
nounced, leading to a larger inductor volume. To bal-

ance performance and cost, the maximum d, is selected
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as 0.6. Consequently, for the given circuit parameters,
d, ranges from 0.3 to 0.6. This loss analysis is applica-

ble to boost mode as well, though it is not detailed in
this paper to avoid redundancy.

— 40 T T T T T

- Po=200W I

% 35H— P =170W / .
3 P =140 W b

~ o

= 0H——PF=110W i .
2 || —F-sow : ‘

B 25H——P =50W — -)-Ra:ud. i
5 : change area
5 20 ‘-

< ; . i
= s P, increase '/ 1 :
E I . - — : 1 H
R e e B e — ey =y i
= I T ,_—’/ H

0 1 1
0.300.35 040 045 0.50 0.55 0.60 0.65 0.70 0.750.80
Duty ratio of circulation section dy

Fig. 8. Relationship of 7, and d, at different P .

To further demonstrate the advantages of this method,
Table II presents a comparison between the proposed
and other converters. Compared to the design in [23],
the proposed approach reduces the number of compo-
nents and lowers the voltage stress on the main switch
obtained in the BDC with proposed tri-state modulation.
In comparison with the design in reference [26], it
achieves reductions in inductor current ripples, current
stress on the main switch, and voltage stress on the
auxiliary switch.

TABLE 1
COMPARISON RESULTS BETWEEN THE PROPOSED AND OTHER
TRI-STATE CONVERTERS

IV. EXPERIMENT VERIFICATION

This paper primarily focuses on reducing inductor
current ripples and minimizing losses for a
soft-switching BDC under varying output power con-
ditions. To validate these functions, an experimental
setup was created using a prototype circuit, resistor load,
DC power supply, oscilloscope, power analyzer, and
current probe. The prototype circuit is constructed based
on the parameters outlined in Section III. The MOSFET
IRFP250M is used for all switches, selected based on
permissible voltage and current stresses. The control
unit is the STM32F405RGT6 microprocessor with on
Cortex-M4 core from STMicroelectronics. The detailed
hardware parameters are as follows: high-side voltage
u, s 45 V, low-side voltage u, is 30 V, switching fre-
quency f.is 100 kHz, output power P, is 200 W, main
inductance L = 33 pH, auxiliary inductance L =2 pH,
magnetoconductivity x =60, and the core material is

Mu-77350A7. The experimental setup and circuit de-
sign are illustrated in Fig. 9.

Fig. 9. Experimental platform and the implemented prototype

Features Ref[23]  Ref]26] Proposed circuit.
Circuit type Boost Buck Bidirection o o )
Switches 2 4 4 A.Switching Losses Elimination
Ngmber of Auxiliary inductor 1 1 The measured waveforms, including driver signals
evices - : . .
Auxﬂlatry capaci- Vi » drain-to-source voltage ¥, , and drain-to-source
or
Auxiliary diode 4 iy, (n =1, 2, al, a2) of the implemented BDC in both
Inductor current ) , buck and boost modes are depicted in Fig. 10 and 11,
ripples (Al/2) 2L, .
respectively.
Main switch uy, Uy S .
Voltage stress
in buck mode Ay xilia ; M {MH - }
ry switch ax u , Tl >
i i Uit - '[;«‘ (10 V/div) /\ Almost ZCSiturn-on
Current stress ~ Main switch 9 9 v 10V di:L ! [ h{-
in buck mode Auxiliary switch I, I, — STPUORN S e e
= 4 0
Main switch uy +u, Uy ) g
Voltage stress 53
inboost mode  Ayxiliary switch  uy —u, Max {Z”; } e
Lt 1 A
B . [ B |
Current stress  Main switch 0 0 . ; L j\ AAM I AN «
in boost mode Auxiliary switch 1, 1, b (SA/IY) 4LV !
i T « ~
j 0
P Al

Note:  =———— +— .
u (1-d;) 2
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due to the small i, , during the reverse recovery pro-
cess. In boost mode, both S, and S, similarly achieve

almost ZCS turn-on conditions, and the reverse recov-
ery losses of S, and S,, are notably reduced compared

to those in a hard-switching BDC.
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In Fig. 10(a), nearly ZCS is achieved for switch
S, during turn-on, as the drain-to-source current i, re- | _ L Vol(10Vidiv)
mains zero before the gate signal ¥, is applied and only v, 10V /div)j . 1 '\: . 1
. . . et o
starts to increase after V  drops to zero. Figure 10(b) o L Smdll reverse recovery loss 0"
illustrates the turn-off process of switch S,, where the N
reverse recovery losses of the body diode are signifi- 1V, (25 Vidiv)
. . y
cantly reduced due to the minimal reverse recovery - "“‘""""""""“L/ 9
current. A =
Similarly, Fig.10(c) shows that almost ZCS is U

achieved for switch S, at turn-on since i, is zero be-
fore the trigger signal starts, ensuring no overlap be-
tween current and voltage. Figure 10(d) presents the
turn-off process of switch S_,, where the body diode
reverse recovery losses are also significantly minimized

(d)
Fig. 11. Switching waveforms in boost mode. (a) Almost ZCS of
S, . (b) Small reverse recovery losses during S, turn-off process.

(c) Almost ZCS of s_ . (d) Small reverse recovery losses during

S, turn-off process.
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B. Inductor Current Ripples Suppression

The experimental results for the inductor current i,

in both buck and boost modes of the BDC with tri-state
modulation, compared to a typical soft-switching BDC,
are shown in Figs. 12 and 13, respectively.

i (5 Aldiv)y

ﬁ-—’i Y f“'/t
. Al =33 A ‘o S
V., (10 Vidiv) o

!t (3 A div)

V., (10 V/div)

Fig. 12. Inductor current waveforms in buck mode. (a) Typical
soft-switching BDC. (b) BDC with tri-state modulation.

i (5 A/div)
V.., (10 V/div) '

(a)
.;" (5 A \’\6 WM

DAL =3A
-

v, (10 Vidiv) o7

(b)

Fig. 13. Inductor current waveforms in boost mode. (a) Typical
soft-switching BDC. (b) BDC with tri-state modulation.

The Figs. 12 and 13 illustrate that the inductor current
ripple is reduced from 3.3 A in the soft-switching BDC
to 3 A in the BDC with tri-state modulation for both
modes. Additionally, the average inductor current in the
BDC with tri-state modulation increases by approxi-
mately 0.65 A compared to that of the typical
soft-switching BDC.

C. Minimum Losses Achieving

The efficiency curves for the hard-switching BDC,
typical soft-switching BDC, and tri-state modulated
BDC, operating under load variations from 45 W to
200 W, are depicted in Fig. 14. Across these three BDCs,
the switches, inductance, and switching period are kept
constant. As shown, the typical soft-switching BDC
demonstrates significantly higher efficiency than the
hard-switching BDC over a broad range of loads, except
under light loads, the hard-switching BDC operates in

discontinuous conduction mode (DCM), where
switching losses are minimal, and the primary losses are
core. In contrast, for the typical soft-switching BDC,
switching losses outweigh the reduction in core losses.
The introduction of tri-state modulation allows the BDC
to achieve the highest efficiency across a wide load
range, reaching a peak efficiency of 96% at 114 W.
Furthermore, the efficiency improvement reaches up to
1.7% in buck mode at P, =40 W compared to the typ-

ical soft-switching BDC.

96.0

Efficency (%)

Buck mode
935

93.0

200 -150 100 50 0 50 100 150 200

925 I

Output power P, (W)
Fig. 14. Measured efficiency in buck and boost modes.

Additionally, Table IIl presents a comparison of
losses, inductor current ripples, and soft-switching
conditions among the hard-switching BDC, typical
soft-switching BDC, and tri-state modulated BDC.
Calculations based on the data show total losses of ap-
proximately 11.2W, 9.08 W, and 8.63 W for
hard-switching, typical soft-switching, and tri-state
modulated BDCs, respectively. Furthermore, the in-
ductor current ripples for these BDCs are around 3.3 A,
3.3 A, and 3 A, respectively. These results demonstrate
that the tri-state modulated BDC significantly reduces
inductor current ripples and enhances efficiency.

TABLE III
PERFORMANCE COMPARISON OF THE THREE BDCS
Bt]r)ics t‘;:h Hard-switching Soft-switching
o BDC BDC
modulation
Switching Eg' 821 % Sl (6, +1)+  Eq (32)+
ONS EeBd)  wlGr) Fe- 69
. Eq. (28) + " Eq. (28) +
Co;‘;dslslzson Eq. (29) + Eq. (28) + Eq. (29) Eq. (29) +
Eq. (30) Eq. (30)
Core losses Eq. (37) Eq. (37) Eq. (37)
inductor cur-  (u, —u,) d (o, —u,) d (uy =) d
rent ripples 2Lf 2Lf ¢ 2Lf
Almost ZCS .
Soft-switching  for S; and Hard-switching for ZVS for Sl’.
. R ZCS for S,;
condition Sa1; ZVS for all switches 7
Sur VS for S,

Note: In hard-switching BDC and soft-switching BDC, d equals zero.
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Figure 15 illustrates the inductor current ripple in buck
mode under different power levels, confirming these
findings. While the current ripples for the typical
soft-switching BDC remain nearly constant across power
levels, tri-state modulated BDC shows a decrease in the
current ripple with decreasing power. At 90 W, the ripple
reduces to 2.5 A, and at 45 W, it further decreases to 2 A,
highlighting a significant reduction compared to the
hard-switching and typical soft-switching BDCs. This
ripple reduction leads to improved efficiency over a
broad power range.

The typical soft-switching BDC |
(10 V/div)
. l . B Af]'

] ;.-\.' .
i (5 A/divy - Fﬁ
0 !

The typical BDC with tri-state
modulation

The typical soft-switching BDC

V.. (10 V/div)

- i, (3 A/diy)
O

The typical BDC with tri-state
modulation
=25A: V., (10 V/diy)

e—p | -

' i, (5 Aldiv)
«

0

(b)
Fig. 15. Inductor current ripple comparison under different
power in buck mode. (a) P=45W. (b) P=90W.

To analyze the response speed and dynamic charac-
teristics, a dynamic experiment is conducted where the
load changed from 90 W to 180 W and the back again.
The results illustrated in Fig. 16 show that the overshoot

of u, (blue line) is approximately 9.7%, with a response
time of 400 ps in both load-changing situations. Addi-
tionally, the overshoot of i, (green line) is about 28.6%
with a response time 400 ps in both cases.

~

u; (5 V/div)

i (2 A/div)

07 800 pis
. S

M, (5'V/div)

A~

TR

il 800 pis
<—>»

i (2 A/div)

0

(b)

Fig. 16. Dynamic response with load changing. (a) Load changing
from 90 W to 180 W. (b) Load changing from 180 W to 90 W.

V. CONCLUSIONS

In this paper, a tri-state modulation technique aimed
at minimizing operating losses is proposed for a typical
soft-switching BDC. This modulation introduces an
additional freewheeling interval without altering the
original soft-switching characteristics. The inclusion of
this freewheeling interval reduces the rise and fall times
of the inductor current, effectively suppressing inductor
current ripples. Moreover, by appropriately adjusting
the freewheeling interval according to load conditions,
loss minimization is achieved. The proposed tri-state
modulation has been experimentally validated, and the
results demonstrate that the tri-state modulated BDC
exhibits higher efficiencycompared to a conventional
soft-switching BDC, with an efficiency improvement of
up to 1.7% under light-load conditions.
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