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Strategy for Full-Bridge Three-Level
DC/DC Converter
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and Zhe Chen

Abstract—This paper proposes a new modulation strategy with
balanced power device currents for the full-bridge three-level dc/dc
converter. The proposed modulation strategy has two working pat-
terns, which cannot only realize zero-voltage switching (ZVS) but
also satisfy the wide input voltage range. More significantly, the
two working patterns of the proposed strategy can balance the
currents both among the power switches and clamping diodes in
comparison with the conventional control strategies which cause
current imbalances among the power switches and clamping
diodes. Consequently, the proposed strategy can balance the ther-
mal stresses among the power switches and clamping diodes, which
would, thus, improve the converter’s reliability. Finally, the exper-
imental results, obtained using a built 1.5-kW experimental proto-
type, verify almost zero current difference and zero thermal-stress
difference among the inner power switches, outer power switches,
and clamping diodes under the proposed strategy.

Index Terms—Balanced power device currents, full-bridge
three-level (FBTL) dc/dc converter, wide input voltage range, zero-
voltage switching (ZVS).

I. INTRODUCTION

HE three-level (TL) dc/dc converter is attractive for high
T voltage applications, such as three-phase power-factor cor-
rection systems, renewable energy systems, electric vehicle
charging systems, and distributed power systems [1]-[5], be-
cause the voltage stresses on the power switches are only half
of the input voltage (Vi,/2) in the TL dc/dc converter [6], [7].
So far, many studies about the TL dc/dc converter have been
carried out [8]-[20]. In [8], a zero-voltage and zero-current
switching half-bridge (HB) TL dc/dc converter was proposed,
in which the phase-shift control strategy can be applied into
the TL dc/dc converter by adding a flying capacitor in the pri-
mary side. Based on [8], a TL dc/dc converter with auxiliary
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circuit was proposed to reduce the circulating current for the con-
verter’s efficiency improvement [9]. An improved zero-voltage
switching (ZVS) dc/dc converter with series-connected trans-
formers was proposed in [10], which can both realize the ZVS
within nearly entire load range and balance the output currents.
In [11], a novel ZVS TL dc/dc converter was proposed, which
features a simple and compact circuit structure by removing two
clamped diodes and connecting the mid-points of the input ca-
pacitors and switching pairs. Based on [11], four types of new
pulsewidth modulated TL dc/dc converters with wide-range soft-
switching are proposed for industrial applications in [12], and
a new ZVS modulation strategy with input capacitors’ current
balancing control strategy was proposed in [13] for the TL d/dc
converter. Additionally, a secondary-side phase-shift-controlled
ZVS dc/dc converter with wide voltage gain was proposed in
[14] for high voltage applications, which can effectively reduce
the circulating current.

The above studies mainly focus on the HB TL dc/dc convert-
ers, but they are not suitable for high power electronic systems
because of the higher current stresses on the power switches in
comparison with the full-bridge (FB) dc/dc converters [21]—-[23].
In addition, the modulation strategy of the FB circuit structure
is different from that of the HB circuit structure and even more
complex because of more power devices in comparison with
the HB circuit structure. In [15] and [16], two hybrid ZVS full-
bridge three-level (FBTL) dc/dc converters were proposed for
high power applications, which are both composed of a TL leg
and a two-level leg in the primary side. A zero-voltage and zero-
current switching FBTL with reduced circulating current and
an improved FBTL dc/dc converter with input capacitors’ volt-
age balancing control strategy were proposed in [17] and [18]
respectively, but they cannot satisfy wide input voltage range.
Two modulation strategies, chopping phase-shift (CPS) strategy
and double phase-shift (DPS) strategy, were proposed in [19]
and [20], respectively, for the FBTL dc/dc converter, which can
both satisfy the wide input voltage range.

When it comes to the modulation strategies for FBTL dc/dc
converters, there are mainly three objectives that the previous re-
search aimed to achieve: 1) soft switching; 2) wide input voltage
range; and 3) reliability of input capacitors (capacitors’ voltages
and currents balancing methods). However, there are few studies
that pay attention on the current balancing among the power de-
vices in the FBTL dc/dc converter, which is closely related with
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the reliability of the converter because the unbalanced currents
among the power devices would result in the power-loss imbal-
ances and thermal-stress imbalances among the power devices
[24]-[26].

In this paper, the issue of current imbalance in power devices
under the conventional modulation strategies in the FBTL dc/dc
converter is pointed out and analyzed in detailed. Then, a new
modulation strategy is proposed for the FBTL dc/dc converter
to eliminate these current imbalances. In addition, the proposed
strategy is composed of two working patterns for satisfying the
wide input voltage range. These two working patterns can both
realize ZVS and have the ability of seamless transition. More im-
portantly, the two working patterns can both balance the currents
among power switches and clamping diodes. Accordingly, the
proposed strategy would balance the power losses and thermal
stresses among the power switches and clamping diodes, which
is helpful for improving the reliability of the converter. The per-
formances of the FBTL dc/dc converter under the proposed strat-
egy are analyzed in detail and verified using experimental results.

This paper is organized as follows. Section II analyzes the
current-imbalance issue in the power devices under the conven-
tional strategies. Section III introduces the proposed modulation
strategy and analyzes the operation principles of the proposed
strategy in detail. Section IV presents the detailed analysis about
the characteristics and performances of the proposed strategy.
Section V demonstrates the experimental results to verify the
proposed strategy. Finally, the main contributions of this paper
are summarized in Section VI.

II. CURRENT-IMBALANCE ISSUE UNDER CONVENTIONAL
STRATEGIES

Fig. 1 shows the circuit structure of the FBTL dc/dc converter.

In Fig. 1, on the primary side, C;; and C}, are two input ca-
pacitors, which split the input voltage V;,, into V; and Va; Sy, Sy,
S5, and Sy are outer switches, and D1, D4, D5, and Dg are their
body or paralleled diodes; So, S3, S¢, and S7 are inner power
switches, and Do, D3, Dg, and D7 are their body or paralleled
diodes; C1—Cg are the parasitic capacitors of S1—Sg; C's1 and Co
are two flying capacitors; Dg—D1 5 are four clamping diodes; 7.
is the isolation transformer; L, is the leakage inductor of T,
plus added inductor in series with 7;.. On the secondary side,
D,1—D, are four output rectifier diodes; L, and C,, are output
filter inductor and output filter capacitor, respectively. In addi-
tion, Vi, is the input voltage; V; and V; are the voltage on the
input capacitors C;; and Cjo; i1 and i¢;o are the currents on
the input capacitor C';; and Cjs; Vy, is the voltage between point
a and b; iy, is the primary current of the transformer 7T.; i1 —ig are
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the currents on the primary power switches (S1, D1)—(S1, Dsg);
ipo—ip12 are the currents on the clamping diodes Dg—D12; n is
the turns ratio of the transformer 7;.; 71, is the current through
the output filter inductor L,; V, and I, are the output voltage
and output current, respectively.

In order to simplify the following analysis, the following as-

sumptions are made.

1) All the switches and diodes are ideal.

2) The two input capacitors C';; and C;5 are large enough to
be considered as two voltage sources with the values of
the half of the input voltage (V;i,/2).

3) The two flying capacitors C; and Cso are considered as
two voltage sources with the values of V;,,/2 but only pro-
vide charging and discharging paths for the switches’ par-
asitic capacitors.

4) The output filter inductor L, is large enough to be consid-
ered as a constant current source.

5) The parasitic capacitors of S;—Sg are the same, which
means Cl 202203204205:CGZC7ZCg:Cj.

Fig. 2 presents the currents through the power switches (i1—ig)

and currents through the clamping diodes (i pg—ip12) under the
DPS strategy as an example to explain the current-imbalance
issue under the conventional modulation strategies, in which
dyy1—drpg are the driving signals for power switches S1—Sg; 7's
is one switching period; o, aa, and @ are phase-shift delays. It
needs to be mentioned that currents i1—ig and 7 pg—i p12 under
the CPS strategy are the same as that under the DPS strategy.

From Fig. 2, the following can be observed.

1) For the currents on the outer power switches (i1, i4, i5, and
ig) as marked by red color, i1 and i, are the same besides
180° phase difference; i5 and ig are the same besides 180°
phase difference; i5 and ig are higher than i; and iy.

2) For the currents on the inner power switches (io, i3, ig, and
i7) as marked by blue color, i and i3 are the same besides
180° phase difference; ig and i7 are the same besides 180°
phase difference; the root mean square (rms) values of io,
i3, ig, and i7 are the same, but the average value of iy and
i3 are smaller than that of ig and i-.

3) For the currents on the clamping diodes (ipo,ipio,
ip11, and ipi2) as marked by orange color, i pg and i p1g
are the same besides 180° phase difference; ip11 and ip1s
are zero, SO i po, ¢ p1o are higher than ip11, ipio.

Therefore, on the basis of the above analysis, it can be con-

cluded that the currents among the outer power switches (i1, iy,
i, and ig), inner power switches (i, i3, ig, and i), and clamp-
ing diodes (ipg, ip10, ip11, andipi2) are unbalanced under
the conventional strategies.

Table I presents the calculation equations about the rms and

average values of i1—ig and ¢pg9—ip12 under the DPS strategy
according to Fig. 2.

III. PROPOSED MODULATION STRATEGY

In order to eliminate the current imbalances among the power
devices under the conventional strategies, a new modulation
strategy with balanced power device currents is proposed for
the FBTL dc/dc converter.
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THEORETICAL EQUATIONS ABOUT RMS AND AVERAGE VALUES OF CURRENTS ON PRIMARY POWER DEVICES UNDER THE DPS STRATEGY

Three-level mode

Two-level mode

i, is RMS value IIOZ (T-2a) 4L-I I'a, B L1’
\ 2T 3V.m-T weT 3V-n-T

Average value L(T-2a-4a) 2:-L-I Lo, LI
2-n-T V.n-T nT 2-V-n-T

is, is RMS value

Average value I 2.L-I°

2-n V,-n"-T

RMS value

i, i [T 4L-D

2n’ 3V n-T

Average value I-(T-4-a) 2-L-I

L-(T-4a) 5L-I

2-n-T V.-n'-T 2-n-T 2.V, -n'-T
i, i1 RMS value IE 4.1 -1° 7 2.L-1°
2m 3V T 20 Vo T
Average value I 2.L-1 I 5-L-1"
20 V.on'T 20 2V 0T
ip9, iD10 RMS value I |a, /102 (T-2-a) 71-L-I
W\ \ 2T 3T
Average value I -a 1-(T-2-a) 2-L-1
n-T 20T V.om-T
ip11, ip12 RMS value 0 0
Average value 0 0

A similar current balancing method was proposed in [13],
but it is for the HB TL dc/dc converter. Comparing between the
HB TL dc/dc converter and the FBTL dc/dc converter, the FBTL
dc/dc converter is more suitable for high power applications, and
the modulation strategies between the HB TL dc/dc converter
and the FBTL dc/dc converter are quite different. The modula-
tion strategy of the FBTL dc/dc converter is more complex than
that of the HB TL dc/dc converter not only because the circuit
structure of the FBTL dc/dc converter is more complex but also
because the modulation strategy for the FBTL dc/dc converter
normally needs to satisfy the wide input voltage range. In order
to satisfy the wide input voltage range, the proposed modula-
tion strategy is composed of two working patterns. More signif-
icantly, these two working patterns can effectively balance the
currents among the power devices, and the transition between
these two working patterns is seamless.

Fig. 3(a) and (b) shows the operation principles of the two
working patterns, respectively, in which d,.,1—d,.,g are the driv-
ing signals of power switches S1—Ss; di and dy are the duty
ratios in one switching period, 7T’.

1) Working pattern I: is used for the low input voltage. In
working pattern I, the output voltage V, is adjusted by
changing the duty ratio, d;. Working pattern I operates by
swapping the duty ratios for switching pairs (S, Sg) and
(84, S5), respectively, in every switching period to make
the currents through the power devices balanced in every
two switching periods. Therefore, working pattern I has
two operation modes, as marked in Fig. 3(a), as follows: in
mode I as [t3—t;5], the duty ratio of d,.,; and d,.,4 are both

2)

dy, and the duty ratio of d,y2, dyy3, dryss drpes dry7, and
d,g are all 0.5 if neglecting the dead time; but, in mode II
as [t15—t27], the duty ratio of d,.,5 and d,.,g are both d,
and the duty ratio of d;.,,1, dyy2, dry3s drpas drve, and dp,7
are all 0.5 if neglecting the dead time. By adjusting the
value of d, the time length of the third-level voltages (Vi,
and —V;,), as marked by red color in Fig. 3(a), can be
changed, which would, thus, change the output voltage
V,. For instance, if upon reducing d, the time length of
the third-level voltages (Vi, and —Vi,) would decrease,
which means that the output voltage V,, would decrease.

Working pattern II: is used for high input voltage when d;
reduces to zero. In working pattern II, the output voltage
V, is adjusted by changing the duty ratio, d5. Working pat-
tern II operates by swapping the duty ratios for switching
pairs (S1, Ss), (S2, S7), (S3, S6), and (S4, S5), respectively,
in every switching period to balance the currents through
the power devices in every two switching periods. There-
fore, working pattern II also has two operation modes, as
marked in Fig. 3(b), as follows: in mode I as [#3—#17], the
duty ratios of d,.,1 and d,4 are both 0, the duty ratio of
dryo and d,,3 both do, and the duty ratio of d,y5, drye,
dyy7, and d,.,g are all 0.5 if neglecting the dead time; but,
in mode II as [#17—731], the duty ratio of d,.,,5 and d,.,g are
both 0, the duty ratio of d,.,¢ and d,.,7 both do, and the duty
ratio of dyy1, dry2, dry3, and d;.4 are all 0.5 if neglecting
the dead time. By adjusting the value of ds, the time length
of the second-level voltages (V;,/2 and —V,,/2), as marked
by blue color in Fig. 3(b), can be changed, which would,
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Fig. 2. Currents on primary power devices under the DPS strategy. (a) TL
mode. (b) Two-level mode.

thus, change the output voltage V. For instance, if upon
reducing ds, the time length of the second-level voltages
(Vin/2 and —-V,;,/2) would decrease, which means that the
output voltage V,, would decrease.

Fig. 4 presents the equivalent circuits of working pattern I
shown in Fig. 3(a) as an example to analyze the operation prin-
ciple of the proposed strategy. The analysis of the operation
principle in working pattern II is similar to that in working
pattern I, which is not repeated here.

Stage I [before t3]: The power switches S3, S4, and Sg are all
in the ON-state, so the primary voltage V,; is equal to —V;,/2,
and the input power transfers to the load from D,5 and D,.3. The
primary current of the transformer, 7, is —I, /n.

Fig. 4.

Equivalent circuits under working pattern I of the proposed strategy.
(a) [before #3]. (b) [t3—14]. (¢) [ta~t5]. (d) [t5—t6]. (e) [t6—t7]. () [t7-13]. (8)
[t8—t9].

Stage 2 [ts—t4]: At t3, the power switches S3, S4, and Sg are
turned OFF. Then, the parasitic capacitors Cs, Cy4, and Cg are
charged and Cy, Co, and C7 discharged. The primary current i,,
starts to increase and is not enough to provide output current,
so the output rectifier diodes D,.1, D,2, D,3, and D, conduct
simultaneously, which clamps both the primary and secondary
voltages of the transformer at 0 V.

Stage 3 [ty4—t5]: Atty, the voltages on C3, C4, and Cg increase
to Vin/2, and the voltages on Cy, Co, and C7 decrease to 0V, so
the primary voltage V,;, reaches V;,. Then, the primary current
1, flows through D1, D, D7, and Dg, which clamps the voltage
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TABLE II
COMPARISON RESULTS ABOUT DUTY CYCLE LOSS
Item CPS Strategy DPS Strategy Proposed Strategy
Three-level mode/ 4-L -1, +£ 4-L -1, +£ 4-L-1
Working pattern I nV T T nV T n-V T
Duty Cycle Loss
Two-level mode/ 6-L -1, 8-L-1, 2a 6-L -1,
Working pattern II nV T nV T T n-V T

Note: 6 is the phase-shift time between the driving signals of S5 and (S7, Sg) or the driving signals S3 and (S5, Sg) in the CPS and DPS
strategies. v is a constant overlap time between the driving signals of 1 and (S7, Sg) or the driving signals S4 and (S5, Sg) in the DPS strategy.

on S1, S9, S7, and Sg at O V. Therefore, S, So, S7, and Sg can
be turned ON with zero-voltage. During this time period, the
primary current %, increases linearly because the voltage on L,
is the input voltage Viy,.

Stage 4 [ts—tg]: At 15, the primary current ¢, increases to 0 A,
which means the current direction of 7,, would change. During
this time period, the primary current 4, still increases linearly
because the voltage on L, maintains V.

Stage 5 [ts—t7]: At tg, the primary current 7,, increases to the
positive reflected output current whose value is I,,/n. Then, the
output rectifier diodes D,.o and D,.3 are turned OFF, and the input
power would transfer to load from D,.; and D,.4.

Stage 6 [t;—tg]: Att7,the power switch Sy is turned OFF. Then,
the parasitic capacitor C; is charged and Cy is discharged.

Stage 7 [ts—t9]: At tg, the voltage on C; increases to V;,/2,
and the voltage on C4 decreases to 0 V. Then, the clamping
diode Dy conducts, and the primary current 7,, flows through
Dy, Ss, S7, and Ss. During this time period, the primary voltage,
Vab, is Vin/2.

At tg, the power switches Ss, S7, and Sg are turned OFF. The
second half cycle [t9—t15] of mode I starts, whose analysis is
similar to that in the first half cycle [t3—f9]. The analysis of
mode II is similar to that of mode I, which is not repeated here.

IV. CHARACTERISTICS AND PERFORMANCES OF THE
PROPOSED STRATEGY

A. Duty Cycle Loss

In working pattern I shown in Fig. 3(a), [ts—f], [fo—t12] and
[t15—t18], [f21—t24] are the time intervals of the duty cycle loss in
modes I and II, respectively, and these four time intervals are the
same. If neglecting the quite short time intervals [f3—#4], [to—t10],
[t15—t16], and [t21—t22], they can be calculated as

2-L,-1,

T ey

lg —tg =t1o —lg =t18 —t15 = tog — 21 =

On the basis of (1), the duty cycle loss in every switching pe-
riod T’s under working pattern I, namely, djoss_s, can be obtained
as

p _te—ty  ltia—ty  lig—tis
loss_I — T - T - T
tog =t  2-L.-1,
= = 2
Ts n"/in'Ts ()

In working pattern II shown in Fig. 3(b), [£3—t7], [t10—t14] and
[t17—t21], [t24—t25] are the time intervals of the duty cycle loss
in modes I and II, respectively, and these four time intervals
are the same. If neglecting the quite short time intervals [#3—24],
[t10-t11], [t17—t18], and [fa4—t25], they can be calculated as

3-L,-1,
n- Vvin
On the basis of (3), the duty cycle loss in every switching

period T under working pattern II, namely, djoss 77, can be
obtained as

3)

b7 —t3 =t1g —t10 = lo1 — t17 = log — tog =

tog — tog
T,

d _tr—t3  tig—tio  tor —ti7r
loss_IT — T — T — T -
S S S

3L, 1,
7”'Mn'Ts

Table II presents the comparison results about the duty cycle
loss under the conventional strategies and the proposed strategy.
From Table II, the following can be observed.

1) The ductcycle loss of working pattern [ under the proposed
strategy is smaller than that of the TL mode under the
conventional strategies.

2) The duty cycle loss of working pattern II under the pro-
posed strategy is the same as that of the two-level mode
under the CPS strategy.

“)

B. Output Characteristics

If neglecting the effect of the dead time, the average output
voltage in working pattern I, namely, V,, ; and that in working
pattern II, namely, V,, r;, can be calculated, respectively, using
(5) and (6)

d1—dioss 1) Ts V; 0.5—d1)-Ts V;
o 2ot ey T S
o I — T
Vin
- 7 . (05 + d1 - 2 . dloss_I)
Vvin 4- Lr : Io
=2 (054d — —2 5
n ( tah n - Vin - Ts) ©®)
(d2—dioss 11)-Ts V;
2. a] Ve
VofII - [ 0 2An] = — (d2 - dlossfH)
T, n

Vvin 3'LT'IO
_n-<d2_n"/in'Ts> (6)
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TABLE III
COMPARISON RESULTS ABOUT ZVS ACHIEVEMENT CONDITIONS

Item CPS Strategy DPS Strategy Proposed Strategy
. C C 3.C
Three. level mode/ v S v |2 nv . ;
Working pattern I " AL " AL “A2.L
ZVS Range 1,z

Two-level mode/

Working pattern II nV,:

C C
= nV . |= nV . |=
L "\ "\

C. ZVS Achievement Conditions

1) Working pattern I: In mode I, the zero-voltage switch-
ON of power switches S4 and Sg is mainly determined by the
reflected current from the output filter inductor. Normally, the
output filter inductance is quiet large enough to make power
switches S4 and Sg achieve zero-voltage switch-ON, even at light
loads. For instance, in order to ensure the zero-voltage switch-
ON of the power switch S, in Fig. 3(a), energy E; is needed to
discharge capacitor Cy4 from V;,/2 to 0 V and charge capacitor
C; from 0 V to V;,/2, whose expression is given as

1 Vm)® 1 V> 1
E>=.C . 2= .oy 22) =20, V2
1_201<2>+2 C4<2) c; -V

@)

In mode I, the energy stored in inductor L, is used to realize
the zero-voltage switch-ON for the power switches Sy, S2, S3,
S5, Sg, and S7. For instance, in order to achieve the zero-voltage
switch-ON for power switches Ss, S5, and Sg in Fig. 3(a), ca-
pacitors Cs, Cs, Cg need to be discharged from V;,/2 to 0V,
and capacitors Csy, C7, and Cg need to be charged from 0 V to
Vin/2. Accordingly, the following condition should be satisfied
to achieve the zero-voltage switch-ON of S3, S5, and Sg:

1 IL\? 1
2LT~(n> 25-(Cl+02+03+05+06+07)

Vin\?_ 3
(2> :Z'Cj'Vii (8)

In mode II, the reflected current from the output filter induc-
tor is used to realize the zero-voltage switch-ON for the power
switches, S1 and Ss; the energy stored in inductor L, is used to
realize the zero-voltage switch-ON for switches Sa, S3, S4, S¢,
S7, and Sg. The requirements for the power switches to achieve
zero-voltage switch-ON in mode II are same as those in operation
mode I, which is not repeated here.

Therefore, on the basis of (8), the load range of ZVS
achievement in working pattern I, namely, I, zvs ;, can be
obtained as

3-C;
2L,

Iozvs 1> n-Vin- ©))

2) Working pattern II: In mode I, the zero-voltage switch-
ON of power switches S3, S7, and Ss is mainly deter-
mined by the reflected current from the output filter inductor.
Normally, the output filter inductance is large enough to make

the power switches Ss, S7, and Sg achieve zero-voltage switch-
ON, even at light loads. For instance, in order to ensure the zero-
voltage switch-ON of the power switch S3 in Fig. 3(b), energy
Es is needed to discharge capacitor Cs from V;,/2 to 0 V and
charge capacitor Co from 0 V to V;,,/2, whose expression can be
given as

2 2
EQE%'C2‘ <V;n> +%‘03' (V;) :i.cj.virzl
(10)
In mode I, the energy stored in inductor L, is used to realize
the zero-voltage switch-ON for the power switches S2, S5, and
Se. For instance, in order to achieve the zero-voltage switch-ON
for the power switches S5 and Sg in Fig. 3(b), capacitors Cs, Cg
need to be discharged from V;,,/2 to 0 V, and capacitors C7, Csg
need to be charged from 0 V to V;,,/2. Accordingly, the following
condition should be satisfied to achieve the zero-voltage switch-
ON of S5 and Sg:

1 2
b ()
2 n

Y2
N = DN =

V 2
(Cs5+ Cg + C7 + C) - <;’>
-y - Vi (11)

In mode II, the reflected current from the output filter induc-
tor is used to realize the zero-voltage switch-ON for the power
switches S, S, and Sg; the energy stored in inductor L. is used
to realize the zero-voltage switch-ON for switches S3, S4, and
S7. The requirements for the power switches to achieve zero-
voltage switch-ON in mode II are same as those in operation
mode I, which is not repeated here.

Therefore, on the basis of (11), the load range of ZV'S achieve-
ment in working pattern I, namely, I, zvs_rr, can be obtained
as

C-
Iozvs 11 >n Vin -y =2
L,

12)

Table III presents the comparison results about the ZVS range
under the conventional strategies and the proposed strategy.
From Table III, the following can be observed.

1) The ZVS range of working pattern II under the proposed
strategy is the same as that of the TL mode under the
conventional strategies.

2) The ZVS range of working pattern I under the proposed
strategy is little smaller than that of the TL mode under the
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Fig. 5. Currents on primary power devices under the proposed strategy.

(a) Working pattern I. (b) Working pattern II.

conventional strategies because the conventional strate-
gies could realize the ZVS of one more power switch by
increasing the duty cycle loss.

D. Currents on Power Devices

Fig. 5 shows the currents flowing through the primary power
devices under the proposed strategy. From Fig. 5, it can be ob-
served that:

1) under the working pattern I, the currents on the outer power

switches i1, i4, i5, ig, on the inner power switches iz, is,
i, i7, and on the clamping diodes ipg, ip10s tD11> LD12
are the same besides phase difference, respectively;

2) under the working pattern II, the rms and average val-
ues of iy, iy, i5, ig are the same respectively, the rms and
average values of is, i3, ig, i7 are also the same respec-
tively,and i pg, i p10,tp11, ¢ D12 are the same besides phase
difference.
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On the basis of the above analysis, it can be concluded that the
two working patterns of the proposed strategy can balance the
currents both among the power switches and clamping diodes.

Table IV presents the calculation equations about the rms
and average values of i;—ig and ipg9—ipi12 under the proposed
strategy according to Fig. 5.

According to the equations in Tables I, IV, and circuit
parameters in Appendix, the theoretical comparison results
about the currents on the primary power devices are presented
in Figs' 6-8, in which Z.1_7“ms_three_DPS_ iS_rms_three_DPSa
Z‘1_m)g_th7’ee_DPS - Z.S_avg_three_DPS and il_rms_two_DPS -
Z‘8_7“ms_two_DPS’ Z.1_avg_two_DPS - Z‘8_0‘1)g_two_DPS are the
rms value, average value of the currents on the power
switches (S1, D1)—(Sg, Dg) under the TL and two-level
mode of the DPS strategy, respectively; ¢pg rms_three_ DPS—
Z‘D12_7“7)7,5_three_DPS, Z.D9_(wg_three_DPS_iD12_(wg_three_DPS
and Z‘D9_T’ms_i§wo_DPS_iD12_7"7ns_25u)o_DPS, Z.D9_avg_itwo_DPS_
iD12_avg_two_DPs are the rms value, average value of the
currents on the clamping diodes Dg—Dio under the TL
and two-level mode of the DPS strategy, respectively;
Z.1_7”m,:;_I_Z.S_rms_la Z.l_(wg_l_iéi_avg_l and il_rms_ll_iS_rms_II’
11_avg 1118 _avg 17 are the rms value, average value of the
currents on the power switches (S;, D1)-(Ss, Dg) under
working patterns I and II of the proposed strategy, re-
spectively; ©pg_rms_1=ED12_rms_I» ©D9_avg I—tD12_avg_1 and
LD9_rms_T1—4D12_rms_IT> *D9_avg II1—4D12_avg_I1 are the rms
value, average value of the currents on the clamping diodes Dg—
D15 under working patterns I and II of the proposed strategy,
respectively.

From Figs. 6-8, the following can be observed.

1) For the currents on the outer power switches (i, iy, is5,
and ig) in Fig. 6, the rms and average values of i5 and
is are larger than that of /; and i4 under the conventional
strategy; but the rms and average values of them become
the same under the proposed strategy.

2) For the currents on the inner power switches (is, is, ig,
and i7) in Fig. 7, the rms values of them are the same, but
the average value of ig and i; are larger than that of i
and i3 under the conventional strategy; the rms and aver-
age values of them become the same under the proposed
strategy.

3) For the currents on the clamping diodes (ipo,ipio,
ip11, and ip12) in Fig. 8, the rms and average values
of ipg and ipig are larger than that of ipj; andipio
under the conventional strategy; but, the rms and aver-
age values of them become the same under the proposed
strategy.

4) The differences among the currents on outer power
switches, inner power switches, and clamping diodes un-
der the conventional strategy would become larger with
the increasing of the output power.

E. Implementation of the Proposed Strategy

For working pattern I, the duty cycle d; calculated by the
control loop would be changed in every two switching peri-
ods to adjust the output voltage V,, in the practical application.
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TABLE IV
THEORETICAL EQUATIONS ABOUT THE RMS AND AVERAGE VALUES OF THE CURRENTS ON PRIMARY POWER DEVICES UNDER THE PROPOSED STRATEGY

Working pattern I Working pattern II
i1, ia, is, is RMS value \/1(.2'(1+2'dl)7 4.L-1 I[(-d) 5L
4.0 3-V.-n"-T 2-n 6-V -n'-T
Average value I-(1+2:d) 2-L-I I-d 3L
4-n V.n'-T 2-n 2-V,-n"-T
B, B3, i6, 17 RMS value
2.
Average value I 201
20 V.omT
ip9, ip10, ID11, ID12 RMS value I 1-2-4
a4
Average value I-(1-2-d)
4-n
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Fig.6. Theoretical calculation about the rms and average values of the currents

on outer power switches. (a) TL mode of the DPS strategy and working pattern
I of the proposed strategy (Vi, = 350 V, V,, = 50V). (b) Two-level mode of
the DPS strategy and working pattern II of the proposed strategy (Vi, = 550V,
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I of the proposed strategy (Vin = 350 V, V,, = 50 V). (b) Two-level mode of
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As shown in Fig. 3(a), in the first switching period, the calcu-
lated d; is set for the driving signals of power switches S1, S4,
and the duct cycle 0.5 minus the dead time divided by T is set
for the driving signals of power switches So, S3, S5, S¢, S7, and
Sg; in the second switching period, the calculated d; is set for the
driving signals of power switches S5, Sg, and the duct cycle 0.5
minus the dead time divided by 75 is set for the driving signals
of power switches S1, S2, S3, S4, Sg, and S7. Upon increasing the
input voltage, d; would decrease to maintain the output voltage
at the constant value. When d; reduces to zero, working pattern
IT starts to be utilized and d; is kept at zero, so the transition
between the two working patterns is seamless. For working pat-
tern II, the duty cycle ds calculated by the control loop would
be changed in every two switching periods to adjust the output
voltage V,, in the practical application. As shown in Fig. 3(b), in
the first switching period, the calculated d is set for the driving
signals of power switches Ss, S3, and the duct cycle 0.5 minus
the dead time divided by T is set for the driving signals of power
switches S5, Sg, S7, and Ss; in the second switching period, the
calculated ds is set for the driving signals of power switches Sg,
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If 0<d\<d\_max
SS=1
Else SS=0

Proposed Modulation Strategy

Fig. 9. Diagram about the implementation of the proposed control strategy.

(b)

Fig. 10.  (a) Experimental setup. (b) Hardware of the FBTL dc/dc converter.

S7, and the duct cycle 0.5 minus the dead time divided by T is
set for the driving signals of power switches S1, So, S3, and Sy4.

Under the steady operations, duty cycles d; and d» calculated
using the control algorithms are adjusted in every two switching
periods to control the output voltage and balance the currents on
the primary power devices. Under the dynamic changes, duty
cycles di and ds calculated using the control algorithms can
be adjusted in every switching period to control the converter,
which would, thus, make dynamic responses as the conventional
modulation strategies, because both working patterns I and II
have the feature that modes I and II (see Fig. 3) can be utilized
alone separately to control the output voltage and have the same
output characteristics.

Fig. 9 presents the diagram about the implementation of
the proposed modulation strategy, in which the conventional
proportional-integral control algorithm is utilized to calculate
duty cycles d; and dy. As shown in Fig. 9, working pattern I is
used for the low input voltage by adjusting duty cycle d; from
the maximum value dy_;,q, to 0; when d; decreases to 0 due to
the increasing of the input voltage, working pattern II would be
used for the higher input voltage by adjusting duty cycle do.

V. EXPERIMENTAL VERIFICATION

In order to verify the proposed modulation strategy, a 1.5-kW
experimental prototype is established, whose circuit parameters
are presented in the Appendix. Fig. 10(a) and (b) presents the
experimental setup and hardware of the FBTL dc/dc converter.

Figs. 11(a) and 10(b) present the experimental results includ-
ing the primary voltage V3, output voltage V,,, primary current
iy, and current through the output filter inductor % 7,, under work-
ing patterns I and II.

Fig. 12 presents the experimental results including the
voltages and currents on the input capacitors (V7, Vs,
ici1, and ici2) when the output voltage V, is 50 V and
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Fig. 11. Experimental results including Vgp, Vo, ip, and ip, (Vi
50V, P, = 1.5kW). (a) Working pattern I of the proposed strategy (Vin
350 V). (b) Working pattern II of the proposed strategy (Vi, = 550 V).
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Fig. 12. Experimental results including Vi, Va, icj1, and icie (Vo

50V, P, = 1.5kW). (a) Working pattern I of the proposed strategy (Vin
350 V). (b) Working pattern II of the proposed strategy (Vi, = 550 V).
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Fig. 13.  ZVS achievement performances under working pattern I (Vi, =
350V, V, =50V, P, = 1.5kW). (a) S1. (b) S5. (¢) Se.

Note: In Fig. 13, Vas s1, Vas_ss. and Vg se are the gate-source voltages
of 1,85, and Se; Vbs_s1, Vbs_ss, and Vs g6 are the drain-source voltages
OfSl, 55, and Sﬁ.

output power P, is 1.5 kW. From Fig. 12, the following can
be observed under the proposed modulation strategy.
1) The voltages on the input capacitors (V1, Vo) are balanced.
2) The currents on the input capacitors (ici1, icq2) are
also balanced, and the rms of i¢;1, ¢¢y2 under working
pattern I (V;, = 350 V) and II (Vi,, = 550 V) are approx-
imately 5.1 and 4.5 A, respectively.
Fig. 13(a)—(c) shows the ZVS achievement performances of
power switches S1, S5, and Sg under working pattern I, in which
it can be observed that S, S5, and S¢ realize ZVS-ON. Fig. 14(a)
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Fig. 14.  ZVS achievement performances under working pattern IT (Vi, =
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Note: In Fig. 14, Vs s2 and Vgs g7 are the gate-source voltages of Sp and
S7; Vpbs_s2 and Vpg g7 are the drain-source voltages of So and S7.
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Fig. 15. Experimental results of clamping diode currents i pg, i p10, ¢D11,

andipi2 (Vo = 50V, P, = 1.5kW). (a) TL mode of the DPS strategy (Vin
= 350 V). (b) Working pattern I of the proposed strategy (Vin, = 350 V).
(c) Two-level mode of the DPS strategy (Vi, = 550 V). (d) Working pattern
II of the proposed strategy (Vin = 550 V).

and (b) presents the ZVS achievement performances of power
switches So and S7 under working pattern II, in which it can be
observed that S5 and Sy realize ZVS-ON. The ZVS achievement
performances of other power switches are similar to the results
in Figs. 13—14, which are not repeated here.

Figs. 15-17 present the experimental results about the clamp-
ing diode currents ¢ pg, ¢ p10, ¢D11, L D12, OUter switch currents
i1, i4, I5, i3, and inner switch currents io, i3, ig, i7, respectively,
under the DPS strategy and the proposed strategy.

From Figs. 15-17, the following can be observed.

1) The clamping diode currents ipg, tp10, ¢D11, ¢D12, the
outer switch currents iy, iy, i5, i, and inner switch currents
ia, i3, ig, i7 are unbalanced under the DPS strategy.

2) But, by utilizing the proposed strategy, the clamping diode
currents ipg, 1p1g, tp11, tD12, the outer switch currents
i1, i4, i5, I3, and inner switch currents i», i3, ig, i7 can be
balanced.
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Fig. 16. Experimental results of outer switch currents i1, i4, i5, and ig
(Vo = 50V, P, = 1.5kW). (a) TL mode of the DPS strategy (Vin, =350 V).
(b) Working pattern I of the proposed strategy (Vi = 350 V). (c) Two-level
mode of the DPS strategy (Vin, = 550 V). (d) Working pattern II of the proposed
strategy (Vin = 550 V).
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Fig. 17. Experimental results of inner switch currents iz, i3, ig, and iz
(V, = 50V, P, = 1.5kW). (a) TL mode of the DPS strategy (Vi, =350 V).
(b) Working pattern I of the proposed strategy (Vi = 350 V). (¢) Two-level
mode of the DPS strategy (Vi = 550 V). (d) Working pattern II of the proposed
strategy (Vin = 550 V).
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Fig. 18. Experimental results about the transition performance between the
two working patterns when V,, = 50V and P, = 1.5kW.

3) The experimental results shown in Figs. 15-17 are con-
sistent with the theoretical analysis in Sections II and
IV-D.

Fig. 18 shows the experimental results about the transition
performance between the two working patterns, which includes
the input voltage (Viy,), voltages on the two input capacitors (V7,
V), and ac component of the output voltage V, ~. In Fig. 18,
the input voltage steps up from 300 to 550 V and is finally set
back to 300 V when the output voltage V, is 50 V and output
power P, 1.5 kW. From Fig. 18, it can be observed that there
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Fig. 19. Loss breakdown of primary power devices (V, = 50V and P,
1.5kW). (a) Working pattern I (Vi, = 350 V). (b) Working pattern II (Vi,
550 V).

Fig. 20. Experimental results about the thermal stresses on primary power
devices by FLIR thermal camera. (V, = 50 V, P, = 1.5 kW, ambient temper-
ature = 25 °C). (a) TL mode of the DPS strategy (Vin, = 350 V). (b) Working
pattern I of the proposed strategy (Vin = 350 V). (c) Two-level mode of the DPS
strategy (Vin = 550 V). (d) Working pattern II of the proposed strategy (Vin, =
550 V).

is no abnormal votlage spike on the two input capacitors during
the transitions between the two working patterns.

Normally, the conduction power loss and thermal stress on the
power device is closely related to the current flowing through
it. Figs. 19 and 20 present the comparison results about the loss
breakdown and thermal stresses of the primary power devices
between the conventional strategy and the proposed strategy,
respectively.

From Fig. 19, the following can be observed.

1) Under the DPS strategy, the conduction losses among
the inner power switches are balanced because the rms
values of the currents through the inner power switches
are almost the same and because MOSFET is used for the
primary power switches in the built prototype, but the con-
duction losses among the outer power switches and clamp-
ing diodes are unbalanced.

After utilizing the proposed strategy, the conduction losses
among the outer power switches, inner power switches,
and clamping diodes become balanced.

It needs to be mentioned that if IGBT is used for the power
switches, the conduction losses among the inner power switches
would become unbalanced under the conventional strategy be-
cause the average values of the currents through the inner power
switches are different. These power-loss imbalances under the

2)
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Fig.22.  Comparison results about the loss breakdown when V,, = 50V and

P, = 1.5kW. (a) Vi, =350 V. (b) Vi, =550 V.

Note: 1) Primary power devices’ conduction loss. 2) Primary power switches’
switching loss. 3) Transformer’s core loss. 4) Transformer’s copper loss. 5)
Output rectifier diodes’ loss. 6) Output filter inductor’s loss. 7) PCB loss. 8)
Total loss.

conventional strategy would result in the thermal-stress imbal-
ance among the primary power devices, as shown in Fig. 20.
Under the DPS strategy, the thermal stress of Dg, D1 are higher
than that of D11, D12, and the thermal stress of (S, D7), (S4,
D,) are lower than that of other power switches, as shown in
Fig. 20(a) and (c), which means that the thermal stresses among
the power switches and clamping diodes are unbalanced. Af-
ter utilizing the proposed strategy, the thermal stresses among
clamping diodes Dyg—D;, outer power switches (S1, D1), (S4,
Dy), (S5, Ds), (Sg, Dg), and inner power switches (So, D), (S3,
D3), (S¢, Dg), (S7, D7) become balanced, as shown in Fig. 20(b)
and (d).

Fig. 21 shows the experimental comparison results about the
efficiencies between the conventional strategy and the proposed
strategy. From Fig. 21, the following can be observed.

1) The efficiencies under working pattern I of the proposed
strategy are almost the same as those under the TL mode
of the DPS strategy.

2) The efficiencies under working pattern II of the proposed
strategy are slightly lower than those under the TL mode
of the DPS strategy.

Fig. 22 presents the loss breakdown of the main components in
the FBTL dc/dc converter under the conventional DPS strategy
and the proposed strategy when P, is 1.5 kW. From Fig. 22, the
following can be observed.



LIU et al.: BALANCED POWER DEVICE CURRENTS BASED MODULATION STRATEGY FOR FULL-BRIDGE THREE-LEVEL DC/DC CONVERTER

1) The conduction losses of the primary power switches un-
der the DPS strategy and the proposed strategy are almost
the same.

2) The DPS strategy and the proposed strategy both realize
ZVS, and the switching-OFF losses are almost the same, so
the switching losses of the primary power switches would
be almost the same.

3) The power losses of the transformer under the two strate-
gies would be almost the same because the primary voltage
and the primary voltage on the transformer are almost the
same.

4) The secondary components’ power losses would be almost
the same because the secondary voltage and current are
almost the same.

It needs to be mentioned that: with the decreasing of the out-
put power, the conduction losses of the primary power devices
under working pattern I of the proposed strategy and the TL
mode of the DPS strategy are almost the same, but the con-
duction losses of the primary power devices under working
pattern II of the proposed strategy become higher than those
under the two-level mode of the DPS strategy, which results
in that the converter’s efficiencies under working pattern II be-
come lower than that under the two-level mode with the de-
creasing of the output power, as shown in Fig. 21. The reason
causing lower efficiencies is that the MOSFET is used for the
power switches in the established prototype. When using the
MOSFET, the primary current 7,, flows through the two body
diodes of the power switches instead of the power switches
themselves during the free-wheeling time periods [as [f5—76],
[t9—t10], [t13—t14], and [t17—t18] in Fig. 5(b)] under Working pat-
tern II of the proposed strategy. With the decreasing of the out-
put power, the free-wheeling time periods would become longer,
which would, thus, increase the conduction losses in compari-
son with the DPS strategy because the conduction loss of power
switch is lower than that of its body diode when the same cur-
rent flows through them [27]. However, when the IGBT is used
for the power switches to satisfy the higher voltage and power
applications, the primary current 7,, would both flow through
the two power switches and two body diodes during the free-
wheeling time periods under the two-level mode and working
pattern II.

VI. CONCLUSION

This paper points out that there exists the current-imbalance
issue of primary power devices under the conventional strategies
in the FBTL dc/dc converter based on the detailed analysis. Then,
in order to eliminate these current imbalances, a new modula-
tion strategy is proposed for the FBTL dc/dc converter. In addi-
tion, the proposed strategy is composed of two working patterns,
which cannot only realize ZVS but also satisfy the wide input
voltage range. The transition between these two working pat-
terns is seamless. More significantly, these two working patterns
of the proposed strategy can effectively balance the currents both
among the power switches and clamping diodes, which would,
thus, improve the reliability of the FBTL dc/dc converter by
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balancing the thermal stresses among the power switches and
clamping diodes. Finally, a 1.5-kW experimental prototype is
established, and the experimental results verify that the current
difference and thermal-stress difference among the inner power
switches, outer power switches, and clamping diodes are almost
zero under the proposed strategy.

APPENDIX
See Table V.

TABLE V
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Component Description
Power Devices Si/Dy — Sg/Dg SPW47N60C3
Clamping Diodes Dy — D, DSEI30-10AR
Rectifier Diodes D1 —Dj4 MBR40250TG
Turns Ratio of Transformer 7 (n : 1) 25:8

Added inductor plus Leakage Inductor L, (uH) 47.7

Input Capacitors C;; and C;, (uF) 470

Flying Capacitors Csi and Cs2 (uF) 47

Output Filter Capacitor C, (uF) 470

Output Filter Inductor L, (uH) 140

Switching Frequency (kHz) 50

The derivation of the current expressions in Table IV are pre-
sented as below based on Fig. 5.
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