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Three-Level Bidirectional DC-DC Converter With an
Auxiliary Inductor in Adaptive Working Mode for
Full-Operation Zero-Voltage Switching

Zhigiang Guo, Member, IEEE and Kai Sun

Abstract—This paper proposes a three-level bidirectional dc—
dc converter with an auxiliary inductor for full-operation zero-
voltage switching (ZVS) in high-output voltage applications. The
auxiliary inductor is connected across the middle node of the split
flying capacitors and the center tap of the secondary winding in
the transformer. In this topology, the outer and inner switches in
the three-level stage can generate two independent 50 % duty-cycle
square waveforms, which are used to control the current in the
auxiliary inductor to extend the ZVS from no loads to full loads.
Considering the phase-shift angle in three-level stage, the ZVS
range of the converter is analyzed, and the modulation trajectory
to maintain the full-operation ZVS range with low condition loss is
proposed. A flowchart implementation can guarantee the seamless
transfer in different working modes. Then, the conduction loss in
the proposed converter is compared with the previous three-level
bidirectional solution, which illustrates that the conduction loss
in the proposed converter only increases in light loads. Finally,
the experimental results verify the theoretical analyses and ZVS
performance across the whole power and voltage range, and the
efficiency curves demonstrate the efficiency improvement.

Index Terms—Auxiliary inductor, dual active bridge (DAB),
three level, zero-voltage switching (ZVS).

1. INTRODUCTION

DUAL active bridge (DAB), shown in Fig. 1(a), is the
A typical solution in bidirectional dc—dc converters [1], [2].
The DAB converter is first proposed in [3] and [4]. The two
full bridges generate two 50% duty-cycle square waveforms.
The bidirectional power flow can be achieved by the phase shift
between the two square waveforms. When the effective volt-
age amplitudes of the two square waveforms are almost the
same, the converter can achieve high efficiency. However, when
the effective voltage conversion ratio deviates from 1, the con-
verter may lose soft switching and large circulating current also
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Fig. 1. (a) DAB converter. (b) EPPS modulation.

degrades the efficiency. Therefore, researchers did not pay much
attention on this converter. With developing of the energy stor-
age system in the microgrid and battery charger in an electrical
vehicle, the DAB converter is becoming a good solution for
bidirectional de—dc converters.

To overcome the drawbacks for large circulating current in
DAB converters, a pulse width modulation (PWM) plus phase
shift (PPS) is proposed for wide voltage applications [5]. Many
modulations derived from PPS have been employed in DAB
converters, and an extended PWM plus phase-shift (EPPS) mod-
ulation has been proposed in [6], and the typical waveforms are
shown in Fig. 1(b). In Fig. 1(b), a full bridge with larger effec-
tive voltage generates a three-level voltage waveform, while the
other one generates a 50% duty-cycle square voltage waveform.
A minimizing conduction loss modulation [7] is also classified
into EPPS. The full bridge on the larger voltage side works in
PWM control, and the duty cycle is calculated by particular
calculation and analysis of converter loss. A triangular current
mode modulation has no circulating current in the transformer
[8]. However, some switches work in zero-current switching
(ZCS) instead of zero-voltage switching (ZVS). Therefore, it is
not suitable for MOSFETs under high switching frequency.

To extend the soft switching, the modulations to generate
two three-level voltage waveforms for two full bridges have
been proposed in [9]. However, the converter suffers from high
peak current. A trapezoidal modulation can maintain the con-
verter to work in boundary current mode [10], reducing not
only the root-mean-square (RMS) current in the transformer but
also the peak current. An EPPS modulation by using auxiliary
inductor can achieve a wide soft-switching range [11]. The full-
operating range ZVS can be achieved by using commutation
inductors in parallel with the active full bridges [12]. However,
the commutation inductors have circulating current in all opera-
tion modes. The amount of charge that is required to charge the
nonlinear parasitic output capacitances of the switches during

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Three-level bidirectional dc—dc converter.

commutation is analyzed for ZVS with nearly minimum cir-
culating current [13]. A hybrid half bridge and full bridge to
generate a four-level waveform is proposed for wide ZVS and
low conduction losses [14]. The essence of these strategies is
to extend more degrees of freedom for the soft switching and
conduction loss reduction. The auxiliary resonant commutated
pole composed of auxiliary inductor and switches can reach full
ZVS capacity [15], [16]. In addition, an auxiliary commutated
inductor in [17] can be extended to any full-bridge power stages
for wide ZVS operation. However, the current in the auxiliary
components increases the conduction loss in whole operation
modes.

To simplify the conduction loss analyses of the different oper-
ation modes, a frequency-based strategy for DAB converters has
been analyzed to optimize the conduction loss [18], [19]. The
fundamental components in voltage and current are extracted
by using Fourier transformation. The analytical methods for a
sinusoidal ac grid can be used. However, it also aims to reduce
the conduction loss without considering the ZVS. Furthermore,
it is not accurate enough for the light-load case. Recently, the
frequency-domain analyses were conducted a compromise be-
tween the conduction loss and ZVS of the switches [20], [21].
However, these did not provide the implementation in a closed-
loop control.

The voltage level in the dc microgrid has reached 600-800 V
or higher. Si-based MOSFETs in this voltage level have large
turn-on resistance and output capacitance, which causes large
conduction loss and switching loss. Insulated-gate bipolar tran-
sistors can meet this voltage level, but it does not meet high
frequency requirement due to the tail-current effect. SiC-based
MOSFETsS can meet high switching frequency and high-voltage
applications, but the cost is still very high. To meet high dc
voltage applications with low cost, a three-level bidirectional
dc—dc converter was proposed [22], as shown in Fig. 2. The
three-level structure has been extended to current-fed bidirec-
tional dc—dc converters [23]. By controlling the slew rate of the
current in the transformer, the conduction loss is reduced. By
replacing some switches with diodes, a semiactive rectifier is de-
rived from the three-level structure for high-voltage applications
[24]. Splitting the flying capacitor into two series-connected ca-
pacitors, the rectifier can achieve quadruple step-up voltage by
using phase-shift control. By using split flying capacitors in the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 10, OCTOBER 2018

—Can

4 1 +
v » O
Vo
—Cn
D,
o4 “
Fig. 3. Three-level bidirectional DAB converter with an auxiliary inductor.

three-level stage, the outer and inner switches can generate two
50% duty-cycle square waveforms [25] in unidirectional dc—dc
converters, which can reduce the circulating current.

In this paper, a three-level bidirectional dc—dc converter with
an auxiliary inductor is proposed for full-operation ZVS from
no loads to full loads. The auxiliary inductor is connected across
the middle node of the split flying capacitors in the three-level
stage and the center tap of the secondary winding in the trans-
former. With this topology, the outer and inner switches can
generate two independent 50% duty-cycle square waveforms,
which are used to control the current in the auxiliary inductor.
The voltage balancing in flying capacitor is the significant issue
for all the three-level structure, which reflects the voltage stress
of the outer and inner switches. Whether dc—ac inverters or dc—
dc converters, the three-level circuit should keep the voltage
stress of the switches to be half of the dc-link voltage. However,
the conventional constraint for the three-level converter is not
suitable for the proposed converter. This paper investigates a
new module constraint for the proposed three-level structure. In
order to reduce the conduction loss caused by the auxiliary cir-
cuit, the modulation scheme in the three-level stage is designed
by the boundary of the ZVS range for the full-operation ZVS.

This paper is organized as follows. The three-level bidirec-
tional circuit and operation modes are described in Section II.
The key feature and ZVS range of the converter are analyzed in
Section III. According to the boundary of the ZVS range, the
modulation trajectory is investigated and the adaptive modula-
tion scheme for the ZVS from no loads to full loads is proposed.
The experimental prototype is verified in Section IV. Finally,
Section V provides the conclusion.

II. PROPOSED THREE-LEVEL BIDIRECTIONAL
DAB CONVERTER

Fig. 3 shows the circuit of the three-level bidirectional DAB
converter. Vi, is the battery voltage and V/, is the output voltage.
On the battery side, the power stage is a full bridge. To meet
high output voltage, the output-side power stage is a three-
level structure. There are two series-connected windings in the
secondary side of the transformer. The turns ratio of the three
windings Ny : Ny : N3 is 2 : n: n. The auxiliary inductor is
connected across the middle node of the split flying capacitors
and the center tap of the secondary winding. L, is the series
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inductor and L, is the auxiliary inductor for full-operation ZVS.
Cy1 and Cy, are the split output filter capacitors. The output filter
capacitance is large enough to regard v 41 and v 4o as constant
voltage sources. The power transmitted from the battery to the
output is defined as the forward power flow, and the power from
the output to the battery is defined as the reverse power flow.
Taking the forward power flow into consideration, the converter
can work in four modes, which are shown in Fig. 4. The gate
signals for (1 — Qg are 50% duty cycle. vap is modulated
by the phase shift between the two switching legs of the full
bridge, and D, is the effective duty cycle. T is the switching
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period. ¢, is the phase shift between vap and vco, and
is the phase shift between vap and vop. The working stages
in two halves of switching period are symmetrical. One of the
split output filter capacitor works in the half of the switching
period, the other one works in the other half of the switching
period. The output voltage of the split output filter capacitors can
be naturally balanced. Therefore, the voltage across the output
filter capacitors are V,, /2. In the three-level stage, the phase-shift
angle between vco and vop is very small. Otherwise, there is
large current in the auxiliary inductor. The converter cannot
work normally. The full bridge in the battery side must work in
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TABLE I
BOUNDARY CONDITIONS OF EACH MODE
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PWM in this case. The effective voltage amplitude in the batter
side of the full bridge is expressed as 1V}t . It must larger than
the voltage amplitude across vcp in the three-level stage in
EPPS modulation, which is expressed as V, /2. Therefore, the
converter must meet the conditions: nVi,.; >V, /2.

The boundary conditions of each mode are shown in Table 1.
Because of the symmetry of the working mode, the same con-
clusions for reversed power flow can be drawn. 7,5 is assigned
as the current component in winding N, interacted by winding
Nj. 113 is assigned as the current component in winding N3
interacted by winding V;. 493 is assigned as the current com-
ponent in winding N3 interacted by winding N, . Therefore, the
winding current meets the following condition:

1y = 2103
19 = 112 — 123 (1
13 = 113 + 223.

Ignoring the dead time of the gate signals, there are four
working stages for each working mode in half of the switching

@

Topological stages with half-switching period for Mode 1a: (a) [to,t1], (b) [t1,t2], (¢) [t2, 3], and (d) [t3, t4].

period. To illustrate, the working stages in Mode 1a are shown
in Fig. 5.

Stage 1 [ty,t1] [see Fig. 5(a)]: prior to ty, Q1,Qs,Qs, and
Qs are on, and @2, Q4, 05, and Q7 are off. Attg, (3 is switched
off and 4 is negative. The junction capacitor of ) is discharged,
and @, is turned on with ZVS. 41,5, and 3 start to increase.
Clamping diode D, is forward biased. The energy stored in aux-
iliary inductor discharges capacitor C49 and charges capacitor
Cys1 until 74 becomes positive. When 5 is positive, the body
diode of 7 is forward biased. The currents in each winding in
this stage are expressed as

i1 (t) = iy (to) + Dt oL Cn) (g — )
i2(t) = ina(t) + M(t to) ,
i (8) = i1 (to) + i””;;;/ﬁ*/i/‘%t w0
in3(t) = d23(to).

Stage 2 [t1,to] [see Fig. 5(b)]: atty,Qyg is switched off and
Q7 is turned on with ZVS. When i3 becomes positive, i3 flows
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through the body diode of Q5. When ig is positive, clamping
diode D, starts to become forward biased in this stage. The
energy stored in auxiliary discharges capacitor C; and charges
capacitor C,o. The current in each winding in this stage is
expressed as

i (t) = ( 1)+ Bt —t)
nViyat/ 2=V, /4
h2(6) = fra(ty) + MREESEE (- 1) N
i (t) = g (ty) + MR (1 — 1)
i23( —Zgg(tl) 2V2{14<t—t1).

Stage 3 [to,t5] [see Fig. 5(c)]: atty, Qg is switched off and
()5 is turned on with ZVS. In this stage, the power is transmitted
from the battery to the output. i still discharge C's5; and charges
capacitor Cygo. The voltage voss1 + vosso are clamped to the
half of the output voltage Cy; through Dy and Q5. The current
in each winding in this stage is expressed as

in(t) = i (ta) + Do L0 (¢ — 1)
i12(t) = ina(ty) + Ml 2l A (4 )

7L2L,,/2 @
in3(t) = ing(ty) + Lol 2=leld
iz3(t) = in3(t2)-

nQL,,/2 (titQ)
Stage 4 [t3,t4] [see Fig. 5(d)]: atts, @ is switched off, and
11 starts to charge and discharge the junction capacitor of ()1 and
@>. When i; flows through the body diode of @5, Q- is turned
on with ZVS. The status of the switches in the three-level stage
is the same as Stage 3. The current in each winding in this stage
is expressed as

i1 (t)
i12(¢)
i13(t) = d13(t3) —
i23 (t) = i23 (tg )
Based on (1)—(5), current 71, i, and i3 at the time of ¢, t1, to,
and t3 can be derived. The working stages in Modes 2a, 3, and
4 can be analyzed in the same manner. Current 7y, 75, and i3 for

different working modes at the time of ¢, ¢, t2, and ¢35 are also
shown in the Appendix.

=ii(ts3) —
= ilg(tg) — nyz,/;Q (t - tS)

V,/4
nsz/Z (t - t3)

%@(t—ts)

)

III. KEY FEATURE AND MODULATION SCHEME
OF THE CONVERTER

A. Voltage Balance of the Flying Capacitor

The key feature for three-level converter is that the voltage
stress of the switches is reduced to half of the dc-link voltage.
Therefore, the challenge for the three-level converter is how
to maintain the voltage stress of the outer and inner switches.
Whether the modulation scheme for conventional three-level
circuits in dc—ac inverters or dc—dc converters [26]-[28], the
outer switch should be turned off before the inner switch is
turned off, or the voltage stress of the switches is not equal to
half of the dc-link voltage. As seen the conventional three-level
stage in Fig. 6(a), when @5 is turned off before ()7 is turned
off, node M is clamped to the node D. The voltage across (s
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Fig. 6. Equivalent circuit in conventional three-level stage: (a) @5, Qs , and

Qg are turned off, and Q7 is turned on, (b) ()5 and Q@7 are turned off, and Qg
and Qg are turned on.

(@) (b)

Fig. 7. Equivalent circuit in the proposed three-level stage: (a) @5 is turned
off before Q7 is turned off, and (b) Q7 is turned off before Q5 is turned off.

is equal to the voltage across capacitor Cy;, which is half of
the dc-link voltage. As seen in Fig. 6(b), when Qg and Qg is
turned on, the voltage across Q5 still can be clamped to half
of the dc-link voltage. The flying capacitor is clamped to Cys
through D; and g, and the voltage across the flying capacitor
maintains V, /2.

Fig. 7 shows the equivalent circuit of the three-level stage
in the proposed converter. When Q)5 is turned off before ()7 is
turned off, the equivalent circuit is shown in Fig. 7(a). vop leads
vco, and ig flows out of node O. is is larger than i3. Therefore,
the energy stored in the L, will charge capacitor Cy41. The
voltage vess1 + Vo ss2 Will become larger than V, /2, and Do
will be reverse biased. The voltage stresses of the inner switches
@7 and Qg will be larger than half of the dc-link voltage, so the
switches may be damaged. When ()7 is turned off before Q5 is
turned off, i.e., vco leads vop, the equivalent circuit is shown
in Fig. 7(a). In this case, i flows into node O. i3 is larger than
19, so the energy stored in the auxiliary inductor will discharge
the capacitor Clg;. The voltage vess1 + voss2 Will be less than
V, /2. Inthis case, C 1 and Cy,9 will be clamped by Cyy1 through
Dy and Q5. Therefore, the flying capacitor can maintain half of
the dc-link voltage. When Qg and (Jg are switched on, the same
conclusion can be drawn.

In above, the constraint for conventional three-level convert-
ers is not suitable for the proposed three-level structure with
auxiliary inductor. In order to keep the voltage stress of the
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Fig. 8. Commutation during the dead time for @)1 and Q4: (a) 1 and
(b) Q4.

switches to be half of the dc-link voltage, vco should not lag
behind vop, i.e., ¢, should be no less than ¢, .

B. ZVS Analyses for Q1 — Q4

Because of the symmetry in two halves of the switching pe-
riod, the ZVS conditions for ()1 and () are the same, and the
ZVS conditions for 3 and 4 are the same. Therefore, the
conditions for (); and @), are analyzed in half of the switching
period. The commutation during the dead time for Q; and Q4
is shown in Fig. 8. To achieve ZVS of @1 and @4, 7; should be
negative and large enough, i.e., i1 < Izvg, where Izyg is the
minimum current to charge and discharge the junction capaci-
tors of the switches during the dead time. Therefore, the ZVS
constraint for ()7 and @4 is shown in Table II.

Considering the voltage—second balance of the primary and
secondary windings in the transformer, nV} ,; D1 should equal
Yo(1 - £b 4 £4) If the effective duty cycle D; is designed as

2
Vo Yo Pa
D, = (1 . —) D,,. 6

! ZnM)at ™ + ™ + ’ ( )

Table II can be rewritten to Table III.
Summarizing Table III, as long as % > Iyzvs, i.e.,

D,, > % then (Q; — Y4 in every mode can achieve ZVS.
m s

Therefore, D,, is selected as % in the following analyses
and prototype design.

C. ZVS Analyses for Q5 — Qg

Because of the symmetry in two halves of the switching pe-
riod, the ZVS conditions for Q5 and Qg are the same, and the
ZVS conditions for @7 and Qg are the same. Therefore, the
conditions for Q5 and ()7 are analyzed in half of the switch-
ing period. The commutation during the dead time for ()5 and
@7 is shown in Fig. 9. To achieve ZVS of @5 and Q7,is
and ¢3 should be positive and large enough, i.e., i2 > Izvsg
and ¢35 > Izygs. The angle error between ¢, and ¢, is denoted
as Aw. Defining ¢, = ¢ — AQ—"" and ¢, = p + %, ie., ¢ =
22320 and A = @), — ¢, the ZVS constraints for Q5 — Qs
are shown in Table IV.

To achieve ZVS for ()5 and @7 in all the operation modes,
the following condition conditions should be satisfied:

1) Asseen for Mode lain Table IV, if the phase shift angle ¢

is large enough, the ZVS for Q5 and Q7 is easy to achieve
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ZVS. When Ay = 0, the following condition should be
satisfied for the soft switching of Q5 and Q7:

(V:) - 2”%%) Ts

nvi)ath 2£

8n?L,

4n? L,

> Izvs. (1)
T

Rewriting (7), the phase-shift angle ¢ should meet the fol-
lowing condition in this case:

where ¢, =

2nlyysnl, +

Voat T

¥ Z ©m1

(2

V,
nVhat

4

®)

). If ¢ > ¢, and

Ay > 0, then Q5 and ()7 in Mode 1a can achieve ZVS.
2) When ¢ < ¢,,1, the ZVS of @5 — Qg is obtained with
the aid of auxiliary inductor L,. As seen for Mode 1a in
Table IV, the ZVS condition for )5 is expressed as

i3(t2) =

(‘/0 - 2”‘/1);1‘0) T@

nvbat Te 2£

Rearranging (9), Ay is expressed as

s
A"O =z nViyai T

8n?L, 4n?L, T«
nv{da‘rTg V;)Tg ASO
_— — > 1 .
< 4n2L, 32La) = lzvs. )
<I (V:) - 2”%&) Ts
L VoT. \1ZVS T 2
an?L, + 32L, 8nL,

4n? L,

nVhat T 2<P>

™

(10)

As seen for Mode 1a in Table IV, the ZVS condition for Q7

is expressed as

(V;) - 27’7/%%) Ts

n‘/bat Ts 2@

ia(t1) =

8n2L,

V:)Ts _ nv:bat Ts
4n? L,

32L,

4n?L, w

A
)¢>IZV
i

Rearranging inequality (11), Ay is expressed as

Ap 2 vy
321, inL,
Wt T 29

4n2L,

?)

s. (D

(‘/o - 2nvbat) T@

I —
( VA Sl

12)

If (12) is satisfied, then (13) is satisfied. Moreover, w2ls —

Vhat T

32L,

“batzs ghould be greater than zero. Therefore, the auxiliary

4n L,

inductor should meet the following condition:

nV,L,
<

8%‘& ’

13)

3) As seen in Table IV, the ZVS condition for (05 in Mode
2a is the same as that in Mode 1a, so it is also expressed

in (10).

4) The ZVS condition for ()7 in Mode 2a is expressed as

is (o) :(

Vo T
8L,

Vo
32L,

)

% _ nvi)atDm

s

4L,

T
> Izvs.

(14)
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ZVS CONDITIONS FOR Q1 AND Q4
1 D Pa 1 D Pa Pa 1 D
) o _<§_TI)S? (§—T>Ts§% Y?S_<7_Tl T, <0
Mode la 5 — Tl < % < £ <5 Mode 2a b Mode 3 b Mode 4 )
1 4 4 1 1 [
S(ﬁ—T])STh S%S(E—T’)Te S(E_T])ﬂS#L
. ou ) _ [ v b1y . _ | viapiTs ,
—zl(t3):—[(2‘7—+%—D1> —11(?‘/3)——[—”1% —’ll(ts)——{% i (t1) = <1+4ﬂ—“ %)
o Ts Viat D1 Ts Pa Pa b o Ts Vhat D1Ts
ZVS for Q1 g/n; + %:I < —Izvys 7(D1 5”7(— — (’:r—b) 7(D1 — -‘;rL — p?,) % — % < —Izvysg
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6) As seen in Table IV, the ZVS condition for )5 in Mode 4
Qs is the same as in Mode 1a, which is expressed in (10).
— 7) The ZVS condition for ()7 in Mode 4 is expressed as
(]
C1 i (t ) > (V;) - 2”‘/bat)Ts nvi)ath 230
200 - —
—C 0 8n2L, an2L, =
1) D
+ V:)Ts + anath A@ > I (16)
—T ZVS-
Cs2 32L, 4An?L, i
T D, Rewriting (16), Ay is expressed as
Ap > i Ipvs — (VO*Qanat)Ts VhatTs 2£
(a) (b) = V T; VIStLT,s 8n2L, dnl, =
Fig. 9. Commutation during the dead time for Q5 and Q7: (a) )5 and 17)

(b) Q7. Above all, the ZVS condition for Q5 — Qs can be synthesized

to (12) in Mode 1a, (10) and (15) in Mode 2a, (15) in Mode 3,
It is independent of . Rearranging (14), Ay is expressed as and (10) and (17) in Mode 4.

Ap > Ap,, (15) D. Modulation Trajectory

- According to the ZVS conditions for Q5 — Qs in different
where A, = % working modes, Fig. 10 shows the ZVS range of Q5 — Qg for
5) Asseenin Table IV the ZVS condition for ()5 and Q7 in  different voltage conversion ratios, where L, = 24 pyH, T, =
Mode 3 is the same as the condition for ()7 in Mode 2a, 12.5 us,L, =12 pyH,n =1.5,1,,c = 1 A, and V, = 600 V.

which is expressed in (15). The ZVS area is in the shadow region of the figures. As seen,
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TABLE IV
ZVS CONDITIONS FOR Q5 AND Q7
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i /4 T nE w4 s 2 »
P “Pm1 E 0
¢ (rad) ¢ (rad) Pl (rad)
(@) (b) (©
Fig. 10.  ZVS range and modulation trajectory for different voltage conversion ratios: (a) V, /(nVhat) = 2, () Vo /(nVhat) = 1.5,and (¢) V, /(nVpat) = 1.2.

with the increase of the conversion ratio, the ZVS area becomes
smaller. As seen in Fig. 6(a), the conversion ratio is 2, so the
effective voltage amplitudes across the primary and secondary
windings of the transformer are the same. In this case, the con-
verter only loses ZVS in light loads. When the output voltage
is constant and the battery voltage is increased, the conversion
ratio is decreased simultaneously. It is more difficult for the con-
verter to achieve ZVS with the increase of the battery voltage.
Therefore, if the effective voltages across the primary and sec-
ondary windings of the transformer do not coincide, the ZVS
range dramatically decreases.

With the help of the auxiliary inductor, the converter can
maintain ZVS performance within the whole power and full
voltage range. However, it may cause more conduction loss.
The modulation strategy for ZVS should be designed based on
the boundary of the ZV S range at the cost of low conduction loss.
As seen in Fig. 10, the coordinates of point E are (©,,2, Agy, ),
where ¢,,,2 is equal to %. The coordinates of point
F are (¢m1,0). The line EF is expressed as

A@m
Pm2 — Pm1

Ap = (@ = Pm1)- (18)

The modulation trajectories are shown in the solid line in
Fig. 10, which is based on the boundary condition analyzed
in Section III-C. The flowchart of the modulation trajectory is
shown in Fig. 11. The control diagram is shown in Fig. 12.
The output voltage reference V,, .ot is compared with the output
voltage. The voltage error is the input of the voltage controller
G, (s). The output of the voltage controller is the phase shift
angle . According to the flowchart in Fig. 11, Dy, ¢,, and
iy are calculated based on the ¢. Finally, the PWM signals of
Q1 — Qg are obtained.

Based on the flowchart of the modulation trajectory in Fig. 11,
the output power versus the phase-shift angle ¢ in per unit (p.u.)
for different conversion ratios is shown in Fig. 13. For dif-
ferent conversion ratios, the modulation trajectories are seam-
less transfers in different operation modes. The output power
increases monotonically with the phase-shift angle , when
—m/2 < ¢ < 7/2. In the proposed modulation trajectory, the
modulation trajectories for ¢, and ¢ for different conversion
ratios are shown in Fig. 14. It illustrates that ¢, equals ¢, when
the phase angle is large enough. Otherwise, Ay is greater than
zero for the ZVS of Q5 — Qs. As illustrated in Fig. 14, Ay
equals Ay, in Modes 3, 4, 2a, and 2b.
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According to equation (6), determine
D, for the ZVS of Q4.
Calculate @i, @2, APy,

v

Determine the control variable ¢,
where -nl2<¢p<n/2.

Mode 2a or
Mode 2b or
Mode 3 or
Mode 4
IV
[
Pa=p-Bp/2
Pp=0+00/2
Return
Fig. 11.  Flowchart of the modulation trajectory.

D

0y 0:-04
PWM —>
(3

Fig. 7 diagram

Y
Y

V—‘%» Gu(s)
v,

Fig. 12. Control diagram of the converter.

Vol (nVya)) =2
Vo (Vi) =1.5
Vol (Vi) =1.2

P,(p.u.)|
0.8

06- 1
04l Mode la |

0.2;
Mode 3

| Mode 1b

-n/2 -m/4 /4 w2

17 (urad)

Fig. 13.  Output power versus phase-shift angle ¢ for different voltage con-
version ratios.

Within the whole load range, the proposed converter can
achieve ZVS. Actually, if Ay equals zero, the working modes
in the proposed converter are the same as the three-level bidi-
rectional converter with EPPS, whose output power versus the
phase-shift angle ¢ in per unit (p.u.) is shown in Fig. 15. The
shadow area is the hard-switching range. With the decrease of
the voltage conversion ratios, it becomes harder for the converter
to achieve soft switching.
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Fig. 14. Modulation trajectories for ¢, and ¢, for different volt-

age conversion ratios: (a) V,/(nVhat) =2, (b) V,/(nVhat) = 1.5, and
(C) VD/(anat) =12

E. Conduction Loss Comparison

To study the conduction loss, the RMS of the current in the
transformer should be calculated. The RMS of i; reflects the
conduction loss on the battery side of the switches, and the RMS
of 7o and i3 reflects the conduction loss on the output side of the
switches. Therefore, the RMS current in the converter is defined

as
1 1 Ts 1 Ts
InMs = —1 ) — 2 () dt — o2 (t)dt
RMS n\/Ts/o i1”(t) +\/11/0 in” (t)

19)
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Fig. 15. Output power versus phase-shift angle ¢ in per unit for extended
phase-shift control.
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Fig. 16.  (a) RMS current of the proposed converter and three-level converter

with EPPS. (b) Zoom-in figure of the dashed box in Fig. 12(a).

With the help of MATLAB, the RMS currents in the converter
for different conversion ratios are shown in Fig. 16. The solid
lines are the RMS current in the proposed converter, and the
dashed lines are the RMS current in the three-level converter
shown in Fig. 2 with EPPS. Fig. 16(b) is the zoom-in figure
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Drive ciruit

Auxiliary
inductor L,

Fig. 17.  1.2-kW proposed converter.
TABLE V
DETAILED SPECIFICATIONS
Items Symbol Parameter
Battery voltage Vb at 200-300 V
Output voltage Vo 600 V
Turns ratio of the transformers n 1.5
Switching frequency fs (Ts) 80 kHz (12.5 ps)
Primary switches Q1-4 FQL40NS50
Secondary switches Q5-3 FQL40NS50
Clamping diodes D1, D> DSEPI12-12A
Series inductor L, 24 uH
Auxiliary inductor L, 12 pH
Output filter capacitance Ca1,Cao 10 uF
Flying capacitance 5515 Css2 4.7 uF

of the dashed box in Fig. 16(a). As seen, the conduction loss
in the two converters is the same under heavy loads. When the
effective conversion ratio is 2, the three-level converter with
EPPS only loses ZVS status with light loads. To guarantee the
ZV S within whole power range, the proposed converter has more
conduction loss. However, the switching loss is the dominant
losses with light loads, and the conduction loss does not have
a strong impact on the efficiency in this case. Moreover, the
conduction loss with heavy loads in the proposed converter is
the same as the three-level converter with EPPS. Therefore, hard
switching in the three-level converter with EPPS may degrade
the efficiency. With the decrease of the conversion ratio, i.e.,
with the increase of the battery voltage for the constant output
voltage, it is much harder for the three-level converter with
EPPS to achieve ZVS of all the switches. According to the
modulation trajectory, the proposed converter can maintain ZVS
of all the switches within the whole power range and over a wide
voltage range with low conduction loss, so the efficiency can be
improved.

IV. EXPERIMENTAL VERIFICATIONS

A 1200-W experimental prototype with a 200-300 V bat-
tery voltage and 600-V output voltage was built to verify the
proposed converter. Fig. 17 shows the prototype used for test.
The detailed specifications are shown in Table V.

Fig. 18 shows key waveforms for the forward power flow
with light loads. To achieve ZVS of all the switches with light
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Fig. 21.  Measured key waveforms for the reverse power flow in heavy loads:
(c) Vhat =280V, P, = —1000 W.

loads, the current in the auxiliary inductor should be used, and
the angle error Ay is greater than zero. Fig. 18(a) shows the
key waveforms when V4,1 =200V and P, = 280 W. In this
case, the converter works in Mode 4. As seen in Fig. 18(b) and
(c), with the increase of the battery voltage, D, is decreased. In
these cases, the converter transits into Mode 3.

(@) Vipay = 200V, P, = —1000 W, (b) Via = 240 V, P, = —1000 W, and

Fig. 19 shows the key waveforms for the forward power flow
with heavy loads. In Fig. 19(a), when the battery voltage is
200 V, the converter works in Mode 1a for a 1200-W load and
the angle error Ay becomes zero. In Fig. 19(b), when the battery
voltage increases to 240 V, the converter still works in Mode
la. The currents in the transformer are large enough for ZVS
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Fig. 23.  Gate signal and drain—source voltage of switch Q3: (a) Vi,,; = 200 V, P, = 280 W, (b) V},,¢ = 280V, P, = 280 W, and (c) Vi, = 280V, P, =
—334 W.
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Fig. 24. Gate signal and drain—source voltage of switch Q5: (a) Vyat = 200V, P, =280 W, (b) Vhat =280V, P, =280 W, (¢c) Vot =280V, P, =
—334 W.

during the commutation, so the angle error Ay is still zero. In
Fig. 19(c), when the input voltage is 280 V, not all the switches
can achieve ZVS for a conventional three-level converter with
EPPS, so the angle error A is greater than zero. As seen in
Fig. 19(c), the converter works in Mode 2a in this case.

Fig. 20 shows the key waveforms for the reverse power flow
with light loads. In Fig. 20(a), the converter works in Mode 4.
In Fig. 20(b), the converter works in Mode 2b. In Fig. 20(c), the
converter works in Mode 3. In these cases, A is greater than
zero for the ZVS of Q5 — Qs. The working modes in Fig. 20
are nearly symmetrical with those in Fig. 18.

Fig. 21 shows the key waveforms for the reverse power flow
with heavy loads. In Fig. 21(a), the converter works in Mode
1b. The current in the transformer is large enough to achieve the
ZVS of all the switches, so Ay is equal to zero. In Fig. 21(b),
the battery voltage is 240 V, and the power is —1000 W. The
converter works in Mode 1b, but Ay is greater than zero. As
illustrated in Fig. 21(c), with the increase of the battery voltage,
the phase angle is decreased and the converter switches to
Mode 2b.

Fig. 22 shows the gate signal and drain—source voltage of
switch Q. In different working states, i; is less than zero

during this commutation, illustrating that J; works in ZVS in
both forward and reverse power flow. Qo operates in the same
working mode in the other half of the switching period, so it
also can achieve ZVS.

Fig. 23 shows the gate signal and drain—source voltage of
switch Q3. Before Q3 is turned on, iy is greater than zero in
different working modes, which highlights the ZVS of Q3 in
both forward and reverse power flow. (4 operates in the same
working mode in the other half of the switching period, so it is
also easy to achieve ZVS.

Fig. 24 shows the gate signal and drain—source voltage of
switch Q5. As seen in different working states, before Q5 is
turned on, 73 has a large current to charge and discharge the
junction capacitors of Qs and @5. Therefore, ()5 can work in
ZVS in both forward and reverse power flow. (Q¢ operates in the
same working mode in the other half of the switching period, so
it is also easy to achieve ZVS.

Fig. 25 shows the gate signal and drain—source voltage of
switch Q7. As seen in different working states, io has large
enough value to charge and discharge the junction capacitors
of Qg and Q)7 before )7 is turned on. It demonstrates the ZVS
performance for )7 in both forward and reverse power flow.
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Fig. 26.  Efficiency curves for the proposed converter and the three-level bidi-

rectional converter with EPPS at (a) Vi, = 200V, (b) Vh.¢ = 240V, and
(c) Vihay = 280 V.

(s operates in the same working mode in the other half of the
switching period, so it also achieves ZVS.

The measured efficiency curves for the proposed converter
and the conventional three-level bidirectional converter shown
in Fig. 2 with EPPS are illustrated in Fig. 26. Fig. 26(a) shows the
efficiency curve for the 200-V battery voltage. In this case, the
effective conversion ratio is 2, while the slew rate of the current
in the transformer during the power transmission interval is zero.
Therefore, the three-level bidirectional converter with EPPS has
a wide ZVS range. The converter loses ZVS status only in
light loads. The proposed converter can achieve full-operation
ZVS, so the efficiency in light loads is higher than that of the

Toom

@ 712 Apr

THowar [ FARLE THA I3 1
19k poiis __ 7ab v |peaias 1.0 rany |pasEn

[T

o8 v I 18k paints
Toour

®)

0.3317
11.797

5.6927

11.8387

Vhat=200V Vhat=240V Vbar=280V

B Conduction loss in Q1-04 (W)
= Series-inductor copper loss (W)

® Conduction loss in Q5-08 (W)
u Series-inductor core loss (W)

® Auxiliary-inductor copper loss (W) # Transformer copper loss (W)
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® Auxiliary-inductor core loss (W)

Fig. 27. Calculated power loss distribution under the rated load condition.

three-level converter with EPPS. As seen in Fig. 26(b) and (c),
with the increase of the battery voltage, it becomes harder for
the three-level converter with EPPS to achieve ZVS of all the
switches. However, the proposed converter still can maintain
high efficiency because of the ZVS performance within the
whole power and voltage range. Especially at the 280-V battery
voltage and a 1200-W load, an efficiency improvement of more
than 1% is achieved.

The calculated loss distribution under rated load condition
is shown in Fig. 27. With increase of the battery voltage, the
loss is increased. The conduction loss in the three-level stage
and loss in the auxiliary inductor are only in a small portion.
Therefore, the loss caused by the auxiliary components is very
low. However, because of the ZVS of all the switching, the
efficiency can be improved.

V. CONCLUSION

In this paper, a three-level bidirectional dc—dc converter with
an auxiliary inductor is proposed. The converter is composed
of a full bridge on the low voltage side and a three-level stage
on the high voltage side, linked with a transformer and a series
inductor. The flying capacitor in the three-level stage is split
into two series-connected capacitors. The auxiliary inductor is
connected across the middle node of the split flying capacitors
and the center tap of the secondary winding of the transformer.
The outer and inner switches in the three-level stage can gen-
erate two independent 50% square waveforms, which can be
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used to control the current in the auxiliary inductor. According
to the different working modes of the converter, the ZVS range
is analyzed, which is associated with not only the loads but also
the voltage conversion ratio. When the effective voltage conver-
sion ratio is 2, the converter only loses ZVS status under light
loads. With the decrease of the conversion ratio, the converter
encounters difficulty for achieving ZVS. Therefore, the current
in the auxiliary inductor is used to maintain the ZVS within
the whole power and over a wide voltage range. To reduce
the conduction loss in the auxiliary inductor, the boundary
condition of the ZVS range is used to design the modulation
trajectory. The flowchart of the modulation trajectory can
guarantee the ZVS of all the switches with low conduction loss.
Finally, the experimental results verified the ZVS performance
in the proposed converter. The efficiency curves demonstrate
the efficiency improvement for the conventional three-level
bidirectional dc—dc converter with EPPS.

APPENDIX

The current 71,9, and 73 at the time of ¢y, %1, ts, and t3 in
Mode 1a is expressed as follows:

(to) : VT VgD
i) = (14 %~ 2) B+ (22 1) g
in(t2) = (1+ 2 — 2) g +( 2o _q) Bgle (AD
in(ts) = (5= + 2 — D) g + B
g (ty) = DoPle — (222 — 2 D)) fele
iz (to) = (2 — 200 _ Dl) 1(‘,/;12T Vbé’tnDiT

—3s (- %)
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The current 41,75, and i3 at the time of g, %;,ts, and ¢3 in

Mode 2a is expressed as follows:

itlty) = (14 % = %) G — Vol

in(t) = (14 2 — ) oo — Y o,

i) = (14 2 —2) e — (122 ) B (Ad)
it(ty) = Yootle — (D) — 2 — 22) e

i1 (ta) = PPl — (14 Lo — 20 Lo

ia(t) = guatrs — Ve — e (S - )
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The current 41,19, and 73 at the time of ¢, ¢1,t2, and t3 in

Mode 3 is expressed as follows:
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The current 71, %2, and ¢3 at the time of ¢y, ¢y, %o, and t3 in
Mode 4 is expressed as follows:
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