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Guo Xu, Student Member, IEEE, Deshang Sha, Member, IEEE, Jiankun Zhang, and Xiaozhong Liao, Member, IEEE

Abstract—The unified boundary trapezoidal modulation (TZM)
control utilizing fixed duty cycle compensation and magnetizing
current design for dual active bridge de—dc converter is proposed
in this paper. The fixed duty cycle compensation and magnetiz-
ing current design are first introduced to achieve the zero voltage
switching (ZVS) of the power switches, which cannot be ensured
with the conventional TZM control. As a result, all the power
switches of dual active de—dc converter can achieve ZVS and four
switches can be turned off with very low current. Besides, based
on the revealed power transfer characteristic, the power control
variables including the duty cycles and phase-shift ratio can be
unified without lookup tables or operation region division. With
the proposed boundary TZM control, circulating current losses
can be reduced and nonactive power is significantly suppressed
according to the mathematic analysis, resulting in decrease of the
conduction loss. A 1.6-kW laboratory prototype is built to verify
the theoretical analysis and effectiveness of the proposed control.

Index Terms—Boundary trapezoidal modulation (boundary
TZM control), dual active bridge, fixed duty cycle compensation,
zero voltage switching (ZVS).

1. INTRODUCTION

HE dual-active-bridge (DAB) dc—dc converter, consisting
T of two active bridges and a high-frequency transformer,
is first proposed in early 1990s [1], [2]. Nowadays, it has be-
come a preferred topology for power conversion applications
that require galvanic isolation and bidirectional power flow due
to its many advantages, such as high-power density, bidirec-
tional power transfer capability, zero-voltage switching (ZVS)
and symmetric structure.
The conventional phase-shift (CPS) technique [3]-[5] is a
simple way to regulate the power flow of DAB converters, since
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the waveforms of the two voltages generated by the two ac-
tive bridges are both square waves with 50% duty ratio and it
only controls the phase-shift ratio between the two voltages.
Under CPS control, the unified control can be realized just by
the implementation of a PI regulator. However, when the volt-
age conversion ratio varies, the conversion efficiency could be
limited because of the conduction loss due to the high nonactive
power and the switching loss caused by limited ZVS ranges [6].
Meanwhile, it has been pointed out that the nonactive power
with CPS control is the main factor contributing to large peak
current and large conduction loss [7]. The extended-phase-shift
(EPS) control [8]-[10] is a typical improvement of CPS since
the inner phase-shift ratio of one active bridge is added as an-
other control degree of freedom to extend the ZVS operation
range and also reduce the conduction loss. To further reduce
the conduction loss and improve the performance of DAB con-
verter, both of the two inner phase-shift ratios (also called as two
duty cycles) for the two active bridges can be regulated, such
as dual-phase-shift (DPS) [7], [11], [12] and phase-shift plus
pulse width modulation (PSPWM) control [13]-[15]. PSPWM
control can also be called triple phase-shift (TPS) control as it
needs to control three degrees of freedom, including the phase-
shift ratio of the two bridges and two duty cycles. Actually, CPS,
EPS, and DPS can be regarded as the special case of TPS. Al-
though TPS can lead to optimized operation, it is complex since
the power transfer depends on three independent control vari-
ables. The selections of these control variables are very difficult
to be unified and are usually relied on a lookup table stored in
computer memory due to the complex calculation.

The nonactive current [7], [16], [17] causes additional con-
duction loss for DAB converters. The nonactive power loss is
defined in [17] and used as the optimization object to reduce
the conduction loss with TPS control. However, the selection
of the control variables is also not unified and hard to be im-
plemented in real time calculation. To reduce non-active power,
the triangular modulation (TRM) [18], [19] has no nonactive
power issue and can achieve zero current switching (ZCS) for
four switches. But the ZVS is lost for these ZCS switches. Even
though the modified TRM control is proposed in [20] and [21],
it still suffers from high-peak current and large rms current.
These issues can be avoided with the hybrid modulation [20]
using CPS at heavy load and the modified TRM control at light
load. While smooth transfer between the two modes is a chal-
lenge. Compared with TRM, the trapezoidal modulation (TZM)
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Fig. 1.

Topology of DAB dc—dc converter.

[19] can make the active bridge work with large duty cycles
and result in lower peak current and rms value. Meanwhile,
compared with the CPS, EPS, and DPS, nonactive current is
avoided. Although the operation principle of TZM has been dis-
cussed extensively in the literature, how to select the two control
variables including duty cycle and phase-shift ratio in an opti-
mized way has not been discussed yet. Besides, the ZVS of
four power switches cannot be achieved since the transformer
leakage current maintains zero when the power switches are
turned OFF.

A unified boundary TZM control utilizing fixed duty cycle
compensation and magnetizing current design for dual active
bridge dc—dc converter is proposed in this paper. This unified
control can be implemented by one regulator based on the intro-
duced boundary condition of TZM control. The fixed duty cycle
compensation and magnetizing current design are proposed to
achieve ZVS of the left four power switches, which cannot be
obtained for the converter with conventional TZM. With this
unified boundary control, ZVS of all the power switches can
be achieved and four switches can almost achieve ZCS. Mean-
while, the control strategy is unified and the nonactive current
can be minimized significantly.

This paper is organized as follows. The proposed fixed duty
cycle compensation and magnetizing current design based on the
ZVS analysis are discussed in Section II. According to the power
transfer characteristic, the unified control based on selection
for duty cycles and phase-shift ratio is presented in Section
III. Section IV introduces the implementation of the boundary
control. The experimental results are given in Section V. Finally,
the conclusion is made in Section VI.

II. FIXED DUTY CYCLE COMPENSATION AND MAGNETIZING
CURRENT DESIGN FOR DAB DC-DC CONVERTER WITH TZM

Fig. 1 shows the topology of DAB dc—dc converter. It con-
sists of two active bridges connected by a high-frequency trans-
former. The active bridge in the left side generates a high-
frequency voltage v4p, and the other one generates voltage
vo p. Bidirectional power transfer is controlled by the phase-
shift ratio between the two high-frequency voltages and their
duty cycles.

A. Conventional TZM

The operation principle of TZM is introduced in Fig. 2. @
is the phase-shift ratio between the voltages generated by two
active bridges, and D; and D, represent the inner phase-shift
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Fig. 2.  Typical operation waveform of TZM.

ratio of the two active bridges, respectively, which are also
named as duty cycles. T is the switching period and 1: n denotes
the transformer turns ratio. 7, and ¢, are the transformer currents
in Vi and V5 sides, respectively, which are also denoted in
Fig. 1. Unlike CPS and EPS control, neither Dy nor D, are
fixed as 0.5. They are both less than 0.5 and can be different
when V; is not equal to V5 /n. The relationship of Dy and Ds
for TZM is written as [21]

Dy = (nV1/V2)D:. ey

The power transfer under TZM is also given as

P = DD — (D -0 Va/m) @)
Lk f s
where f is the switching frequency. Compared with CPS, EPS
and other control method, TZM has its unique advantages such
as no nonactive power, ZCS, and changeable duty cycles when
the input and output voltage is not matched.

B. ZVS Conditions for DAB Converter with Conventional
TZM Control

To achieve ZVS of power switches for a conventional full
bridge converter with phase-shift control, the energy in the in-
ductive components must be high enough to charge/discharge
their junction capacitors completely. The dead time of the two
switches in the same leg should also be properly designed
to ensure that the charge/discharge process is finished before
switches are turned ON. This principle is also applied to TZM
DAB converter. Just like the conventional full bridge converter,
the switches in the lagging leg can achieve ZVS easily be-
cause the transformer leakage current is almost approaching its
maximum value before these switches are turned ON. As for
the leading leg switches, the transformer leakage current is al-
ways zero when the switches are turned OFF if the magnetizing
current is ignored. ZVS is impossible as there is no current
to charge/discharge the junction capacitors. Consequently, for
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Fig. 3. ZVS conditions for S1 and S2. (a) Circuit. (b) Waveforms.

TZM DAB converter, S3, Sy, S5, and Sg can achieve ZVS,
while Sy, Sy, S7, and Sg cannot [19].

The leg composed of S} and Sy is taken as an example to
analyze ZVS conditions for these leading legs, as shown in Fig.
3. Because the two switches are the same type, the junction
capacitors are both denoted as 'y in Fig. 3. When S5 is turned
OFF at time tg (ts is denoted in Fig. 2), none of the two switches
conducts and the secondary side of the transformer is shorted.
The corresponding equivalent circuit is shown in Fig. 3(a) and
related current and voltage waveforms after g are shown in Fig.
3 (b).

To charge/discharge the junction capacitors, the energy stored
in the inductor L, should be larger than that in the two capacitors

0.5Lyi,%(tg) > 0.5C1 V1% +0.5C, V; 2. (3)

The current should charge the junction capacitor of Sy before
Sy is turned ON. Therefore, p(tg) < 0. According to (3), it can
be written by

ip(ts) < —ViV/2C1 /L. 4)

Meanwhile, according to the circuit in Fig. 3(a), the relation-
ship of 7, and vg,» is

Lkdip/dﬁ = VUgs2
ip = Cld(‘/l — ”Udsz)/dt — Cldvdsz/dt = 7201d’l)d52/dt

(5)
where vgs1 and vg4o are the junction voltage for S; and S5,
respectively.

The initial value of v 4o is
Uds?(tB) = 0. (6)
Based on (5) and (6), vgs2 can be expressed as
—i, (T t—t
vasa (t — ts) p(fs) ) (7)

T V2L VRGL:

The charging process is not finished until v445 reaches its
maximum value V;. Based on (7), the charging time 7} can be
written by

Ti1 =t —ts = /2C) Ly, arcsin[—Vi/2C4 /Ly, /i, (ts)].
3
S1 should be turned ON after the charging process is over.
Meanwhile, when i, reaches zero, the junction capacitor of .Sy
starts to discharge, causing loss of ZVS. As aresult, S; should be
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turned ON before 7, reaches zero. Therefore, as also illustrated
in Fig. 3(b)

Tcl < Tdeadl < T’r1~ (9)
Based on (7)
dvgs .
ip (te1) = 201 =2 (te1) = i (ts) cos | (ter — t5)/v/2C1 L)
/ (10)
Since Ly i, (te1)/Tr1 = Vi, T,1 can be expressed as
Vi
- + T, (1)

Tr = .
! Lyi,(ts) cos(Te1 /v/2C1 Ly,)

To sum up, the minimum current for achieving ZVS of S has
been illustrated in (4). The limit for the dead time is also given
in (8), (9), and (11).

Likewise, ZVS conditions for the other three switches
(S2, S7, Sg) can also be summed up in Table L. ¢3, ¢4, t7, and
ts are the switch turn OFF instants denoted in Fig. 2; C5 is the
junction capacitor of switch S; or Sg; Ly = n? L;,, which is the
equivalent transformer leakage inductance of V5 side reflected
from V] side.

C. Proposed Fixed Duty Cycle Compensation

The proposed fixed duty cycle compensation is shown in Fig.
4 to achieve ZVS for S; and Ss. As illustrated, instead of using
the relationship of duty cycles in (1), a duty cycle compensation
value D, is added and expressed as

Dy = (nVi/V3)Dy — D,. (12)

As shown in Fig. 4, unlike the conventional TZM method, a
bias current (I,,) occurs in ¢, at the moment (4 or tg) when S;
or S5 turns OFF. If this bias current is properly designed, it can
be used to charge/discharge the junction capacitor to achieve
ZVS.

Since phase-shift control is used, the polarity of the bias
current during the interval ¢35 — ¢, should be reversed with the
one during interval 7 — ¢s. The relationship of ¢(,«,) and
i(p)(t;) can be expressed as

ip(ts) = —ip(ts) = Ip. (13)
Meanwhile, i, y(+,) can also be calculated as
ip(t3) = To(D1Vi — DyVa/n) [ Ly — 1. (14)
Substitution of (12) and (13) into (14) yields
Iy = D.T,Va/(2nLy). (15)

According to the ZVS conditions in the previous section, to
achieve ZVS for S; and Ss, the bias current must be larger than
the minimum charge current

Iy > I min = Vi/2C1/ Ly.. (16)
Then based on (15) and (16), D, should be design as
D, > 2nVi\/2C Ly /(T Va). 17

Equation (17) shows that a minimum duty cycle compensa-
tion value D, can be designed to achieve ZVS for S; and S
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TABLE I
ZNV'S CONDITIONS FOR THE FOUR SWITCHES

51 Sy Sz Ss

Current range i, (ts) < —Iimin  p (t4) > Iimin is(t3) < —Iymin is(t7) > Iomin

Dead time Ter <Tgeaar < Tr1 Teo <Tieaasr < Ty

T.o = /205 L5 arcsin 72" Va — + Teo, Iomin = Vz\/ =V \/qpl

Ikhvs(t;;)cos \/Tﬁ
Fig. 5 illustrates the waveforms of 7,,, the magnetizing current
Vi | I Vas im, and 74 utilizing the magnetizing current. In this case, the
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Fig. 4. Fixed duty cycle compensation.
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Fig. 5. Magnetizing current design to achieve ZVS for S7and Sg.

regardless of the load. This implies the ZVS achievement is not
affected by the output power. It is worth noting that the dead
time can be designed according to its limit in Table L.

D. Magnetizing Current Design to Achieve ZVS for S; and Ss

In the literature, the magnetizing current of the transformer is
seldom considered for nonresonant DAB converters. Based on
Table I, to achieve ZVS of Sg, (p)(t4) > T1min; While to achieve
ZVS for Sy, i(s )(ts) < Igmm However when the magnetizing
current is 1gn0red U(p)(ty) = Mig(t,) > Whichis illustrated in both
Figs. 2 and 3. This leads to a conflict between ZVS conditions
of Sy and S7, resulting in that only one of the two switches
can achieve ZVS. Similarly, the conflict also exists between
ZVS for S and Sg. As a result, although ZVS of S; and S,
can be achieved with the proposed duty cycle compensation,
ZNS of S7 and Sy still cannot be obtained. To obtain the ZVS
conditions: iy;—3 < —Ioyin and ig;—7 < —Io iy for S7 and
Ss, the magnetizing current ¢, can be utilized as shown in Fig. 5.

waveform of ¢, is the same as the one shown in Fig. 4, while
the value of ni, is written by

(18)

where 7 is the turns ratio as mentioned before, and ni, is the
current of transformer in V5 side reflected to V] side.

As shown in Fig. 5, at t3, 4,, is equal to I, and the fol-
lowing can be obtained during interval ¢; — t3:

iy = iy — im

BB )
Rearranging (19) yields
Lnax = VaDoT, [ (2nLy, ). (20)
At t3, the bias current of 7, can be expressed as
Iys = —(Iy — Imax)/ 1 @

Substituting (20) into (21), the expression of the current bias
15 for V5 side can be obtained as

Iy, = VoD T, /(20n*Ly,) — I, /n (22)

where the expression of [, is shown in (15).
To design a suitable bias current I, in order to obtain ZVS
for S7 and Sg in Table I, its value is written by

Iy = VaDoT,/(2n* L) — Iy /n > Iomin- (23)

Once I, is certain, the dead time can also be designed ac-
cording to the dead time limit in Table 1.

III. POWER TRANSFER CHARACTERISTIC AND SELECTIONS
OF DUTY CYCLES AND PHASE-SHIFT RATIO

In this section, the power transfer characteristic is studied for
the unified control of duty cycles (D1, D) and phase-shift ratio
(D). The case when ¢ < 0 is not discussed since DAB dc—dc
converter is symmetrical in view of the topology and control.
Since the bias current is low, it is neglected in this section. Even
though D5 can be expressed by D; using (1), the power transfer
is still controlled by two control variables including both Dy
and @. Optimized selection of D ; and @ should be made since
there are numerous combinations of them for the same output
power.

Fig. 6 presents the qualitative waveforms of three possible se-
lections for the same output power transfer with TZM control.
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Fig. 6. Three conditions of D1 and ® for the same power transfer with TZM
control. (a) Small duty cycles and large ®. (b) Middle duty cycles and middle ®.
(c) Small ® and large duty cycles under critical continuous conduction mode.

During the interval ¢y — ¢1, v p is zero. The transformer cur-
rent does not contribute to the power transfer and only causes
circulating current loss. Similarly, the circulating current loss
also exists in the interval: ¢4 — t5. Compared with (a) and (b),
the duration lengths of these intervals are the shortest in (c) and
the maximum current is lowest, indicating lower rms current
and lower circulating current loss.

A. Selections of Duty Cycles and Phase-Shift Ratio for
Minimum RMS Circulating Current

As mentioned before, different control points of D; and @
generate different current waveforms, leading to different peak
currents and circulating losses. Therefore, it is necessary to
optimize duty cycles and the phase ratio.

Mathematically, based on the waveform in Fig. 6, i(¢1) and
i(t2) can be written by, respectively

i(h) = / Vi L) = V0T, L

to
, "y bV -V
i) = [ [ R
0 v 1 v
VT, nVi
(0] — —=1\)D; ). 24
nLk< +<V2 ) 1) (24)

The rms circulating current in a switching period for one
active bridge can be calculated as

t 2 t, 2
(e[ () e)/
—t ) di + —t) d; T

</tn (Lk t t5 Ly, '
_ vt [298
Ly 3

Ic,rms =

(25)
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Fig. 7. Plot of ¢ versus d; for different output power (V7 = 200V, Vy =

200V,n =1,L, = 30pH, f; = 50kH 2).

Equations (24) and (25) indicate that small @ results in lower
circulating current and i(t; ), causing low conduction loss and
peak current. However, if @ is too small, the power transfer
may be limited since decreasing of @ may reduce the output
power. Thus, it is necessary to find the minimum @ with the
precondition of the ability to transfer the required power.

Letp, dy, ds, and ¢ denote the variables for the equilibrium
values P, Dy, D, and @, respectively. Then, the power transfer
function in (2) is

p(di, ) = Vi(di®Vi — (di — ©)*Va/n) /(L f).

According to the working principle of TZM control, the
ranges for two duty cycles can be shown as

(26)

oly < diTs < 0.5Ts N Ty + do Ty < 0.5T5. 27
Substitution of d; Vi = dy V3 /n into (27) leads to
p<d <05Np+nVid/Vy <0.5. (28)

For a given fixed power P,, ¢ can be regarded as a function
of d;. Thus

oP,  OVi(di*Vi — (dy — ¢)*Va/n)/(Ly. f,)]

= =0. (29

od ady 29)
Simplification of (29) leads to

Op _ di(Va —nW1) — Vs (30)

dd, (di —p)Va

If Vi > Va/n, Op/dd; < 0,p is monotone decreasing with
d;. Therefore, minimum ¢ can be obtained at the boundary
condition in (28). When ¢ = d; , minimum ¢ cannot be got
because I, .x and I._., s are both the largest as also illustrated
in Fig. 6 (a). Therefore, the minimum ¢ for a given output power
P, exists at the boundary condition, which is described by

@ +nVidy /Va = 0.5(d; < 0.5). 31)

Fig. 7 shows an example for plot of ¢ versus d; for different
output power when V; =V, . As the output power changes
from 0 to 2200 W, the point of minimum ¢ changes from point
F to A and they all exist at the boundary, which agrees with the
aforementioned analysis.

If Vi < V5/n, (30) is not a monotone decreasing function of
dy . The minimum point can be calculated by setting d¢/0d; =
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Fig. 8. Plot of ¢ versus d; for different output power (V; = 180 V, Vp =
200V, n =1, L = 30 uH, fs= 50kHz).
0. Then

Pmin = dl min(‘/Z - n‘/l)/‘/?

Therefore, for a given power P,, if omin + nVidi min/Va >
0.5, the minimum ¢ exists at the boundary condition: ¢ +
nVidy /Vo = 0.5;if oiyin + nVidi min/ Ve < 0.5, the minimum
® is Pmin = dy min(‘/Q - n‘/l)/‘/Q

Fig. 8 plots ¢ versus d; with different output power when
V1 < V5 for one case. As seen, when the output power changes
from 500 to 2000 W, the point of minimum ¢ also occurs at the
boundary. When the power is relatively lower such as 0 or 200 W,
the points of minimum ¢ are point G and point H, respectively.
But the boundary points for the two output power plots occur at
point F and point E. In this case, the boundary condition is not
suitable for achieving minimum ¢. However, the calculation for
@min and diyin is complex, and the difference of ¢ between
the point H and E (or G and F) is very small. Therefore, when
V1 < Vo /n at light load, the boundary condition can still be
used to select D and @ to simply the calculation at the cost of
slightly increased circulating current and rms value.

(32)

B. Maximum Power Transfer Point

To investigate the combination of D; and @ for maximum
power transfer, the following function is defined as

@ +nVid/Vs =a,(0<a<0.5). 33)

When a changes from 0 to 0.5, this function can traverse all
the existed point (d;, ¢) for the power transfer function in (26).
Substitution of (33) into (26) and elimination of ¢ leads to

Vi, ViV
p(a,dl) kas (d1 ‘/1 (d] a + ‘/2 d1) 77,) (3 )
Then
dp(a,d 2V4
p(8d1 Do nVQlef (—(1e? +n°Vi? + nV1Va)d,

+(Va® + nWV1Va)a). (35)
Let Op(a, dy)/0d; =0, since —(Va* + n?Vi% + 2nV;V4)<O0,

the maximum power transfer occurs at the point when
(Va? +nVi Va)
(V2* + n2Vi” + nW1 V3)

a,(0 <a<0.5).
(36)

dl,p max (a) -
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Fig. 9. Power transfer function curve ( V3 = 200V, Vo = 200V, n =
1, Ly = 30 uH, fs = 50 kHz).
Substitution of (36) into (33) yields
v 15
(Ppmax(a)zidl,p max — 2 21/ 2 Q.
Vs +nV; (Va? +n2Vi? + 01 Va)
(37)

Then, substitution of (36), (37) into (34) yields

Pmax ((L) = ‘/1 (dlfp max2vl - (dlfp max ~ <pp max)zVQ /7')/(Lk fa)
B V12 V24 + TL2‘/12V22 + TZV1V23 a2
Ly f, (VE+n2V2 +nVi V)2 "7
Pmax(a) 18 @ quadratic function of a, and its maximum value
exists when a = 0.5. Therefore, the global maximum value of

p(dl ) QO) is

(0<a<05). (38)

P (05)_ ‘/’12 ‘/244—712‘/12‘/22—1—71‘/1‘/23
max \U- 4kas (‘/'22—5-”2‘/124-71‘/1‘/2)2

and the corresponding D1 sy and ¢, max are, respectively,
expressed as

(39

(Va? +nVi Va)
2(Va? +n2Vi? + nVi Va)
‘/'22
25 + n2Vi2 + nVi V)’
Note that Dy _j, 14 and ¢ mayx satisfy the boundary condition

in (31), which indicates that the maximum power occurs at the
boundary.

Dl,p max —

¢p max — (40)

IV. BOUNDARY TZM CONTROL AND ITS IMPLEMENTATION
A. Boundary TZM Control

As discussed in part A of Section III, the control point with
lower rms current and circulating loss for an arbitrary given
power occurs mostly at the boundary condition, and the maxi-
mum power point also exists at the boundary as mentioned in
part B of Section III. If this boundary condition is used for the
control of d; and ¢, two advantages can be obtained. One is that
the conduction loss can be reduced; the other is that the maxi-
mum power transfer will not be limited as the global maximum
power point exists at the boundary condition.

The curve of p(dy, ) is plotted in Fig. 9. As illustrated,
the maximum point exists at the boundary that agrees with the
mathematical calculation in Section III. Meanwhile, the bound-
ary control trajectory 77 is shown. This trajectory starts from
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the minimum point A and ends at the maximum point B. It can-
not run across point B because only one point should exist for
the same output power, namely the control trajectory should be
monotonous. As a result, the range for ¢ with the boundary
condition can be obtained as

O§@§¢pmax (4])
and the corresponding value range of d; is
Dl,pmax < dl g 0.5 (42)

where expressions of D1 _j, yax and ¢, yax are shown in (40).
If o is controlled through a PI regulator, based on the bound-
ary condition and the value ranges in (41) and (42), d;can be
obtained. Then, if d; is substituted into (1) dy can be calculated.
Therefore, the optimized control for the power transfer can be
realized by regulating the variable  to achieve real time control.

B. Implementation of Boundary TZM Control

Fig. 10 shows the control diagram for the boundary TZM
control. A PI regulator is used to control the voltage V5 through
control of (. As shown, when ¢ > 0, the boundary condition is
used to calculate d; and then ds is obtained based on (1). A small
constant A B is added in the boundary condition to ensure the
duration length of the bias currents, which can charge /discharge
the junction capacitor to achieve ZVS. Hence, A BT} should be
larger than the minimum charging/discharging time ¢.. When
¢ < 0, since the control principle is symmetrical, the boundary
condition can be obtained by interchanging Vi with V5 /n and
replacing d; with dy in (31). Using this boundary condition, ds
can be calculated, and then d; is also obtained based on (1). The
PWM generation unit generates all the switching signals based
on both the output of PI regulator () and the calculated control
variables (d; and d»).

V. EXPERIMENTAL VERIFICATION

A laboratory prototype was built to validate the feasibility of
the proposed ZVS method and unified boundary control strategy.

The initial parameters of the laboratory prototype are: 1)
Vi= 180—-240V, Vo = 200 V; 2) turns ratio: 1:1; 3) rated
power P, = 1.6 kW; 4) switching frequency f; = 50 kHz; e)
IXFH69N30P is chosen as the power switches and its junction
capacitor is 570 pF. Furthermore, the parameters including Ly,
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Diwin, Tomin, Ip, Ins, D., and L,, are designed according to
the following parameter design procedure.

1) Calculation of Inductor L

According to the maximum power transfer function in (39),
Lj.can be designed as

| SR TR VAR VA
4.fs (‘/22 + n2V12 + anleQ)QPomax .

L <

(43)
Here, P,yax 18 set as: Poyax = (1 +20%) P, to ensure a
20% margin of the output power. Therefore, based on (43)
L <3.113 x 107°(H). (44)

The startup current of the converter decreases as Ly, increases.
Lj. can be designed as large as it can be once (44) is satisfied.
In this case, L, is designed to be 30 pH.

2) Calculation of Ilmin7 IQmin

The switches junction capacitor is 570 pF. The minimum
charging/discharging current for achieving ZVS within full in-
put voltage range can be got according to Table I

Vi max\/2C1/ L = 1.479(A)
Va\/2C5/ Ly, = 1.233(A).

3) Bias currents: I, and I,

max ([ min) =

(45)

IQ min —

The current bias I, of 4, in V; side does not change as the load
varies. Itis setas (1 + 20%) - max([} in) to obtain a 20% mar-
gin of the charging/discharging current for achieving ZVS of 5}
and Sy within full input voltage range. However, the bias current
Is of i5 in V5 side is affected by the output power. Therefore,
the minimum value of I, which is denoted as Ijs_,,in, should
be larger than the minimum charging/discharging current Io., i,
with also a 20% margin. These two parameters can be written
as

(46)

I = (1 +20%) - max (L min) = 1.775 ~ 1.8(A)
Ibs,min = (1 + 20%)12min = 1479 ~ 15(14)

4) Duty cycle compensation value: D,

Once L, and [, are certain, D, can be obtained according to
(15)

D, = 2nLy f.1,/Vs = 0.027. A7)

5) Magnetization inductance: L,

When the boundary condition is applied, the transferred
power p versus D is written by

Vi nVj
Lklfs (D2V; — (D + 7;171 —0.5)2Vy/n).
(48)

As discussed in part A of Section IV, the D; range is shown
in (42) and the minimum value of D is got at the highest trans-
ferred power. Assume P (D;) = P, = 1600, and solution of
Dy when Vi = 180 and V; = 240V leads to the minimum

p(Dy) =
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Fig. 11. Different load under V;
(b) 400 W. (c) 800 W. (d) 1600 W.

= V5 =200V condition (a) 200 W.

value of D,

0.397 when V; =240V

. (49)
0.436 when V; =180V

1_min —
Since 0.397 x 240 > 0.442 x 180 = 79.56, the minimum
value of D; x V; exists in the case when V; = 180 V and
the minimum value is 79.56.
Meanwhile, based on (22), expression of the bias current I
can be written as

Iy, = ‘/ZDQTS/(QnQLm) - Ib/n~ (50)

L,, should be designed to make [, always larger than I iy
to achieve ZVS. Thus, the following must be met:

min(Ibs) = min(lel)/2an fs - Ib/n > Ips_min- (51)

Therefore, L,, should be calculated as
Ly, <min(ViDy)/(2(Iy4nTys_min) fs) = 2.411 x 1074 (H).
(52)

Since decrease of L,, leads to higher peak current and RMS
current in V5 side, L,, should be designed as large as possible
once (52) is satisfied. Therefore, in this case, L, is 240 pH.

The experimental results of different loads under V), =V, =
200 V condition are shown in Fig. 11. As seen, the two bias
currents, which are properly designed by the fixed duty cy-
cle compensation and magnetizing current design, occur at the
boundary when both vsp and vcp are zero to create ZVS con-
ditions for the aforementioned four switches. These two bias
currents always exist despite the load. Under 200-W load con-
dition, as shown in Fig. 11(a), the duty cycles of vap and vcp
are the largest compared with other conditions. Besides, the
duty cycles of vp g and vcp decrease while the phase-shift ratio
increases, which agrees with the analysis. Furthermore, as seen
from the current waveforms, the transformer currents are always
critical continuous for different loads if the two bias currents are
neglected.

The ZVS when V; =V, = 200V is shown in Fig. 12.
Switches S; and S7 are chosen to show the effectiveness of
the proposed control. vy is the driver signals, and vy, is the
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Fig. 14. Experimental waveforms when the power transfers backward from
V5 to Vj under rated input voltage. (a) 400-W reverse power flow. (b) 1200-W
reverse power flow.

drain to source voltages. As shown in all the figures, ZVS can
be obtained under both light load and full load.

Fig. 13 shows different input voltages under rated load con-
dition. As illustrated, the two bias currents also occur at the
boundary and can be used to achieve ZVS as seen from the
waveforms of vap and vcep. Although the input and output
voltage are not matched, the transformer current remains criti-
cal continuous if the two bias currents are ignored. This implies
that the boundary condition can be ensured under different input
voltages.

The experimental waveforms in reverse power flow under 400
and 1200 W conditions are shown in Fig. 14. As seen, vap lags
vep, indicating that the phase-shift ratio becomes negative to
achieve reverse power flow. Meanwhile, the two currents also
remain critical continuous if the two bias currents are neglected,
which shows the proposed control is also effective in reverse
power flow condition. Meanwhile, no voltage spike or ringing
occurs in vap and vcep, indicating ZVS.



XU et al.: UNIFIED BOUNDARY TRAPEZOIDAL MODULATION CONTROL UTILIZING FIXED DUTY CYCLE COMPENSATION

=
e
=

m—i =5
0.96 ¥ —
S 094
=
092
L =+=Conventional phase-shift control
= 09
oy —#Conventional TZM control
Soss
% i -#-Proposed control
&
0.84
082 . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800
P(W)
Fig. 15.  Efficiency comparison when V; = 200 V.
0.98
0.96 +
094
é 0.92
o091
=088 - -
T 085 ——Conventional phase-shift control
- o
S om =+ Conventional TZM control
: 0.82 ~#-Proposed control
08
0.78
0.76 +
0 200 400 600 800 1000 1200 1400 1600 1800
Po(W)
Fig. 16. Efficiency comparison when V; = 240 V.

The efficiency of the converter with the proposed control
method is measured and compared with the one using the CPS
control and the conventional TZM control. In Fig. 15, V; =
200 V, which matches with the voltage in V5 side. In this case,
with the conventional TZM control, the efficiency is relatively
lower because ZVS is lost for four power switches. Meanwhile,
the proposed converter efficiency is slightly higher than the
one with CPS control at heavy load due to very low turn off
current for four power switches. When V2 = 240 V as shown
in Fig. 16, the efficiency of the converter with CPS control
decreases significantly due to high-peak current, large nonactive
power and losing of ZVS. Besides, compared with conventional
TZM control, the efficiency with the proposed control has an
improvement of 4% at light load (100 W) and the improvement
at the heavy load is roughly 1.5%.

Figs. 17 and 18 show the loss breakdown of the converter with
the three control methods under rated power when V; = 200 V
and V; = 240 V. As shown in Fig. 17, when the voltages of V}
side and V5 side are matched, the conventional TZM can lead
to more loss due to higher switches switching loss and switches
conduction loss. In this case, the total power loss of the system
with the proposed control is slightly lower than the one with the
CPS control because of lower switches switching loss. The total
power loss difference between them is small since ZVS of all
the eight power switches can also be achieved for CPS control
when the voltages of V] side and V5 side are matched. However,
the total power loss difference between the CPS control and
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proposed control becomes larger when V; = 240 V, as shown
in Fig. 18. In this case, the switches peak current and circulating
current are both increased for the CPS control, leading to higher
switches switching loss and conduction loss compared with the
proposed control. Meanwhile, compared with the conventional
TZM control, the proposed control has less switches loss and
copper loss since the boundary condition is applied and ZVS
of all the switches can be ensured with the fixed duty cycle
compensation and magnetizing current design.

VI. CONCLUSION

This paper proposes a unified boundary TZM control for dual
active bridge dc—dc converters. It utilizes the proposed fixed duty
cycle compensation and magnetizing current design to achieve
ZVS for all switches. With the proposed control, the selection
of control variables for the power transfer is unified and can
be implemented by one regulator. Besides, the converter has no
nonactive power issues if the two low bias currents are ignored.
Using the introduced boundary control, the conduction loss can
be further reduced because of no nonactive power and lower
circulating current. The fixed duty cycle compensation and the
magnetizing current design can achieve ZVS for the left four
power switches, which cannot be obtained with the conventional
TZM control. As a result, all the power switches can achieve
ZVS and half of the switches can be turned OFF with ZCS if the
small bias current is ignored. Experimental results from 1.6-kW
laboratory prototypes have verify the theoretical analysis and
the effectiveness of the proposed control.
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