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Abstract—In this paper, a new topology of LCLC multi-
resonant three-port bidirectional DC-DC converter(MR-TPC) is
proposed. It can improve the efficiency and reduce the peak
current by introducing 3" harmonic component of the resonant
current. Even at the light-load state, MR-TPC still achieves high
efficiency. Besides, an improved loss analysis method is also
proposed for the MR-TPC with fully consideration of the
influence of 3" and higher harmonics on the losses, and thus
enhances the calculation precision. To verify the theoretical
analyses, experiments have been conducted, and the obtained
results indicated that (a) the MR-TPC exhibited excellent
performance with more than 96% efficiencies among wide load
range; (b) the proposed loss analysis method is quite helpful to an
accurate evaluation on the loss distribution.
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1. INTRODUCTION

Acting as a significant part of the distributed power
generation system, the isolated three port DC-DC converter
(TP-BDC) is beneficial for its high efficiency, completely
galvanic isolation, and thereby has become a research hotspot
presently ['-3], In [4-7], the triple-active-bridge structure (TAB)
is claimed with characteristics of ZVS and bidirectional
operation. However, it is only suitable for low frequency
applications. This idea is further expanded in [8-10], where the
series-resonant three-port-converter (SR-TPC) is proposed.
The SR-TPC not only retains all the advantages of TAB, but
achieves high power density through promoting operating
frequency as well. Unfortunately, its efficiency suffers from
progressive reduction at light load. To deal with this
deficiency, high order harmonic injection can be a potential
solution, where the 3™ or higher order harmonics are
employed to deliver active powers. Whereas, few literatures
have utilized this technology into the TP-BDC.

Loss analysis is of great importance due to its guiding
significance for the efficiency estimation and magnetic design.
However, the conventional loss analysis only concerns the
influence of 1% harmonic, while the impacts of higher order
harmonics are neglected. Consequently, considerable
deviation will be introduced in the case of the high order
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harmonic injection, which has not been focused among current
papers (11121,
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Fig. 1. The topology structure of MR-TPC.

In this paper, a new topology of MR-TPC is proposed as
shown in Fig.1. It can transfer 1% and 3™ harmonic power
simultaneously and thus reduces the peak current, which
presents elevated efficiency and broadened ZVS range among
full load range. Moreover, an improved method of loss
analysis is established, which enhances the calculation
accuracy. At last, experimental results are also presented and
verified the feasibility of the theoretical analyses.

II. OPERATION PRINCIPLE

The resonant structures of SR-TPC and MR-TPC are
shown in Fig.2, respectively. The resonant cavity of SR-TPC
consists of two resonant elements with one resonant frequency
fr. While, in MR-TPC, the resonant cavity is composed by 4
resonant elements with three resonant frequencies f;, fo, fi3.
The parallel resonant frequency of Lp; and Cp; is defined as f2;
fr and fi3 represent the other two series resonant frequencies.
And the parameters of resonant elements must be designed
seriously to meet the requirements of fo=2f;, fi3=3f:. In this
way, both 1% and 3™ harmonic power can be transferred
through the resonant tank. Besides, owing to the superposition
of the two order harmonic powers, the resonant current
presents the saddle-shaped waveform as shown in Fig.3.
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Fig. 2. Resonant structure of MR-TPC and SR-TPC

Compared to SR-TPC, the 3™ frequency component is
introduced in MR-TPC, so that the power circulation resulting
from the high frequency component of the square wave
voltage and the resonant current is reduced. Thus, MR-TPC
can reduce the loss of conduction, contributing higher
efficiency. In addition, due to the superposition of 3™
frequency component, peak value of the resonant current has
been reduced effectively, which can reduce the demand for
current stress. At the same time, the range of ZVS is widened
by MR-TPC.
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Fig. 3. Resonant current of MR-TPC and SR-TPC

III. POWER LOSS MODELING

A. Loss of switch

As the main part of the loss in the converter, the
calculation of the switching loss is relatively complicated.
Switching loss can be divided into conduction loss Psw con,
reverse conduction loss Psw sp, output capacitor 10SS Psw oss,
turn-off/on 1oss Psw onjofr and drive loss Psy g, as shown in (1).

Ijsw = Pswioss + PswaD + Pswicon + PswiG + Pswion/off (1)
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Fig. 4. Waveforms during the turn-on transition

The voltage and current waveforms of switch S1 and S2
during the turn-on transition are shown in Fig. 4. In Fig.4, vs
represents the drain-source voltage of S1; vg s1 and vg s are
the gate voltages of S1 and S2; V}; is defined as the Miller
platform voltage. is; and is, are the current flowing through
the switches; 74, means the dead band time; # and #. represent

the gate voltage rise time and the output capacitance discharge
time of the switch; #sp is defined as reverse conduction time.

At first, S, turns off and then vg s; begins to drop until it
reaching ¥}, the output capacitor Coss of S1 starts to discharge
as Coss of S2 begins to charge. Meanwhile, vg; steady declines,
while vs; is increasing during this period. In order to ensure
ZVS implementation, vs; must be reduced to 0 before S1
receiving the trigger sign, namely the vg s is high level. As
stated in the [31], toss is described as (2), where I is turn-off
current; Os; and QOs; are the output charge of S; and S»:

_ 910
toss - I (2)

off

If ts < ta, the ZVS will be achieved and the
corresponding losses Psw on and Psy oss can be avoided. In
contrast, when foss > fab, Psw on and Py oss cannot be removed,
which will damage to overall efficiency of converter and they
are calculated as follow:

Vin
Pswioss = f;w : J.O VDS Coss (VDS ) dvDS (3)
F.:wion = fa '.[Otx Vbs (I)iDS (t)dt “

Where, ips and vps are the current and drain-source voltage
of switch during the turn-on transition; # means the overlap
time between vps and ips; Coss is defined as the output
capacitance value, and the nonlinear relationship between Coss
and vps is exhibited in Fig.5 as the datasheet described. Thus,
the method of piecewise integral is used to obtain the more
precise results.
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Fig. 5. Nonlinear curve between of Cos and Vps.

With vs; down to 0, Is; starts to run through body diode of
S1 until its driving signal arriving. During this period, a
reverse voltage is resulted as the current flow through the
body diode, leading to Py sp, as the (5) shown. Where, turn-
on voltage of diode Vsp can be checked from the datasheet of
switch, and the time of reverse conduction fsp can be
calculated by toss, tap and #:

F’swaD = fsw 'IOSD Vsn (t)isn (t)dtsn %)
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Also, during the turn-off transition, it is necessary to
guarantee that current flowing through the body diode leads
the gate driving signal arrival of S1. So, ZVS can be realized
as the Fig.4 shown. And, the Miller platform does not exist
during the turn-on transition of S1 due to ZVS condition.
Meanwhile, the switch drive loss Py g is also an ignored part
of switch loss, which can be expressed as (6) with the ZVS
condition.

P;wiG = fsw VGS (QG - QGD) (6)

Where, Qg is the charge required for gate conduction, and
QOgp is the charge required for Miller platform. However, in
this study and experiments, an additional auxiliary power
supply is employed as the driving power for experiments.
Therefore, the corresponding loss Psw g is not involved in the
analysis of efficiency and loss.

For Pgy con, the conventional calculation method is no more
satisfied for MR-TPC, since it only concerns the effect of the
fundamental component, and ignores the effect of higher order
harmonics. However, the loss caused by the superposition of
the 3" harmonics and higher order harmonics will become an
indispensable part of the total loss. To make the calculation
more accurate, Py, c is calculated by summing the losses from
1% to 28" harmonics. Therefore, the improved calculation
method is proposed for Psy con, Shown as:

28
Pswicon = Z ["2 Rds (7)
n=1
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Fig. 6. Waveforms during the turn-off transition

Similar to the turn-on transition, the corresponding voltage
and current waveforms during the turn-off transition of the
converter is also given as Fig.6 exhibited. In this picture, vs,
represents the source-drain voltage of S2, Vy, is defined as the
gate threshold voltage of the switch. Unfortunately, the Psw ot
cannot be avoided. And this part of the loss becomes the most
important factor affecting the efficiency of the converter.
Therefore, in order to accurately calculate this part losses,
Psw ofr is divided into two parts [31. In part one, is; keeps

constant, while vs, increases linearly during the time, #ofr1. In
part two, vs, keeps constant, while is, decreasing linearly in
toir2. As a result, P, ofr can be expressed as:

j;WIO Vin
Py = sz (Toger +1ofr2) ®)
t — QGDRGOff _ QGS (RGoff + Rsl)
ot T v Lo = )
g (Vy+7y)/2

Where QOgs is the storage charge between the gate and
source; Rq and R represent the source equivalent series
impedance and the gate equivalent impedance respectively.

B.  Loss of transformer

The loss of transformer Py, can be generally divided into
core 10ss Pia core and copper 10sS Py . And, Pira core 18
estimated by the Steinmetz equation [}, written as:

Imax Lm
(10)

B ==
2nlpAsq

P o of transformer is produced by windings. In this part,
the 3™ harmonic also contributes a great influence on Py cu,
which can be not ignored. On the other hand, the skin effect
and proximity effect need be considered, because the AC
equivalent resistance Ry is larger than its DC resistance Rgc.
Thus, the Dowell equation is used, and AC-to-DC resistance
ratio at the » harmonic frequency is given !>, The Py, o can
be rewritten as:

Pcorc_lra =k I/cq «B o ’

SW T max

28
Py w=RY FR-I; (11)

n=0

e —e ™ +2sin(2x) + p =1 & —e ™ +2sin(x)

FR(n,p,x)=x- -
( P ) e +e ™ +2co0s(2x) 3

e +e" +2cos(x)

(12)

Where p is defined as the number of layers in magnetic
component winding; x is an intermediate variable and
described as (13), in which the foil is used as the coil in this
study and experiments. A represents the thickness of the foil;
&(n) means the skin depth of " harmonics frequency.

By 2p
X = oi S _ Cu
26(n)’ () \f 27nf,, 1, (13)
C. Others

For the core loss of inductance PL core, the calculation
method is like Pyy core. The influence of 3™ harmonics should
also be considered for inductance and capacitance when
dealing with Pr, ., and P.. They can be calculated as:
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28
P =R Y FRI, (14)
n=0

tan (o
Po=212, 2;zf—(C) (15)

W T

Where, tan(d) represents the dissipation coefficient of
capacitance, which can be found from the datasheet.

IV.  LOSS ANALYSIS FOR SR-TPC AND MR-TPC

Based on the above analysis, theoretical calculations are
carried out for MR-TPC and SR-TPC in the conditions of
1000W, 500W. The parameters of MR-TPC and SR-TPC are
summarized in Table I for both theoretical analysis and
experiments. The dead band time #4 is set to 150ns.

TABLE I. THE PARAMETERS OF MR-TPC AND SR-TPC

Component MR-TPC SR-TPC
Switch SiC MOSFET

Transformer Core:EE85*2, n(BUS:BAT:SC)=14:5.25:7

Inductance L=34u,L,=31.87u L,=127.5u

Capacitance C=37Tn, C;=22n C=22n

A. 1000 W Output Condition

In the condition of 1000W, the phase-shift control strategy
is adopted, and f is set to 110 kHz. By this way, the
corresponding loss distribution is given based on the
theoretical analysis mentioned above, as shown in Fig.7. As
the picture described, MR-TPC realized ZVS while SR-TPC
did not. This is possibly attributed to that the superposition of
3 harmonic current increase I so that the charging and
discharging of C,s can be completed in fg. In addition,
introduction of 3™ harmonic current reduces the peak current,
which will alleviate the loss caused by core of magnet and
inductance. Since ZVS is realized, Psw on and Py oss are 0 for
MR-TPC, while they are unavoidable for SR-TPC as f is set
to 110 kHz. Psy ot has become the main factor affecting the
efficiency. But MR-TPC causes more losses in Psy off than SR-
TPC because MR-TPC has higher I with 3 harmonic
current superposition. Fortunately, the 3 harmonic current
introduction also brings the optimized effects in the parts of
Pua_core, PL and ZVS realized range. As MR-TPC can achieve
ZVS when fq, is set to 110 kHz, the fi must be lifted to 125
kHz and ZVS can be harvested for SR-TPC. However, the
price is that the higher frequency reduces the overall
efficiency of the converter.
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Fig. 7. Loss calculation of MR-TPC and SR-TPC under 1000 W

MR-TBC 110kHz

SR-TBC 110kHz

As a result, in the case of 1000 W, MR-TPC has better
efficiency and wider ZVS range than SR-TPC due to the
introduction of 3" harmonic current.

B. 500 W Output Condition

In 500W, with I, decreasing, and the condition of
realizing ZVS becomes more severe. To obtain higher /o, the

fsw need be increased. When fq is equal to 145 kHz, ZVS can

be achieved by MR-TPC, while SR-TPC need more than 160
kHz. Unfortunately, efficiency would be sacrificed if fiy is set
to 145 kHz. In contrast, although ZVS cannot be acquired for
the MR-TPC with f,,=130 kHz, the Cos discharge is almost
completed. And it can be regarded as the quasi ZVS. So, the
loss analysis is implemented in the situation of 130 kHz and
150 kHz by the SR-TPC and MR-TPC, as shown in Fig. 8.

Loss Analysis in 500W

Loss (W)

MR-TBC 130KHz SR-TBC 130kHz SR-TBC 150kHz

Fig. 8. Loss calculation of MR-TPC and SR-TPC under 500 W

As Fig.8 described, Psw on is unavoidable in the three
situations. However, when fi is set to 130 kHz, Psw on
generated by MR-TPC is limited and smaller than SR-TPC.
This is attributed to larger /o and the quasi ZVS, contributing
to better Pgy on and Psy os. However, similar to the case of
1000 W, with the superposition of 3™ harmonic current, the
MR-TPC also caused more turn-off loss and Psy ofr is more
severe than SR-TPC at the same f,. This is another research
target which need to be prefect in the future. Fortunately, MR-
TPC has a better improvement effect in the other parts as a
trade-off such as Py, PL and Psy os. And, the MR-TPC has
harvested a better overall efficiency, compared to SR-TPC.
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As the results of theoretical analysis shown under two
cases, although MR-TPC causes more turn-off losses by the
introduction of 3™ harmonic current, MR-TPC harvests
palmary overall efficiency and widen ZV'S range.

V. EXPRIMENTAL RESULTS

In order to prove the precise of theoretical calculation,
1000W prototypes of MR-TPC and SR-TPC are built. And the
corresponding experiments of 1000W and 500W are
implemented.

A. 1000 W Output Condition

Consistent with theoretical analysis, the working frequency
fsw is set to 110 kHz for MR-TPC, while 110 kHz and 125kHz
for SR-TPC. And the experimental waveforms are exhibited as
shown in Fig.9, and the right figure is the enlarged view of the
red dash part of the left picture.
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Fig. 9. Experimental results of MR-TPC and SR-TPC under 1000 W.

As the pictures shown, ZVS are realized in case (a) and (c).

And, the resonant current show saddle-shaped for MR-TPC
while it presents sinusoidal SR-TPC. These phenomena are
consistent with the results of theoretical analysis. Besides,
benefit from introduction of 3™ harmonic function, the peak of
resonant current is constraint for MR-TPC which is 4.17A,
while it is 4.42A in SR-TPC. This will cause different losses
in Py, and Pp as the analysis mentioned above. Besides, the
traditional and improved analysis methods are provided in
Fig.10 shown. As a result, the efficiency is calculated as
97.15% used by traditional methods and the deviation is 1.1%.
The accuracy of the new method increased by 0.5 %. And the
efficiency calculation and experimental results are shown in
TABLE IL

Comparison of Loss Analysis Methods

B Improvemed B irackticnal

Fig. 10. Comparsion of Loss Analysis Methods

TABLE II. EFFICIENCY BETWEEN MR-TPC AND SR-TPC IN 1000 W

Experiment Calculation o

Prototype Efficiency Efficiency Deviation
MR-TPC 110kHz 96.08% 96.75% 0.67%
SR-TPC 110kHz 95.17% 95.66% 0.49%
SR-TPC 125kHz 93% 94.7% 1.7%

B. 500 W Output Condition

In the experiments of 500 W, based on the analysis above,
130 kHz is selected as the fo for MR-TPC and 130 kHz and
150 kHz are adopted for SR-TPC as references. The
corresponding waveforms of BUS ports are shown in Fig 11.
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(b) SR-TPC 130kHz (c) SR-TPC 150kHz
Fig. 11. Experimental results of MR-TPC and SR-TPC under 500 W.

V6 s0 (20V/div)

As Fig.11 described, ZVS are not achieved in three groups of
experiments. But, the current oscillation in the (a) is much smaller
than the others. This is consistent with the theoretical analysis, which
ioft of MR-TPC is larger and the quasi ZVS is realized, contributing in
limited Psw on and Poss. On the other hand, a fierce current oscillation
also adversely affects transformers and inductors, leading to extra loss.
The efficiency of 3 groups is shown in TABLE II. And the accuracy
has been increased by 0.88% from 96.02% to 95.14% by the new
calculation method.
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TABLE II. EFFICIENCY BETWEEN MR-TPC AND SR-TPC IN 500 W

Experiment Calculation o
Prototype Efficiency Efficiency Deviation
MR-TPC 130kHz 94.45% 95.14% 0.69%
SR-TPC 130kHz 91.67% 92.82% 1.15%
SR-TPC 150kHz 93% 93.52% 0.52%
CONCLUSION

In this paper, a topology of MR-TPC is proposed, which
can transfer both 1** and 3™ harmonic energy. By this way,
higher efficiency can be harvested in full load rang, and the
broaden range of ZVS is achieve. In addition, the converter
can decrease the peak current, which reduced the demand for
current stress and relieved the loss of magnet. At the same
time, an improved loss analysis method is discussed. By the
new method, the effect of higher harmonics on efficiency is
considered, and a better precision is acquired. In the end, the
experiments of 1000W and 500W are implemented to verify
the accuracy of the theory. And the performance of MR-TPC
is also be proved through experiments, whose highest
efficiency can reach 96.08% at 1000W, and 94.45% at S00W.
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