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Three-Phase LLCL Bidirectional Resonant Converter
With Wide Output Voltage Range

Qinglin Zhao ", Tianrui Wang"”, Yi Zheng

Abstract—This article proposes a three-phase LLCL bidirec-
tional resonant de—dc converter with wide voltage range in both
ports. Combined with the interleaving technique, the converter can
effectively reduce the current ripples of input and output ports, and
the size of filter capacitors can be extremely reduced. Meanwhile,
with three power transmission paths and the ability of self-current
sharing, the converter has a larger power capacity and higher
power density compared with conventional LLC converters. The
operation principles and the detailed design method are presented
in this article. Finally, a 3.3-kW prototype, which interfaces the dc
bus and battery, is built to validate the effectiveness and applica-
bility of the proposed converter. During the whole time, the bus
voltage is fixed at 400 V. In forward mode, the output voltage range
is 250-420 V, and the peak efficiency of up to 97.8%. In backward
mode, the inverter side voltage range is 300—420 V, and the peak
efficiency of up to 98.0%.

Index Terms—Bidirectional dc—dc converter (BDC), resonant
tank, self-current sharing, three-phase interleaved parallel, wide
gain range.

I. INTRODUCTION

energy generation, the design of bidirectional dc-dc con-
verters (BDCs) with wide voltage gain, high efficiency, and high
power density has become a research hotspot in the fields of elec-
tric vehicles (EVs), microgrids, energy storage systems (ESSs),
uninterruptible power supplies (UPSs) [1], [2], [3], [4], [5], etc.
Among them, the isolated bidirectional dc-dc converter (IBDC)
can connect dc bus of different voltage levels with energy storage
devices (ESD), playing a significant role in voltage variation,
isolation, and two-way flow of energy [6], [7], [8].
Bidirectional isolated LLC' resonant converters with high
efficiency and simple topology have been widely used [9], [10].

WITH the rapid development of distributed renewable
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However, it is equivalent to an LC resonant network in backward
mode, thus the voltage gain is less than 1, which cannot meet
the requirement of a wide voltage range [11]. To address the
issue, researchers attempt to conduct research from two as-
pects: improving the modulation strategy or resonant topology
of the converter. For the first idea, in [12], by combining the
delay-time control and pulse frequency modulation (PFM), the
series resonant converter is regulated with boost gain capability.
Nevertheless, the delay time is generated by a zero-crossing
detection circuit, which makes the control more complicated
and increases the converter cost. Besides, the system is easily
affected by high dv/dt or di/dt. In [13], the proposed converter
adopts PFM control and phase delay control, which can help
the backward mode obtain high voltage gain. However, the
efficiency is reduced compared with the conventional LLC con-
verter. In [14] and [15], fixed-frequency pulsewidth modulation
(PWM) control is employed to regulate the output voltage in
a series resonant converter, whose switching frequency is fixed
at the resonant frequency. Thus, the design of magnetic com-
ponents can be simplified. Nevertheless, auxiliary inductors are
required in the series resonant converter to realize zero-voltage
switching (ZVS) of all the switches in the whole load range.
Alternatively, improving the resonant topology of LLC con-
verter to gain bi-directional wide voltage regulation capability
is also widely studied. In [16], based on the conventional LLC
converter, the CLLC resonant converter is studied by placing
an additional resonant capacitor on the secondary side, which
make the converter possess buck/boost operation capability
in two directions [17]. Nevertheless, the voltage gain curve
of the converter is nonmonotonic in the inductive operating
region and heavy load, which restricts the operation voltage
range of the converter and complicates the iterative optimiza-
tion process for parameter design [18]. In [19], a set of LC
resonant network is introduced on the secondary side of the
traditional LLC converter, the symmetrical CLLLC bidirectional
resonant converter is studied, which has completely consistent
operating characteristics in both directions. Besides, the voltage
gain characteristics and parameter design of the converter are
similar to the traditional LLC resonant converter. Nevertheless,
excessive resonant elements increase the conduction losses and
make the parameter design more complicated. Moreover, the
voltage gain of the CLLLC resonant network decreases slowly
when the working frequency is greater than resonant frequency,
thus it requires a wider frequency range to achieve low voltage
output [20]. In [21], an L-LLC resonant converter is studied
by paralleling an auxiliary inductor to the primary side of the
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Fig. 1. Topology of the proposed three-phase LLCL resonant converter.

traditional LLC converter. However, the addition of the auxiliary
inductor will increase the power losses, and reduce the efficiency
of the converter.

Given the benefits and disadvantages of the above-mentioned
circuit structure, the LLCL resonant topology is proposed in [22].
On the basis of traditional LLC converter, it places the resonant
capacitor to the secondary side and parallels an auxiliary induc-
tor, which makes the converter possess excellent bidirectional
voltage gain adjustment ability with fewer resonant elements.
Compared with CLLC converter, LLCL resonant converter only
has one peak value in the both modes voltage gain curves,
which extremely reduces the design difficulty. However, as a
single-phase converter, it still has the problem of the large current
ripple. For solving the problem of the single-phase converter, a
two-phase interleaved LLC resonant converter is studied in [23]
and [24]. Compared with single-phase converters, the power
capacity of the converter increases, while the current stress and
current ripple reduce. Nevertheless, the inductance or capac-
itance of the resonant element in the LLC resonant converter
often has a tolerance of £5% in the mass production process,
which will cause a serious imbalance in the power of each phase,
and reduce the efficiency and reliability of the converter.

To further increase the power capacity of the converter and
make the converter possess self-current sharing ability, a three-
phase interleaved parallel LLC resonant converter is studied
in [25] and [26]. Zhou et al.[25] combined the CLLLC topology
and three-phase structure, which have many advantages over
single-phase and two-phase structures at high power levels,
such as better loss distribution and easier thermal management.
In [27] and [28], the voltage gain range of the three-phase
resonant converter is expanded by using the phase shedding
strategy. Nevertheless, in the low-gain mode, the converter is
still working in a single-phase structure, and the size of the
output filter should be designed in a single-phase mode [28].
Therefore, the advantages of the three-phase structure cannot be
exerted completely.

In this article, a modified three-phase LLCL bidirectional res-
onant converter is proposed. It inherits the advantages of the net-
work in [22], and the improved three-phase interleaved structure
enables the circuit to achieve high-power energy transfer over a
wide voltage range in both directions. Furthermore, the converter
adopts simple PFM control, and the rectifier side’s MOSFETs can
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Fig. 2. Derivation process of the waveform u 4o in forward mode.

achieve ZVS in the whole operating time, thereby ensuring the
low control costs and high efficiency of the proposed converter.

II. OPERATION PRINCIPLE

The schematic of the proposed three-phase LLCL bidirec-
tional resonant converter is shown in Fig. 1. The three switching
legs positioned at the side of the energy input port, phase
shifted by 120° and the upper and lower switches of the same
leg complementary conduction with 50% duty ratio, act as an
inverter, while MOSFETS at the other side, used as diodes without
driving signal, act as a rectifier. In the converter, the voltages of
two dc ports are defined as Vp and Vg. Assuming that Vp and
Vs are connected to the dc bus and the energy storage devices,
respectively. If power is transferred from Vp to Vg, the converter
works in forward mode, otherwise it works in backward mode.

The converter has three resonant tanks, which have the same
parameters, that is, L,; = Lo = L,3=1L,, C.1 =Ciy =
Cr?; - Cra Lml - Lm2 = Lm3 - Lmv Lal = La2 = La3 -
L, and turns ratio n; = ny = n3 = n. Therefore, the converter
can be divided into three independent phases, which have a sim-
ilar working process. In this section, only the working process
of the phase-A is analyzed in detail.

Fig. 2 shows the derivation process of uap in forward mode,
where N is the imaginary midpoint at two ends of the dc voltage
source Vp. Fig. 3(a) shows the small current ripple principle of
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Fig. 3. Theoretical output current waveforms(fs = f,). (a) The proposed
three-phase LLCL converter. (b) The traditional single-phase LLC converter.

the converter. The current ig,1, 1542, 543 are interleaved by
120°, and after rectification, the majority of the ripple currents
in each phase cancel each other out, leading to a significant
reduction of overall current ripple compared with traditional
LLC resonant converter presented in Fig. 3(b).

A. Analysis of the Key Waveforms

Fig. 4 shows that when f; # f;, uao and u,y Will experience
phase shift. When f; < f;, the u,y phase lags uao and the circuit
network is intuitive. When f; > f;, the u,y phase leads uap and
the circuit network is capacitive. In addition, when f; # f;, the
resonant current ¢,.1 is not pure sinusoidal, which will show some
steps. When f; < f;, the working process of the converter is the
most complicated, so only this process is analyzed, which can
be summarized into two aspects. On the one hand, when f; < f;,
the current is discontinuous. In [t2, t3], the energy is no longer
transmitted to the secondary side, thus forming a step. On the
other hand, step waves uap and u,, jump seven times in half-
cycle, which affects the sine of the resonant current. Whenever
they jump once, the resonant current waveform will experience
a certain amount of jitter. Therefore, different degrees of steps
are formed in 7,;. The similar analysis occurs in Fig. 6, so it
will not be detailed here.

B. Working Process of Forward Mode

Fig. 4 shows the key waveforms of the converter operating
under three switching frequencies in forward mode. According
to Fig. 4, S; and Sy complement each other, and the duty cycle
of S; and Sy is 50%. When f; < f;, the working process of the
converter is the most complicated, so only this process is ana-
lyzed, which includes six working stages. Half-cycle equivalent
circuit of phase-A in forward mode when fs < f, is shown in
Fig. 5, where the positive directions of voltage and current are
also marked.

State I [to,t1] [see Fig. 5(a)]: Before tg, Ss is turned ON. The
resonant current 4,1 is negative. At tg, S is turned OFF, since
the current 7,4 cannot be mutated, 7,1 turns to flow through the
parasitic capacitors of S; and Ss. Thus, the parasitic capacitor
of S9 is charged, while the one of S; is discharged to zero. Since
the drain-source voltage of S; drops to zero, the current 7,1 flows
through the body diodes of S1, which creates the ZVS condition
for S1.

State II [tq,12] [see Fig. 5(b)]: At t1, Sy is turned ON under
ZVS condition, after resonant current ¢,; gradually changes
from negative to positive, and flows into the resonant network
through S;. When resonant current 7,.1 is greater than excitation
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current ir,,1, the energy begins to transfer to the secondary
side. Resonant capacitor current ¢¢,; is greater than auxiliary
inductor current ir,,1. Thus, current ig,1 is positive and flows
through the body diode of S;, the energy is transferred to the
load. The auxiliary inductor L,; is clamped by the resonant
tank output voltage u,,s. Therefore, during ¢; to to, the resonant
elements only include L.i, L,,1, and C,1, whose resonant
frequency is defined as the main resonant frequency. This state
is the main power transmission stage of the converter in forward
mode.

State III [to,t3] [see Fig. 5(c)]: Atts, icy1 1s equal to ir41,
15 decrease to zero. Thus, the current ¢p7; decreases to zero,
achieving zero-current switching (ZCS) turn OFF for the body
diode of S7. The energy input side of the converter no longer
transmits energy to the secondary side, and L,; is no longer
clamped by the output voltage u,, of the resonant tank and
participates in the resonant process until Sy is turned OFF at ¢.
After t3, the converter will enter the second half of the cycle,
which works similarly to the above process, so it will not be
detailed here.

C. Working Process of Backward Mode

The same as the forward mode, there are six working stages in
backward mode. Fig. 6 shows the key waveforms of the converter
operating under three switching frequencies in backward mode.
When fs < f,, the half-cycle equivalent circuit of phase-A in
backward mode is shown in Fig. 7, where the positive directions
of voltage and current are also marked.

State I [to,t1] [see Fig. 7(a)]: At ty, Sy is turned OFF.
The current ig,1 charges the parasitic capacitor of Sg while
discharging the one of S to zero. When the voltage across Cg7
drops to zero, the current ig,1 flows through the body diode
of S7, creating the condition for ZVS switching. For a more
intuitive analysis, the i1 expansion by 1/n times is equivalent
to i¢1_p on the primary side, which can be decomposed to 7,1
and ¢ Lml-

State II [ty,t2] [see Fig. 7(b)]: At ty, S7 is turned ON
under ZVS condition, after equivalent current i¢,1_g gradually
changes from negative to positive, and flows into the resonant
network through S;. The current i¢,q g is greater than the
resonant capacitor current %r,,1, and the energy is transferred
to the load through the body diode of S;. The auxiliary inductor
L1 is clamped by the input voltage u,, of the resonant tank
and does not participate in resonance in the whole operation
time. Therefore, from ¢; to ¢,, the resonant frequency of the
backward mode is the main resonant frequency, which is similar
to the forward mode. This state is the main power transmission
stage of the converter in backward mode.

State lll [to, t3] [see Fig. 7(c)]: Atta,icr1_misequaltoism,i,
1,1 decreases to zero, and the current flowing into the diode of
S1 drops to zero, realizing ZCS turn OFF for the body diode of
S1. The energy input side of the converter no longer transmits
energy to the other side until S7 is turned OFF at t3. After t¢3,
the converter will enter the second half of the cycle, which
works similarly to the above process, so it will not be detailed
here.
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Fig.5. Phase-A operation states for half of switching period in forward mode.
(a) State I [to, ¢1]. (b) State II [¢1, t2]. (c) State III [t2, t3].

III. MODELING AND GAIN ANALYSIS
A. Analysis of the Equivalent Circuit Model

In the converter, the resonant parameters of the three resonant
tanks are the same, so the impedance of each phase is equal.
Thus, the converter’s gain characteristics can be analyzed from
a single-phase resonant network.

Assuming that all components of the converter are ideal and
the switching frequency is equal to the resonant frequency.

Phase-A key operation waveforms of the proposed LLCL resonant converter in forward mode. (a) fs < f. (b) fs = fr. (¢) fs > frr.

At this time, the resonant network has zero impedance to the
fundamental component and exhibits high impedance to the
harmonic component, thus the resonant current waveform is
approximately sinusoidal. The single-phase circuit is analyzed
by the fundamental harmonic approximation (FHA).

Based on the Fourier series analysis, the phase voltage uao ()
can be expressed as

20,

ey

20,
uao(t) sinwt + —Lsinbwt + - - -
om
It can be seen from (1) that the amplitude of the fundamental
component of upo(t) is (2U, ) /. Similarly, the amplitude of the
fundamental component of w,,(t) is (2Uy) /7, whose effective

value can be expressed as follows:

(2Uy) /m

Uaol(rms) - \/i

As the power transmitted by each phase is the same, each
phase transfers one-third of the total power

= (V2Uy) /7. ©)

2
- Uaol (rms)

u?
3Ry, Re
where R is the equivalent resistance of the secondary side
load in forward mode. The equivalent ac resistance R, of the
secondary side can be obtained from (3).
Therefore, the equivalent ac resistance Ry s can be obtained
by converting R, to the primary side

3

2 3Uv?xol(rms)‘RS B 6RS’I’L2
’ US2 - 2

Similar to the process above, the equivalent ac resistance
Ry, in backward mode can be derived as

68,
w2

Req s “)

=N
s

)

Req p =

Based on the above analysis, the single-phase equivalent
circuit of the proposed converter in both modes can be obtained,
as shown in Fig. 8.
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B. Analysis of the Voltage Gain
According to the analysis in the previous section, the forward
7@ @VS and backward modes have the same resonant frequency in the
main power transmission stage, which is defined as the main
resonant frequency f;.
(@) 1 1 n Ly + L,
=m0l T = 5o\ T ©)
21\ LegCeq 27\ Ly, L, C,
t‘& ‘ T
nd Lo S g C)V For simplifying the voltage gain expression of the converter,
P T = ., . .
! . s seven additional variables are defined: the normalized frequency
0 fn, the inductance ratios k and g, and the equivalent inductance
Sz = . . .
[ and capacitance L.q and Ceq, the quality factor in forward mode
@ r and backward mode @ p. These parameters are shown as
®) follows:
f
gt p.q fn = JTS @)
sl ~'n:
< iy C—) Vs "
Lm]% 3 Ly
o) k= (®)
£ L.,
L,
© 9=+ ©)
Ly,
Fig. 7. Phase-A operation states for half of switching period in backward C.
mode. (a) State I [tg,t1]. (b) State II [¢1, t2]. (c) State III [to, t3]. ch = 7; (10)
n
L L., L
§ Log = —220 (11)
C, Lm + Lr
Ur0 Ly Lnd 7 3L AOmug
V Leq/Ceq
Qr = (12)
Req_s
(a) (b)
. . L. V Leq / C(eq
Fig.8.  A-phase FHA equivalent circuit of the proposed three-phase converter. Qp=-—+—"—. (13)
(a) Forward mode. (b) Backward mode. Requ
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Normalized Gain
Normalized Gain

Fig.9. Voltage gain versus normalized frequency of the proposed three-phase
converter (a) Forward mode. (b) Backward mode.

TABLE I
CONVERTER DESIGN SPECIFICATIONS

Items Forward Mode  Backward Mode
Voltage Vp/V 400 400
Voltage Vg/V 250-420 300-420

Output power Po/kW 33 33
Output current 7,/A 7.8 4.7-8.2

Based on FHA, the voltage gain of both modes can be obtained
Mp =
1

¢Lﬁ(L—é)+(L+m42+Q%Oh—ﬁ)20+kﬁw

(14)
R

When the converter works in backward mode, the auxiliary
inductor L, is clamped and does not participate in resonance,
which means that the voltage gain is only related to k and @ p.
Fig. 9 shows that both voltage gain curves operate monotonically
in the inductive region and the converter can achieve boost and
buck in both directions. As smaller quality factor ), the voltage
gain is higher, but the voltage gain curve shifts to the left.

1

2
k 1
- 4f§(1+k)n} +Q% (fn -7

2 .
) (R
(15)

IV. DESIGN CONSIDERATIONS

A. Analysis of Constraint Condition

The design specifications of the proposed converter are listed
in Table 1. The proposed converter has the highest efficiency
at the main resonant frequency, and as the frequency departs
from the main resonant frequency, the efficiency decreases. To
tradeoff the gain range and efficiency, the operating frequency
range of the converter in both modes is finally selected to
be 0.7 f,—1.5 f,.. Therefore, the range of normalized frequency

fnis

0.7< f, < 1.5. (16)
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Fig. 10. Effect of £ on both modes voltage gains. (a) Forward mode.
(b) Backward mode.
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Fig. 11.  Effect of g on forward voltage gains.

When the converter operates at the main resonant frequency,
the voltage Vg is set to 335 V, and the bus voltage Vp is fixed at
400 V. Both voltage gains of the converter at the main resonant
frequency are 1/[(1 4 k)n] and (1 4 k)n respectively, which
are mutually reciprocal. Thus, the relationship between n and &
should satisfy (17)

400

(1+k)n=— =1.19.

"~ 335 17

B. Analysis of the Resonant Tank

As can be seen from (12) and (13), when the load resistance of
the converter is determined, as the reduction of (), the equivalent
inductance of the resonant tank will reduce, which will increase
the current flowing through the resonant tank and the loss of the
converter.

Meanwhile, with the reduction of @, the voltage gain curve
shifts to the left, which will cause the converter to fail to achieve
the desired gain range. Therefore, the values of Qr and Qp
cannot be too small. Fig. 10(a) and (b) presents that with an
increase in k, the voltage gain ranges in both modes expand.
However, an excessive k& will increase the loss of magnetic
components and reduce the efficiency.

According to (14) and (15), g only affects the forward voltage
gain. Fig. 11 presents that as smaller g, the forward voltage gain



11250

Fig. 12.  Impact of circuit parameters on voltage gains in backward mode.
(a) Mp versus @Qp and k when f,, = 1.5. (b) Mp versus Qg and k when f,, =
0.7.

range is wider. From (9), we can see that with the reduction of
g, the value of L, decreases.

C. Analysis of Forward and Backward Voltage Gain Range

Substituting (17) into (14) and (15), the simplified voltage
gains of the converter operates in both modes can be derived,
respectively, as follows:

Mp =
1
Lt () 1]+ vasen - 2)°
(18)
Mg = 1.19 (19

\/[1+k—7’%]2+Q2B(fn— ﬁ)z(l—&-k)‘*.

1) Analysis of Backward Voltage Gain Range: For simplifying
the design process, a reasonable range of k£ and (Qp can be
determined by analyzing the backward voltage gain M. In the
backward mode, the minimum gain Mg _,;,, and maximum gain
Mp max are, respectively,

Up 400
M min — 77 — Tan Y- 2
B USfmax 420 095 ( 0)
Up 400
MpB max = =— =1.33. 21
b Us min 300 @b

As long as the converter can meet the minimum voltage gain
at the lowest operating frequency and maximum voltage gain at
the highest operating frequency respectively, the converter can
meet the voltage gain requirements under the whole operating
time.

According to (19) and the obtained minimum voltage gain
Mp min and maximum voltage gain Mp . of backward
mode, a three-dimensional surface diagram of ()5, k and back-
ward voltage gain Mp can be drawn, as shown in Fig. 12.
Fig. 13(a) and (b) can be obtained by projecting the intersection
lines of the voltage gain Mp with Mp ), and Mp .« in
Fig. 12(a) and (b) onto the k, Q) 5 plane, respectively.

According to the previous analysis, the smaller the k, the
greater the voltage gain range M, but the loss will also increase.
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Fig. 13. Relationship between k and @ . (a) k versus Q g when f,, = 1.5.
(b) k versus Qg when f, =0.7.

Fig. 14. Impact of circuit parameters on voltage gains in forward mode.
(a) Mg versus Q and g when f,, = 1.5. (b) Mg versus Qr and g when
fn =07

Thus, considering both voltage gain and efficiency, £ = 0.3 is se-
lected, and then n = 0.918 can be calculated by (17). Fig. 13(a)
presents that when k = 0.3, the inequality Mg(f, = 1.5) <
Mp min can be satisfied regardless of the range of () 5. However,
to meet the requirement of Mp(f, =0.7) > Mp max, @B
should satisfy (22)

Qp (fo =0.7) < 0.25.

2) Analysis of Forward Voltage Gain Range: In forward mode,
the minimum gain My i, and maximum gain Mp . are as
follows:

(22)

US min 250
Mp iy = —2=00 _ 292 62 23
e Up 200 ~ 625 (23)
Us max 420
Mp iy = —2=02% _ 220 1 05, 24
- Up 200 1% 24

Substituting £ = 0.3 into (18), 3-D surface diagrams of Q) ,
g, and forward voltage gain M are drawn, as shown in Fig 14.
Fig. 15(a) and (b) can be obtained by projecting the intersection
lines of the forward voltage gain M with Mg i, and Mp .«
in Fig. 14(a) and (b) onto the g, @ r plane, respectively.

With k is fixed at 0.3, the value of ¢ corresponds to the value
of the auxiliary inductor L,. During most of the converter’s
working time in forward mode, L, is clamped by the secondary
side voltage w4, and iy, is a triangular wave. When g is too
small, the i1, peak increases, so the circuit loss increases; When
g is excessive, the converter cannot maintain the voltage gain
requirements. To meet the requirements of wide voltage gain
and high efficiency, while simplifying the design process of the
converter, g = 1 is finally selected.
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Fig. 15. Relationship between g and Q . (a) g versus Qr when f, = 1.5.

(b) g versus Q when f,, =0.7.

Fig. 15(a) and (b) shows that for g = 1, the range of Qp
should satisfy (25) and (26)

Qr(fn,=15)>0.83 (25)
Qr(fn,=0.7) <0.52 (26)
To simplify the calculation we can make
L
Zeqg = 1, 27
eq Ceq (27)
Then, according to (7) and (13), it can be obtained
Zeq
= — 28
Qr Req s (28)
Zeq
= (29)
(] Reos

According to (22), (25), and (26), the range of Z.4 can be
obtained, and finally, Z., = 14 is selected.

D. Design of the Circuit Parameters and ZVS Condition

In circuit hardware design, capacitive components are best to
use a single capacitor. If the required capacitor is composed of
multiple capacitors in series and parallel, it is best to use the
same type of capacitor.

Therefore, the resonant capacitor C,, = 66 nF is ultimately
chosen, which can be composed of two 33 nF capacitors in
parallel. The parameters of k,n,g, Z.q, C; have been deter-
mined, thus the values of L,, L,,, L, fr can be calculated by
the formula (10), (8), (9), (6), and (27), that are L, =20 uH, L,
= 606.7 uH, L, = 66.7 uH and C,. = 66 nF and main resonant
frequency f, = 142 kHz.

The dead time between S; and So driving signals is set to
200 ns, the parasitic capacitance Cog 0f the switches is 200 pF,
and the minimum cycle time T, is 4.7 ps. To ensure the
switches on the inverter side canrealize ZVS, L,,, needs to satisfy
the following requirements:

TminnUS_ mintdead

L, <
]-GCOSS UP

(30)

The L,, selected by calculation can meet (30) and achieve
ZVS.
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Fig. 16.
converter.

Prototype of the proposed three-phase LLCL bidirectional resonant

TABLE II
PARAMETERS OF EXPERIMENTAL PLATFORM

Items Parameters

142 kHz

100 kHz—237 kHz
20 pH (Ferroxcube PQ26/25)
66 nF (MMKP82333J1600V)
66.7 uH (Ferroxcube PQ26/25)
66.7 uH (Ferroxcube PQ35/35)

0917 = (22:24)
IPW60R070CFD7

Main resonant frequency f,.
Switch frequency f
Resonant inductor L,
Resonant capacitance Cj-
Auxiliary inductor L,
Magnetizing inductor Ly,
Turns ratio n = (n1 : n2)

Switches S1—S12

V. EXPERIMENTAL VERIFICATION

For validating the correctness of the theoretical analysis, a
3.3-kW prototype is developed and tested under different oper-
ating conditions, as shown in Fig. 16. Digital signal processor
(DSP) controller TMS320F28035 from Texas Instruments (TT)
is used to carry out PFM control. The specifications of the
experimental platform are given in Table II.

A. Experimental Results

Fig. 17 shows the steady-state experimental waveforms in
forward mode. Fig. 17(a)—(c) shows the current waveforms of
L, of each phase, which are all tested at Vp =400V, while fg are
100, 142, and 237 kHz, respectively. The three-phase resonant
current is balanced in each phase. When the switching frequency
is equal to the main resonant frequency, the resonant current
waveform is similar to the sine wave, as shown in Fig. 17(b).

Fig. 17(d)—(f) shows the ZVS characteristics of the MOSFETS
are independent of the switching frequency. In Fig. 17(d), the
driving voltage u,s2 begins to rise after the drain-source voltage
of the switches Sy drops to zero, which indicates that the parasitic
capacitor of Sy discharged to zero and the body diode of So
conducts. Thus, the ZVS condition is satisfied. The ZVS process
of Fig. 17(d) and (f) is similar to Fig. 17(d).



11252 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

O DK o R AT ' A B ¥
In(lOA/dLV.) :,;(IOA/dtv.). - .m(lOA/dlv) S i (10A/div). . in(10A/div) w0AMdv). o1 b i ( 10A/div) 'c(lOA div) - - ia(1DA/IY). . .
— 2ps/div ST ) H - 2ps/div W H 1ps/div
1004 A~ 250V 5| S0V <10Hz[15:23:04 ] 1004 A 20V Iwo»s S 2%V 14231. [1457:54 1004 &~ 250V Jaoows £300¥ <10H165258 )
(2) (b) (©

. ub A lO\‘//d‘n‘,{

o i - ‘
[ 9 @.J. - S "..\:QSOV/dlL) _ 3 i ) i

,; ;:‘v';—j,

N
..... : LN R in(10A/div) IO R C ¢ - .
'—_._1 o 2ps/div ' : 2ps/div __.__._1 : © Ips/div
004 @ 100V i W00A @ 100V 004 v @ 100V i -
250¥ Jeo0us JEm 7oy sasteomiissza 0% Em @ 1wy texnsas ) %0% Jioows @ 7200V zarswafiezant
(@ © ®
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Fig. 18 shows the steady-state experimental waveforms in rise after the drain-source voltage uqsg of the switch drops to
backward mode. The waveforms shown in Fig. 18(a)—(c) are 0, which shows that the parasitic capacitor of the MOSFET dis-
all tested at Vp = 400 V, while fg are 216, 142, and 111 kHz, charged to zero and the body diode conducts. This demonstrates
respectively. The three-phase resonant current is balanced in  the implementation of ZVS.
each phase. Fig. 18(d)—(f) shows the ZVS characteristic of Sg, Fig. 19 shows the waveforms of ig,.. is basically consistent
where it can be observed that the driving voltage u4sg begins to  with the theoretical waveform presented in Fig. 3(a). Due to the
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Fig. 21.  Comparison curve between theoretical gain and prototype gain in
forward mode (Q r = 0.5).

bypass thin film capacitor of the bridge-arm, which is used to
suppress the turn-OFF voltage spikes, the experimental waveform
of i g, 1s approximately flat. Fig. 20 shows the dynamic experi-
mental waveforms of the converter under constant voltage (CV)
control. Fig. 20(a) and (b) presents the adjustment process of the
converter from half-load to full-load and full-load to half-load,
respectively. It can be seen that the respond speed is fast and
there is less overshoot.

Fig. 21 shows a comparison between the theoretical gain
and prototype gain curves, with )z maintaining a maximum
value of 0.5. When f; < f;, the theoretical gain and prototype
gain are basically consistent. When f; > f;, there is a deviation
between the prototype gain and the theoretical gain, but the
deviation is relatively small. The overall experimental results
meet expectations.
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Fig.22.  Efficiency curves of the proposed converter. (a) For the forward mode.

(b) For the backward mode.

B. Analysis of Working Process and Efficiency Curves

Fig. 22(a) shows the process of the constant current (CC)
charging stage to the CV charging stage in forward mode.
In the CC charging stage, the output current is fixed at 7.8 A, and
the load is constantly increased to simulate the process. When
the output voltage Ug rises from 250 to 420 V, the converter
enters the CV charging stage. Ug remains at 400 V, the load
still increases to simulate the CV charging stage, and the output
current [, gradually reduces from 7.8 A to the cut-off current
2 A. The whole charging process is completed.

In the whole CC charging stage and CV charging state when
the output current exceeds 3 A, the efficiency of the prototype is
above 96%. Besides, the efficiency exceeds 97% during most of
the time, and the peak efficiency reaches 97.8%. When working
in backward mode, the voltage range 300-420 V is chosen to
prevent the battery from over discharging and the output power
is set to reduce with the decrease of input voltage Ug for making
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TABLE III
COMPARISON OF THE PROPOSED CONVERTER AND EXISTING CONVERTERS

References Converter in [6] Converter in [15]

Converter in [17]

Converter in [25]  Converter in [26] Proposed

DC bus voltage Voltage 400 V 400 V

Topology
Direction Bidirectional Bidirectional
Forward output voltage Vg 250450V 320480V
Backward input voltage Vp 250-450 V 320—-480 V
Output power 3.5 kW 1.6 kW
Forward peak efficiency 97.7% 97.8%
Backward peak efficiency 98.1% 97.8%

Bidirectional

400 V 380-420 V 400 V 400 V

Single-Phase CLLLC Single-Phase L-LLC Single-Phase CLLC Three-Phase CLLLCL Three-Phase LLC Three-phase LLCL

Bidirectional Unidirectional Bidirectional

250—450V 280—420V 200—400 V 250—420V
250-450 vV 300—-400 V X 300—-420 V
1.2 kW 33 kW 1.4 kW 33kW
96% 97.2% 95.6% 97.8%
95% 96.9% X 98%

full use of the power capacity of the converter, which is presented
in Fig. 22(b). Such as when the input voltage Ug is reduced from
390 to 420 and from 360 to 390, the output power is decreased
from 3.3 to 2.8 kW.

The efficiency is greater than 96.5% in the whole process of
the proposed converter and the peak efficiency reaches 98.0%.
A comparison between the proposed topology and existing
converters is given in Table III. The proposed converter has out-
standing performance in voltage gain range and peak efficiency.

VI. CONCLUSION

Aiming at the problems of limited gain range, inability to
realize high-efficiency bidirectional energy transfer, and large
ripple current of traditional LLC' resonant converter, a three-
phase LLC'L bidirectional resonant converter with PFM con-
trol is proposed in this article. Soft switching can be realized
throughout the entire operation time, which is beneficial for
reducing switching losses and improving converter efficiency.
Besides, the proposed converter has the advantages of wide
gain range, low current ripple, and large power capacity, etc.
A 3.3 kW experimental prototype is built and tested under
different conditions to validate the correctness of theory analysis
and parameter design. The bus voltage is fixed at 400 V, in
forward mode, the output voltage range is 250-420 V, and the
peak efficiency is up to 97.8%. In backward mode, the inverter
side voltage range is 300-420 V, and the peak efficiency is up
to 98.0%. Therefore, the proposed converter has high overall
efficiency over a wide output voltage range in both directions.
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