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A Battery Charging Method With Natural
Synchronous Rectification Features for Full-Bridge
CLLC Converters
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Abstract—The CLLC converter is a promising topology for bidi-
rectional power conversation applications, such as vehicle-to-grid
(V2G) systems and battery energy storage (BES) systems. Battery
charging is one of the most important functions of the CLLC
converter in V2G and BES applications. Synchronous rectification
(SR) is of vital importance in these applications because it can
increase efficiency. In this article, a battery charging method with
natural SR features is proposed for the full-bridge CLLC converter.
The proposed method consists of a parameter matching design
procedure and SR control. A novel SR principle is adopted in this
article. Different from the current SR methods, the parameter de-
sign process is taken into consideration for the SR realization. After
the parameter matching design procedure, the required ON-state
time of the secondary side switches for the SR is nearly fixed during
the whole charging process. As a result, the SR drive signal can be
generated directly according to the switching frequency. No sensor
detection or software estimation is needed, allowing natural SR to
be realized. A lab-level prototype was built to verify the proposed
method. The experimental results show an obvious efficiency im-
provement (up to 2.11%) over the uncontrolled rectification, and
the SR of the proposed method is nearly the same as complete SR
(with maximum efficiency difference of 0.31%) during the whole
battery charging process.

Index Terms—Battery charging, CLLC converter, parameter
matching design, synchronous rectification (SR).

1. INTRODUCTION

HE CLLC converter is a high-frequency and high-
T efficiency isolated bidirectional dc/dc converter, which has
drawn attention from academia and industry in recent years.
The CLLC converter has excellent soft-switching characteristics
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[1], [2]. As a result, it is regarded as a promising topology for
bidirectional power transmission.

The application fields of the CLLC converter include un-
interrupted power supply systems, dc distribution systems,
vehicle-to-grid (V2G) systems, battery energy storage (BES)
systems, more electric aircraft, and reversible solid oxide fuel
cell systems [1]-[7]. One of the research questions of the CLLC
converter in V2G and BES systems is topology improvement.
Three-level CLLC topology and the three-phase CLLC topology
are proposed for off-board bidirectional electric vehicle (EV)
chargers in [8] and [9]. Several two-stage CLLC topologies are
proposed for BES systems in [10]-[12]. In order to achieve
higher frequency, higher efficiency, and higher power density,
advanced wide band gap devices and magnetic technologies are
introduced to the CLLC converter [9], [13]-[19]. Several works
about gallium nitride (GaN) and silicon carbide (SiC) based
CLLC converters for V2G and BES systems are reported in
[13]-[17]. The power rate and switching frequency for such
converters reach up to 22 kW and 1 MHz, respectively. In
[9], [18], and [19], planar transformer designs and magnetic
integration methods are proposed for the CLLC converter to
improve the power density.

Another hot research topic relating to CLLC converters is
synchronous rectification (SR). SR can significantly increase ef-
ficiency by reducing conduction loss on the secondary side body
diodes, which is very important for V2G and BES applications.

The existing research on SR for the CLLC converter can be
summarized into sensor detection-based methods [1], [20]-[24]
and software estimation-based methods [25]-[28]. A common
disadvantage of the sensor detection-based method is that an
extra cost must be paid for sensors and corresponding analog
circuits. In [20], an SR method using the third winding voltage
and the drain—source voltage is proposed, but this method has
complex implementation. To reduce the system complexity,
two improved SR methods are proposed [21], [22]. The method
in [21] only needs to sense the drain—source voltage of one
switch, and the method in [22] measures the inductor voltage
instead of the drain—source voltage. The methods in [20]-[22]
are voltage-based methods. The application of voltage-based
methods is limited by the withstand voltage (less than 200 sV)
of sensor chips. In addition, both the drain-source voltage and
inductor voltage will oscillate after the secondary side current
reaches zero, which may cause incorrect SR drive signals. To
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overcome the limitations of voltage-based methods, researchers
proposed several current-based methods [1], [23], [24]. The
key of the current-based method is the detection of the zero
current crossing point. The detection is realized by using a
current transformer in [1] and a shunt resistor in [23] and [24].
Howeyver, due to the bandwidth limitation of the sensor and the
performance limitation of the digital controller, the phase delay
of detection is unavoidable. The higher the switching frequency
is, the larger the phase delay will be. As a result, current-based
SR methods are not suitable for high-frequency applications.

The largest advantage of software-estimation SR over sensor-
detection SR is that the SR drive signal is generated by software
calculation using the current and voltage information at the
input and the output side. As a result, no extra sensors are
needed, which means no extra costs need to be paid. In [25],
a phase tracking method is proposed to estimate the phase
difference between the primary and the secondary side current
in the half-bridge CLLC converter. The phase difference can be
calculated by an analytic formula so that the method is easy to
implement. However, the method is based on the first harmonic
approximation (FHA) model, so the estimation is inaccurate
as the switching frequency changes. In addition, this method
only applies to the half-bridge CLLC converter. For higher
power-rate applications (e.g., V2G systems and BES systems),
a full-bridge CLLC is necessary. In [26], an improved version
of the phase tracking method based on the extended harmonic
model (EHA) is proposed. The estimation accuracy is improved,
but the calculation process is much more complex and relies on
a look-up table. This method also cannot be adopted for the
full-bridge topology. In [27], a simplified ON-state time esti-
mation method for the secondary side switch is proposed. The
calculation is simple and the method works for the full-bridge
CLLC converter. However, as the method is based on the FHA
model, its accuracy relies on tuning the ON-state time offset
value, making the method inconvenient to implement. In order
to solve accuracy problems, a digital sensorless SR method is
proposed in [28]. The method is based on the time domain model
[29] of the full-bridge CLLC converter, so estimation accuracy
is guaranteed. However, the time-domain model of the CLLC
converter does not have an analytic solution, so the calculation
relies on numerical iteration, which is time consuming and
impractical for real-time calculation. To simplify the calculation,
3-D polynomial fitting is used [28]. However, 3-D polynomial
fitting is also very complex, and a large amount of predetermined
data need to be calculated and stored in the controller. As aresult,
implementation of this method is also complex and inconvenient.

In this article, a battery charging method with natural SR
features is proposed for the full-bridge CLLC converter. Our
method focuses on the realization of SR in the battery charging
process, which is one of the most important functions of the
CLLC converter in V2G and BES applications.

The proposed battery charging method consists of a parameter
matching design procedure and SR control. Different from the
current SR principle, which generates the SR drive signal by
sensor-detection or software-estimation, a novel SR principle is
used in the proposed method. The parameter design process is
taken into consideration in the SR realization.
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Fig. 1.

Topology of the full-bridge CLLC converter.

The converter is designed to work under the PO Mode [29].
The key of SR in the PO Mode is to generate the SR drive signal
according to the length of the P Mode stage. A special working
condition where the length of the P Mode stage is fixed at 7 is
derived, and the analytic expression of output U-I characteristics
is obtained under this condition. A parameter matching design
procedure based on the analytic U-I characteristics is proposed
for resonant tank design. The actual working condition of the
CLLC converter based on the parameter matching is very close to
the derived special working condition during the whole battery
charging process. As aresult, the actual length of the P Mode can
be seen as fixed at 7. Then, a simple SR control is proposed, and
the SR drive signal is generated directly according to the switch-
ing frequency. No sensor-detection or software-estimation is
needed. Because of this, the proposed battery charging method
has natural SR features. The SR effect of the proposed method
is also analyzed in detail and is verified by experimental results.

The rest of this article is organized as follows. In Section II, the
SR problem of the full-bridge CLLC converter is introduced in
detail, including the controlled variable D (the duty cycle of the
secondary side drive signal), as well as the time domain estima-
tion method of Dy and its difficulty in practical implementation.
In Section III, the core ideal of the proposed battery charging
method is explained. Then, the special working condition where
the length of the P Mode stage is fixed at 7 is derived, and the
relationship between the length of the P Mode stage and the
output current is analyzed. After that, the parameter matching
design procedure and the SR control of the proposed battery
charging method are discussed and analyzed. In Section IV,
experimental results are provided to verify the natural SR of the
proposed battery charging method. Finally, Section V concludes
this article.

II. SYNCHRONOUS RECTIFICATION IN FULL-BRIDGE CLLC
CONVERTERS

A. Controlled Variable in the Synchronous Rectification of
Full-Bridge CLLC Converters

Fig. 1 shows the topology of a full-bridge CLLC converter.
S1 to Sy are the primary side switches, and S5 to Sg are the sec-
ondary side switches. The primary side, secondary side current,
and magnetizing are indicated by ¢,, i, and ir,,, respectively.
The positive directions of voltage and current used in the analysis
are also given, and the transformer turns ratio is n.

Suppose the switching frequency fs of the CLLC converter is
not larger than its resonant frequency f, (fs < f.). Under this
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Fig. 2.  Waveforms of the CLLC converter in PO Mode.

condition, the CLLC converter works under the PO mode. The
PO Mode consists of a P Mode stage and an O Mode stage. The
P Mode stage and the O Mode stage are defined as follows:

If the input voltage (i.e., uap in Fig. 1) and output voltage
(i.e., ucp in Fig. 1) of the resonant tank have the same polarity,
the converter works in the P Mode stage. If the secondary side
current (i.e., 75 in Fig. 1) maintains at zero so that the secondary
side part of the resonant tank does not participant the resonance
process, the converter works in the O Mode stage. Waveforms of
the CLLC converter under the PO Mode are illustrated in Fig. 2.

InFig. 2, D,, is the duty cycle of the primary side drive signals
(Vgs,515 Vgs, 52, Vys,s3, and Vg g4), while Dy is the duty cycle
of the secondary side drive signals (Vs 55, Vys,56, Vgs,57, and
Vys,58). The operating process of the PO Mode in the positive
half cycle is symmetrical to that in the negative half cycle. Take
the positive half cycle for example. In P Mode stage, i, is larger
than iz, so that i, is positive. In O Mode stage, ¢, equals to
im SO that 74 is zero.

Since i, does not have a zero-value stage, D, is fixed at
50%. In this analysis, the dead time is quite small compared
with the switching period; hence, the impacts of the dead time
are ignored for simplicity. In practical implementation, the dead
time is necessary for soft switching and safety. The actual value
of Dy is slightly less than 50%. From Fig. 2 it can be found that
is zero in O Mode stage. On one hand, Vg5 to Vs 53 must be
zero in O Mode stage to ensure the converter operates correctly.
On the other hand, in order to realize the SR, i, should go through
the MOSFET channel in P Mode stage. V5 g5 and V5 ss should
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be at a positive level during the P Mode stage in the positive
half cycle, while Vi, s and Vy; g7 should be at a positive level
during the P Mode stage in the negative half cycle. As a result,
Dy is not a fixed value. D, can be calculated as

D, = t&jode 8))

where T is the switching period and ¢p pfode 1S the length of
the P Mode stage in a switching period.

From the analysis above, it can be known that in the SR of
the CLLC converter, the controlled variable is the duty cycle of
the secondary side drive signal, Dj.

B. Time-Domain Estimation of D4 and Its Difficulties in
Practical Implementation

The value of D, varies with the working condition of the
CLLC converter. The key of performing the SR in the CLLC
converter is the fast and accurate estimation of Dy.

The specific value of Dy under a given working condition
can be calculated using the time domain operation method [29].
The base value for the voltage, the current, and the impedance
are defined in (2). The transformer turns ratio n is set as 1 for
simplicity

Zbase

Zbase = 4/ éii =
@

Then, the per-unit form time-domain expressions of i,, i,
Uer1, and uqo in P Mode stage and O Mode stage can be
expressed as (3) and (4), respectively

ip (¢) =Py cos¢—Pasing + ki Py sin (k1¢) + Ps cos (k1¢)
is (¢) =Py cos¢p— Pysing — ky Pysin (k1¢) — Ps cos (k19)
Uer1 (@) = Py sing+ Pycosp — Pycos (k1¢)+% sin (k1¢)+1
Ucr2(¢) = P1 sing+ Pycosg+ Pycos(ki¢) — % sin (k1¢) —M
3)

Lys . _ . _
C:-Q 5 Ubase = Uin ; Thase =

Ubase

{ip (¢) = 01 COS (k2¢) - OQk‘Q sin (k‘g(b) (4)

Uer1 (¢) = Oz cos (ko) + %21 sin (ko) + 1

where ¢ = 27 f,t, fr=1/2nVL1Cr1) =

1/(271’\/[/»,20,-2), k :Lm /Lrl, kl == \/1/(1+2k),
k‘g = \/1/(1+k) s and M :Uout /Uzn Pl, PQ, P3, P47
01, Os, and M are undetermined variables.

As the primary side current ,,, the secondary side current ¢,
the voltage across the primary side resonant capacitor w1, and
the voltage across the secondary side resonant capacitor uc;-2
are all consecutive, the following boundary conditions should
be satisfied:

ipp (0) +ipo (62) = 0

1s,P (0) =0

Uerl, P (0) + Uerl,0 (¢2> =0

Ucr2,P (0) + Uer2, P (¢1) =0 (5)
ip.p (¢1) —ipo (0) = 0

is,P (¢1) =0

Uerl, P (¢1) — Uerl,0 (0) =0

where the subscript P means the corresponding variable used the
expression in (3), and the subscript O means the corresponding
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variable used the expression in (4). ¢; and ¢ are the lengths of
the P Mode stage and the O Mode stage, respectively. ¢; and ¢2
are also undetermined variables.

Combining (3), (4), and (5), equations as shown in (6) can be
derived. There are 7 equations (F; to F%7) and 9 undetermined
variables (P, Pa, P3, Py, O1, Oz, M, ¢1, and ¢2) in (6).
There are more undetermined variables than equations, so extra
equations are needed. In practice, the switching frequency f;
is a known variable to the controller because f is determined
by the controller. Moreover, the voltage gain M is also known
because the voltage sensor of the converter can get the value of
the input voltage U;,, and the output voltage U,, and M can
be calculated
F1 = P1 + P3 + 01 COSs (k2¢2) — ngg sin (k2¢2) =0
Fo=P, — P3=0
F3 = Py —Py+1+0; cos (kada) + 2 sin (ko) +1=0
F4 = PQ + P4 - M + Plsinqﬁl + PgCOS(,ZSl
+P4 COS (k1¢1) — % sin (k1¢1) -—M =0
F5 = Py cosgy — Pasingy + kq Py sin (k1¢1)

+ P53 cos (kl(bl) —01=0

F6 = P1 COS¢1 — Pgsian)l — k1P4 sin (k1¢1)

7P3 COS (k1¢1) =0

F; =P sing, + Pycosgy — Py cos (k1¢1)+% sin (k1¢1)
+1— (O2+1)= 0.

(6)
Assuming the value of M is My, the following two equations
are derived:

{Fs=¢1 +¢2—%7T=07 7

Fy= M- My= 0.
Combining (6) and (7), ¢1 can be solved accurately. The mode
duration ¢ p \iode Can be calculated as

¢1 (8)

Tfr "

Denote f,, = fs /f-. Combining (1) and (8), the duty cycle
of the secondary side PWM D can be calculated as
D, = &fs

=L =py 9)

However, itis difficult to solve ¢1 from F7 to Fy because items
related to ¢ (i.e., singi, cospy, sin(ki¢1), and cos(kydy))
are all in the form of trigonometric functions, which are highly
nonlinear items. As a result, it is difficult to obtain an analytic
expression for ¢, . The specific value of ¢, can only be obtained
from numerical iteration, which is very complex and impractical
for real-time calculation in an embedded controller.

In summary, Dy can be estimated accurately using the time
domain model F} to Fy, but the time consumption of the calcu-
lation is large so that the practical implementation estimation is
difficult.

tp mode —

III. PROPOSED BATTERY CHARGING METHOD WITH NATURAL
SYNCHRONOUS RECTIFICATION FEATURES

A. Core Idea of the Proposed Method

From the analysis above, it has been shown that the real-time
estimation of D is hard because of the complex numerical
calculation required for solving time domain equations. The
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Fig. 3. Typical battery charging curve.

numerical solving process is not likely to be simplified, which
raises the following question: Is it possible to get the value of
D, without doing complex numerical calculations?

The numerical solving process is unavoidable because the
working condition is not constrained and is unknown for the
controller. For a certain value of the output voltage, the output
current may be of any value. As a result, the estimation method
for D must be a general method that applies for any possible
working condition.

However, in battery charging applications, the working condi-
tion of the converter is constrained. The typical battery charging
curve is illustrated in Fig. 3.

As shown in Fig. 3, the charging process consists of a con-
stant current (CC) charging stage and a constant voltage (CV)
charging stage. Usually, the battery is charged from its start
charging voltage Ustay. Before the battery voltage reaches the
end charging voltage Ucynq, the charging current is constant at
1., and the converter works under CC mode. After the battery
voltage reaches U.,q, the converter should work under constant
voltage mode, maintaining the output voltage at Ue,q. During
this stage, the charging current will decrease gradually. When the
charging current decreases to zero, the charging process ends.

The working condition during the CC stage is fully con-
strained. The value of the output current at any value of output
voltage is known in advance. The working condition during the
CV stage is partly constrained. Although the specific value of
output current is unknown, it is less than /... Because the working
condition in the battery charging application is constrained, it
is possible to use a simple special-purpose method to realize
SR instead of the complex general-purpose method discussed in
Section II.

The core idea of the proposed method is as follows: find
special working conditions where the length of the P Mode
stage is constant. Match those special working conditions with
the working condition of battery charging as much as possible
by parameter design. Thus, D can be obtained directly from
(9) without equation-solving or sensor-detection. As a result,
natural SR is realized.

B. Derivation of the Working Conditions Where the Length of
the P Mode Stage Is 7

From Section 11, it can be known that the difficulty of solving
¢1 comes from trigonometric items related to ¢;. In order to
simplify the equations, the value of ¢; is fixed at 7. Then,
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trigonometric items related to ¢, are as follows:

sin ¢1 = 0cos p1 = 1,
sin (k1¢1) = sin (kym) cos (k1¢1) = cos (kim) .

With (10), (6) can be simplified as follows:

F{ =P + P3+ Oqcos (k‘g(bg) — Osks sin (]CQ(Z)Q) =
Fo=P — P3=0

F3=Py, —P;+1+05 cos (k‘gqbg) —|— T L sin (k‘g(bg) +1=0
F4—P2 +P4—M P2+P4COS(]€1¢1)

——Sm (k1) — M =0
F5:—P1 +k1P4sm(
FGZ—Pl—k1P4SiH(
F;= — P, — Pycos(k;

(10)

) + Pscos (kym) — Op =
1) — P3 cos (kim) = 0
) ‘5 sin (k‘17‘f’) 02 =

1D
Based on (11), Pl, P2, Pg, P47 01, 02, and M can be
expressed as trigonometric functions of ¢o

P = — kiksosin(kym) sin(kagz)
- A

P= —1

P3 — . klkg Sin(kﬂr)sin(kg(bg)

P, = ko sin(lc2¢2)£1cos?k17r)+1)
0, = 2k1 ko sin(kf)sin(kgqﬁz)
Oy = 2k, sin(wkl)(jos(h(bg)—l)
M = kzsin(kgqbg)lglcos(klﬂ)-&-l)

(12)

where A = ko sin(kogo) — 2kq sin(kym) + 2kq sin(kim)
cos(koga) + ko cos(kym) sin(kaga).

Combining (3), (10), and (12), the per-unit value of the output
current I, ¢ can be calculated as

1
Io,unit = / ls d¢
0

_ —2Pysin (’“T”)2 =+ %’ sin (k)
P1+ = 92
2 2
= = —fu. 13
T 62 7Tf (13)
In (12), the expression of M can be rewritten as
s(kada) 1 _ K (kim)+1] /1
Zion(k;i)i) T sin(kag2) 22[]:;)2111%]6177)] (M B 1) ' (14)
Define
ko[cos(kim)+1
B = 22[161 bgn(kl)ﬂ') : (ﬁ - 1) . (15)
Then, (14) can be further rewritten as
(1+ B?) cos? (kagpa) — 2 cos (kaga) + (1 — B?) = 0.
(16)

Equation (16) is a simple quadratic equation so that ¢, can
be solved as

Po = 1?12 arccos (hgg) . (17)

Combining Fy with (17), the following can be derived:

A R
" fr k27r+arccos< 1-B2 ) ’ (18)

1+B2
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Fig. 4.  Steady state waveforms when I, ynit is (a) 0.3 and (b) 0.1.

Combining (13) with (18), I, nit can be further expressed as

2ko

Tounit = ———21—5~ .
kzﬂ'-ﬁ-drCCOS(W)

19)

Since the input voltage U;, is constant, the voltage gain M
is in proportion to the output voltage U,y;. As a result, (19)
shows the relationship between I, ynit and Uqy (the output U-I
characteristics) when the length of the P Mode stage is fixed
at 7. Conversely, if I, unit and U,y are controlled using the
relationship shown in (19), the length of the P Mode stage will
be fixed 7. These are the special working conditions where the
length of the P Mode stage ¢; is constant. The constant value of

(bl is 7.

C. Relationship Between the Length of the P Mode Stage and
the Output Current

Using the method proposed in Section II, the other undeter-
mined variables (Pi, P, P3, Py, O1, Oz, M, and ¢;) in F} to
Fy can also be solved. As a result, the steady state waveforms
of the CLLC converter under a given working condition can
be obtained. Fig. 4 shows the steady-state waveforms of two
different working conditions. In Fig. 4, the values of k£ and M
are 5 and 1.45, respectively. In Fig. 4(a), the value of I, unit
is 0.3. In Fig. 4(b), I, unit is 0.1. The voltage gain of the two
working conditions is the same.

In Fig. 4, the length of the P Mode stage when I, it is 0.1
is longer than that of the working condition when I, ;1 is 0.3.
The curve of the relationship between I, it and ¢ is plotted,
as shown in Fig. 5.

From Figs. 4 and 5, it can be known that if the voltage gain
M (i.e., the output voltage U,,) is fixed, the smaller I, iy is,
the larger ¢; will be. In Fig. 5, the slope of the curve is small
around the region where ¢; is about 7. That means in working
conditions that satisfy (19), the increment of ¢; is relatively
small if 1, ,ni¢ decreases.
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D. Parameter Matching Design Procedure of the Proposed
Battery Charging Method

In (19), if U, increases, M will increase, so B will decrease.
Finally, I, ni¢ Will decrease. As a result, the output U-I charac-
teristics expressed by (19) is a drop curve as shown in Fig. 6.

InFig. 6, fy, start and fy, enq are the values of f,, when Usys is
Ustart and Uena, respectively. I, siart and I, ¢nq are the values
of I, unit When Ugy is Ugtars and Uenq, respectively. According
to Fig. 3, the charging current between Ugiay and Uegpg 1S a
constant value. In order to match the output U-/ characteristics
with the working conditions of the battery charging process, the
following condition should be satisfied:

e (20)

thase

Io,cnd > Ic,unit Ic,unit =

Icunit 1s the per-unit value of I.. In order to realize the
abovementioned matching of the working condition, a parameter
matching design procedure for the resonant tank is proposed.

The flowchart of the proposed parameter matching design
procedure is illustrated in Fig. 7.

The proposed parameter matching design procedure needs
the following design indices in advance: Usgiart, Uend, Les Uins
fn,start’ fn,end’ and fT'

Ustart> Uend, and 1. are related to the characteristics of the bat-
tery, which can be obtained from the datasheet. Uy, is related to
the specific application, while f,, start, fn,end, and frare tradeoff
parameters. Large f,. can help increase the power density, but
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Get the designed
resonant tank
parameters

Get the designed
inductance ratio k’

Calculate f ', yure ' Calculate the base
and f e value of impedance

Fig. 7. Flowchart of the proposed parameter matching design procedure.

the switching loss may increase. Choosing smaller f,, s¢art and
fn.ena Will result in a narrower range of the switching frequency,
but inductance ratio k will be smaller. As a result, the conduction
loss may increase.

The proposed parameter matching design procedure is as
follows.

1) Get the designed inductance ratio k. Inductance ratio %

influences the slope of the voltage gain curve (M v.s. f,).

The larger & is, the larger the slope of the voltage gain curve

will be [2]. Under the condition that constraints of f, start

and f, cnq are satisfied, £ should be as big as possible to
decrease the conduction loss.

a) Calculate kgiart, Which is the maximum value of &
that makes U,y equal to Ugapre When f,, is no less
than f, start. The value of kgare can be calculated by
solving the following problem:

max k

kgﬂ'

1-B(Ustart)” )
1+B(Ustart)2

s.t. fn,start Z (21)

kom + arccos (

where B(Ustart) is the value of B when Uyt equals
Ust;art‘

b) Calculate ke,,q, which is the maximum value of & that
makes U, equal to Ugnq when f,, is no less than
fn.end. The value of ke,q can be calculated by solving
the following problem:

max k

k27T

1-B(Uena)®
1+B(Uend)2

St foond > (22)

kom + arccos (

where B(Uepq) is the value of B when Uy, equals to
Ustart-
¢) Calculate k', where
k' = min (kstart7 kend) . (23)
2) Calculate f;, .. and f;, 4, which are the actual values

of f, under inductance ratio k" when Uy is Uggary and
Uend, respectively. Values of f, ... and f) . 4 are as
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follows:

f/ _ k;ﬂ'
- 2
n,start k;ﬂ'—i-arccos( 1-B(Ugtart) )
!

14+ B (Usgart)?

/ k ™
fn,end - ’ 21*B(Uend)2 (24)
k27r+arccos (m)
k/Q =/1/1+kK .
Since k' is the smaller of kgart and kend, f/;b,start and f ;l’end
satisfy the following conditions:
f;l,start > fnstart, f;L,end 2 frend- 25)

3) Calculate the base value of the impedance, zpase-
Combining (18) with (19), the relationship of I, unit and f;,
is obtained as

Io,unit = % fn (26)
The value of I, ¢,,q is set at I iy for the best matching, so
that I, ,nit can be expressed as

_ _ 27
[c,unit - Io,end — 7 Jn,end-

27)

Then, the base value of current 7,5, can be calculated as

. _ I. _ T
Thase = Tenie 2f;'end I.. (28)
Finally, 21,,5¢ can be calculated as
!
i 2/, enaUin
Zbase = - = n;:lc (29)

4) Calculate the designed resonant tank parameters. Based
on (2) and (4), the following equation group is derived:

z = L,y f — 1 k/ — L.,
base Cr12 I (27T\/Ly-lcr1) ’ Lyy-

Primary side resonant tank parameters can be calculated by
solving (30)

(30)

C7'1 - 7 Lo
377 ca - Uin
JnenaUin
Ly = Lol 31
L. — k/fn’cndUin
m 772f7‘lc

Secondary side resonant tank parameters can be calculated as

Cro =n2C,p and Lo = Lzl

n2

(32)

where n is the transformer turns ratio.

A design case is also provided to demonstrate the proposed
parameter matching design method. In the design case, a battery
pack containing 30 LiPo cells connected in series is considered.
The capacity of the battery pack is 3 Ah. Then, the start charging
voltage Ugiart 1S 210V, the end charging voltage Uepq 1s 294V,
and the constant charging current /. is 3 A. The input voltage
Uiy is set at 200 V. The transformer turns ratio is set at 1. Details
of the design indices and the designed resonant tank parameters
are listed in Table I.
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TABLE I
DESIGN CASE OF THE PROPOSED PARAMETER MATCHING DESIGN METHOD
The design indices
Usrare 210V Uona 294V
L. 3A 7 70kHz
fnstart 0.9 fn,end 0.7
U 200V
The design results
L/ 67.82uHl [ 76.22nF
Ly, 223.8uH k' 33
fr;start 094 fnt,end 070
| Sampling: Uy 1, ‘
Next control cycle ‘
Yes No
Charging stage Charging stage

Constant current Constant voltage

PI controller
Target voltage: Uea

PI controller
Target current: 1.

D= f/fp/2 =1u/2 D= f/fi/2 = 1u/2

Fig. 8. Step-by-step flowchart of the natural SR control in proposed battery
charging method.

E. Synchronous Rectification Control of the Proposed Battery
Charging Method

The step-by-step flowchart of the natural SR control in pro-
posed battery charging method is illustrated in Fig. 8. The
implementation of the natural SR control consists four steps
in a control cycle.

Step A: Sampling. The latest values of U, and I, are sampled
from sampling circuit.

Step B: Judging the charging stage. If U, is less than Ugyq, set
the charging stage as CC charging stage. Otherwise, set the
charging stage as CV charging stage.

Step C: Close loop regulation. If the converter works under CC
charging stage, I, is regulated by a proportional-integral (PI)
controller. The target value for I, is I... If the converter works
under CV charging stage, Uqy; is regulated by a PI controller.
The target value for Uyyy is Uenq. Switching frequency, fs, is
updated by the PI controller.

Step C: Calculating and setting D,. From (9), Dy can be calcu-
lated as

_ fs _ [In
Dy=dr =L

(33)

From (33), it can be known that D is only related to the per-
unit value of the switching frequency. As a result, the calculation
of Dy is very easy, and the time consumption of the calculation
can be ignored. From the analysis in Section III-D, it can be
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Fig. 9. Curves of ¢1 and n) during the CC charging stage.

known that for the matching-designed resonant tank, the actual
working conditions of the battery charging process are close to
but not the same as the special working conditions expressed
by (19).

In the CC charging stage, I, is less than the output current
calculated by (19) according to Fig. 6. The closer U,y is to
Uend, the smaller the difference will be. In the CV stage, I, is
less than I, ¢nq X %hase, and the difference will become larger
as the charging process goes on because I, will finally decrease
to zero, according to Fig. 3.

Since I, in the actual charging process is less than the required
output current in (19), the actual length of the P Mode stage will
be longer than 7, according to Section III-C. As a result, a part
of the secondary side current will go through the body diodes.
However, the SR errors of the proposed method are very small.
The SR effect of the proposed method is almost the same as
complete SR. The detailed evaluation of the SR effect of the
proposed method is provided as follows.

Taking the design case in Table I as an example, the evaluation
can be performed in two aspects. The first is to analyze the
difference between the actual value of ¢; and 7. The other is to
calculate the ratio of 75 RMS,diode tO s, RMS, Where i5 RMS, diode
is the rms value of the secondary current that goes through the
diodes, and i, rvs is the rms value of the secondary current.
Define this ratio as 7; 17 can show the amount of the current that
is not synchronous rectified directly and is calculated as follows:

is RMS,diode
is,RMS

n = (34)

Using the method proposed in Section II, the actual value of
¢1 and the value of 7 during the CC charging stage and the CV
charging stage can be calculated. The results are illustrated in
Fig. 9 and Fig. 10, respectively.

According to the article presented in [30], usually more than
95% of the charging energy is transmitted in the CC stage. As a
result, the effect of SR during the CC stage is of vital importance.
In Fig. 9, the maximum value of ¢; is less than 3.158 (i.e., the
maximum error of Dy is less than 0.52%). The estimation error
for Dy in the method is very small.

In addition, as shown in Fig. 2, the waveform of 7 during the
P Mode stage is like a sine wave. The value of ¢4 near the end
of the P Mode stage is very small (near zero), so the value of
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Fig. 11.  Figure of the lab-level prototype.

1s,RMS,diode and 717 will be even smaller. In Fig. 9, the maximum
value of nis less than 10 x 10~%. Thus, 15, RMS, diode 1S Negligible
compared to 75 rms. As a result, in the CC charging stage, the
SR effect of the proposed battery charging method is nearly the
same as complete SR.

In the CV charging stage, the actual value of ¢; becomes
larger than 7 as I, decreases, according to Fig. 10. However,
the SR effect of the proposed method is not influenced much.
Since only about 5% of the charging energy is transmitted in
the CV charging stage, the decrease of the SR effect in the CV
stage does not have significant influence on the whole charging
process.

Furthermore, even in the CV stage, 7 is less than 2% when
I, is between 1 and 3 A, according to Fig. 10. For this range,
1s,RMS,diode 18 also negligible compared to 75 rms. When I, is
less than 1 sA, n increases rapidly. But even for the working
condition that [, is about zero, 7 is also less than 15%, which
means most of the secondary current (more than 85%) is going
through the MOSFET channel instead of the body diode. Besides,
when I, is small, the share of the loss caused by i RMS,diode 1N
the total loss will decrease, so the increase of 7 does not have
significant influence on efficiency.

FE. Summary and Comparison

The proposed battery charging method with natural SR fea-
tures consists of a parameter matching design procedure and
simple SR control.
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TABLE IT
SYNCHRONOUS RECTIFICATION PERFORMANCE COMPARISON
Estimation method Estimation method
Itage- t- R .
Yge tiied?;%e_gzs]l{ rr?:trlrlzrzi []{)a;i,dzs 4] based on FHA model based on EHA andtime | The proposed method
e [25,27] domain model [26, 28]
Type General purpose General purpose General purpose General purpose Special purpose
Cost High High Low Low Low
Extra sensor Yes Yes No No No
High-voltage application No No Yes Yes Yes
High-frequency application Yes No Yes Yes Yes
Influence by oscillation Large Small Small Small Small
Calculation complexity Low Low Low High Low
System complexity High High Low Low Low
Accuracy High High Low High High
Implementation Simple Simple Simple Complex Simple
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Fig. 12.  Waveforms during the CC charging stage. Uoy¢ is (a) 210, (b) 226.8, (c) 243.6, (d) 260.4, (e) 277.2, and (f) 294 V.

With the proposed parameter matching design procedure, the IV. EXPERIMENTAL VERIFICATION
working condition of the converter during the battery charging
process is very similar to the working condition that ¢, is
constant at m. As a result, SR can be realized by (33) easily
without sensor detection or the software estimation. Natural SR
is realized.

Performances of SR of the proposed battery charging
method and of existing SR methods are compared in
Table II.

A lab-level prototype is built to verify the proposed battery
charging method, shown in Fig. 11. The parameters of the
prototype are shown in Table III.

The prototype is built according to the design results in Table I.
The actual resonant frequency is 69.5 kHz, so the time length of
the P Mode stage when ¢; is 7 is 7.19 us. In the experimental
verification, the working condition of the charging process is the
same as the working condition defined in Table I. Experimental
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Fig. 13.

TABLE III
PARAMETERS OF THE LAB-LEVEL PROTOTYPE
General parameters
DSP controller | TMS320F28335 |  MOSFET | C3M0120090]
Resonant tank
Turnsratio 1 L, 224uH
Lyi/Lys 68uH Cr/Cry 77nF
Resonant frequency 69.5kHz
Time lengthofthe? Mode stage 7.19us
when ¢, isT

waveforms of the converter under different working conditions
during the CC and the CV charging stage are illustrated in
Figs. 12 and 13.

In Fig. 12(a)—(f), the output current [, is constant at 3 A
and the output voltage Uy, is 210, 226.8, 243.6, 260.4, 277.2,
and 294 V. In Fig. 13(a)—(d), Uoy is constant at 294 V and
I,1is 2, 1.5, 1, and 0.5 A. From Fig. 12, it can be known that
as Uqy increases from 210 to 294 V, the switching frequency
fs decreases (i.e., the period of gate drive signals Vg, g5 and
Vys, sg increases), and from Figs. 12(f) and 13, it can be known
that as I, decreases from 3 to 0.5 A, f increases. At the same
time, the positive pulse width of Vs g5 and Vg, gg is fixed at
7.19 ps, which is the time length of the P Mode stage when
¢1 is 7 in the designed prototype. D, changes from 43.9% to
33.7% when output voltage increases from 210 to 294 V in CC
charging stage, and D, changes from 35.3% to 33.7% when
output current increases from 0.5 to 3 A in CV charging stage.
As aresult, Dy decreases as f, decreases and vice versa, which
is consistent with (33). From the analysis above, it is confirmed
that the proposed SR control was operating correctly during the
CC charging stage and the CV charging stage.

Waveforms during the CV charging stage. I, is (a) 2, (b) 1.5, (c) 1, and (d) 0.5 A.
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Fig. 14.  Comparison of SR effect in the CC charging stage.

In Fig. 12, the actual time length of the P Mode stage was
very close to 7.19 pus, and the current through the body diode
(marked by the blue dotted cycle) was very small compared to
the synchronous rectified part of 7. The experimental results are
consistent with the analysis in Section III-E.

The comparison of SR effect in the CC charging stage is
illustrated in Fig. 14. In Fig. 14, the output current I, was 3 A
while the output voltage U, varied from 210 to 294 V. The
complete SR was realized by manually changing D to make all
of 75 go through the MOSFET channel. Uncontrolled rectification
means Dy is zero so that all of 75 goes through the body diode.

In Fig. 14, there is a significant efficiency increase (1.45%—
2.11%) between the proposed method and uncontrolled rectifica-
tion. The efficiencies of the proposed method and of complete SR
are nearly the same (maximum efficiency difference is 0.18%)
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Fig. 15.  Comparison of SR effect in the CV charging stage.

during the entire CC charging stage. The experimental results
verify that the proposed method can achieve SR as well as
complete SR.

InFig. 13, the actual time length of the P Mode stage increases
as I, decreases. Since the positive pulse width of Vi, g5 and
Vys, sg is fixed at 7.19 pus, the share of the current through
the body diode (marked by the blue dotted square) increases
gradually. The results are consistent with the analysis proposed
in Sections III-C and E.

A comparison of SR effect in the CC charging stage is illus-
trated in Fig. 15. In Fig. 15, the output voltage Uy, is 294 V
while the output current I, varies from 0.5 to 3 A. In Fig. 15, there
is also a significant efficiency increase (0.92%—1.49%) between
the proposed method and uncontrolled rectification when 7, > 1
A. The SR effect of the proposed method is also apparent in the
CV charging stage.

When I, is 0.5 A, efficiency of the three methods is similar
and decreases significantly compared to efficiency when I, > 1
A. This shows that SR is not the major limiting factor of
efficiency in light load conditions. As a result, the relatively
large D, estimation error in light load conditions does not have
a significant negative influence on efficiency, which is consistent
with the analysis in Section III-E.

Furthermore, the efficiency of the proposed method and com-
plete SR is also very close (maximum efficiency difference
is 0.31%). The experimental results verify that the proposed
method has a SR effect comparable to complete SR during the
entire CV charging stage.

V. CONCLUSION

In this article, a novel battery charging method with natural
SR features is proposed for the full-bridge CLLC converter.
The proposed method consists of a parameter matching design
procedure and SR control. After the parameter matching design
procedure, SR can be realized naturally without sensor detec-
tion or software estimation. The effectiveness of the proposed
method is verified by experimental results. The contribution of
this article can be summarized as follows.

2149

1) A novel SR principle is proposed and implemented. The
parameter design process is taken into consideration for
SR realization.

2) The proposed battery charging method provides a com-
plete and integrated solution for the CLLC converter in
battery charging-related applications. Traditionally, the
parameter design and SR are two independent processes
in the CLLC converter design. In the proposed method,
the two processes are integrated. Once the parameter
design is finished using the proposed parameter match-
ing design procedure, the SR is realized naturally. As a
result, a considerable amount of time and effort spent on
the parameter design and the SR tuning process can be

saved.
APPENDIX

Variable Physical meaning

fr Resonant frequency.

fs Switching frequency.

D, Duty cycle of primary side switches.

Dy Duty cycle of secondary side switches.

k Inductance ratio.

k1 Scale factor of the lower eigen frequency in P mode
to fi.

ko Scale factor of the eigen frequency in O mode to
fr

P to Py Undetermined coefficients of time-domain expres-

sions in P mode.

O and O> Undetermined coefficients of time-domain expres-
sions in O mode.

01 Length of P mode stage.

02 Length of O mode stage.

M Voltage gain.

1. Constant charging current.

Ustart Start charging voltage.

Uend End charging voltage.
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