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Model Analysis and Design of the Control Strategy
for the Bidirectional Resonant DAB Converter
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and Yimei Xing

Abstract—The model of the CLLC resonant dual active bridge
(DAB) converter, which adopts the switching frequency and the sin-
gle phase shift angle as the control variables, is built and analyzed
in this article. The soft-switching region is given and a symmetrical
circuit parameter design method considering bidirectional wide
voltage variation range is proposed. Correspondingly, a control
strategy is proposed. With the proposed tunable linear function
(p = K X fu + Bm) between the normalized frequency f,, and
the phase shift angle o, a good balance between the switching
frequency range, efficiency, bidirectional gain range, and the load
range can be made. The proposed control strategy employs the
same 0.5 duty cycles for both the primary and secondary side
switches to achieve a natural synchronous rectification. Besides,
a feedforward control algorithm is provided, which uses a curve
fitting method to obtain the approximate value of the control
variables and can improve the dynamic response. The correctness
of the theoretical analysis and the feasibility of the proposed method
are verified by a 1 kW bidirectional resonant DAB experimental
prototype, where the switching frequency only changes 18.84 %
within a load variation from 20% to 100% under a bidirectional
normalized gain range of 2.25.

Index Terms—Bidirectional converter, CLLC resonant converter,
dual active bridge, soft switching, wide voltage range.

I. INTRODUCTION

ITH the development of new energy industry, the re-
W search of isolated bidirectional dc—dc converter has be-
come an important field in power electronics, which have been
widely applied in electric vehicles [1], uninterruptible power
supplies [2], aerospace power systems [3], and renewable energy
systems [4], [5], [6].

LLC resonant converter is a good solution as a unidirectional
power supply with variable frequency (VF) control since it can
achieve the soft-switching over the full load range and voltage
range [7], [8], [9], [10]. However, its voltage range is limited
when the power flows backward: the magnetizing inductance
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Fig. 1. Threekinds of bidirectional converters derived from the LLC converter.
(a) LLC-L type. (b) CLLC type. (¢) LLC-C type.

is always clamped by the input voltage so the resonant tank is
equivalent to a LC series resonant tank. As a result, the step-up
capability is lost [11]. In order to solve this problem, an auxiliary
inductor can be placed in the primary side [see Fig. 1(a)] to form
a symmetric resonant tank [12], [13]. Therefore, the converter
shows the similar characteristics like the LLC converter in any
power flow direction. However, it is worth noting that it suffers
the risk of the core saturation since there is no block capac-
itor in the secondary-side winding and the auxiliary inductor
branch.

Another LC resonant branch can be set in the secondary
side to form a CLLC resonant tank, which can also realize the
step-up function in any direction [14], [15], [16], [17], [18],
[19], [20]. Different from the first scheme, this method does not
saturate the core due to the existence of the capacitors C,, Cy,
[see Fig. 1(b)]. Moreover, it is proved that the converter can
be completely equivalent to the asymmetric LLC-C converter,
as shown in Fig. 1(c) [20], [21], so the number of resonant
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inductors can be further reduced in order to improve the power
density.

When the body diode of switch is employed as the recti-
fier stage, the conduction loss of the diode severely limits the
efficiency. In order to improve the efficiency, synchronous recti-
fication (SR) is usually applied, such as the hardware detection
[22], [23] and the predictive method based on the mathematical
model [24], [25], [26], [27]. The hardware detection method
usually employs a current transformer to detect the current
zero-crossing point so as to generate the driving pulses of the
SR switches. This brings extra detection circuit and increases
the cost. The predictive SR method needs to online calculate
the conduction phase angle for the SR switches based on the
converter model. However, the accuracy of the model directly
affects SR performance.

Different from [22], [23], [24], [25], [26], [27], several open-
loop SR methods are proposed in order to facilitate the imple-
mentation. In [28], the conduction time of the secondary-side
switch is fixed equal to half of the resonant period (7}/2) so as to
decrease the backflow power. In [29], the converter operates with
the similar method like [28] when it is operated in step-up mode,
but the duty cycles of the primary and secondary side switches
exchanged when the converter operates in step-down mode. Due
to the constant conduction time for the secondary-side switches,
which is set equal to half of the resonant period (7,/2), the
situation that current flows through the body-diode of the switch
still exists. Therefore, the efficiency is hard to be improved. Liu
et al. [30] focused on the condition that the normalized gain
varies far away from unity, and proposed that the conduction time
for both sides is fixed equal to half the resonant period. However,
there still exist the stages in [28], [29], and [30], where the body
diode conducts for a long time after the switching transition. So,
the diode conduction loss still takes a part of the total loss.

A good solution to eliminate the body-diode conduction loss
is that the switches in the same bridge leg are driven com-
plementarily, such as [31], [32], [33], [34], [35], [36], [37],
[38], [39], [40], and [41]. This can be also considered as an
open-loop SR method. As a result, the current always flows
through the channels of the switch instead of the body diodes.
In this case, the converter evolves into a resonant dual active
bridge (RDAB) converter. In [31], [32], [33], [36], [37], [38],
[39], [40], and [41], all the switches adopt 0.5 duty cycles to
realize a natural SR and the output can be regulated through the
switching frequency and/or the phase shift angles. However, as
mentioned above, Jiang et al. [31], Jia et al. [32], [33], and Wu
et al. [34] may face the risk of core saturation problems. Huang
etal. [35] can be considered as an improvement of [34], where the
half-bridge inverter with dc capacitor bridge legs and clamped
diodes is applied to avoid the core saturation problem. However,
the utilization ratio of the input voltage is decreased to half when
compared with the full-bridge inverter. Therefore, with the same
power level and input voltage range, the current stress for the
switch is doubled. Similar problems of high current stress for the
switch also exist in [36]. Twiname et al. [37], Malan et al. [38],
Meinagh et al. [39], and Cheng et al. [40] proposed the triple
phase shift (TPS) modulation to decrease the reactive power and
reduce conduction loss. However, the effect of voltage variation
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isnot taken into account in [37], [38], and [39]. In [41], switching
frequency and single phase shift (SPS) angle are both adopted
as the control variables. In this way, the secondary-side switch
can realize a natural SR to improve the efficiency. However,
only open loop experimental results are given but no relation-
ship function between the two control variables is proposed.
Meanwhile, the effect of the gain variation is not considered.
The purpose of this article is to provide a bidirectional
design reference, which can make a good balance between
the frequency range, efficiency, voltage range, and reliability
(elimination of core saturation) for the practical realization for
engineering. Due to the existence of the resonant capacitors on
both sides, CLLC RDAB (or a LLC-C RDAB, which can be
proved equivalent to each other) naturally has the advantage
of eliminating the risk of core saturation. Hence, this topology
is focused in this article. Due to the lack of the parameter
design guidelines and corresponding control strategy for it with
VE&SPS control, the model is built and analyzed in this article.
The main contribution of this article is summarized as follows.

1) By employing the switching frequency (f;) and single
phase shift angle (o) as the control variables, the math-
ematical model of CLLC converter [see Fig. 1(b)] is de-
rived. The key step in the parameter design process, which
is the determination of the switching frequency range and
the selection of the resonant parameters, is derived and
described in detail, so as to enlarge the soft-switching
range.

2) Based on the model, a VF&SPS control strategy is pro-
posed. The phase shift angle () is combined with switch-
ing frequency (fs) by a mathematical linear function,
which is with the tunable dummy parameters related to
the voltage gain. By this means, the switching frequency
variation can be limited to a narrow frequency range
while covering a wide bidirectional voltage range, so as
to facilitate the design of the transformer. Different from
[17], [18], [19], [29], [34], [35], [36], [37], [38], which
only consider voltage variation on one side, the proposed
method is applicable to the situation where voltage varia-
tion exists at both ports of the converter.

3) Based on the model, a feedforward controller is proposed.
With a curve fitting method, the feedforward algorithm
can be realized by a linear function between frequency
(f,) and the product of gain and quality factor (Mg, Q)
instead of the complicated trigonometric function.

4) Under the specification given in Section VI, the circuit
parameters of CLLC RDAB and LLC-C RDAB converters
are determined as an example. By the experimental veri-
fication, it shows a good balance between the efficiency,
component numbers, the voltage range, and load range
when compared to other existing methods.

II. ANALYSIS OF BIDIRECTIONAL CLLC RDAB CONVERTER

When designing the CLLC RDAB converter, as shown in
Fig. 1(b), a symmetric design approach is usually adopted to
reduce the design complexity, as shown in (1) and (2). By
this means, there are only four design freedom degrees for the
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Fig. 2. Key waveforms with VF&SPS control.

parameters, which are L,, C,, n5, and Ly,. Here, the subscript “5”
of the transformer turns ratio n5 means that the resonant tank is
composed of five components. Correspondingly, the subscript
“4” in Fig. 1(c) means there are four resonant elements in the
LLC-C converter

L,= n52Lc (D
Ch = n5°Cl. 2

A. Operation Principle

The key waveforms of the CLLC resonant converter are shown
in Fig. 2. The primary and secondary side switches both adopt
0.5 duty cycles for the driving pulses with the same frequency.
The symbol ¢ (¢ €[0, 7]) is defined as the SPS angle between
vap and vop. The symbol 67 denotes the phase angle between
vap and i, and meanwhile, 65 denotes that between vop and is.
Considering the symmetric feature of the waveforms, only the
operation stages in half of the switching period are analyzed.
The equivalent circuits in different operation stages are shown
in Fig. 3.

Stage I (tp-t1): This stage is the switching dead time of the
primary side switches. So and S3 are turned OFF at ty. In
this stage, the current i, is always negative and i, charges
the drain-source capacitance of Sy and S3 and meanwhile,
discharges that of S; and S4. Then, i, flows through the body
diode of S; and S, to provide the necessary condition for the
ZVS turn-ON for the switches.

Stage 11 (t;-t2): The driving signals of S; and Sy are given at
t; and a ZVS turn-ON is realized. The direction of is changes
from negative to positive at t;.

Stage III (to-t3): During this stage, power flows from primary
side to secondary side. The direction of i, changes from
negative to positive at to.

Stage 1V (ts-t;): The direction of is changes from positive to
negative at ts. During this stage, S; and Sg still conduct.
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Therefore, power flows from the secondary side to resonant
tank. The circulating current is the necessary condition for Sg
and S7 to realize ZVS turn-ON.

Stage V (t;-t5): This stage is the switching dead time of the
secondary side switches. S5 and Sg are turned OFF at t4. In
this stage, the current ig is always negative and ig charges the
drain-source capacitance of S5 and Sg and discharges that of
Se and S;. Then, is flows though the body diode of Sg and S;
to provide the necessary condition for the ZVS turn-ON for
the switches.

Stage VI (t5-t¢): The driving signals of Sg and S7 are given at
t; and a ZVS turn-ON is realized. The converter operates the
next half switching period after tg.

B. Normalized Gain in the Forward and Backward Modes

A mathematical model is necessary to observe the effect of
control variables for the converter. The time-domain analysis
(TDA) modeling method has a great accuracy by solving the dif-
ferential equations at a switching period. However, the complete
analytic solution is hard to be obtained by TDA for the CLLC
converter. Gain model and ZV'S range is usually analyzed by the
approximation or numerical iterations [19]. Hence, fundamental
harmonic approximation is applied in this article. The equivalent
circuit is shown in Fig. 4 with the conditions of L, = ns’L.
and C}, = n5°C,. The fundamental component of voltages and
currents are given in

4 .
VAB1 = 7 Viust sin(wst — @)

UcbD1 = %Vbus2 sin (Wst) (3)—(6)
ip = Ip sin(wst — ¢ — 61)

is = Issin (wst + 02)

By Kirchhoff’s law and energy conservation law, the nor-
malized gain can be derived, as shown in (7), for the forward
operation mode, where My, and Q, respectively, denote the nor-
malized voltage gain and quality factor, as defined in (8) and (9).
A detailed derivation process can be found in Appendix A, where
the definitions of the resonant frequency f;, the characteristic
impedance R, the normalized frequency f;,, and the inductance
ratio k (= Ly/L,) are given

sin ¢

My = @)
U Ql(F ) 2t

Mg, = % ()
Q= G ©

Because, the parameter and topology are symmetric, the gain
model in backward mode is similar to the model in forward
mode. The normalized gain in the backward mode is equal to
Vibus1/m5 Vbuse. The only difference is that the quality factor in
backward mode changes when the transformer turn ratio njs is
not equal to 1.

In the forward mode, the primary side switches can realize the
ZVS turn-ON when i}, lags behind v p. Similarly, the secondary
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side switches can realize the ZVS turn-ON when vcp lags
behind i5. According to Appendix A, the ZVS conditions can
be summarized in

S1—S54 : cosp > (1 + % — kf1,,2> A}gn

S5—Sg : cosp > (1 + % — kf%) My,

(10)—(11)

In order to intuitively show the relationship between voltage
gain and control variables, the three-dimensional (3-D) plot of
Mgy -fu-¢ with different values of k is shown in Fig. 5 according
to (7). It is clear that the gain plots show two infinitely large
values for M,,,. In order to facilitate the analysis and the deriva-
tion process, the frequency values corresponding to these two
infinitely large cases are defined as X; and X5, respectively. Since
Q is the coefficient in (7) and Mg, changes with the change of
0, Fig. 5 only shows the case that Q equals 1. From Fig. 5, it
can be concluded that as follows.

1) The relationship between My, and f, is nonmonotonic.

2) The frequency point X; gradually moves towards low

frequency range when k increases. The frequency point
X5 is fixed.

— (—) Vius2 Vb'“'(—) —

— C—) Vous2 Vbul(.)
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III. ANALYSIS ABOUT GAIN AND SOFT-SWITCHING REGION

A. Analysis About the Gain Monotonicity With Respect to
Phase Shift Angle

According to (7), the monotonicity of Mg, with respect to ¢
is related to the numerator of (7). In other words, M,,, shows a
sinusoidal function with ¢. A group of 2-D plots of M, - with
different f;, is given in Fig. 6. Obviously, there are two monotonic
intervals when ¢ changes from 0 to 7. The monotonic increase
interval is (0, 7/2) and the monotonic decrease interval is (7/2,
7). It is obvious that the harmonic will increase with the increase
of the phase shift angle. Therefore, the variation range of ¢ is
recommended to limited in (0, 7/2).

B. Analysis About the Gain Monotonicity With Respect
to Frequency

According to (7), the monotonicity of M, withrespect to f;, is
also related to its denominator, that is Y in (12). The monotonic
interval depends on the zeros and extreme points of the function
Y. A group of 2-D plots of M,,- f, with different ¢ is given in
Fig. 7. X; and X mentioned in Fig. 5 are given in (13) and (14),
which are the solutions of f,, under the condition of ¥ =0

1 1 1
YZ(n‘f“) (2+k‘w> (12
1
Y= (13
X, =1. (14)
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Fig. 5. Three-dimensional plots of Mgn-fn-¢ withQ = 1. (a) k= 1. (b) k =
3.(c)k=5.

Y’ and Y are defined, respectively, as the first-order and second-
order derivatives of ¥, as given in (15) and (16). If X is the zero
point of ¥’ and meanwhile, Y is not equal to 0 at X, then, X is
the extreme point of Y. Hence, the extreme point can be obtained
as shown in (17), defined as X3. The value of X3 decreases with
the increase of k according to (17)

, 2(%—fn> 1 11
AT _<1+P>(2+E_kfn2> (1
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2(2+4- ) _6(%—3) _4(1+f7115)

Y// —
I3 kefa! kfo®
(16)
VIiZ+8k+4—k—1
Xs = \/ 1+ 2k : an

Obviously, X;<X3<Xs = 1 is always satisfied. Hence, the
monotonicity of M, with respect to f;, is obvious. The mono-
tonic increase intervals are (0, X1) and (X3, 1), and meanwhile,
the monotonic decrease intervals are (X, X3) and (1, +00).
Designers often wish to find the monotonic relationship between
the output and the control variable, so as to facilitate the design
of the closed-loop control system. As mentioned above, there
are four monotonic intervals in the frequency range. Normally,
the switching frequency is always required to be set around 1 so
as to decrease the harmonics. Hence, (X3, 1) and (1, 4+c0) are
selected as the design region.

By (10) and (11), the 3-D plots of ZVS region with different
values of My, are shown in Fig. 8. It is clear that most of the
ZVS region is located within the range of f;, <1. Obviously, the
subinterval (X3, 1) is a better choice. The gain will be increased
with the increase of switching frequency in the range of (X3, 1).

C. ZVS Region and Gain Contours With Respect to f,, and

According to (10) and (11), it is clear that S5—Sg are already
in the soft-switching status if the ZVS condition for S;—S4 is
satisfied when M, <1. Similarly, when the converter is operated
in a step-up mode, S1—S, are already in soft switching statues
when S5—Sg gradually enter their soft switching region. As a
result, (10) and (11) can be simplified, as shown in (18) and
(19). Similar conclusions can be found in the backward mode.
The normalized voltage gain in the backward mode is equal to
Vbusl/nE) Vbu52 .

The ZVS regions with different values of k and M, are
shown in Fig. 9 with light blue color. The trend of ZVS region
with increasing M,,, first broadens and then narrows when k
is fixed. In other words, the ZVS region gradually narrows
when Mg, increases or decreases from 1. Besides, the area
of ZVS region decreases with the increase of k when My, is
fixed, and meanwhile, the frequency range corresponding to the
ZVS region gradually move towards the low frequency range.
Therefore, when a wide gain variation range is required, k£ should
be designed to be a smaller value

1 1 1
cosp > (1+ ¢ — 5.7 ) Mo My, <1 (18)(19)
cos p > 1—1—%—# Mgy, Mgy > 1

From (7), it can be seen that Q directly affect M,,. The dashed
line in Fig. 9 shows the contours of M,,, with different Q values.
A ZVS turn-ON can be realized under a certain gain only when
the desirable gain contours cross through the ZVS region in
Fig. 9. It is clear that a ZVS turn-ON is easier to be realized
when a smaller value is selected for Q.
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Since Q is related to the load resistance Ry, the soft-switching
realization in a wide load range means that the gain contour
clusters of the desired Q values should cross the ZVS region in
Fig. 9. As mentioned before, the smaller the Q, the easier it is to
implement ZVS. Therefore, when the design process of circuit
parameter is carried out, the maximum value of Q should be
focused on. Normally, Oyax = 0.5~0.6 is suggested.

IV. CIRCUIT PARAMETER DESIGN METHOD

The design steps are summarized to a flowchart, as shown in
Fig. 10.

Step 1. Determination for the transformer turns ratio ns:
For the bidirectional converters, the complexity of parameter
design process will be increased if the voltage ranges of the two

ports are different. Therefore, a design method of symmetric
voltage range and symmetric parameters is proposed, so that the
converter can also cover the reverse operating condition with the
forward parameter design.

For the parameter design process, it is easiest when both ends
of the resonant tank are with the same voltage range. Hence, the
transformer turns ratio ns can be determined first to realize a
symmetrical voltage range for the resonant tank.

It is assumed that the input voltage range of the con-
verter iS Viusimin™~ Vbusimax and the output voltage range is
Vbus2min™~ Vbus2max, Where these two ranges may differ greatly.
Fig. 11 lists all the situations between these two voltage ranges:
included (e, k), overlapped (a, c, g, i), and disjoint (b, d, h,
j)- However, all these situations can be simplified into two
cases (f and 1) for the resonant tank with a proper transformer
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Fig. 9.

turns ratio. By setting the transformer turns ratio ns equal to
Viusimin/Vbus2min, DOth ends of the resonant tank face the
similar voltage variation range. Then, the normalized maxi-
mum and minimum of voltage for the resonant tank are Vi, .«
= max{vbushnax, n5vb1182max} and Vmin = mln{ Vbuslmin’
15 Vbusamin | respectively. As result, the transformer turns ratio
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ns can be designed according to

Step 2. Calculation for the normalized voltage gain range:
The normalized voltage gain range can be calculated according

W)usl min
nyg = ———

‘/bus2 min

to

Vus max Wi us2 max
M = 2ot 5 Vonszman}
busl min
Vus min
Mgnfmin = 115 P hus2 (22)

InaX{Vbusl max> 105 Vbus2 max}

Step 3. Selection for an inductance ratio k: As mentioned in
Section III-C, it is clearly seen that a wide ZVS region can be
obtain with a small k. However, a small value for k£ normally
results in a small magnetizing inductance and a high rms value
of the circulating current. Therefore, the choice of k needs to

(20)
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Fig. 10.  Flowchart of the parameter design process.

take both the soft switching realization and the efficiency into
account. Normally, k values in the range of 3—5 are recommended
as initial conditions for design, which is similar as the selection
of inductor ratio in a unidirectional LLC converter [10].

Step 4. Selection for the maximum quality factor Q ,qq.: AS
mentioned in Section III-C, when Q gets smaller, the gain
contour plots are more likely to intersect the ZVS region. There-
fore, we need to be concerned about whether the gain contour
intersects the ZVS region for different gains when the quality
factor reaches its maximum value Q.. This value in the range
of 0.5~0.6 are recommended as initial conditions for design.

Step 5. Check the ZVS realization in the whole voltage range:
After kis selected, it is suggested to plot the gain contour clusters
with different Q values and the ZV'S region by a mathematic soft-
ware, similar as Fig. 9, so as to check whether the soft-switching
can be realized at the gain boundary and load boundary. It is
necessary to focus on the intersection of the gain contours and
the soft-switch region at My, = 1 and Mg, = Mgy min, Which
are corresponding to the cases that n5 X Vi,us2 equals Vi, and
meanwhile the input voltage Vius1, respectively, equals Vi,
and V.. If not, k or Oy« can be decreased to a smaller value.

The reason that we need to check the cases of My, = 1 and
Mg, = Mgy min can be explained as follows: quality factor Q
reaches the maximum value when n5 X Vp ¢ decreases to its
minimum value V,,;, at rated power. Since the gain contours are
plotted by (7) and the soft-switching region is plotted by (18)
and (19), which are all affected by the gain, so the minimum and
maximum input voltages should also be taken into account.

Step 6. Calculation for the characteristic impedance Ry: Ry
is calculated by (23) after the k and Q,,.x are determined

2 2
o 877/5 Vbus2 min
RO — Qmax 2 .
7T PN

(23)
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Step 7. Selection for the resonant frequency f,: The resonant
frequency f; is selected according to the desired switching
frequency range so to reduce the harmonics.

Step 8. Calculation for the resonant tank parameters: With
the mentioned design results, the resonant tank parameters can
be calculated according to

L. = Ro/27f,
Ly = kL,
Le = La/n?
Cq = 1/(R027Tfr)
Cy = n%C’a

(24)—(28)

V. PROPOSED CONTROL STRATEGY
A. Proposed Linear Function Between f,, and ¢

The ZVS region is fixed after the circuit parameters have been
determined. Therefore, a relationship between these two control
variables, which are the phase shift angle and the switching
frequency, will be proposed in this section in order to ensure
the soft-switching realization during the whole voltage variation
range and load range. Since the linear function (¢ = K, X fu+
B.,) is the simplest function to describe the relationship between
two variables, it is utilized to make a relationship between f;, and
®.

Fig. 12 is an example to show how to select a proper linear
function. The contour plots are with the same voltage gain
(Mg, = 1.5) but with different quality factors, as well as the
load resistance. As mentioned in Section III-C, the necessary
condition for the soft-switching realization is that the contour
plots must intersect with the ZVS region. Three possible linear
functions (Track 1-Track 3) are given in Fig. 12 to make a
comparison. The converter may lose the soft-switching under
heavy load condition if the third track is selected. Although the
first track can cover a wide soft-switching range, it also results in
a wide frequency range, which is not facilitate to the transformer
design. Therefore, the determination for the linear function must
make a trade of the soft-switching range and the frequency range.
In Fig. 12, the second track reserves the advantages for both the
narrow frequency range and the wide ZVS realization for the
load variation. Moreover, since Track 2 is close to the boundary
of the ZVS region, the turn-OFF current value of the power
switches is small, which is conducive to reducing the backflow
power and improving the efficiency.

According to Section III-C, the ZVS region changes with
different voltage gains. Therefore, the linear function should be
adjusted under different voltage gains (Mg, ) in order to realize a
wide soft-switching range. Therefore, ¢ = K, X f,+By, repre-
sents the linear function with tunable slope (K,,,) and intercept
(Bn) under different gains. According to the trend of the ZVS
region under different gains in Fig. 9, the linear functions ¢ =
K X fu+Bm should be designed with the consideration of both
the widest and narrowest soft switching range. Then, the slopes
(Kin) and intercepts (By,) at other gains can be fitted with a
function with respect to Mgy, .
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Fig. 12.  Three operating tracks for f;, and . (Mgn, = 1.5,k = 1).

TABLE I
SYMBOLS OF THE SLOPES AND INTERCEPTS OF THE PROPOSED LINEAR
FUNCTION (¢ = Ky X Fy + By;) CORRESPONDING TO FIG. 13

Gain value Mg min=1/Mgn max 1 M gnmax
slope K, K, Ky
intercept B, B, B,

The variation range of M, can be calculated after ns is
established by (20). The ZVS region area is minimal if Mg,
is equal t0 Mgy min OF Mgy max. Here, the specification of our
prototype is taken as the example to generate Fig. 13 so as
to intuitively explain how to design the control strategy. The
specification requires a bidirectional converter with 1 kW rated
power and both ports should cover the range of 80 V-120 V.

By our proposed design method for the circuit parameters,
Mgy, min 1s the reciprocal of Mgy, max. The symbols of the slopes
and intercepts for the cases of My, = Mgy min(= 1/Mgn_max),
Mg, = 1, and My, = Mgy max, are defined in Table I, re-
spectively. It should be noted that two reciprocal gain values
correspond to the same soft switching region according to (18)

and (19). Hence, the soft-switching regions of My, = Mgy_min
and My, = My,,_1ax are with the same shape. Besides, the gain
contours with the same power under two reciprocal gains can be
totally the same according to (7)—(9), such as the dash lines in
Fig. 13(a) and (c). Therefore, if two gains exhibit a reciprocal
relationship, the converter can be operated with the same linear
function, such as the operating track in Fig. 13(a) and (c). This is
why we use the same symbols to denote the slope (or intercept)
in the conditions of Mgy_min and Mgn_max-

The ZVS region area is largest when My, is equal to 1, so the
slope can be selected with a higher value to reduce the switching
frequency range within the load range, such as the operating
track in Fig. 13(b). After determining the numerical values of
Ky, B1, Ky, and B; in the soft-switching region, the dummy
variables (K,,, By,) of the proposed linear function (29) can be
calculated online by a MCU corresponding to different voltage
gains based on (30) and (31) in Table II. It is suggested that
the soft-switching realization for other operation conditions is
also checked with the preset linear function. If the operating
track is outside the soft-switching region, K; and B; can be
adjusted. By this means, the frequency range can be limited into
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Fig. 13.  Operating tracks considering boundaries with different voltage gains. (a) Mgn = 2/3 (Vin, = 120V, Vouy = 80 V). (b) Mgy, = 1 (Vi =80V, Vout =
80 V). (c) Mgy = 1.5 (Vin =80V, Voup = 120 V).

15 My Q
la. Set a proper linear (| 1b. Set a proper linear 06 sin(-16 £, +11.68)
function =K, f;+ B, || function p=K,f,+B, || &
corresponding to corresponding to |/ E 1 05¢ ‘(L -f)2+ 1 _ %
= . = n
Mg,=1 to ensure the || Mg;=Mgn.min to ensure § Operating track Mg,=0.7 S 344 344f,
soft-switching the soft-switching E _____ 04
A 0.5 03[ My 0=-10.55£,+7.735
2.Calculate K, and B,
according to (30) and (31) 02f
- .
* X; 0.6 0.7 08 09 1
. Normalized Frequency f, 0.1+
3.Plot the ZVS region and L5 —T00%Py|
Decrease gain contours at a ’ 117 ) ) ) ) ) v
KiorBi| | normalized gain step of I gg';/z‘;\v 0.68 0.69 0.70 0.71 0.72 0.73
A 0.1 or smaller . ZVS Region Normalized Frequency f,

... \Operating track /,,=0.8

Fig. 15. Example of the curve fitting method for the feedforward controller
realization (K, = —16, By, = 11.68, Mg, = 1).

= Phase-shift ¢

n

5.Check ZVS
realization in the
voltage range

o,
X; 06 07 08 09 1
Normalized Frequency f,

T T00% Py . .
: —oIRGR the realization of the control system. Here, a curve fitting method
'S ——— 60%P,
g . . L. ; .
= ;Sggnﬁ,?g isapplied to get an approximation expression of f;,. Fig. 15 shows
. 28 egion
N 6.Verify the 117 \ Operating track M,,=0.9 the example as follows.

realization of ZVS by
simulation

Determine the numerical
expressions of K, and B,,

Fig. 14.  Flowchart of adjustable control parameter design process.

1) Mg, x Q can be treated as a whole object and it can be
easily plotted with respect to f,, according to (32), such as
n the blue curve in Fig. 15.
T L 2) Setting a straight line across the blue curve and using a
linear function to solve the analytical solution of f,), such as
the red line in Fig. 15. By this method, the solution of f,, is
the approximation value of the feedforward controller. The
effectiveness of this feedforward controller is examined in
Section VI-D with the same PI parameters

= Phase-shift ¢

n

a small value range but achieve a wide voltage range and load

range. A flow chart of design process for the adjustable linear .
function p= K, X fi+ By, is summarized in Fig. 14. My, Q = sin(Km X fu + Bum)
1 1 1
(&) e+t -52)]
B. Feedforward Control Algorithm 5
T RoThuso 32
In order to accelerate the step response of the converter, a T 8 Viwr (32)
feedforward control algorithm is proposed.
By substituting the linear function ¢ = Ky, X f,+By, into (7) The control block diagram in forward mode is given, as shown

and expanding M, x Q according to the definition, (32) can in Fig. 16. Due to the symmetric circuit parameters, the control
be obtained. Although f;, can be calculated according to (32) strategy in backward mode is the same as the forward mode. The
theoretically if the output voltage and current are detected, the steady-state waveforms and dynamic response are provided in
analytical solution for f;, is very complicated and impractical for ~ Section VI.
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Fig. 16.  Block diagram of the closed-loop control system in forward mode.

TABLE III
MAIN CIRCUIT PARAMETERS OF THE CLLC PROTOTYPE AND SPECIFICATION

Parameters Value
Primary bus voltage Viusi 80V-120 V
Secondary bus voltage Vius 80 V-120 V
Nominal output power Py 1 kW

Transformer Turns ratio ns (Ny:Ns) 1:1

Primary resonant capacitor C, 430 nF
Primary resonant inductor L, 3.77 uH
Magnetizing inductor L, 12.97 uH
Primary resonant inductor L 3.77 uH
Secondary resonant capacitor Cy 430 nF

VI. EXPERIMENTAL RESULT AND COMPARISON

In order to verify the effectiveness of the proposed control
strategy and parameter design method, a 1 kW prototype is
built and tested. The main circuit parameters of the CLLC
resonant converter can be calculated according to the proposed
design method, which are given in Table III. The linear function
corresponding to the soft-switching boundaries can be obtained
according to Section V-A. The results of slope and intercept are
K =14 X Mgy, —30and B, = —10.94 x Mgy, +22.62if M,
>1 while K, = 14/Mg,, — 30 and By, = —10.94/M,, + 22.62
if Mg, <1.

A. CLLC and LLC-C Parameter Equivalence

Zahid et al. [20] and Tan and Ruan [21] indicated the CLLC
resonant converter [see Fig. 1(b)] is fully equivalent to LLC-C
resonant converter [see Fig. 1(c)]. Since LLC-C resonant con-
verter is with a smaller number of components, the prototype
is finally realized by a LLC-C resonant converter. The main
circuit parameters of the LLC-C converter are given in Table IV,
where the resonant parameters are calculated by Appendix B.
The prototype photo is shown in Fig. 17.

B. Forward Mode Test

The steady state waveforms under 1 kW condition are given
in Figs. 18 and 19, where the ZVS realizations of four boundary
operating points are shown. Besides, light load conditions

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

TABLE IV
MAIN CIRCUIT PARAMETERS IN THE PROTOTYPE OF THE LLC-C CONVERTER

Parameters Value
Primary bus voltage Viusi 80V-120 V
Secondary bus voltage Vius2 80V-120 V
Nominal output power Py 1 kW

Transformer Turns ratio n4 (Np:Ns) 7:9

Primary resonant capacitor Cy 423 nF (47nF/630V x9)

Primary resonant inductor L, 6.7 uH (3C95-PQ50)

10 uH (DMR95-PQ50)

423 nF (47nF/630V x9)
FDHOS5N15A x2

Magnetizing inductor Ly,

Secondary resonant capacitor Cy»
Switches S1—Ss

g Controller Board d Resonant Inductor

riary Resonant
Capacitor
.

Transformer

Secondary

Filter Board Resonant Capacitor

Power Switches Board

Fig. 17.  Prototype photo.

(200 W, 20% nominal load) are also tested to verify the feasibility
of the control strategy. The ZVS realizations under 20% nominal
load condition are given in Figs. 20 and 21. The efficiency
performance in the forward mode is given in Fig. 22, and the
full-load efficiency is in the range of 96.19%-98.10%. The
variation range of switching frequency is from 76.35 kHz to
90.67 kHz in the whole voltage and load range.

C. Backward Mode Test

The steady-state waveforms in backward mode are given
in Figs. 23, 24, 25, and 26. The efficiency performance is
provided in Fig. 27. Due to the design method of symmetric
circuit parameters, the key waveforms in backward mode are
with the similar performance as the forward mode. Besides,
the efficiency performance is also similar as forward mode,
where the rated-power efficiency is in the range of 96.22%—
98.24%. The variation range of switching frequency is from
76.41 to 90.73 kHz in whole voltage and load range.

D. Dynamic Test

In order to prove the continuity of the proposed control strat-
egy, a 50% load step response is tested. Moreover, the feedfor-
ward control algorithm is also applied, as shown in Figs. 28, 29,
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Fig. 19. ZVS realization of the secondary side switches at full load in the forward mode. (a) Vius1 = 80V, Viusa = 80 V. (b) Vius1 = 120V, Vg2 =80 V.
(©) Vbus1 = 80V, Vpus2 = 120 V. (d) Vbus1 = 120V, Vpuse =120 V.
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Fig. 21. ZVS realization of the secondary side switches at 20% nominal load in the forward mode. (a) Vius1 = 80 V, Vpusa = 80 V. (b) Vpus1 = 120V,
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JIA et al.: MODEL ANALYSIS AND DESIGN OF THE CONTROL STRATEGY FOR THE BIDIRECTIONAL RESONANT DAB CONVERTER

0.99 0.99

0.97 //-"—___‘ oo

9569

0.99

0.97

0.95 0.95 0.95
0.93 0.93 0.93
0.91 0.91 0.91

—o— 80V-80V —*=80V-100V —o—80V-120V
0.89 —o— 100V-80V 0.89 ——100V-100V 0.89 —+—100V-120V

—o— 120V-80V o= 120V-100V —o—120V-120V
0.87 0.87

"7 200W 300W 400W 500W 600W 700W 800W 900W 1000W
(2

Fig. 22.
(©) Viust = 80 V120V, Vg = 120 V.

200W 300W 400W 500W 600W 700W 800W 900W 1000W

.87
200W 300W 400W 500W 600W 700W 800W 900W 1000W

(b) ©

Efficiency performance of the prototype in forward mode. (a) Vpus1 = 80 V=120 V, Vpyusa = 80 V. (b) Vbus1t = 80 V=120 V, Vpyus2 = 100 V.

Tek Prevu fid | Tek Prevu | it |
X d A% AN d
[y Vgs—Sl [ ] Vgs-Sl
is-81 ,
Vg%%‘ — rr—
D B
£:=84.38 kHz I =76.84 kHz
; ©=0.8789 rad 3 @=0.6778 rad
voQ 7/ Q /
o ° 85 = - Y. { B V- T By | swe)
(a) (b)
Tek Prevu [ T _ ] Tek Prevu . [ Tt 1
VA" x | d zvs/ (T N \ 4
» . Ves st : Vessi
Vds-S1 Lo V.ds-S1 =
U M {——— \r——-— r———*
VdSrSS Vds«SS Itz Bl
[ L\
[ D /
V) 1=76.41 kHz 5 £=88.51 kHz
- Ip ©=0.7088 rad _ ©=0.3512 rad
2 . k / / R Q i X / V2
8’ mon B ipats ety |_sessin ] e VI iooms Sty |_sesm )
(©) (d)

Fig. 23.
(©) Vbus2 =80V, Vpus1t = 120 V. (d) Vbus2 = 120V, Vus1 = 120 V.

30, and 31. Itis proved that the load step response is significantly
improved after the feedforward controller is enabled.

E Comparison

The purpose of our proposed method is to make a good balance
between the frequency range, efficiency, reliability (elimination
of core saturation), and bidirectional voltage range for the
practical realization for engineering. As explained in Fig. 1,
LLC-L, CLLC, and LLC-C resonant tank can be all considered
derived from the LLC traditional resonant tank, therefore, some
state-of-the-arts with these resonant tanks are given in Table V

ZVS realization of the primary side switches at full load in the backward mode. (a) Vius2 = 80V, Vius1 = 80 V. (b) Vhus2a = 120V, Vi1 =80 V.

to make a comparison with the proposed method from the
following aspects.

1) Core Saturation Risk (Reliability of the Converter): The
reason that CLLC (LLC-C) converter is selected as our topology
is due to the existence of the primary-side and secondary-side
capacitors, which can naturally eliminate the core saturation risk.
In Table V, Jiang et al. [29], Jia et al. [32], and Wu et al. [34]
may face this risk due to the lack of the blocking capacitors.
Take the LLC-L tank in Fig. 1(a) for an example, the auxiliary
inductor L,,; may be saturated in forward mode while the trans-
former may be saturated in backward mode, especially in high
power applications.
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ZVS realization of the secondary side switches at 20% nominal load in the backward mode. (a) Viusa = 80 V, Vius1 = 80 V. (b) Vg2 = 120V,
Vbus1 =80 V. (¢) Vbusz =80V, Vhus1 = 120 V. (d) Vbusa = 120V, Vpus1 = 120 V.
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2) Switching Frequency Range: In Table V, the converters
can be divided into two types: the constant-frequency converter
such as [34], [35], [39], [40] and the other type with variable
switching frequency, such as [17], [18], [19], [29], [32], [41]
and our prototype.

A constant switching frequency indeed facilitate the magnetic
component design such as transformer and inductors. However,
this is not conducive to covering a wide voltage range and im-
proving the efficiency. Wu et al. [34], Huang et al. [35], Meinagh
et al. [39], and Cheng et al. [40] proposed different control
algorithms with constant switching frequency, which makes the
design of magnetic components very convenient, however, the

highest rated-power efficiency does not exceed 98%. Without
the frequency as a control variable, the soft-switching range is
hard to be enlarged so the efficiency performance is limited.
Resonant converters can obtain a good efficiency perfor-
mance with VF control due to the soft-switching realization
is much easier. In the range of VF converters, our proposed
method shows the narrowest switching frequency range from
76.35 to 90.73 kHz, where the normalized value is 18.84%
(= (90.73 kHz-76.35 kHz)/76.35 kHz). The other VF convert-
ers showed a much wider frequency range than the proposed
method, for example, the normalized values of frequency range
of [17], [18], [19], [29], [32], and [41] are, respectively, equal
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TABLE V
PERFORMANCE COMPARISONS

Reference [17] [18] [19] [29] [32] [34] [35] [41] [39] [40] Proposed
Converter topology ~ CLLC crLe LLC-C LLCL e LLC-L ilﬁj“’l‘;'t’é‘fc crLe cLLC  CLLC LLC-C
Rated power Py 1 kW 1.2 kW 1 kW 1kW 1kW 1.6 kW 1 kW 500 W 1 kW 800 W 1 kW
Bidirectional
Normalized Gain
Range 1x1.353 1x1375 1x18 151 1515 15%1 1x1.667 1 1 1x15 1.5%1.5
(input range x output
range)
Vin (V)
Vout (V) 200 380 400 80 —120 80—120 320—480 400 100 400 400 80—120
170—230  160—220 250—450 400 80—120 400 300—500 100 360 320—480 80—120
(forward mode)
Vin (V)
Vout (V) 170-230  160—220 250 —450 400 80—120 400 300—500 100 Not Not 80 —120
200 380 400 80—120 80 —120 320—480 400 100 reported  reported 80—120
(backward mode)
Modulation type VF VE+PS VF VF VF+SPS PWM PWM VF+SPS TPS TPS VF+SPS
Switching
. 5 173% 275% 300% 33.33% 22.6% 24.4% 18.84%
frequency variation 55y, go - 50 kHz— 69 kHz— 89.2 kHz — . OgZ:H ) ngzH 41KkHz— 0(())0{:}1 . 6?;121{ 76.35 kHz—
p ?nge) " 150 kHz 300 kHz 200 kHz 92 kHz 109.4 kHz ’ ’ 51 kHz “ ‘ 90.73 kHz
Minimum number
. 1T(Coupled
of inductor, ATE L HTH2C ILHTRC  2LHITHIC  2LHITHC  2LHTHIC  inductory 20 lTT 2LHTHE o 2LHITE oy poe
transformer and 2C +4C 2C 2C 2C
resonant capacitor
Core saturation risk No No No Yes Yes Yes No No No No No
Highest rated-
power efficiency 97.1% 98.07% 98.3% 96.2% 97.5% 97.8% 96.4% 93.6% 96% 96.1% 98.10%
(forward mode)
foadrangein 100 10%— 25%— 20%— 20%— 12.5%— 10%— 20%— 10%— 10%— 20%—
eelency ¢ 0 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%
(forward mode)
Highest rated- Reported
power efficiency 97.1% similar as 98.4% 96% Not 97.8% 96.6% 92.8% Not Not 98.24%
reported reported reported
(backward mode) forward
Joadrangein 100% Reporied 50%— 20%— Not 12.5%— 10%— 20%— Not Not 20%—
Y ° 100% 100% reported 100% 100% 100% reported reported 100%
(backward mode) forward

to 173%, 275%, 300%, 33.33%, 22.6%, and 24.4%, which are
all above 20%.

3) Voltage Ranges in Both Ports of the Converter: Most
designs are only suitable for the situation that the port volt-
age changes at one side but the other port voltage must keep
constant. Different from that, our proposed design method can
cover a wide voltage range for both ports of the converter in
any power flow directions. When taking the voltage ranges of
the two ports into account, our prototype shows the widest
voltage range, where the normalized voltage range is 2.25 (=
(120 V/80)x (120 V/80)). Although [32] can cover the same
voltage ranges, the proposed method can achieve a higher ef-
ficiency and a narrower switching frequency range. Moreover,
there is no core saturation risk in our prototype as mentioned
above.

4) Efficiency: In Table V, only [18] (98.07%), [19] (98.4%),
and our prototype (98.24%) can achieve that the highest rated-
power efficiency exceeds 98%. However, Li et al. [18] and
Zhao et al. [19] both showed a very wide switching fre-
quency range: the switching frequency range of [18] is from
80-300 kHz and it ranges from 50-200 kHz in [19]. For
our prototype, the frequency changes only from 76.35 to
90.73 kHz.

Moreover, it should be noted that the selection of main circuit
parameter in [19] mainly focused on the forward operation
mode. When the converter operates in reverse mode, most of
the operating conditions need to be achieved in a step-down
mode, which means it needs a very high switching frequency
to regulate the output when the output power gradually de-
creases. Therefore, in its preset frequency range (50-200 kHz),
it cannot operate in reverse mode below 50% of the rated
power. Similarly, the bidirectional voltage gain range of [18]
is smaller than the proposed method due to the restriction of
the parameter design in a CLLC resonant converter. Hence,
although the highest rated-power efficiency is similar, our proto-
type shows a wider load range and voltage range compared with

[18] and [19].

5) Minimum Component Number of the Resonant Tank: The
magnetic component always takes up a big volume so the min-
imum component number of resonant tank is also compared in
Table V.

It can be proved that LLC-C can be totally equivalent to the
CLLC tank even with a less inductor number [20], [21]. Hence,
a prototype can be built by the LLC-C tank after the parameters
for a CLLC tank have been determined (see Appendix B). Since
the necessary component number for the LLC-C resonant tank
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is only equal to 4 (= 1 inductor, 1 transformer, and 2 resonant
capacitors), it shows a good superior in Table V.

VII. CONCLUSION

A circuit parameter design method and a VF&SPS control
strategy are proposed for the CLLC RDAB converter. Based on
the analysis about the gain model and the soft-switching region,
the frequency range of f,, €(X3, 1), which is suitable for the
VE&SPS control strategy and the realization of soft-switching, is
proposed. Furthermore, a function between the two control vari-
ables is also proposed, which is a linear function with adjustable
slope (K,,) and intercept (B,,) according to the voltage gain. By
this method, the converter can be operated close to the boundary
of the ZVS region so as to realize a small switching-OFF current
value. Moreover, a feedforward control algorithm is proposed,
which using a curve fitting method in order to calculate the
approximate value of the control variable, so that this value can
be added into the control loop to improve the load-step response.
Finally, a 1 kW prototype is built to verify the correctness of
the theoretical analysis. With the parameter equivalent method,
the CLLC resonant tank is realized by an LLC-C tank so to reduce
one inductor and improve the power density. The experimental
results show that all switches can achieve the soft-switching
with a wide voltage range and a wide load range. The maximum
rated-power efficiencies of the forward and backward modes
are 98.10% and 98.24%, respectively. In addition, the switching
frequency in the whole operating range only changes 18.84%,
which decreases the difficulty for the design of the transformer.

APPENDIX A

Here is a derivation process for the normalized gain in forward
mode.

By Kirchhoff’s voltage law, (A1) can be obtained according
to (3)-(6)

Vapie #]
nsVepre® |
ROfn + kROfn - 7 _kROfn
kROfn - ROfn - kROfn

e(g‘pel)j:|

I
x[pj
ns

s o(5+62)] (AD)
where f;, Ro, fu, and k, respectively, denote the resonant fre-
quency, the characteristic impedance, the normalized frequency,
and the inductor ratio, defined as

fi= W% (A2)
Ry = é—j (A3)
h:% (A4)

k= % (A3)
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The coefficient matrix of (A1) is defined as A for simplicity
and given in (A6). The determinant of A is given in (A7)

o ROfn + kROfn - T _kROfn
A= KRo f, ~ Rofa— kRofu| ¥
— LR.2 L
|A| kRO fn <fn fn) <2 + L kfn2> . (A7)

The current and phase angle are not unique solution in (A1)
when |A| is equal to 0. This case should be avoided. With the
assumption of [A|#0, (A1) can be simplified to

IeE=e il gRofy [z i1 1
s ; = 1 1
'rITZC( 2"'92)] |A| -1 1+ Tkl
Vapie 7
8 [nsvcme()j ' (A%)

According to Euler’s formula, (A8) can be expanded, as
shown in

kRo fn :
I,cosf = ‘A”‘f nsVepi sin ¢

I,sint, = Mig‘f" nsVep1 cos ¢
_ERofy (14_7_ 1 )V
A % 2 AB1
; Crt o/ (A9)~(A12),
7 cos 0y = ‘ | Va1 sin ¢
i—zsinﬁg = ‘“‘f“ Va1 cos

ERo fn
—=2toJn |X| <]_+ i kf ) nsVepi-

By solving (A9)-(A12), the current amplitude and the phase
angles can be solved, as shown in

n52‘/},%s2 + (1 + k ) Vbuql
. 4 —2Vhus1m5 Vbusa cos (1 + E T kfa2

T Re[(F-0) i)

2
‘/;J%lsl + (1 + % - kflnz) n52‘/b?1s2

f2vbusln5vbus2 COS (1 + % -

1

) (A13)

4715

Ty

k“>mm

~h) (241 - )

I, =

1 1
1 14+ + - 2 Vous
f1 = arctan ( — k K busl (A15)
tan ¢ sing  nsVhus2
1 1
]‘ 1 + kB Okf.2 V us.
0y = arctan R VSR AL R NN
tan ¢ sin ¢ Vbust

According to the energy conservation law, (A17) can be
obtained, and finally, the normalized gain can be derived, as
shown in (7) for the forward operation mode

Vit Iy
2 V2 V2

2
% Vbus?

osf = (A17)
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APPENDIX B

Compared with the CLLC converter, the LLC-C resonant
converter, as shown in Fig. 1(c), can achieve the same features
with proper parameters. Zahid et al. [20] and Tan and Ruan [21]
indicated that CLLC converter can be equivalent to the LLC-C
converter with the parameter relationship shown in
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