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Abstract—The CLLC converter is a high-frequency, high-
efficiency isolated bidirectional dc–dc converter. In outdoor appli-
cation scenarios like electric vehicle fast charging station, short-
circuit failure caused by harsh environments is very challenging
for the CLLC converter. Especially, such short-circuit failure is
more likely occurring in startup stage. In this article, a soft startup
method with natural short-circuit tolerance features is proposed for
CLLC converters. A special fixed frequency fixed duty cycle driving
scheme is designed and used for realizing soft startup. An opera-
tion mode analysis is conducted for proposed soft startup driving
scheme, showing its detailed working process and energy trans-
mission characteristics. Besides, a practical startup method using
proposed soft startup driving scheme is also illustrated. To clarify
the mechanism of natural short-circuit fault tolerance features in
the proposed method, a comprehensive dynamic state trajectory
analysis is provided, showing that the dynamic state trajectory
after short-circuit failure can be restricted within a boundary au-
tomatically. As a result, very large short-circuit current is avoided
and natural short-circuit tolerance features is realized. Finally,
a lab-level prototype is built to verify the proposed method and
the corresponding analysis. Experimental results proves that the
proposed method achieves excellent short-circuit tolerance perfor-
mance (short-circuit current is less than 4% of that in conventional
method) and similar soft startup performance compared to the
conventional method.

Index Terms—CLLC converter, operation mode analysis, short-
circuit tolerance, soft startup, state trajectory.

DEFINITION OF IMPORTANT VARIABLES

Variable Physical meaning
fr Resonant frequency.
fs Switching frequency.
Dref Critical duty cycle.
k Inductance ratio.
k1 Scale factor of the eigen frequency in the P and

N mode stages to fr.
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k2 Scale factor of the eigen frequency in the Z and
Z0 mode stages to fr.

P1 to P4 Undetermined coefficients of time domain
expressions in the P mode.

N1 to N4 Undetermined coefficients of time domain
expressions in the N mode.

Z01 to Z02 Undetermined coefficients of time domain
expressions in the Z0 mode.

Z1 to Z2 Undetermined coefficients of time domain
expressions in the Z mode.

φP Duration of the P mode stage.
φN Duration of the N mode stage.
φZ0 Duration of the Z0 mode stage.
φZ Duration of the Z mode stage.
M Voltage gain.
MT Target voltage gain.

I. INTRODUCTION

THE CLLC converter is a high-frequency and high-
efficiency isolated bidirectional dc–dc converter that has

gained significant attention from academia and industry due to its
excellent soft-switching characteristics [1]. Having a promising
topology for bidirectional power transmission, the CLLC con-
verter’s application spans uninterrupted power supply systems,
vehicle-to-grid systems, battery energy storage (BES) systems,
electric aircraft, and reversible solid oxide fuel cell systems [2],
[3], [4], [5], [6], [7]. The existing researches on CLLC converters
mainly focus on the parameter design and control methods in
different scenarios and better loss modeling of high frequency
transformer [8], [9], [10]. In terms of the theoretical modeling of
CLLC converters, apart from the first harmonic approximation
(FHA) method, mode equations, and state trajectories are used
for time-domain modeling [11], [12], [13].

Reliability is also an important evaluation criterion for CLLC
converters, short-circuit fault is one of the most hazardous
challenges. Specifically, short-circuit fault may occur randomly
at any time during circuit operation, either during steady-state
operation, or during startup process [14]. Short-circuit fault in
steady-state process is usually caused by circuit faults and are
relatively common, but there are also many scenarios that have
special requirements for short-circuit faults during the startup
process, such as the black startup of the BES system [14], [15],
[16] or some sensitive load like aerospace vehicles and electric
aircraft [17], [18].
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Taking the application scenario of CLLC converter for electric
vehicle (EV) charging as an example, short-circuit fault protec-
tion during charging process is crucial. Xu et al. [19] and Zia et al.
[20] indicated that the short-circuit fault depends more on the ex-
ternal environment than the operation state of the converter. Due
to the fact that EV charging systems typically operate outdoors,
equipment is more susceptible to aging caused by environmental
factors such as water immersion, dust accumulation, and salt
corrosion, making it more sensitive to voltage changes during
startup and prone to short-circuit faults.

The protection methods for the short-circuit fault in steady-
state operation are relatively mature, existing short-circuit fault
protection methods can be divided into two level: 1) External
protection circuits for the hardware level and 2) special control
methods for the software level.

More specifically, some typical over-current protection cir-
cuits are outlined in [21] and [22], external diodes or other
devices are used, but there are some associated reliability and
economic challenges need to solve. Recently, researchers have
proposed short-circuit fault protection methods at the control
level to circumvent additional circuits using the theoretical
modeling of LLC converters. Duan et al. [23] and Fei et al.
[24] limiting the maximum current through state trajectory
to achieve constant current control when a short-circuit fault
occurs. Similarly, short-circuit protection of CLLC converters
can be accomplished through control method innovations. Zhuo
et al. [25] proposed a short-circuit fault current limiting method
for CLLC converters using inverted displacement phase control
based on the FHA method.

However, the abovementioned methods are mainly for the
short-circuit protection in steady-state operation, there still lacks
of methods especially aim to the short-circuit fault in startup
process. Besides, published researches on soft startup control
methods for CLLC converters can be categorized into methods
based on switching frequency modulation [26], [27], [28], [29]
and duty cycle modulation [30], [31], [32]. Details are as follows.

The key of switching frequency modulation methods is to
set a high switching frequency at the startup moment and then
reduce it to the resonant frequency. Jia et al. [26] pointed out that
decreasing the switching frequency can limit the surge current
at the startup moment. In order to enhance the accuracy of the
frequency modulation process, an alternative soft startup control
strategy based on state trajectory is presented in [27], [28], and
[29]. The critical initial switching frequency can be obtained
by adding a current limit on the state trajectory. However,
the abovementioned frequency modulation methods necessitate
device operation at higher frequencies, posing challenges for
device selection and introducing EMI issues.

To mitigate issues caused by high switching frequency, duty
cycle modulation methods are proposed to achieve the same soft
startup target. Sadangi et al. [30] and Jung et al. [31] proposed
a three-stage hybrid control by integrating duty cycle control to
substitute the ultimate pursuit of such a high initial frequency.
Furthermore, several pure duty cycle modulation startup control
methods are given in [32] by using different modulation rules
to achieve nonlinear rise and linear rises of output voltage,
respectively. However, both the duty cycle modulation and the

Fig. 1. Schematic diagram of the control logic of the proposed method.

frequency modulation methods mentioned above lack the ability
of short-circuit protection.

In this article, a soft startup method with natural short-circuit
tolerance features for CLLC converters is proposed. The corre-
sponding control logic is illustrated in Fig. 1. The basic idea of
proposed method is to limit the theoretical maximum transmis-
sion energy in every switching cycle, so that damage caused by
short-circuit failure in startup stage can be minimized. Based
on the basic idea, a special fixed frequency fixed duty cycle
driving scheme is designed and used for realizing soft startup.
An operation mode analysis is also conducted to analyze the
detailed working process and quantitative energy transmission
characteristics of proposed driving scheme. After that, a practical
startup method using proposed soft startup driving scheme is
provided for actual implementation. To further indicate and vi-
sualize the mechanism of the natural short-circuit fault tolerance
features, a comprehensive dynamic state trajectory analysis is
provided. The analysis shows that the dynamic state trajectory
after short-circuit failure can be restricted within a boundary
automatically. As a result, transmission energy is limited, and
very large short-circuit current can be avoided. Verification
experiments are conducted and experimental results proved
the capability of proposed soft startup method as well as the
correctness of corresponding analysis.

The rest of this article is organized as follows. In Section II,
the idea of the proposed soft startup control is illustrated ahead.
Then, a detailed operation mode analysis is also provided to
clarify the detail startup process of proposed soft startup control
method. Moreover, the practical work pattern using proposed
soft startup control method is given. In Section III, a static state
trajectory analysis is introduced to illustrate the startup charac-
teristics and a comprehensive dynamic state trajectory analysis
is provided to explain the mechanism of natural short-circuit
fault tolerance features under proposed soft startup method. In
Section IV, corresponding experimental validation results are
provided to verify the proposed soft startup strategy, and the
short-circuit fault comparison experimental results of different
soft startup control methods are given. Finally, Section V con-
cludes this article. Some boundary rules for the critical duty
cycle are given in Appendix A.
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Fig. 2. Topology of a typical CLLC converter.

Fig. 3. Imaginary drive scheme with energy limitation features.

II. PROPOSED SOFT STARTUP CONTROL METHOD FOR CLLC
CONVERTERS AND ITS OPERATION MODE ANALYSIS

A. Operating Process Under the Proposed Soft Startup
Control Method

Fig. 2 illustrates the topology of a typical CLLC converter.
S1 to S4 are the primary side switches, and S5 to S8 are the
secondary side switches. The magnetizing current in primary
side and secondary side are indicated by ip, is, and iLm, respec-
tively. The positive directions of voltage and current used in the
analysis are also indicated, and the turn ratio of the transformer
is denoted as n.

Different from traditional soft startup methods based on
equivalent voltage gain, this article focuses more on the actual
working principle of the circuit, attempting to limit the energy
transmitted in each switching cycle during the startup process,
so that the converter has short-circuit protection capability while
achieving soft startup. To realize such an energy limited startup,
Fig. 3 illustrates an imaginary drive scheme: S1 to S4 only
conduct a short time in a period, and drive signals of S5 to S8

are always at off state. As shown in Fig. 3, in every switching
period, ip will rise from zero when S1 and S4 are conducting
and drop down to zero before the next on state. By this way,
the amplitude of ip is limited instead of increasing cycle by
cycle so that the transmitted energy in a cycle is limited, which
means the abovementioned energy limitation feature can be
realized.

To identify the energy transfer law exactly, the time-domain
operation mode analysis method is used, which can be sum-
marized as into five steps named distinguish operation modes,
establish equivalent circuits, derive time domain expressions,

illustrate boundary conditions, and solve for required charac-
teristics [33]. The following analysis is conducted under the
condition that duty cycle D ≤ Dref , where Dref is a critical
value computed in Appendix A to ensure energy limitation
characteristics.

Distinguish Operation Modes: As shown in Fig. 4(a), the
operating process under the proposed soft startup control method
comprises four operation mode stages, they are named as the P
mode stage, N mode stage, Z0 mode stage, and Z mode stage.
Since the operating processes in the positive and negative half
cycles are symmetrical, the subsequent analysis focuses on the
positive half cycle. Details about the operating process are given
in [33].

Establish Equivalent Circuits: The circuit working process of
each mode is shown in Fig. 4(a), and the equivalent circuits of
P mode stage, N mode stage, Zo mode stage, and Z mode stage
employed in the operation mode analysis can be established, as
illustrated in Fig. 4(b), respectively.

In the P mode stage, the entire resonant tank participates in
resonance, where uAB = Uin and uCD = Uout. In the N mode
stage, the whole resonant tank participates in resonance, where
uAB = −Uin and uCD = Uout. In the Zo mode stage, only the
secondary side of the resonant tank participates in resonance,
where uAB =0 and uCD = Uout. In the Z mode stage, only
secondary side of the resonant tank participates in resonance,
where uAB =0 and uCD = −Uout.

Derive Time Domain Expressions: According to Fig. 4(b),
equivalent circuits of P mode stage and N mode stage are
both four-order resonance circuits, and equivalent circuits of Z0

mode stage and Z mode stage are two-order resonance circuits.
Therefore, time domain expressions of ip, is, ucr1, ucr2 in
P mode stage, N mode stage, Zo mode stage, and Z mode
stage can be derived by solving the corresponding resonance
circuits.

For simplicity, per-unit form time domain expressions are
employed, with the transformer’s turn ratio n set to 1. The base
values for the voltage, current, and impedance are defined as
follows:

Zbase =

√
Lr

Cr
ubase = Uin ibase =

ubase

zbase
(1)

where Lr = Lr1 = Lr2, Cr = Cr1 = Cr2.
Then the per-unit form time domain expressions of ip, is,

ucr1, and ucr2 in the P mode stage, N mode stage, Zo mode
stage, and Z mode stage can be expressed in Table I.

Illustrate Boundary Conditions: Boundary conditions are in-
cluded to solve undetermined variables so that the steady-state
condition of CLLC converters can be described completely and
accurately. Apart from P1, P2, P3, P4, N1, N2, N3, N4, Z01,
Z02, Z1, Z2, another four variables, φP , φN , φZ0, and φZ are
defined in Fig. 4(c). They are the durations of the P mode stage,
N mode stage, Zo mode stage, and Z mode stage, respectively.

For the time domain continuity of the primary side current
ip, the secondary side current is, the voltage across the primary
resonant capacitor ucr1, and the voltage across the secondary
side resonant capacitor ucr2, the following boundary conditions
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Fig. 4. Operation mode analysis of CLLC converters under proposed soft startup control method. (a) Distinguish operation modes. (b) Establish equivalent
circuits. (c) Illustrate boundary conditions.

(F1 to F14) should be satisfied, as Fig. 4(c) shows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

F 1 = ip,P (0) = 0
F 2 = is,P (0) + is,z (φZ) = 0
F 3 = ucr1,P (0) + ucr1,z (φZ) = 0
F 4 = ucr2,P (0) + ucr2,z (φZ) = 0
F 5 = ip,P (φP )− ip,N (0) = 0
F 6 = is,P (φP )− is,N (0) = 0
F 7 = ucr1,P (φP )− ucr1,N (0) = 0
F 8 = ucr2,P (φP )− ucr2,N (0) = 0
F 9 = ip,N (φN ) = 0
F 10 = is,N (φN )− is,z0 (0) = 0
F 11 = ucr1,N (φN )− ucr1,z0 (0) = 0
F 12 = ucr2,N (φN )− ucr2,z0 (0) = 0
F 13 = is,z0 (φZ0) = 0
F 14 = ucr2,z0 (φZ0)− ucr2,z (0) = 0

(2)

where the subscript P, N , Z0, Z means corresponding variables
use the expressions of P mode stage, N mode stage, Z0 mode
stage, and Z mode stage, respectively. φP , φN , φZ0, φZ are the
lengths of the P mode stage, N mode stage, Zo mode stage, and
Z mode stage, respectively. They are all undetermined variables
too.

There are now 14 boundary equations (F1 to F14) and 16
undetermined variables (P1, P2, P3, P4, N1, N2, N3, N4,
Z01, Z02, Z1, Z2, φP , φN , φZ0, φZ) in (2). Which means
two additional constraint equations are needed to solve these

undetermined variables{
F 15 = φP + φN + φZ0 + φZ = T

2
F 16 = φP = DT.

(3)

It can be found from Fig. 4(c) that the total duration of the
four modes is half a cycle, and the duration of the first P mode
stage corresponds to the conduction time of the switch tube, so
F15 and F16 can be illustrated as (3) shows.

Solve for Required Characteristics: Solving for the required
characteristics involves combining (2) and (3) to determine the
undetermined variables. Fig. 5 illustrates the variation rule of
ipmax and Epc during startup, where Epc is the energy input in a
cycle.

More specifically, ipmax can be extracted from the mode
analysis result of ip (use M = 0.5, as an example in Fig. 5)
and Epc can be calculated by

Epc = 2Uin

(∫ φP

0

ip,pdφ+

∫ φP+φN

φP

ip,Ndφ

)
. (4)

Fig. 5 shows that ip decreases along the startup process
until the voltage gain M = 1, which proves that the proposed
control method can achieve a successful soft startup to M = 1.
Moreover, the energy transfer rule reflected in Fig. 5 verifies
that the proposed method has energy limitation characteristics,
wherein as the startup progresses, M gradually increases, and
the energy transmitted in each cycle (Epc) gradually decreases.
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TABLE I
TIME-DOMAIN EQUATIONS OF ip, is, ucr1, AND ucr2 FOR EACH MODE

Fig. 5. Variation rule of ipmax and Epc during startup process.

B. Practical Full Work Pattern for CLLC Converters Using
the Proposed Soft Startup Control Method

For a no-load startup, the target gain of the proposed open-
loop soft startup control method isM = 1. However, CLLC con-
verters must attain varying voltage gains for common application
scenarios with three primary requests: MT > 1, MT = 1 and
MT < 1. To achieve such different targets, the whole control
process consists of three stages, which are the open-loop control
stage for soft startup, the close-loop control stage for voltage
modulation and the close-loop control stage for steady-state
maintenance, respectively. The block diagram of the full work
pattern is pictured in Fig. 6.

Stage I: SetD = Dref and fs = fr to generate a fixed narrow
pulse for the open-loop soft startup stage, where Dref denotes
the critical duty cycle calculated in Appendix A. This stage
develops fromM = 0 toM = 1under the control of the proposed
energy limitation based soft startup method.

Stage II: Once the voltage gain M = 1 is achieved, set D =
0.5 and regulate fs to attain the target gain MT through close-
loop control. This stage can be categorized into the following
three situations.

Fig. 6. Schematic diagram of the full work pattern. (a) Three stages of the full
work pattern. (b) Schematic diagram of Stage II.A. (c) Schematic diagram of
Stage II.B. (d) Schematic diagram of Stage II.C.

Stage II.A: If MT = 1, just keep fs = fr, which means the
target is already achieved at the end of Stage I, this case is
illustrated in Fig. 6(b).

Stage II.B: If MT > 1, decrease fs to rise the gain until M =
MT . This is a close-loop control stage and the final switching
frequency is fref1 < fr, which will be maintained in the next
steady-state stage, this case is illustrated in Fig. 6(c).

Stage II.C: If MT < 1, increase fs to fref2 for a lower gain,
and keep fs = fref2 in the steady-state maintenance too, this
case is illustrated in Fig. 6(d).

Stage III: This stage is for the close-loop steady-state main-
tenance, the target gain is realized in the last stage, so the new
control parameters should be same as the end of the close-loop
voltage modulation stage. The full startup period ends.

Since the surge current typically occurs at the startup’s onset,
the open-loop soft startup process is particularly crucial. The
analysis of the proposed soft startup control strategy reveals
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TABLE II
SHAPE OF THE STATE TRAJECTORIES FOR DIFFERENT MODES

that in practical applications, the essential action is to transmit
a suitable narrow pulse control signal at the beginning of the
open-loop control stage. This approach eliminates the tedious
modulation process of the conventional soft startup methods.

III. STATE TRAJECTORY ANALYSIS FOR SHORT-CIRCUIT FAULT

OF THE PROPOSED SOFT STARTUP CONTROL METHOD

A. Static State Trajectory Analysis for the Proposed Soft
Startup Method

According to Fig. 6, the close-loop control stage only exists
for a relative short time. Consequently, the fault analysis can
mainly focus on the open-loop soft startup process. In order to
clarify the mechanism of short-circuit tolerance features of the
proposed method, the state trajectory analysis method for CLLC
converter [34] is employed.

Following the approach in [34], the sum of ip and is, together
with the sum of ucr1 and ucr2 are chosen as state variables to
simplify the state trajectory analysis. Otherwise, there would be
four state variables (ip, is,ucr1, anducr2), and the state trajectory
cannot be plotted in an intuitive two-dimensional (2-D) state
plane. Specific state variables in different operation modes are
defined as follows.

Set iP = ip,P + is,P and uP = ucr1,P + ucr2,P in the P
mode stage, iN = ip,N + is,N and uN = ucr1,N + ucr2,N in
the N mode stage, izo = ip,zo + is,zo and uzo = ucr1,zo +
ucr2,zo in the Zo mode stage and iz = ip,z + is,z and uz =
ucr1,z + ucr2,z in the Z mode stage.

Based on the time domain expressions of P mode stage,
N mode stage, Zo mode stage, and Z mode stage shown in
Table I, relationships between state variables in different opera-
tion modes can be derived as follows:⎧⎪⎪⎨
⎪⎪⎩

iP
2 + (uP − (1−M))2 = 4

(
P1

2 + P2
2
)

iN
2 + (uN − (−1−M))2 = 4

(
N1

2 +N2
2
)

iz0
2 + (k2uz0 − k2 (ucr1,p0 −M))2 = Z01

2 + k2
2Z02

2

iz
2 + (k2uz − k2 (ucr1,z0 −M))2 = Z1

2 + k2
2Z2

2.
(5)

Refer to (5), the shapes of the state trajectories for different
modes are listed in Table II. The detail trajectories are illustrated
in Fig. 7.

Specifically, take the case of M = 0 shown in Fig. 7(a) as
an example to analyze the detail trajectory. The trajectory from
point A to E indicates the positive half cycle. Trajectory AB is
the P mode stage, which is a circular arc with a center at (1,0).
Trajectory BC is the N mode stage, which is a circular arc with
a center at (-1,0). Trajectory CD is the Z0 mode stage, which is
a segment of ellipse. Trajectory DE is the Z mode stage, which
is a segment of ellipse too. The other part of trajectory indicates
the symmetric negative half cycle.

Combine Fig. 7(a)–(c), two main characteristics of the state
trajectory are as follows: On the one hand, the state trajectory
is symmetric about the center of the origin (0,0) due to the
symmetry of the positive and negative half cycles. Especially, the
state trajectory will be horizontal symmetry if M = 0, because
ucr1 + ucr2 = 0 at the end of the P mode stage. However, with
the increase of M , ip decreases, and the P0 mode stage will be
shortened, so the Z mode stage will be extended, the trajectory
will not be horizontal symmetry, but just keep central symmetry.
The above law is reflected in the form of dislocation reduction
shown in Fig. 7(b), which means the trajectory will not be
simply scaled down (from AB to A1

′B1
′), but will approximate

rotational shrinking (from AB toA2B2). Since the starting point
of the P mode stage (same as the end point of the previous Z
mode stage) will be raised (from A1

′ to A2), while the duty
cycle is fixed, the trajectory will be extended to B2 in order to
ensure that the duration of P mode stage [θ1 in Fig. 7(b)] keeps
unchanged.

On the other hand, the state trajectory will shrink with the in-
creasement of M . Due to the fact that the trajectory is composed
of the resonant elements, the area of the trajectory can reflect the
energy change law of the resonant cavity to some extent. This
law is verified in Fig. 7(c), which illustrates the trajectory of
the whole startup process with short-circuit fault. The trajectory
shrinks along the startup process until the short-circuit fault
occurs, which is coincident with the energy transfer rule shown
in Fig. 5.

Moreover, to explain the natural short-circuit tolerance feature
more clearly, the corresponding variation rule of ip is illustrated
in Fig. 7(d). When a short-circuit fault occurs, no additional
control is needed, ip is limited and will be stabilize to the same
state as at the startup moment [the final trajectory is the same with
the trajectory at the startup moment in Fig. 7(c)]. The specific
transient short-circuit protection process will be analyzed in the
next part.

B. Dynamic State Trajectory Analysis for the Short-Circuit
Fault Process Under the Proposed Soft Startup Control Method

Based on the abovementioned state trajectory modeling, the
dynamic state trajectory analysis of proposed soft startup method
with short-circuit fault can be conducted as follows.

Assuming an output side short circuit occurs at moment of
M = M1, and M decreases to zero immediately at moment of
short-circuit fault [as shown in Fig. 7(e)]. The dynamic state
trajectory during the short-circuit fault is depicted in Fig. 7(f),
commencing from point A. From point A to point C is the
trajectory of positive half cycle, and the trajectory from point
C to point E is the negative half cycle. Trajectory EF means a
new circulation.

Since the trajectories ofZo mode stage and Z mode stage exist
briefly around the end of N mode stage when M = 0 [refer to
Fig. 7(a)], the following analysis predominantly considers the
P and N mode stage trajectories.

Trajectory AB: The trajectory AB in Fig. 7(f) represents the
positive cycle P mode stage trajectory when the short-circuit
fault occurs. At this moment, the voltage gain (M) decreases to
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Fig. 7. State trajectory analysis for the startup process of proposed method. (a) Trajectory at M = 0. (b) Trajectory at short-circuit moment. (c) Trajectory of the
whole startup process with short-circuit fault. (d) Variation rule of ip during the startup process. (e) Variation rule of M during the startup process. (f) Transient
trajectory after the short-circuit fault.

Fig. 8. Picture of lab-level CLLC prototype.

zero immediately, shifting the circle center from (1−M1, 0) to
(1, 0) and increasing the radius from RP1 to RP2. Since point
A lies on the trajectory of M = M1, the new radius RP2 must
be smaller than RP5 (radius of the P mode stage at M = 0) and
the duration of the P mode stage is fixed (since the duty cycle
is fixed), the trajectory will expand but still be limited inside the
trajectory of M = 0.

Fig. 9. Comparative analysis of experimental and theoretical results.

Trajectory BC: The trajectory BC in Fig. 7(f) encompasses the
positive cycle N mode stage, Zo mode stage, and Z mode stage.
SinceRP2 < RP5 and the duration of theP mode stage remains
constant, point B still not lies on the trajectory of M = 0, so
the radius of the following N mode stage will be larger than
that when M = M1 but smaller than that when M = 0, which
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Fig. 10. Experimental waveforms for proposed soft startup method. (a) Overall startup waveforms when MT > 1. (b) Overall startup waveforms when MT = 1.
(c) Overall startup waveforms when MT < 1. (d) Overall startup waveforms for duty cycle modulation control.

Fig. 11. Experiment results with input voltage Uin = 100 V and corresponding state trajectories. (a) Experiment waveforms for a short-circuit fault at 13 ms.
(b) Detail waveforms of normalized ip near the short-circuit moment. (c) State trajectory near the short-circuit moment.

Fig. 12. Experimental results of applying short-circuit faults on the output side at different moments during the soft startup of the proposed method and the duty
cycle modulation method. (a) Short-circuit fault moment: 13 ms for proposed method. (b) Short-circuit fault moment: 23 ms for proposed method. (c) Short-circuit
fault moment: 33 ms for proposed method. (d) Short-circuit fault moment: 13 ms for duty cycle modulation method. (e) Short-circuit fault moment: 23 ms for duty
cycle modulation method. (f) Short-circuit fault moment: 33 ms for duty cycle modulation method.
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TABLE III
PARAMETER TABLE OF THE EXPERIMENTAL PROTOTYPE

means the trajectory BC will expand than that of M = M1, but
it will be inside of the trajectory when M = 0 and the end of
the trajectory will be near with the horizonal axis ( ip = 0 at the
end of N mode stage).

Trajectory CD: The trajectory CD in Fig. 7(f) represents a
negative cycle P mode stage trajectory during the short-circuit
process. The circle center shifts to (−1, 0), and the radius
increases to RP3 (RP2 < RP3 < RP5), causing the trajectory
to expand but be constrained within the trajectory ofM = 0 too.

Trajectory DE: The trajectory DE in Fig. 7(f) consists of
negative cycle N mode stage, Zo mode stage, and Z mode stage.
Similarly, since point D still not lies on the trajectory of M = 0,
trajectory DE will expand, but it will also be smaller than the
trajectory of M = 0.

Trajectory EF: The trajectory EF in Fig. 7(f) is a positive cycle
P mode trajectory during the short-circuit process. The circle
center changes to (1, 0), and the radius increases toRP4 (RP2 <
RP3 < RP4 < RP5), the following trajectory will repeat the
abovementioned cycle, which means the trajectory will expand
and continue to approach the trajectory of M = 0.

The conclusion is: The state trajectory will expand when the
short-circuit fault occurs, and the largest trajectory is the same
with the trajectory at the initial startup moment (M = 0), which
is safe for the converter absolutely. Therefore, the proposed soft
startup method exhibits natural short-circuit tolerance, obviating
the need for additional protection circuits.

IV. EXPERIMENTAL VERIFICATION

A lab-level prototype is constructed to validate the proposed
soft startup control method and corresponding analysis. The
figure of the prototype is illustrated in Fig. 8. Parameters of
the prototype are shown in Table III.

For this prototype, using Dref = 0.167 to realize the whole
soft startup process follow the rules mentioned in Appendix A.
The experimental results are as follows.

First, the accuracy of the operation mode analysis is verified:
In order to verify the accuracy of the operation mode analysis
used above, a comparison is realized as Fig. 9 shows. The colored
dashed lines represent the results of theoretical operation mode
analysis while the colored thick solid line is the experimental
results of ip, is, ucr1, ucr2, which are drawn from the measured
data. According to the comparison results, the experimental
and theoretical results are highly consistent, which means the
operation mode analysis has high accuracy in analyzing the
startup process of CLLC converters.

Second, the full soft startup process under proposed soft
startup control method is verified: The no-load experimental re-
sults for the full startup process corresponding to three different
voltage gain targets atUin = 100 V,D = 0.167 are illustrated in

Fig. 10(a)–(c). The experiment results of the proposed method
show that the overall startup time of the open-loop control stage
is about 42 ms with obviously current suppression effect and
the whole startup process consists of three stages, which are
the open-loop soft startup stage, the close-loop control stage
for voltage modulation (only exists for about 5 ms) and the
close-loop control stage for steady-state maintenance, the full
work pattern given in Fig. 6 is verified.

Moreover, the startup time for the conventional soft startup
methods is in millisecond too (50 ms for duty cycle modulation
control method in [32], 400 ms for hybrid control method in
[31]), which means the proposed soft startup method can achieve
an effective soft startup.

Specifically, Fig. 10(a) shows the case of MT > 1, in which
the open-loop control stage ends at M = 1, and the close-loop
voltage modulation control stage aims to regulate the gain of the
CLLC converter to M > 1. Another two conditions are verified
in Fig. 10(b) and (c). For the case of MT = 1, the whole startup
process can be simplified, enabling a direct transition from
open-loop startup to subsequent steady-state control stage. Sim-
ilarly, the startup process of MT < 1 is verified as Fig. 10(c)
shows, featuring an increased switching frequency during the
closed-loop voltage modulation stage to reach the goal. The
switching process of different control stage is smooth without
any pulse.

Third, the short-circuit fault tolerance features are verified:
The short-circuit experiment for the proposed method is con-
ducted at the rated operating voltage of the prototype with input
voltage Uin = 100V . The corresponding experimental wave-
form is given in Fig. 11(a), the detail waveforms of ip near
the short-circuit moment [see cycled in Fig. 11(a)] is shown
in Fig. 11(b), and the trajectory near the short-circuit moment
plotted from the experimental data is shown in Fig. 11(c).
Obviously, the proposed method effectively suppresses the surge
current, and naturally clamps the short-circuit current to the same
value of the startup moment.

To further demonstrate the ability of proposed method to
protect the short-circuit fault during the startup process, a tra-
ditional soft startup method based on duty cycle modulation
(refer to [32]) is selected for comparative experiments. For
safety reasons, the comparative experiment is conducted un-
der the condition of input voltage Uin = 10V . More specifi-
cally, the experiment results of proposed method are shown in
Fig. 12(a)–(c)(the waveforms near the short-circuit moment is
enlarged for clear explanation), and the corresponding results of
conventional duty cycle modulation based method are given in
Fig. 12(d)–(f). Part of the key results are listed in Table IV for
comparison.

For the short-circuit fault experiment of proposed control
method, the results show that ip is natural limited below 0.17 A
at fault moment, which proves that regardless of the moment
that a short-circuit fault occurs during the startup process, the
resonant current will naturally be limited below the initial startup
current and there will be no surge current.

For the short-circuit fault experiment of conventional duty
cycle modulation control method, the results show that the inrush
current is related to the moment of the short-circuit fault, and
the largest short-circuit current is ishort = 5.1A for Uin = 10V
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TABLE IV
CORE INDEXES OF SHORT-CIRCUIT FAULT EXPERIMENT AT DIFFERENT

MOMENTS OF PROPOSED METHOD AND DUTY CYCLE MODULATION CONTROL

METHOD

(10 V for safety considerations), which means the short-circuit
current of proposed control method is less than 4% (see 0.17/5.1
refer to Table IV) of the classic duty cycle modulation control
method under tested condition.

V. CONCLUSION

In this article, a soft startup method with natural short-circuit
tolerance features is proposed for CLLC converters. By using
a specially designed fixed frequency fixed duty cycle driving
scheme, dynamic state trajectory after short-circuit failure can be
restricted within a boundary automatically (means short-circuit
current is limited). As a result, the soft startup with natural short-
circuit tolerance features is realized. Main contributions of this
article can be summarized as follows.

1) The important but less focused soft startup problem of
CLLC converter is investigated comprehensively, and an
effective solution is proposed.

2) A novel short-circuit failure handling principle (i.e., natu-
ral short-circuit tolerance) is proposed and demonstrated,
which also has the potential to be used in failure handling
of other condition.

3) Dynamic state trajectory analysis is introduced to CLLC
converter for analyzing the complex dynamic process
after short-circuit failure. Such tool can also be used in
analyzing other dynamic process of CLLC converter.

The soft startup method proposed in the article achieves
natural short circuit protection while balancing soft startup. The
next step is to optimize control and derive the optimal soft startup
control strategy from the energy perspective to achieve fast and
safe soft startup.

APPENDIX A

This part gives a prerequisite of the duty cycle for the energy
limitation features. The key point of the mode analysis above is
that ip will be fixed to zero after the first reduction to zero.

Assume ip = 0 after the N mode stage. Fig. 13 shows the
critical condition of the Z mode stage, if the sum ofucr1 anduLm

is larger than Uin, the body diodes of S1 and S4 will turn ON, ip
will rise as a negative value, which contradicts the assumptions
above. Therefore, a criterion to ensure ip = 0 can be derived as

Fig. 13. Schematic diagram of the critical condition for four mode operation.

follows:

ucr1 + (ucr2 + Uo) · k

1 + k
≤ Uin. (A.1)

The worst case is the no-load startup, so the criterion can be
simplified to (A.2)

ucr1 + ucr2 · k

1 + k
≤ Uin (A.2)

where k = Lm/Lr, ucr1, and ucr2 can be solved by the opera-
tion mode analysis, Uin is the input voltage.

Since the result of operation mode analysis is related to the
duty cycle for proposed soft startup control method, by adding
(A.2) as a criterion, a prerequisite for duty cycle can be solved.
Subsequently, by iteratively solving a simple optimization prob-
lem [as shown in (A.3)] with the startup speed as the optimization
objective, the duty cycle Dref for the fastest startup with energy
limitation features can be computed⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

max io = f (D)
s.t. D < Dmax

is ≤ ismax

ip ≤ ipmax

ucr1 ≤ ucr1max

ucr2 ≤ ucr2max

(A.3)

where the output current io is introduced to measure the startup
speed, which is calculated by (A.4) and ismax, ipmax, ucr1max,
ucr2max are the upper limit of the devices

io =
1

T

∫
isdt. (A.4)

The final range of D is fixed as (A.5) shows, where Dref is
the optimal duty cycle for a fastest startup with natural energy
limitation features

D ≤ Dref . (A.5)
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