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Abstract—In this article, a new full-bridge/modified-stacked-
switches multimode CLLC isolated resonant converter is presented
for energy storage applications. In particular, a multimode wide
voltage gain control system is proposed, which takes advantage of
the topology reconfiguration method in both the inverter and the
rectifier blocks in the proposed circuit to regulate the output voltage
while preventing the switching frequency from drifting away far
from the resonant frequency. The impact of the parasitic elements
in the isolated CLLC resonant circuit is also investigated in this
article. In addition, a smooth mode transition is provided to avoid
any transients caused by a rapid frequency change. The operating
principles of the control system is analyzed extensively. Compared
with the traditional pulsefrequency modulated resonant convert-
ers, the proposed control system attains enhanced efficiency even
at extremely low voltage gains while sustaining a nearly consistent
high-efficiency profile. Furthermore, it mitigates voltage regulation
instability under light loads attributed to parasitic components by
constraining the frequency spectrum. The proposed control system
presents an appealing solution for high-voltage, high-power energy
storage applications that demand a broad range of voltage gains
and where the influence of switch RdsON is reduced due to the
low current characteristics typical of these applications. Finally, a
500 W 100 V-350 V input, 96 V output prototype has been built to
verify the performance of the proposed converter system.

Index Terms—CLLC resonant circuit, dc/dc converters, hybrid
control, multimode control, reconfigurable dc/dc converter, soft
switching, wide voltage gain.

I. INTRODUCTION

H IGH frequency, wide input/output voltage bidirectional
dc/dc power converters are being used in many applica-

tions such as energy storage [1], [2], renewable energy sources
[3], [4], and consumer electronics [5] due to their small size and
high power density.

There are several types of dc/dc converters available as given
in Fig. 1, each with its own characteristics and applications. Due
to their effectiveness, high efficiency, high power density, and
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Fig. 1. Classification of bidirectional DC/DC converters.

Fig. 2. System diagram of a typical ESS.

compact size, resonant converters have been widely adopted in
many high-frequency wide gain applications, such as energy
storage systems (ESSs) demonstrated in Fig. 2. CLLC reso-
nant converters are among the popular topologies due to their
zero-voltage switching (ZVS) feature, symmetric structure, and
bidirectional power transfer ability. Yet, in wide voltage gain
applications e.g., ESS due to wide battery voltage charging
profile (see Fig. 3), with conventional pulse frequency modu-
lation (PFM) control, in which the output voltage is adjusted
by changing the load output impedance through switching fre-
quency variation, the converter suffers from: limited light load
operation; wide switching frequency range to meet the voltage
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Fig. 3. Battery charging profile.

gain requirements; and challenges with the electromagnetic
interference, etc. [6], [7].

As a result, the above challenges hinder the operation of the
converter in light load or ultralow voltage gain conditions. This
is because the switching frequency must deviate away from
the resonant frequency to satisfy the output voltage and load
requirements. Consequently, with a greater switching frequency
at light loads, the overall efficiency of the converter is severely
compromised.

Furthermore, with the continuous increase in the number
of appliances and development of electronic devices, standby
function and therefore standby losses have become an inherent
part of any electronic devices [8]. According to literature, it has
been found that in practice, with a significant increase in the
switching frequency in the resonant converters during light load
operation, instead of a reduction in the voltage gain, the output
voltage increases due to parasitic capacitances especially in very
high switching frequency (500 kHz+) applications [9].

Therefore, a detailed analysis must be conducted and a com-
prehensive mathematical model of the CLLC resonant converter
must be obtained. Consequently, depending on the application,
parasitic elements must be considered in the design and devel-
opment of the control system.

In this regard, Arshadi et al. [10], Kim [11], Noah et al. [12]
obtained the mathematical model of the resonant circuit and
analyzed the voltage gain characteristic by adding the parasitic
capacitances of the output-side switches to the fundamental
equivalent circuit. However, they failed to consider the influence
of the distributed capacitance of the transformer on the converter.

Further, based on the proposed model, to provide proper
voltage regulation in wide voltage gain applications and improve
the converter efficiency in light loads, alternative methods are
required to prevent the switching frequency from drifting away
from the resonant frequency.

The simplified system diagram of a CLLC bidirectional dc/dc
converter has been given in Fig. 4. In general, there are two ap-
proaches to extending the voltage gain range of the resonant con-
verter while addressing the previously-mentioned challenges.
The first approach involves topology morphing and modifying
the converter topology, which includes a change in: the primary
inverter [13], [14], [15], [16], [17]; the secondary rectifier [18],
[19], [20]; and the resonant tank topology [21], [22], [23]. While

Fig. 4. Simplified circuit topology of a CLLC converter.

restructuring inverter and rectifier topologies is more common
in practice, some literature focuses solely on resonant tank
reconfiguration.

To enhance the hold-up time and modify the characteristics of
the resonant converter, Wang et al. [23] introduced an additional
resonant capacitor and auxiliary switch in the LLC tank. How-
ever, this frequent resonant circuit reconfiguration results in tran-
sients, spikes, increased losses, and reduced converter efficiency.
Sha and Yang [14] and Jovanović and Irving [15] suggested
that on the inverter side, by applying proper gate signals, the
conventional full-bridge (FB) converter can switch to half-bridge
(HB) operation mode to extend the voltage gain range. The FB
inverter operates in the low input voltage range and switches to
an HB when the input voltage increases beyond a certain level.
In [18], by adding a switch in the rectifier block, the rectifier can
switch between a full bridge and a voltage doubler (VD).

The second approach to achieve a wider voltage gain oper-
ation in the resonant converters is taking advantage of hybrid
modulation techniques. Many control freedoms exist in CLLC
resonant converters, including the switching frequency, phase
shift angle, duty ratio, etc. Typical modulation techniques in
resonant converters are PFM, phase shift modulation (PSM),
symmetric and asymmetric pulsewidth modulation (PWM), and
burst-in control [24], [25], [26].

To solve the aforementioned challenges, a new multi-mode
controlled FB/modified-stacked-switches CLLC resonant con-
verter is proposed in this article. The impact of the parasitic
elements in the isolated CLLC resonant circuit is investigated in
this article. To support the proposed topology, a multimode wide
voltage gain control system is proposed which takes advantage
of the topology reconfiguration method in both the inverter
(FB circuit) and the rectifier (the modified-stacked-switches
leg) blocks to regulate the output voltage while avoiding the
switching frequency from drifting away far from the resonant
frequency. Having a wide switching frequency range contributes
to an increased core size in the design process. Therefore, by lim-
iting the switching frequency range, the design of the magnetic
components will be optimized. In addition, by means of the pro-
posed control system, the switching frequency varies smoothly
throughout the voltage gain range to avoid any transients caused
by a rapid frequency change. Furthermore, by limiting the range
of the switching frequency control spectrum, the impact of the
parasitic elements on the converter’s performance is minimized
and a high-efficiency profile is achieved throughout the entire
voltage gain range with the proposed topology.
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Fig. 5. Topology of the proposed CLLC resonant converter employing a FB
circuit on the primary and a modified-stacked-switches leg on the secondary
side.

The rest of this article is organized as follows. In Section II,
the overall voltage gain characteristics of the CLLC converter are
investigated by considering the impact of parasitic capacitances
of the rectifier switches and the influence of distributed capaci-
tance of the high-frequency transformer. A new hybrid control
strategy is developed in Section III by combining the topology
morphing methods and the available modulation techniques to
enhance the voltage gain range of the CLLC converter and
improve the efficiency profile of the converter in light load
conditions. In Section IV, the design scheme, along with the
process of obtaining the optimal circuit parameters are covered
to meet the voltage gain requirements at full load and light load.
The experimental results of a proof-of-concept prototype with
an input voltage of 100 to 350 V, an output voltage of 96 V,
and a rated output power of 500 W are provided in Section V to
verify the performance of the developed hybrid control system.
Finally, Section VI concludes the article.

II. MATHEMATICAL MODEL OF THE CLLC CONVERTER WITH

PARASITIC ELEMENTS

The proposed multimode CLLC resonant converter topology
and its key waveforms in steady-state operation have been pro-
vided in Figs. 5 and 6, respectively. The topology consists of:
a FB inverter; a CLLC resonant tank; and a modified-stacked-
switch rectifier network [27].

As mentioned in the previous section, in the inverter block,
by using an h-bridge at the front-end side of the dc/dc converter,
the overall voltage gain of the converter can be extended by
switching from a FB to an HB. In addition, in the stacked-
switch rectifier in Fig. 5, by switching between various operating
modes, namely VD and full-wave (FW), the voltage gain range
of the converter can be further extended.

To increase the power density and enable operating in high
switching frequencies, a CLLC resonant circuit has been used
due to its ZVS, soft-switching feature and symmetric structure.
The resonant tank in Fig. 5 includes Lr1 and Lr2 as the resonant
inductors, Cr1 and Cr2 as the resonant capacitors, and a high-
frequency transformer with magnetizing inductance Lm and
primary to secondary turn ratio of n to provide galvanic isolation.
The equivalent circuit of the CLLC resonant tank in charging

Fig. 6. Key waveforms of the converter in steady-state operation.

Fig. 7. Simplified equivalent circuit of the CLLC resonant tank in (a) charging
and (b) discharging modes.

and discharging modes are demonstrated in Fig. 7 where Reqp

and Reqs are the primary and secondary side equivalent loads,
respectively.

In conventional resonant converters with PFM, the output
voltage is regulated by adjusting the operating frequency and
modifying the impedance of the circuit components and the
load. In the soft-switching area, as the switching frequency
increases, the output voltage drops, and this lays the foundation
of the control system. Yet, with the recent development of semi-
conductor devices, to increase the power density of the power
converters, the switching frequency has been pushed towards
the MHz range. One of the major drawbacks of the conventional
resonant converters with PFM is the limited voltage gain range
since the switching frequency needs to stray away from the
resonant frequency. However, according to the literature, due
to the parasitic parameters of the overall converter, under light
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Fig. 8. Topology of the CLLC resonant converter with the parasitic elements.

Fig. 9. Equivalent circuit of the high frequency transformer with parasitic
elements.

load conditions, at above 500 kHz, as the switching frequency
increases, instead of a drop in the voltage gain, the output volt-
age increases, which leads to unstable operation of the control
system and high oscillations in the output voltage [9], [11].
As a result, in high frequency and power density applications,
the parasitic parameters of the circuit components have to be
included in the analysis, and to prevent unstable operation of
the control system, the switching frequency spectrum has to be
kept within a relatively narrow range and deviating from the
resonant frequency has to be prevented.

A. Equivalent Circuit Model With Parasitic Elements

Traditionally, the parasitic parameters are ignored to sim-
plify the design process. The topology of the CLLC converter
with the parasitic circuit components has been given in Fig. 8
which includes the parasitic capacitances of the primary winding
(Cp), the secondary winding (Cs), and the parasitic capaci-
tance between the primary and the secondary windings (Cps).
In addition, Llp and Lls are primary and secondary winding
leakage inductances, respectively. While in many applications,
the leakage inductances of the high-frequency transformer (Llp

and Lls) are utilized solely as the series inductances to form the
resonant circuit, in this article, Lr1, and Lr2 are added as separate
components to the CLLC resonant circuit. The equivalent model
of the high-frequency transformer is demonstrated in Fig. 9.

The primary and secondary leakage inductances can be di-
rectly measured at low frequencies using short-circuit and open-
circuit tests and can be summed up and represented by a single

Fig. 10. Equivalent circuit of the high-frequency transformer with parasitic
elements.

Fig. 11. Simplified equivalent circuit of the CLLC resonant tank in charging
mode.

equivalent inductance Llk referred to the primary side as demon-
strated in Fig. 10

Llk = Llp + n2Lls. (1)

According to [28], in the same manner, the primary, sec-
ondary, and the coupling parasitic capacitances of the trans-
former can be modeled by an equivalent parasitic capacitance
Cstr on the primary side as

C
′
p = Cp +

(
n− 1

n

)
· Cps (2)

C
′
s =

1

n2
Cs +

1− n

n2
Cps (3)

C
′
ps =

1

n
Cps (4)

Cstr
∼= C

′
p + C

′
s. (5)

With (1) to (5), the equivalent model of the high-frequency
transformer can be simplified as illustrated in Fig. 10. The overall
equivalent model of the CLLC resonant circuit with the parasitic
components has been illustrated in Fig. 11.

In Fig. 11, c′oss represents the equivalent stray and snubber
capacitors of the rectifier switches transferred to the primary
side of the resonant tank.

B. Voltage Gain Formulas Derivation

As demonstrated in Fig. 8, in charging mode, the h-bridge
operates as an inverter, the stacked-switch leg operates as a
rectifier, and the power is transferred from the input dc to the
battery pack. To obtain a detailed voltage gain formula for the
CLLC resonant converter, seven parameters must be considered
in the transfer function including resonant inductors Lr1 and Lr2,
resonant capacitors Cr1 and Cr2, magnetizing inductor Lm, the
turn ratio of the high-frequency transformer n, and the equivalent
parasitic capacitance Cstr.
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Considering that the CLLC resonant tank in Fig. 8 is composed
of two LC tanks, two quality factors have been defined in
(6). Typically, the leakage inductance of the high-frequency
transformer is less than 2% of the magnetizing inductance.
Considering that the values of Lr1 and Lr2 are much greater than
those of the leakage inductances, the leakage inductances can
be neglected in the equivalent circuit. Yet, in this manuscript, to
increase the accuracy of the obtained model and to investigate
the impact of the leakage inductances of the high-frequency
transformer, Llp and Lls have been combined and modeled as
Llk which has been brought to the primary side. Although in
defining Q1 and Q2, Llk has not been included, it has been
considered in obtaining the total voltage gain formula of the
proposed converter

Q1 =

√
Lr1

Cr1

n2Reqs
, Q2 =

n2 ·
√

Lr2

Cr2

Reqp
(6)

Lr1 = kLm, Cr2 = mCr1, Lr2 =
1

m
Lr1 (7)

ω0 =
1√

Lr1Cr1

=
1√

Lr2Cr2

, ωr =
ωs

ω0
, Reqs =

8RL

π2

(8)

XLr1 = n2 ωrQ1ReqS , XCr1 =
n2Q1ReqS

ωr
(9)

Cstr = p1 Cr1, C
′
oss =

p2
n2

Cr1, Llk = p3 Lr1. (10)

In the above equations k is the ratio between the magnetizing
inductance (Lm) and the primary resonant inductance (Lr1), m
is the ratio between the primary (Cr1) and secondary (Cr2)
resonant capacitors, p1 represents the ratio of the equivalent
parasitic capacitance on the primary side (Cstr) to Cr1, p2 is
the ratio of the equivalent stray and snubber capacitors of the
rectifier switches (Coss) to Cr1, p3 represents the ratio between
the primary winding leakage inductance to Lr1, and Q1 and Q2

are the charging and discharging quality factors, respectively.
The voltage gain of the CLLC resonant circuit demonstrated in
Fig. 11 can be obtained as

H (jωs) =
n · vcd
vab

=
Z1

Z2
· Z3

Zin
(11)

where

Z1,pu =
−jQ1

−jQ1 +
p2

n2ωr
(12)

Z2,pu =
−jQ1

p2

n2ωr − jQ1
+

jn2ωrQ1

m
− jn2Q1

mωr
(13)

Z3,pu =
−jQ1

p1ωr − k
ωr

||Z2,pu (14)

Zin,pu = j (1 + p3) · ωrQ1 − jQ1

ωr
+ Z3,pu. (15)

To obtain the no-load voltage gain curve of the CLLC con-
verter, the quality factor is set to 0 and the impact of each of the
parasitic capacitive elements can be investigated.

Fig. 12. Voltage gain plot of the CLLC resonant circuit in charging mode.
(a) Without parasitic elements. (b) With parasitic elements. (c) Combined plots
for Q1 = 0, Q1 = 0.3, Q1 = 0.6.

As can be seen in Figs. 12 and 13, in the case of high parasitic
capacitive ratios, with an increase in the switching frequency,
the overall voltage gain of the converter increases. This behavior
may lead to unstable operation of the control system and may
cause the output voltage to diverge from its reference. To avoid
this, proper insulation should be used between the transformer’s
primary and secondary windings, and switches with smaller
parasitic capacitances must be used in the rectifier block. In
addition to the part selection, in the design of the control system
and the selection of the resonant components, the switching
frequency must be limited to prevent the converter from moving
into the unstable region.
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Fig. 13. Voltage gain plot of the CLLC resonant circuit with parasitic elements
for Q1 = 0 and Q1 = 0.6.

The simplified model of the proposed converter in charging
mode is demonstrated in Fig. 14, where the inverter block
is an h-bridge, and the rectifier network is composed of a
stacked-switch leg. Q3 and Q4 provide an additional current
path for the secondary resonant current and enable the rectifier
to switch between multiple operating points. To ensure that the
converter operates within the inductive region and soft-switching
is realized throughout the whole output power range including
the light loads, the design has been conducted in the full-load
condition.

To obtain the voltage gain formula in steady-state operation,
it is assumed that the inverter operates as a FB and there is
proper insulation between the primary and secondary of the high
frequency transformer and the switching frequency range will
be limited. Also, considering the parasitic elements have little
impact on the voltage gain curve in full load, the equivalent
circuit of the CLLC resonant tank becomes as illustrated in Fig. 5.
The Fourier series representation of the voltage at the primary
of the resonant tank in Fig. 5 is given as

vab=

∞∑
h=1,3,5,...

(
4Vi

hπ
sin(δhπ) sin

(
hπ

2

)
sin

(
hωst−αTs

2

))

(16)
where

δ = ds − α. (17)

In the above equations, h represents the harmonic order, ds is
the duty ratio of the gate signals in each leg, α is the phase shift
between the gate signals of the first leg and second leg of the
FB and δ is the equivalent ON time duty ratio of the generated
voltage at the output of the inverter.

Considering the topology of the CLLC resonant tank and its
filtering nature, the higher order harmonics can be ignored, and
therefore using fundamental harmonic approximation (FHA),
the inverter output voltage can be written as

vab =
4Vi

π
sin(δπ) sin

(
ωst− αTs

2

)
. (18)

Fig. 14. Different modes of operation of the wide voltage gain multi-
mode converter in the rectifier block (i.e., the modified-stacked-switches leg).
(a) VD+FW rectifier with PWM+PFM control. (b) VD rectifier with PFM
control. (c) FW rectifier with PFM control.

Consequently, the rms value of vab can be obtained as

vab_rms =
2
√
2Vi

π
sin(δπ). (19)

The overall voltage gain of the resonant tank when charging
GC is

GC =
nvcd
vab

=
mQ1ω

3
r√

[ω3
rσ3 + ωrσ1]

2 + [ω4
rσ4 + ω2

rσ2 + σ0]
2

(20)
where

σ4 =
(
m+ (k + 1)n2

)
Q2

1 (21)

σ3 = m (k + 1)Q1 (22)

σ2 = −ω2
r

(
m+ (2k + 1)n2

)
Q2

1 (23)

σ1 = −mkQ1 (24)

σ0 = kn2Q2
1. (25)

In the rectifier block, depending on the rectifier topology, the
rectifier voltage gain will be different. In FW, the RMS value of
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Fig. 15. Voltage gain plot of the proposed stacked-switch converter for various
duty ratios in the rectifier block.

the voltage and current are given as

Vcd (rms) |FW =
2
√
2

π
Vo (26)

Is (rms) |FW =
π

2
√
2
Io. (27)

In the case of turning Q3 and Q4 ON in VD, the above equations
change to

Vcd (rms) |HW =

√
2

π
Vo (28)

Is (rms) |HW =
π√
2
Io (29)

where the equivalent resistance is given as

Reqs|V D =
2

π2
RL. (30)

As a result, by means of (16) to (30), the overall voltage gain
curve of the converter in FW and VD have been provided in
Fig. 15. Yet, as can be seen in Fig. 15, by applying PWM signals
to Q3 and Q4, multiple voltage gain curves can be obtained
between the FW and VD curves. Assuming PWM signals with
switching frequency of fs and a duty ratio of dq are applied to
the middle switches in the rectifier block, (26) to (29) will be
changed as given

Vcd (rms) |PWM =
(2− dq)

√
2

π
Vo (31)

Is (rms) |PWM =
π

(2− dq)
√
2
Io (32)

Reqs |PWM =
2(2− dq)

2

π2
RL. (33)

Fig. 16. Different modes of operation of the multimode wide voltage gain
converter in the inverter block. (a) FB inverter in mode I and mode II. (b) HB
inverter in mode II to mode VI.

III. PROPOSED MULTI-MODE CONTROL SCHEME FOR

EXTENDED VOLTAGE GAIN

As demonstrated in Section II-A, due to the existence of
parasitic elements, in addition to proper insulation of the high-
frequency windings, the switching frequency of the CLLC con-
verter must be limited to prevent the unstable operation of the
control system.

Further, as illustrated in Fig. 15, by varying dq in the recti-
fier block, several voltage gain curves can be obtained in the
converter. Consequently, as demonstrated in Fig. 15, by prop-
erly switching between different operating modes, the overall
voltage gain of the converter can be extended while limiting the
switching frequency spectrum.

However, the voltage gain plot shown in Fig. 15 only takes
advantage of the reconfiguration of the rectifier block. In many
industrial ac/dc power supplies, the input ac voltage is universal
and supports both 120 Vrms 60 Hz and 220 Vrms 50 Hz sources.
Therefore, depending on the application, the converter covers a
typical minimum input ac voltage of 90 Vrms and a maximum
input ac voltage of 240 Vrms before the under-voltage ac or
over-voltage ac protection is triggered. Consequently, in these
applications, one of the approaches to adapt to the input ac
voltage while maintaining the same performance is to switch
from FB in 120 Vrms to HB in 220 Vrms input. As demonstrated
in Fig. 16, the same approach can be used in dc/dc resonant
converters to extend the overall voltage gain of the converter.

A. Description of the Wide Voltage Gain Control System

Fig. 17 demonstrates the overall voltage gain plot of the
proposed multi-mode converter system. In Fig. 17, in mode I,
the inverter operates in FB and the rectifier acts as a VD with Q3

and Q4 turned ON while the output voltage is regulated through
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Fig. 17. Voltage gain plot and multimode operation of the proposed converter.

Fig. 18. Voltage gain plot and multimode operation of the proposed converter
with adjustments in mode II.

PFM. Once the switching frequency hits the upper limit, the
control system switches to mode II.

In mode II, while the inverter continues to operate as a FB,
PWM signals are applied to Q3 and Q4 making the rectifier
operate between VD with dq = 1 and FW with dq = 0. At the
same time, to provide a smooth transition between VD to FW,
as dq is reduced, the switching frequency is decreased linearly.
In this mode, by exceeding dqmax the control moves back to
mode I, and by hitting dqmin, the control moves to mode III.
Yet, as can be seen in Fig. 17, the voltage gain curve of FB+FW
intersects with HB+VD at fsmin. Consequently, to increase the
voltage gain range of the overall control system, when dq hits
the bottom limit, the inverter switches from FB to HB and the
topology of the rectifier changes from FW back to VD. However,
as illustrated in Fig. 18, in practice and especially in light loads,
the HB+VD curve peaks slightly below FB+FW. As a result,
to address this, in mode II, in addition to reducing dq and the
switching frequency, the phase shift between the first and second
leg of the FB is adjusted in a way to make the curves intersect
at fsmin. Adding the PSM in mode II not only enables a smooth

TABLE I
SUMMARY OF THE MULTI-MODE WIDE VOLTAGE GAIN CONTROL SYSTEM

transition, but also provides a hysteresis feature preventing the
converter from switching back and forth around the border of
mode II and mode III.

The operation of the multimode control in mode III is the
same as mode I but S3 is turned OFF while S4 is turned ON to
enable the inverter to operate as an HB. In the same manner by
hitting fsmax, the control moves to mode IV.

Similarly, in mode IV, by applying PWM signals to Q3 and
Q4, the control in the rectifier block smoothly transitions from
VD to FW. However, considering that the inverter operates as an
HB, there is no PSM included in the control. By hitting dqmin,
the control switches from HB+VD|PWM to HB+FW in mode V.

In mode V, Q3 and Q4 are turned OFF and the inverter and
rectifier operate in HB and FW respectively while the voltage is
regulated through PFM. By exceeding fsmax the control moves
to mode V.

In mode VI, the converter continues to operate in HB+FW,
however, to limit the switching frequency, the control system
operates in APWM mode regulating the output voltage by ad-
justing the duty ratio of the inverter side switches (ds) while
keeping fs at fsmax.

Table I gives the operating modes of the proposed wide volt-
age gain control system along with the structure of the inverter
and the rectifier blocks with the modulation techniques used in
each mode while showing the main changes at each transition.

Although there are 6 different operating modes in the pro-
posed control system, according to Fig. 17, the main challenge
with the transient and the accuracy of the control system at
borders happen when transitioning from mode II to mode III
where the inverter switches from FB to HB, while in other mode
changes, the transition happens smoothly and minor changes
happens in the control parameters.

T1: In the transition from mode I to mode II, while the inverter
and its modulation stay the same, the control system regulates the
output by modifying the topology of the rectifier circuit. As the
control moves from mode I to mode II, PWM signal are applied
to Q3 and Q4, yet the transition is smooth, and the change in the
duty ratio is minimal. Hence, even in the case of operating at the
border, there will be no unstable and inaccurate operation.

T2: In switching from mode II to mode III, the converter
undergoes a major transition in which the configuration of both
the inverter and rectifier changes where the inverter switches
from FB to HB and the rectifier switches from FW rectifier
to VD. As a result, proper design of the control and operating
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TABLE II
VOLTAGE GAIN FORMULA IN EACH MODE OF OPERATION

limits is necessary to avoid mode oscillations at the border to
avoid inaccurate and unstable operation.

To achieve this, a hysteresis operation has been considered in
the design by adding the phase-shift modulation in the overall
control in mode II. As a result, as can be seen in Fig. 18, by
adding a phase shift between the left and right leg switches of
the inverter, the voltage gain curve is adjusted (dashed green)
in a way to bring the gain curve in mode II much lower that
the starting point in mode III. Consequently, the hysteresis area
between the voltage gain in mode II and mode II prevents the
control from oscillating between the two modes at around the
border. The depth of the hysteresis area can be adjusted by
modifying the phase shift between the legs of the FB inverter.

T3: The transition in T3 is quite identical to that of T1. After
hitting the upper-frequency limit, the control moves to mode IV
where PWM signals are applied to the middle switches. Con-
sidering the modulation, by properly designing the control, the
transition can be done smoothly without negatively impacting
the accuracy or the stability of the control system.

T4: Transitioning from mode IV to V is similar to T2. How-
ever, the main difference is no major transient is imposed on the
converter since there is no reconfiguration on the inverter side
and there is a smooth transition between the two modes.

T5: Considering that in T5, the topology of both the inverter
and rectifier blocks remain unchanged and only the modulation
technique changes, the transients are minimized, and mode
transition happens smoothly.

The overall voltage gain formula of the converter in different
operating modes and its associated quality factor expressions
have been given in Table II.

Fig. 19. Equivalent circuit of the proposed CLLC converter.

To provide closed-loop analysis for the proposed converter,
four PI controllers have been developed depending on the main
modulation technique (PFM, PSM, PWM, and APWM) used in
various operating modes. FHA has been used to calculate the
controller voltage gain along with the Control System Analysis
Toolbox in MATLAB. Since there are two subsystems in the
closed-loop system with high-frequency (converter) and low-
frequency (PI controller) performance, developing a compre-
hensive model of the high-frequency converter only results in a
complicated design process. As a result, an average model has
been used to design the low-frequency controller. Consequently,
the use of FHA is reasonable to design the control system in the
proposed converter.

In doing so, the equivalent circuit of the proposed CLLC
converter has been provided in Fig. 19. The following differential
equations have been obtained by using the KVL and KCL laws

−Vab+Lr1İp+VCr1+Lmİm = 0 Ip=Cr1V̇Cr1

−Vab+Lr1İp+VCr1+Lr2İs+VCr2+Vcd=0 Is=Cr2V̇Cr2

Vcd=RacIs Ip=Im+Is

.

(34)

As given in (18), based on FHA, Vab =
4Vi

π sin(δπ)
sin(ωst− αTs

2 ) can be approximated as the input to the resonant
converter. Considering that fs, ds, and dq have been considered
as the main control inputs of the system and the fact that these
parameters do not exist in the equations independently, and they
are implicitly present in (17) and (18), the system will have a
general form as

dx

dt
= f (x) + g (x, u) . (35)

To design PI controllers to provide voltage regulation, the
nonlinear system (34) has been linearized using Control System
Analysis Toolbox in MATLAB, and the frequency response of
the system is achieved. Then, its frequency response has been
analyzed based on the utilized modulation technique. In each
mode, to neutralize the harmful effect of PI controller’s pole
at the origin, the controller’s zero has been considered to be
close to the origin (i.e., s = 0.1). Using Control System Analysis
Toolbox, at each operating mode, Kd and Kl have been modified
to achieve the damping ratio of ζ = 0.5 and based on that, the
values of Kp and Ki have been obtained.

The block diagram of the proposed control system is demon-
strated in Fig. 20. Considering having different ground at the
primary and secondary side of the resonant current, the output
voltage is sampled through isolated amplifier and after passing
through a low-pass filter being compared to the reference, the
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Fig. 20. Block diagram of the multimode control system.

Fig. 21. Proof-of-concept 500 W, 100–350 V input 96 V output prototype.

error goes through digital compensation and output is fed to the
decision-making block along with the output current and the
input voltage and current.

While initially the control starts from mode I, at each digital
interrupt, the decision-making block reads the input and output
voltage and current and depending on the current mode, fs,
α, ds, and dq, it determines the next operating mode and
generates the reference signals for the next cycle and through
the signal conditioning block, gate signals are applied to the
corresponding switches.

IV. EXPERIMENTAL RESULTS

To investigate the performance of the proposed wide voltage
gain multi-mode control system, a 500 W, 100–350 V input
96 V output dc/dc prototype with CLLC resonant tank shown in
Fig. 21 has been designed and developed. The parameters and
specifications of the converter in Fig. 21 are given in Table III.

The key waveforms of the converter are demonstrated in
Figs. 22, 23, and 24. The control starts in mode I (FB + VD).
Fig. 22 illustrates the output voltage, the drain to source voltage

TABLE III
DESIGN SPECIFICATIONS AND CIRCUIT PARAMETERS

Fig. 22. Experimental waveforms of the converter in mode I. Input and output
voltage and the current passing through S1 and Q3.

and current of S1, and the current passing through Q3 where the
input voltage is 100 V and the output load is 18.5 Ω.

The resonant current passing through the primary and the
secondary of the resonant tank are given in Fig. 23.

To fully investigate the performance of the multimode control
system, as depicted in Fig. 25, the input voltage is increased from
100 V and consequently, the voltage gain is reduced from point
A to point L while the output is regulated at 96 V.
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Fig. 23. Experimental waveforms of the converter in mode I. Input and output
voltage and the current passing through S1 and Q3.

Fig. 24. Experimental waveforms of the converter in mode I. Output voltage
and voltage and current of S1 in the inverter block.

Fig. 25. Overall voltage gain plot of the CLLC resonant circuit with different
scenarios moving from a gain of A to a gain of L.

The dynamic response of the multi-mode control is provided
in Fig. 26. In mode I, the input is increased from 100 to 110 V
going from point A to B and the output is regulated at 96 V
through PFM in FB+VD.

In Fig. 27, the input goes from 110 to 130 V moving from
a gain of B to C. By switching from mode I to mode II, the

Fig. 26. Dynamic response of the converter in mode I for a step change in Vi

(100 to 110 V).

Fig. 27. Dynamic performance of the converter transitioning from mode I to
mode II for a step change in Vi (110 to 130 V).

Fig. 28. Dynamic response of the converter in mode II for a step change in Vi

(130 to 180 V).

control regulates the output voltage through PWM+PFM+PSM
in FB+VD|PWM by changing the duty cycle and adjusting the
switching frequency and the phase shift accordingly.

To investigate the performance of the control in mode II, the
voltage is further increased from 130 to 180 V in Fig. 28. As
demonstrated, the output is regulated at 96 V.

Fig. 29 shows the control system’s ability to regulate the volt-
age by switching from FB to HB in the inverter block and at the
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Fig. 29. Dynamic performance of the converter transitioning from mode II to
mode III for a step change in Vi (180 to 200 V).

Fig. 30. Dynamic response of the converter in mode III for a step change in
Vi (200 to 220 V).

same time switching to VD in the rectifier block in transitioning
from mode II (Vi = 180 V) to mode III (Vi = 200 V). As can be
seen, the output voltage is regulated through PFM.

In mode III, the operation of the control system is similar to
mode I with only the inverter operating as a HB. The dynamic
response of the control after applying a step change in Vi going
from 200 to 220 V has been given in Fig. 30.

In the same manner that was described in mode II, by applying
PWM signals to Q3 and Q4 and adjusting the duty ratio, the out-
put voltage is regulated. However, unlike mode II, considering
that the inverter is operating as an HB, PSM is not included in
this mode. The performance of the control system in the case
of increasing Vi from 220 to 240 V moving from mode III to
mode IV has been provided in Fig. 31.

Fig. 32 demonstrates the dynamic response of the control
system in mode IV with a step voltage change from 240 to 300 V.

By further increasing the input voltage and reducing the
voltage gain from point H to point I, as illustrated in Fig. 33,
the control moves from mode IV to mode V where Q3 and Q4

are turned OFF and the rectifier switches to FW and the output
voltage is regulated through PFM. Fig. 33 shows the transition
by increasing the input from 300 to 330 V.

The dynamic performance of the control system in mode V
moving from point I to J has been given in Fig. 34.

Fig. 31. Dynamic performance of the converter transitioning from mode III
to mode IV for a step change in Vi (220 to 240 V).

Fig. 32. Dynamic response of the converter in mode IV for a step change in
Vi (240 to 300 V).

Fig. 33. Dynamic performance of the converter transitioning from mode IV
to mode V for a step change in Vi (300 to 330 V).

Similarly, by further increasing the input voltage the switching
frequency hits the upper limit and the control moves from point
J in mode V to point K in mode VI shown in Fig. 35. In mode VI,
the switching frequency is kept constant at fsmax and the output
voltage is regulated through APWM by adjusting the duty ratio
of the inverter side switches.
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Fig. 34. Dynamic response of the converter in mode V for a step change in Vi

(330 to 340 V).

Fig. 35. Dynamic performance of the converter transitioning from mode V to
mode VI for a step change in Vi (340 to 350 V).

Fig. 36. Dynamic response of the converter in mode VI for a step change in
Vi (350 to 360 V).

Fig. 36 illustrates the performance of the APWM loop in mode
VI going from 350 to 360 V while regulating the output at 96 V
by keeping fs at fsmax and reducing the duty ratio of the gate
signals at the inverter block.

As demonstrated in previous operating points, the proposed
control is able to regulate the output voltage for a wide input

Fig. 37. Efficiency comparison of various control modulation approaches with
the same rated power.

Fig. 38. Loss breakdown of converter at rated power.

voltage range while keeping the switching frequency within a
narrow operating range.

The efficiency plot of the proposed control system compared
with various control modulation techniques in terms of the input
voltage at full load has been given in Fig. 37. Also, the loss
breakdown of the proposed converter in various operating modes
has been provided in Fig. 38. In addition, the performance of the
proposed converter is compared with the popular bidirectional
isolated dc/dc converters in Table IV.

Although the proposed FB-Stacked-Switch Converter em-
ploys a higher number of active switches compared to the
DAB converter, it maintains fewer overall switches and passive
components than the active neutral point clamped TL converter
with a flying capacitor (FC).

Despite potentially exhibiting slightly reduced efficiency at
rated power due to switch RdsON, the converter offers a wide
operating voltage gain range through topology morphing and
mode switching. This approach restricts the switching frequency
and prevents substantial deviation from the resonant frequency.

As a result, the converter achieves improved efficiency at very
low voltage gains and maintains an almost flat efficiency profile.
Moreover, it prevents voltage regulation instability at light loads
caused by parasitic components by confining the switching
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TABLE IV
COMPARISON OF ISOLATED BIDIRECTIONAL CONVERTERS [29]

frequency spectrum. This developed converter presents an ap-
pealing solution for high-voltage, high-power energy storage
applications where a wide voltage gain range is required and
the impact of switch RdsON is minimized due to the low current
characteristics of these applications.

The thermal image of the converter operating at rated power
has been provided in Fig. 39. To properly demonstrate the loss
distribution at rated power, the heatsinks and fans were removed.
Fig. 39(a) illustrates the heat distribution in mode I where Q3

and Q4 are turned ON, and Fig. 39(b) demonstrates the heat
distribution in mode II where PWM signals are applied to Q3

and Q4. As can be seen, due to soft switching, the introduction
of Q3 and Q4 does not contribute to any significant drop in the
overall efficiency.

V. CONCLUSION

A new multimode controlled CLLC resonant converter that
utilizes a FB circuit on the primary side and a modified-stacked-
switches leg on the secondary side has been presented in this ar-
ticle for energy storage applications. The impact of the parasitic
elements on the CLLC resonant converter has first been studied.
The investigation showed that to ensure a stable operation within
the whole loading profile, the converter’s switching frequency

Fig. 39. Thermal image of the proposed converter at rated power. (a) Mode I.
b) Mode II.

needs to be restricted and prevented from drifting away from the
resonant frequency.

To overcome the above issue, a multimode control scheme has
been presented to regulate the output voltage for wide voltage
gain applications within a narrow switching frequency spectrum
by taking advantage of the reconfigurable structure of both the
inverter side and the rectifier side circuits. A 100 V∼350 V/96
V, 500 W, 100–125 kHz proof of concept prototype has been
developed and a comparative analysis and experimental studies
have been performed to investigate the performance of the pro-
posed converter system. The results confirmed that the converter
regulates the output voltage within a wide input voltage range
while providing soft switching for all of the semiconductor
devices.
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