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A Multi-Mode Full-Bridge/Modified-Stacked-
Switches Structured CLLC Resonant Converter
for Energy Storage Applications

Reza Emamalipour

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 R, ;,0on 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.

1. INTRODUCTION

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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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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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
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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 Jovanovi¢ 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 anincreased 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 arapid 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-
switchrectifier 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 L,1 and L, as the resonant
inductors, C,; and C, as the resonant capacitors, and a high-
frequency transformer with magnetizing inductance L,, and
primary to secondary turn ratio of n to provide galvanic isolation.
The equivalent circuit of the CLLC resonant tank in charging
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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 Rqq,
and Ry, 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.
elements.

Equivalent circuit of the high frequency transformer with parasitic

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, Ly, and L;, are primary and secondary winding
leakage inductances, respectively. While in many applications,
the leakage inductances of the high-frequency transformer (L;,
and L;;) are utilized solely as the series inductances to form the
resonant circuit, in this article, L,q, and L, 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
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equivalent inductance Ly referred to the primary side as demon-
strated in Fig. 10

Lk, = Lip +n*Lys. (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
Cgr on the primary side as

’ n — ].

op_cp+< . )-cps @
’ 1 1—n

CS - ﬁ Cs + TL2 Cps (3)
/ 1

Chu = Cpo @)

Cst’r = C;; + C; (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, ¢, 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 L,.; and L,
resonant capacitors C,; and C,9, magnetizing inductor L,,, the
turn ratio of the high-frequency transformer n, and the equivalent
parasitic capacitance Cgt,.
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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 L,.; and L,.» 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, L, and L;, have been combined and modeled as
Ly, which has been brought to the primary side. Although in
defining Q; and Qs, Lj; has not been included, it has been
considered in obtaining the total voltage gain formula of the
proposed converter

%a n2. %ﬂ
1 2
— B 6
Q1 WP Regy Q2 Reqy (6)
1
L'r‘l = kLm, Cer = mCﬂ, Lr2 = E Lrl (7)
o 1 B 1 oY p 8RL
T VLiCn  VInCn | wo YT a2
(®)
n?Q1R
X1 =1 w,Q1Reqs, Xor = % €))
/! p2
Cor = D1 Crh Coss = ﬁ Crla Ly, = b3 L. (10)

In the above equations k is the ratio between the magnetizing
inductance (L,,) and the primary resonant inductance (L), m
is the ratio between the primary (C,;) and secondary (C;2)
resonant capacitors, p; represents the ratio of the equivalent
parasitic capacitance on the primary side (Cg;) to Cpq, p2 i8S
the ratio of the equivalent stray and snubber capacitors of the
rectifier switches (Cogs) to C..1, ps represents the ratio between
the primary winding leakage inductance to L1, and Q1 and Q-
are the charging and discharging quality factors, respectively.
The voltage gain of the CLLC resonant circuit demonstrated in
Fig. 11 can be obtained as

. n-Ved L1 43
H - St 1
(jeos) Vab Zy 7 an
where
—jQ1
Doy = ————— 12
bp _.]Ql + %wr (12)
—jQ1 Jnfw.Q1 Qs
T pu = - 13
A YRR TN A mw, (19
T = —3N 12, (14)
P1wWr — w_r
. JjQ
Zingpu = J (14 p3) - w,Q1 — wl + Zspu. (19

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.
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Fig. 12.  Voltage gain plot of the CLLC resonant circuit in charging mode.
(a) Without parasitic elements. (b) With parasitic elements. (¢) Combined plots
for 01 =0,01 =0.3,01 =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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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. Qs 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

i 4V . . (hT\ . aTy
Vabp = Z <h7rsm(6h7r)51n (2>51n (hwst— 5 )>

h=1,3,5,...
(16)

where

0=ds— a. a7

In the above equations, & represents the harmonic order, d is
the duty ratio of the gate signals in each leg, « is the phase shift
between the gate signals of the first leg and second leg of the
FB and ¢ 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

vap = 3 sin(5r) sin <w8t - O‘g) . (18)

™
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(a) VD+FW rectifier with PWM+PEFM control. (b) VD rectifier with PFM
control. (c) FW rectifier with PFM control.

Consequently, the rms value of v,; can be obtained as

2V/2V;

™

Vab, tms = sin(om). (19)
The overall voltage gain of the resonant tank when charging

GC is

NVcq m@Qw;
GC = =
vt Jlwdos + weon]® + wios +wios + ool
(20)
where
oy = (m+(k+1)n?) @ 1)
oy = —w? (m+ (2k +1)n?) QF (23)
g1 = —mk‘Ql (24)
oo = kn?Q3. (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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the voltage and current are given as

2V2

Vea (tms) |pw = — Vo (26)

™

I (rms) |FW = 27\/5 Lo, 27

Inthe case of turning Q3 and Q4 ONin VD, the above equations
change to

Vea (rms) [gw = — Vo (28)
I, (tms) | gw = —= I (29)
s HW \/i o
where the equivalent resistance is given as
2
Reqs|VD = ﬁ 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 Qs and Q,4, multiple voltage gain curves can be obtained
between the FW and VD curves. Assuming PWM signals with
switching frequency of f; and a duty ratio of d, are applied to
the middle switches in the rectifier block, (26) to (29) will be
changed as given

Vea (rms) [pwm = — Vo (€29
I, (rms) pwy = ———— I (32)
s PWM (Q—dq)\/i o

2(2 —d,)*
Regs [pwm = ( 5 ) Ry. (33)

5973

L

(®)

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 d,, 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 V,,s 60 Hz and 220 V., 50 Hz sources.
Therefore, depending on the application, the converter covers a
typical minimum input ac voltage of 90 V s and a maximum
input ac voltage of 240 V,,s 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 V,,s to HB in 220 Vs 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 O3
and Q4 turned ON while the output voltage is regulated through
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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 d, = 1 and FW with d, = 0. At the
same time, to provide a smooth transition between VD to FW,
as d is reduced, the switching frequency is decreased linearly.
In this mode, by exceeding dgmax the control moves back to
mode I, and by hitting dgmin, the control moves to mode III.
Yet, as can be seen in Fig. 17, the voltage gain curve of FB4+FW
intersects with HB+VD at f,,,;,. Consequently, to increase the
voltage gain range of the overall control system, when d, 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+4-VD curve peaks slightly below FB+FW. As a result,
to address this, in mode II, in addition to reducing d, 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
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TABLE I
SUMMARY OF THE MULTI-MODE WIDE VOLTAGE GAIN CONTROL SYSTEM

Mode Modulation Method Inverter Structure Rectifier Structure

1 PFM FB VD

11 PWM-+PFM+PSM FB Tl g VD|pwu

1 PEM HB ) T VD

v PWM+PEM HB T3 g VDlpw

v PFM HB T4 g FW

VI APWM HB ) TS FW

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

The operation of the multimode control in mode III is the
same as mode I but S5 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 O3 and
0y, 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 d jimin,
the control switches from HB+VD|pyw to HB--FW in mode V.

In mode V, Q3 and Q, are turned OFF and the inverter and
rectifier operate in HB and FW respectively while the voltage is
regulated through PFM. By exceeding fs,q, 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 (d;) while
keeping fs at fomax-

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 O3 and Qy, 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

Mode Voltage Gain Quality Factor

w 2 2 L,
. v, _2G 3 1 R\
V. n h Q=

h=135....

1I

I

v

vi Yoz
4

2 L,
i 1 [1=cos(2hrd,) N
7=135,... h 2 Q= 8n’R

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 TS, 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.
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V(D)

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

VL1 Ly +Veri+ Ll =0 I,=CVon

Va4 Lot Ly +Veri + Lol +Vora+Vea=0 I, =CraViya.

‘/cd:RacIs Ip:Im+IS
(34)

As given in (18), based on FHA, V= 4;/1' sin(d7r)
sin(wst — "‘TTS) can be approximated as the input to the resonant
converter. Considering that f, d, and d, 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

X f@) o).

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, K ; and K; have been modified
to achieve the damping ratio of ¢ = 0.5 and based on that, the
values of K, and K;; 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

(35)



5976

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 5, MAY 2024

.. . .. . Signal
Digital Compensation Decision-Making Block oy
& P & Conditioning ~ 7, ~ |* Jm[m_
V.V I I Gs1,Gsa
1 o 1 o V( |-
vVVvVYy v [>o-»{ D8] G, Gs3
e N
Control v Go1,Ggs
Mode 4P|~ o»[ DB Gy G
Selection > e
e NN
tr
I v ———> Gp3, Gy
Fig. 20. Block diagram of the multimode control system.
TABLE III
DESIGN SPECIFICATIONS AND CIRCUIT PARAMETERS
Qty Vendor Part No. Value Desc.
Ly 1 Custom Custom 108.8 pH 16T primary
ny/n, - - - 1.5 -
L, 1| | Coilcraft | SER2918H-153 ~16 pH -
L 1| | Coilcraft | SER2915L-332 ~3uH -
Co | | KEMET | PHE450RB5150 150 nF 1.6kV, PP
Co 3 | KEMET | PHE845VZ6470 1.57 uF 1.5kV, PP
P i i 100 kHz to 125 i
9.56 cm i kHz
S-S, 10 | United | yr4c075033K3s | Sic MOSFET
17904, QI'Q6 Sic 1 -
FET Driver | 10 | Toshiba TLP155E 170ns, 15kV/us -
Optocoupler
D,1, D> 2 | mfincon | ADWaosescs | SiC Schottky -
Diode
Ci 2 | Nichicon | LGL2G391MELA 390 uF 400 V, Alum
5.81 cm Co 1 | Panasonic | EZP-E50106LTA 10 uF 500V, PP
G, 2 | Panasonic | EZP-E50256LTA 25 uF 500V, PP
v Csi-Csu 4 | KEMET | PHE448SB3100 100 pF 2KV, PP
Coi1-Cos 6 | KEMET | PHE448SB3330 330 pF 2KV, PP
MCU 1 I TMS320F28379 - 200MHz
P, - - - 500 W -
v, - - - 96 V -
[z - - - 100 V~350 V -
Fig. 21.  Proof-of-concept 500 W, 100-350 V input 96 V output prototype. B5g > E] i E 1508 200008 N
- § 35.0000V -103.700v 7.4075A 4537504 | 00s i Stop £
. Y 1 Meas a8
i v, 96V [20V/div] .

. . . . 107 76kHz
error goes thrf)ugh digital compepsatlon and output is fed to the Vet [100V/div] Avg- Cyel)
decision-making block along with the output current and the i Vot Wf——— e+
. 100V —
input voltage and current. o e ——— S S— i

While initially the control starts from mode I, at each digital i R
interrupt, the decision-making block reads the input and output U is [7lsasdiv] / SRR

. . / Avg - Cyc(2).
voltage and current and depending on the current mode, f, e T
o, ds, and d,, it determines the next operating mode and Vo *
generates the reference signals for the next cycle and through i3 [15A/div]
the signal conditioning block, gate signals are applied to the 107.76 kHz [2ps/div]
. . > «—>
corresponding switches.
Fig.22. Experimental waveforms of the converter in mode I. Input and output

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

voltage and the current passing through S7 and Qs.

and current of Sy, and the current passing through Qs where the
input voltage is 100 V and the output load is 18.5 €.

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 S and Q3.

200/ 500v/ 7.50m 2.000us/ £ 2 2V
El D 34.7500v -37500v 14.4375A B 00s Stop -
7 . 4 Meas B
V, 96V [20V/div] .
7ZVS oy
. Ve [50V/div] |
e — =
7 No signal
" Avg - Cyc().
100V U PN
Avg - Cyc(4):
o2 o cnmuo signal
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Fig. 24.  Experimental waveforms of the converter in mode I. Output voltage
and voltage and current of S7 in the inverter block.
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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
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! 118.18 kHz
Fig. 26. Dynamic response of the converter in mode I for a step change in V;

(100 to 110 V).

200v/ 0v/ f 7508 1504/ (7] 200.0ms/ E3 H
E' J 35,5000V 107.250v || 7.3125A || 51.1875A 00s Sto
Vo [20V/div] b [} 96V
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i [ 1.5A/div] v,
} 130v. Ve
11628 kHz ,
" //‘ \v/
i3 [15A/div] e e
J / // ip;
,|ModeTto IT'(B'to C) i
£

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

200v/ 75V ‘ 7504 | 1504/ (7] 200.0ms/ E3 :
g 36.2500V 71.250v | | 7.7825A 45.0000A i -28.00ms Sto
V,[20V/div] i i %6V
[200ms/div] \
| m— 180V
Vi[75Vidiv] 130V /\ i
~ 2 V,
is; [7.5A/div] A :
- o -
i 180V Vs
19| / /| &
AR AR
- . 10142KkHz 4,
Mode I1 (C to D) ips [ 15A/iv] = o —

Fig.28.  Dynamic response of the converter in mode II for a step change in V;
(130 to 180 V).

control regulates the output voltage through PWM+PFM+PSM
in FB+VD|pwn 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 V; (180 to 200 V).
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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 IT (V; = 180 V) to mode III (V; = 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 V; 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 V; 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 I'V 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.
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Fig. 31. Dynamic performance of the converter transitioning from mode III
to mode IV for a step change in V; (220 to 240 V).
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Fig. 32.  Dynamic response of the converter in mode IV for a step change in
Vi (240 to 300 V).
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./ Mode IVto V (HitoT) B A

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

Similarly, by further increasing the input voltage the switching
frequency hits the upper limit and the control moves from point
Jin mode V to point K in mode VI shown in Fig. 35. In mode VI,
the switching frequency is kept constant at f;,,,« 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 V;
(330 to 340 V).
200V 10v/ 7 7.50M 15,04/ ZIJJ Oms/ F i
35.7500V 601.750V 7 6.7500A ‘ ‘ 4406254 00s Sto
V, [20V/div] [\ 96V
200ms/div
I ] 350V
Vi[10V/iv] 340V
v,
isy [7.5A/div] b

[ S———
I ———=, 1350\; 4256% Vs

3l e

B —

i [15A/div] e

103

Mode Vto VI(J to K)

oy

Fig.35. Dynamic performance of the converter transitioning from mode V to
mode VI for a step change in V; (340 to 350 V).
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Fig. 36. Dynamic response of the converter in mode VI for a step change in
Vi (350 to 360 V).

Fig. 361illustrates 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 fimax 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
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Fig.37. Efficiency comparison of various control modulation approaches with

the same rated power.
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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 R4s0n, 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 aresult, 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]

Tool Voltage No. of li\ilzéi(:/i No.of  Power Vi P, Max Applications
OPOIOSY  Gain Switches Elements Windings Density (V) (W) 1 PP
Flyback ND Low to ,, Uninterruptable
B0 1-p 2 2 2 Medium 12 2 9% poyer supplies
CUK ND Low to o, Photovoltaic
[31] 1-D 2 6 2 Medium 440 (2200 89% Systems
PV generated
Push-Pull . 20 to system for
[32] ND 4 2 4 Medium 45 600 94% residential
applications, UPSs
Forward Low to o, RESs, BESSs, EVs,
[33] ND 4 2 2 Medium 1220 94% UPSs
Dual Active N
Bridge  M.D. 8 2 2 High 500 1000 95% Automotive, BESSs
[34]
Dual-Half Automotive, Fuel
B[r;il‘f];e M.D. 4 6 2 High 500 1000 94% Cell, BESSs
Half-Full Uninterruptable
Bridge =~ M.D. 6 4 2 High 60 320 94% Power Supplies,
[35] EVs
Multiport Multi Sustainable
(DAB) M.D. 4n n n High 9 500 96% Sources Generation
[36] Systems
Three Level
(TL)y M.D. 8 6 2 High 100 600 97% RESS BESSs EVs,
UPSs
[37]
ANPC TL Automotive, Fuel
with FC ~ M.D. 12 8 2 High 500 3500 97% ’
[38] Cell, BESSs
Half-Bridge .
cLLC  MD 8 7 2 High 500 1000 979 Automotive, Fuel
[34] Cell, BESSs
Full-Bridge
CLLC M.D 8 5 2 High 500 1000 96% Automotive, BESSs
[34]
Dual
Stacked . .
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e Battery Energy
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Converter

* N is the transformer ratio
** Modulation Dependent

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 R son 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 Qs
and Q, are turned ON, and Fig. 39(b) demonstrates the heat
distribution in mode II where PWM signals are applied to O3
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
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Fig. 39. Thermal image of the proposed converter at rated power. (a) Mode L.
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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