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ABSTRACT: This paper presents a Capacitor-Clamped LLC resonant converter designed for high-power-density
electric vehicle (EV) charging applications with future integration into Vehicle-to-Grid (V2G) systems. The proposed
topology operates in the capacitive region, enabling high-frequency soft-switching to reduce switching losses and
improve efficiency. The capacitor-clamped configuration enhances voltage regulation, reduces component stress, and
supports a more compact and thermally efficient design. Featuring bidirectional power flow, the converter facilitates
V2G capability, enabling energy exchange between EVs and the grid. A closed-loop control strategy ensures precise
output voltage and current regulation under varying load conditions. Simulation results confirm the converter's high
efficiency, minimal ripple, and strong dynamic performance. The proposed system offers a compact, reliable solution for
next-generation smart EV charging infrastructure.

KEYWORDS: Capacitor-Clamped LLC, Bidirectional Converter, V2G, High-Power-Density Charger, Closed-Loop
Control

LINTRODUCTION

Recently, due to the energy shortage and environmental concerns of fossil fuel technologies, electric vehicles are gaining
increasing popularity in the transportation sector. One of the key challenges of electric vehicle design is the development
of high-performance charging technology. In addition to high-efficiency and low-cost, high-power density is equally
important to charging system design. As the sizes of active components and their associated cooling systems in modern
power electronics systems are getting increasingly smaller (due to the rise of new semiconductor technologies such as
wide bandgap), the relative importance of the sizes of passive components, especially the magnetic, has dramatically
increased. The rapid growth of electric vehicles (EVs) has led to an increased demand for efficient and high-power-
density charging solutions. Traditional charging methods, such as using a diode bridge rectifier followed by a DC-DC
converter, have limitations in terms of efficiency, size, and power density. Resonant converters, on the other hand, offer
advantages in terms of higher efficiency, reduced size, and improved power density. The motivation behind this project
is to design and implement a high-power-density EV charger using a Capacitor-Clamped LLC (C-LLC) resonant
converter operating in the capacitive region. The C-LLC resonant converter has been recognized as a promising topology
for high-power applications due to its ability to achieve high efficiency, compact size, and improved power density. By
operating in the capacitive region, the converter can achieve high-frequency operation and further enhance its
performance characteristics.

ILPROPOSED LLC RESONANT CONVERTER

In the quest for efficient and flexible power conversion systems, the capacitor clamped LLC resonant converter stands
out due to its high efficiency and effective performance in various load conditions. This project focuses on modifying the
traditional LLC resonant converter to enable bi-directional power flow and integrating a closed-loop current control
mechanism. The LLC resonant converter is widely recognized for its soft-switching capabilities, which significantly
reduce switching losses and electromagnetic interference. By incorporating a capacitor clamping technique, this converter
enhances voltage regulation and reduces voltage stress on the components, leading to improved reliability and efficiency.
The traditional LLC resonant converter primarily supports unidirectional power flow, which is suitable for standard
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power supply applications. However, for applications like electric vehicle (EV) charging and renewable energy systems,
bi-directional power flow is essential. Modifying the LLC resonant converter to be bi-directional allows it to not only
charge batteries but also to return energy back to the grid or other sources, supporting functionalities such as vehicle-to-
grid (V2G) and grid energy storage. To ensure precise control over the power conversion process, a closed-loop current
control mechanism is integrated into the bi-directional LLC resonant converter. This control method continuously
monitors the output current and adjusts the converter's operation to maintain the desired current levels. The benefits of
closed-loop current control include improved stability, enhanced response to load variations, and better protection against
overcurrent conditions. The key objectives of this project are: 1. To modify the traditional capacitor clamped LLC
resonant converter for bi-directional power flow. 2. To implement a closed-loop current control system to enhance the
accuracy and stability of the converter. 3. To evaluate the performance of the modified converter in terms of efficiency,
reliability, and operational flexibility. The development of a capacitor clamped LLC resonant converter with bi-
directional capabilities and closed-loop current control represents a significant advancement in power conversion
technology.

CIRCUIT DIAGRAM AND CIRCUIT TOPOLOGY

The presented capacitor-clamped LLC resonant converter based on the half-bridge configuration is shown in Fig. 1. It
comprises a half-bridge switch network formed by Q1 and Q2, a resonant network formed by a resonant inductor Lr, a
pair of resonant capacitors C1 and C2 and a magnetizing inductor Lm of the transformer Tx (having a turn ratio of n=Np
: Ns, where Np and Ns are the number of turns on the primary and secondary side of Tx, respectively), two clamping
diodes D1 and D2 in parallel with C1 and C2, a full-bridge diode rectifier Dol — Do4, and an output capacitor Co
connected to the load. The control structure of the presented converter during CC mode of charging is shown. Here a
Proportional- Integrator (PI) compensator is used for voltage regulation. This is possible as Vo is proportional to fixed
switching frequency fsw. When Vo reaches a preset boundary value between the CC and CV mode, PI controller will be
deactivated and fsw will be fixed to fo as Vo is constant during CV mode.

OPERATING PRINCIPLES

To simplify the analysis, it is assumed that, (i) Co is sufficiently large such that the output voltage Vo is constant

(i1) the system is lossless with a conversion efficiency of 100%. The operation of the capacitor-clamped LLC resonant
converter in capacitive region involves four possible modes of operation (Mode I — IV), of which the equivalent circuits
are shown in Fig. 3, respectively, for the positive half switching cycle. Fig. 4 further illustrates the typical operating
waveforms during steady-state operation. Due to symmetry of operation, only the positive half cycle of a switching period
is analyzed. Before Mode I begins, the resonant inductor current iLr <0 which ensures that Q1 can achieve ZVS. When
iLr increases to zero, Mode I begins.

Mode I (t]1 <t <1t2): Mode I begins with iLr (t1) = 0, and Q1 is turn on with ZVS. In Mode I, Dol and Do4 are
conducting, and thus the secondary voltage of Tx is Vo, and Lm is linearly charged by nVo.

Mode II (2 <t <13) : In Mode II, Dol and Do4 continue to conduct, and thus Lm is still charged by nVo. However, due
to the presence of D1, Cr ceases resonating with Lr as D1 is forward biased by iLr. In particular, vC1 (vC2) is constantly
clamped to 0 (Vin) and Lr is linearly discharged by —nVo, i.e Mode Il ends when iLr = iLm and Dol and Do4 are turned
off at zero-current-switching (ZCS).
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Fig. 1 Converter circuit Fig. 2 Operating waveforms

Mode III (t3 <t < t4): In Mode III, Lr and Lm are connected in series and shorted by D1 and Q1. This means that iL
(iLm) and vC1 (vC2) will remain constant during this mode. i.e., vcl (vc2) is 0 (Vin)

Mode IV (t4 <t <t5): Att4, QI is turned off. iLr will charge (discharge) the energy stored in the output capacitance Coss
of Q1 (Q2). If sufficiently large, iLr will fully charge (discharge) the Coss of Q1 (Q2) and Q2 can be turned ON at ZVS.
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During this mode, Do2 and Do3 are conducting, and thus Lm is linearly discharged by —nVo, and Lr is linearly discharged
by (Vin—nVo).

DESIGN AND DC CHARACTERISTIC OF CAPACITOR CLAMPED LLC RESONANT CONVERTER

Design case for EV charging application.

Assuming 100% power efficiency and according to energy conservation principle, we have:Notice that the input current
is charging (discharging) C2 (C1) between Vin and 0 V during t1 — t2 in the positive (negative) half cycle while is zero
for the rest of the positive (or negative) half cycle. Therefore, the average input current lin over one switching cycle
is:This means that the output power scales linearly with fsw, and constant output power can be achieved at a fixed
switching frequency fsw. Unlike conventional LLC resonant converters that are operated in the ZVS region where the
output power is a highly nonlinear function of the switching frequency, the presented resonant converter operated in the
capacitive region follows a very simple linear relationship between fsw and Po. For EV charging, the system is initially
charged at constant current (CC) mode, followed by constant voltage (CV) mode. In CC mode of charging, lo is constant.
Thus, Vo can be linearly regulated by controlling fsw.

(€ +C)VE,
0= Jw

As Vo (and thus Po) increases, fsw increases linearly. The endpoint of CC mode is the starting point of CV mode.
Considering that Po (and thus fsw) varies significantly during CV mode of operation while Vo is constant, the capacitor-
clamped LLC converter may be designed such that the full output power precisely corresponds to the optimal operating
point of an LLC resonant converter. This is the point where (i) the converter is just about to leave the capacitive mode
while entering the inductive mode, and (ii) the voltage gain of the converter is constant. The key advantages of operating
the converter back in the inductive mode and at the resonant frequency during the CV mode of operation are to achieve
(i) ideally zero frequency variation during CV mode and (ii) maximum efficiency at full output power. Correspondingly,
the resonant capacitance can be selected as

POmax-

C,=C, =
LT 2vkf,

The minimum operation frequency happens at the start point of CC mode when VO and PO is minimum:

V()min-
fomin = fo

V()max-

III.SIMULATION AND RESULTS

The capacitor-clamped LLC resonant converter offers a high-efficiency power conversion solution with inherent soft-
switching characteristics that minimize switching losses and electromagnetic interference. This project introduces
modifications to the conventional LLC converter, enabling bidirectional power flow and integrating a closed-loop current
control system for enhanced performance. The bidirectional operation is critical for Vehicle-to-Grid (V2G) applications,
allowing energy transfer from the grid to the vehicle and vice versa. The capacitor clamp improves voltage regulation
and reduces stress on circuit components, contributing to better efficiency and long-term reliability. A closed-loop control
mechanism is employed to monitor output current in real-time, dynamically adjusting system parameters to maintain
stability and protect against overcurrent events. MATLAB simulations validate the converter's performance under
varying load conditions. Key findings include consistent high efficiency, stable current regulation, and successful
bidirectional operation—demonstrating the converter’s potential for future-ready EV charging and smart energy systems.
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Fig 3 Simulink model of original circuit with current

MATLAB/SIMULINK MODEL & SIMULATIONS

The output of the converter shows that when the output voltage is restricted to 200V the value of the output current
decreases and is equal to .8 A. There is decrease in output current when output voltage increases. When the output is less
than 200V i.e around 140V the output current increases and is around 2.7A so that there is no control in the charging
current.The output of the converter when current feedback is added to the circuit shows that when the output voltage is
restricted to 200V the value of the output current is also limited to the set value equal to 1.6A. Hence the output current
can be controlled by introducing a current loop into the original circuit. There are no large variations in the current and a
current limiting switch can be avoided.

Fig.3 Output current when voltage of 200V required to charge battery  Fig.4 ZVS and ZCS for the simulated
converter

IV. DESIGN AND IMPLEMENTATION OF HARDWARE PROTOTYPE

This project focuses on the design and development of a hardware prototype of a bidirectional LLC resonant
converter-based EV charger, supported by a miniature scale model and an IoT-enabled graphical user interface
(GUI) for enhanced control and monitoring. The bidirectional LLC topology is selected for its high efficiency, low
electromagnetic interference, and adaptability to varying load conditions—key attributes for modern EV charging and
Vehicle-to-Grid (V2G) systems. The converter allows power transfer both to and from the grid, enabling EVs to function
as distributed energy storage units. A scaled-down physical model will replicate the key components, including power
circuits and control systems, to illustrate real-time operation. An IoT-integrated GUI will provide users with remote
access to charging data, power flow status, and system diagnostics. This interface enhances usability and system visibility.
Project goals include building the prototype, developing the scale model, implementing the GUI, and evaluating system
efficiency and user experience.

HARDWARE PROTYPE DESIGN AND IMPLEMENTATION

From the equations 1 to 18 given above the values of the circuit parameters were calculated and as shown in the table
given below. The system is designed for 24V input voltage (Vin) and an output power (Po) of 30W. The output voltage
can be varied from 15V to 30V. The resonant frequency is taken as 120KHz. The designed parameters of prototype are
as given below:Input voltage , Vin = 24V.Output voltage, Vo= 15V to 30 V range, Resonant frequency fo=
120kHz.Resonant capacitors, C1 = C2= 0.2 pF Resonant inductor Lr == 4.4uHneglected as the inductance is too small
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and can be catered by the transformer windings. Transformer turns ratio = n= 0.5But taken as 1 by trial-and-error method
for making the circuit bidirectional. Frequency min, f min= 60kHz. = 60kHz

Fig.5 Prototype setup Fig.6 Resonant capacitor voltage

To testify the characteristics and evaluate the current control of the presented converter a prototype setup of the
bidirectional charger is constructed with the same circuit parameters. The experimental protype of the presented converter
is shown in the waveform in Fig. 6 shows the resonant capacitor voltage during the switching cycle of the presented
converter. The resonant capacitor voltage switches with the switching signals in ZVS mode. The capacitor voltage is
identical in both directions and is symmetrical and hence the average value of the voltage is 0. This indicates that the loss
in the circuit is minimum. Also switching losses can be minimized by making the circuit work in resonant frequency of
120kHz. Plot 1 is the volage across the switch during the operation and plot 2 is the switching signals in the second
MOSFET. This indicates that switching of the circuit takes place during the ZVS as the switching takes in the zero point
of the voltage. The same plot can be plotted with the other symmetrical switch which also shows a similar characteristic
but in the opposite direction.

Experimental results and output characteristics.

The performance of the proposed converter was evaluated under both open-loop and closed-loop current control
configurations, with the operating frequency varied from 60 kHz up to and beyond the resonant frequency of 120 kHz.
A 24V lead-acid rechargeable battery was used as the load for testing. Output voltage and charging current values were
recorded across different frequencies and are summarized in Tables 1 and 2 for open-loop and closed-loop cases,
respectively. In the open-loop mode, the output voltage rises with increasing frequency and reaches its peak at the
resonant point. During this phase, the system operates in Constant Current (CC) mode, where both voltage and current
increase. Beyond the resonant frequency, the output voltage stabilizes while the current continues to increase in an
uncontrolled manner, transitioning into Constant Voltage (CV) mode. This behavior indicates a lack of current regulation
beyond the resonance point in open-loop operation. Conversely, the closed-loop system, shown in Figure 25, exhibits
improved control characteristics. With increasing frequency, the output voltage reaches a maximum at resonance, similar
to the open-loop case. However, the output current remains stable, effectively maintaining CC mode. After the resonant
frequency, while the voltage remains constant, the current decreases slightly and stabilizes as the battery approaches full
charge, representing a well-controlled CV mode.

Figure 8 illustrates the input-output power characteristics of the closed-loop system. It shows that the input power remains
nearly constant, while the maximum output power is attained precisely at the resonant frequency, indicating optimal
operation. In contrast, the open-loop system reaches peak power at frequencies above resonance. Overall, the closed-loop
system demonstrates superior efficiency, improved current control, and reduced power consumption for the same output,
as confirmed by the efficiency curves in the accompanying figures.
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sl Qutput Input Efficiency
0. Voltage | Output | Voltage | Input % Output characteristics Gurrent open loop
Frequency | V Current [ |V Current [
1 60| 18930] 08%0] 3036 18] 308
2 65| 10250 0000] 3036 18] 317
3 70 10500 0828] 3036 18] 3By
4 75| 10070] 0840|3036 18] 3435
5 80| 20270 0060|3036 I
[ 85| 20580 0070] 3036 18] 3633
7 o0 20000 0000] 3036 18] 3746
8 os| 21330[  1000] 3036 18] 3003
9 wo] 2t o3| 3036 18] 4105
10 05| 22380] 1064 3036 18] 8357 ;
1 10| 22600[ 1080] 3036 18] 44m o
U] 15| »|  toi| %036 18] 4740 e gl
13 120] 23190[ 1120 3036 18] 4153 Frencyire
14 5] 10| 1230] 3036 18] 50
15 1300 232000 1380] 3036 18] 5850 T S
Table 1: Input and output values of voltage and Fig. 7 Output characteristics open loop circuit

current in open loop circuit without current control

In a closed loop system, the maximum efficiency occurs at the resonant frequency and the output current can be
controlled within the limits and maximum power can be transferred to the output. In an open loop the charging current
cannot be controlled and goes on rising after the resonant frequency. The current can be limited only by the current limiter
switch in this converter. Maximum power transfer takes place in a frequency greater than resonant frequency and the
system is getting uncontrollable.

. ~ N

iln_ Erequeacy ?::]?:;L 232:;[ Toput ]é'::rlm gﬁ”m“' Output & Input charecteristics Current closed loop Efficiency curve
&H) |V 1) | Volage V | I(A) u 2 w0 o} o]
1 60| 2020] 09 3036] 0754 607 1
2 65| 2130 079 3036 o4 msif| ¢
3 70| 200 00 036 o] el P
4 5| 60| 059 3036 0754|7199
5 s0| ;a0 00 3036 0754 s0d1ff > 2
6 $5| 2420 09 3036 o074] w3 f § s Y
7 90 2500 019 3036 0754 seasf| S 2 ) £ ¢
9 95| 2560 09 3036 0754 8835 5% =
10 w0 2620 070 30.36 0.754 wall * i P
11 105 2665 079 036]  ors]  oworff "
1 1| 2700 079 3036) 0754] 0318
3 15| 250 078 3036 0754 a0l ’ ot y
14 120 27.00 0.79 3036 0.754 06.60 6 65 70 T5 80 85 9 % 10 105 10 45 120 125 130 135 0 W H B s 55 105 195 125 13
15 15| 220 075 3036 0754] 0230 Frecuecy ik Frequency kHz
16 B0| 20| 07 3036 0754 @30 ) )
e OutpsVOtage Y e lrput¥oltageV  smmOutzut Curtent|A] - bminpis Cutest A
17 B3| 20| 07 3036 0754 w30 —Closed logg  ==—=Cpen loop

Table 2 Input and output values of voltage Fig. 8 Output & Input chara Fig. 9 Efficiency curve and current in
closed loop circuit with current control

V.CONCLUSION AND FUTURE SCOPE

This paper reports my investigation into the operation of a capacitor-clamped LLC resonant converter for high density
EV chargers with a lead-in to the V2G technology. The presented converter was designed for a bidirectional resonant
converter which showed similar characteristics base converter [1]. The frequency- voltage relationship of the converter
as per the design was verified. The ZVS and ZCS were verified for the presented converter. The bidirectionality feature
of the presented converter was studied and it has shown the same characteristics in both directions. The current control
loop into the base converter has made the presented converter more current controllable and helped the converter to
deliver maximum power at the resonant frequency. This also eliminated the use of current limiter switch in the
conventional EV charger and made the circuit current controllable. The efficiency of the system at resonant frequency
has improved and the system delivers maximum power at maximum efficiency. The miniature still models of solar
carport for long term parking with smart EV chargers unlatched the possibility of incorporating V2G technology to the
transportation and service sector like CIAL for unfolding novel ideas for the futuristic planning and management of
renewable energy and grid stabilization. The development of IOT based software and mobile application and
incorporating it to the charger has made the charger smarter and lead-in to an economic model for the EV owners to make
an income and add to the grid support by reducing the cost and space of the large battery energy storage system BEMS
and thereby making the system smarter, greener, and healthier. The combined effect of these new features may lead to
simultaneously high efficiency, power density, and low-cost design, essential to EV charging applications which shall be
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grid communicating to facilitate V2G technology. Both simulations and experiments have been conducted to verify these
new features of the converter. Future works may include a thorough design optimization and characterization of the
proposed concept. The major limitation of the half-bridge structure is its lower power ratings as compared to full-bridge
ones. In future work, will investigate the following two possible solutions to higher power applications: 1) Connecting
several half-bridges 2) Extend the idea to full bridge converters. 3) Develop an IOT based software specific for the EV
charging with integration of different databases of Airport, Power grid and Electric vehicle. 4) Implement the project as
a piolet plant in the airport after studying and researching all possible means for reducing the cost, size, and interface
magnetics of the EV chargers.
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