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In isolated type LLC resonant converters, transformer leakage inductances
can be merged with the resonant inductor to extend the ZVS capability of the
switches apart from isolation and voltage scaling. However, the transformer
presents a resonant imbalance in the secondary side leading to secondary
current unbalance, an increase in RMS value of the secondary current and
increase thermal stress. This paper proposed a half-bridge non-isolated LLC
resonant converter with a balanced rectifying current and stress in the
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isolated LLC converters, such as ZVS and low MOSFET turn-off loss. By
the non-isolation method, secondary current and, transformer loss is
significantly reduced. In addition, rectifier diodes operate with zero current
switching and balanced rectifying current and stress over the entire operating
range. The proposed non-isolated structure is verified by the experimental
result with a 60W LLC resonant converter.
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1.

INTRODUCTION
Size optimization and power conversion efficiency of the power converter are emerging as a goal in
the industrial application, due to benefits which include low power consumption, reduced thermal/electrical
stress and cost. Resonant converters, unlike PWM converters, can be operated at high frequency to attain
high power density [1] with a reduced size of passive components and filters [2] which are the major
contributor of weight, volume, and cost of power converters.
Among the resonant converters, an LLC resonant converter is one of the most prevalent resonant
topologies widely adopted in various applications [2] such as portable electronics, flat panel display,
handheld devices such as notebook PC, smartphone, MP3 player. This is owing to their advantageous
features such as output voltage regulation over wide load and line variation under narrow variation of
operating frequency, low EMI emission, high efficiency. and soft-switching capability [3, 4]. Soft switching
commutation of the power switches increases the efficiency of this converter, in addition to eliminating the
reverse recovery effect of the rectifier diodes [5-8]. To ensure the zero voltage switching (ZVS) capability of
the primary switches, there should be enough current in the primary circuit to charge and discharge the
parasitic capacitance of the power MOSFETs, this is achieved by using a series inductor or by increasing the
leakage inductance of the transformer [9]. However, this is at the expense of bulky magnetic components.
For the reason of miniaturizing LLC resonant converters, research attention is now focusing on
magnetic integration as a solution to the size reduction of passive components. The general idea behind the
concept of “Integrated magnetics” is to have a magnetic design in which various inductive elements are
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combined into a single magnetic core as reported in the literature [10-14]. Integration of magnetizing
inductances and the resonant inductor (𝐿𝑟 & 𝐿𝑚) into the structure of the transformer has been reported in
[15] to improve power density and reduce the core loss.
Thus, some major drawback of magnetic integration is the difficulty in controlling the magnitude of
the leakage inductances during manufacturing process [10] which lead to resonant imbalance, high
conduction loss owing to fringing effect [7]. The resonant imbalance causes a rectifying current imbalance
per half switching cycle and thermal stress in the rectifier diodes, component mismatch and different phase
gain in a multilevel inverter [14]. In [13] the effect of parameter mismatch in interleaved LLC resonant
converter is compensated by controlling the commutation time of the synchronous switch, and the current
unbalance is reduced to the lower peak. Though this approach proves to be very successful, it is faced with a
complex control scheme. Liu et al. [16] proposed a Zero-Voltage Switching PWM (ZVS PWM). The
proposed ZVS PWM consists of two operation modes and by alternating the two operations modes the input
capacitor current balancing is achieved in a half-bridge three-level dc-dc converter (HBTL). Perhaps this
approach is limited to continuous conduction modes of operation.
Non-isolated PWM converters reported in [17-19] highlight their benefits with respect to low driven
and conduction loss. These benefits of non-isolated structure in PWM converters can be extended to resonant
converters. In an application such as low photovoltaic (PV) charging system, spacecraft power supplies, and
electric drives, where galvanic isolation is not required, non-isolated converters were reported as a suitable
solution [20]
Based on non-isolated and resonant converter techniques, a non-isolated LLC resonant converter is
presented in this paper. The proposed converter has combine advantages of resonant converter and nonisolation and will serve as a future alternative solution to voltage regulation and point of load converters
some of the attractive features of the proposed topology are summarized as follows:
a. Balanced rectifying current and low thermal stress, this facilitates the use of components with the
matched parameter for the rectifier circuit.
b. The conduction loss of the rectifier diodes can be optimized by using diodes with lower forward
voltage drop.
c. Clamped voltage stress in all the semiconductor devices.
d. ZVS operation of all the primary switches over the entire operation range
e. The rest of this paper is organized as follows. Section II analyzes the resonant tank design for LLC
resonant converter with high regulation capability. section III gives the experimental and simulation
results of the proposed LLC converter. The conclusion is presented in section IV.

2.

ANALYSIS OF CONVERTER
The proposed non-isolated LLC DC-DC converter is depicted in Figure 1. The converter consists of
two bidirectional switches (M1 and M2) and a resonant LLC circuit (𝐿𝑟 , 𝐿𝑚 and 𝐶𝑟 ). The switches are
alternately commutated by applying a rectangular signal to their respective gates. The resonant capacitor 𝐶𝑟
is connected in series with the inductor 𝐿𝑟, while the inductor 𝐿𝑚 is connected in parallel with a full bridge
rectifier. The converter basically supplies a square wave voltage generated by the half-bridge switching
network to the resonant network. The energy is transferred to the load, connected across the full-bridge
rectifier circuit.
2.1. Analysis of Steady-State Operation of the Proposed Converter
The steady-state analysis of the proposed converter is performed under the following assumptions
that, a). The main switches are all MOSFETs with parasitic diodes and capacitance. b). The output capacitor
(𝐶𝑂 ) is large enough to be considered as a voltage source c). The output capacitances of the main switches
(MOSFETs) are equal. d). All other components are considered as ideal.
Operation modes of the proposed converter can be divided into 4 intervals. Based on the foregoing
assumption, the key steady-state waveforms of the converter are shown in Figure 2. The equivalent circuits of
the operating intervals are also depicted in Figure 3.
Mode 1 (𝒕𝟎 < 𝒕 ≤ 𝒕𝟏): MOSFET M1 is tun-on with ZVS at 𝑡 = 𝑡0 due to the conduction of body
diode DM1. Resonant inductor current flows in the positive direction, the magnetizing current 𝑖𝐿𝑚 linearly
increase as shown in Figure 3(a). During this period energy flow to the load through diodes D2 & D3. The
modes end at t1 with MOSFET M1 is turned off.
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Figure 1. Schematic of the non-isolated LLC Converter
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Figure 2. key steady-state waveforms of the proposed converter
Mode 2 (𝒕𝟏 < 𝒕 ≤ 𝒕𝟐): At this interval switch, 𝑀1 is turned-off at 𝑡 = 𝑡1 , and the dead time (𝑡𝑑 )
starts. The resonant current (𝑖𝑟 ) quickly releases energy on the parasitic capacitor 𝐶2 of MOSFET M2 and
charges capacitor 𝐶1 to 𝑉𝑖𝑛 , thereby flows through the diode 𝐷𝑀2 clamping the drain-source voltage of
MOSFETs M2 to zero. During this time, the resonant current 𝑖𝑟 is larger than magnetizing current 𝑖𝑚 , The
output rectifier diodes, D2 & D3, conduct and continues to send energy to the load. Similarly, 𝐶𝑟 & 𝐿𝑟
resonate due to 𝐿𝑚 being clamped to the reflected output voltage 𝑉𝑜 and the magnetizing current 𝑖𝐿𝑚 is at its
peak positive value as shown in Figure 3(b).
Mode 3 (𝒕𝟐 < 𝒕 ≤ 𝒕𝟑): MOSFET 𝑀2 is turned on at 𝑡 = 𝑡2 with ZVS due to the conduction of its
body diode DM2. During this interval, resonant current (𝑖𝑟 ) decrease negatively flowing through the
MOSFET switch 𝑀2. The magnetizing inductor current (𝑖𝐿𝑚 ) linearly decreases from its peak positive value.
However, diodes D1, D4 & D5 continue to conduct and deliver power to the load, this mode ends at 𝑡 = 𝑡3.
The resonant current is the sum of magnetizing current and the output inductor current as shown in
Figure 3(c).
Mode 4 (𝒕𝟑 < 𝒕 ≤ 𝒕𝟒): During this interval, switch, 𝑀1 & M2 maintains turned-off at 𝑡 = 𝑡3 , and
the second dead time (𝑡𝑑 ) starts. The resonant current (𝑖𝑟 ) quickly discharge capacitor 𝐶1 while charges
capacitor 𝐶2. Resonant current 𝐼𝑟 flows through diode 𝐷𝑀1 whereas, the drain-source voltage of MOSFETs
M1 is clamped to zero. The output rectifier diodes D1 & D4 conduct and supply energy to the load as shown
in Figure 3(d). The mode ends at 𝑡 = 𝑡4 .
To simplify the analysis of the converter circuit, the non-linear circuit model of the converter can be
replaced by a linear and time-invariant circuit. The linear circuit model is based on the first harmonic
approximation (FHA), full details can be found in [21-24]. An LLC converter can be represented by its
equivalent circuit model as depicted in Figure 4.
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Figure 3. The equivalent circuits of the operating intervals (a) Mode 1 (b) mode 2. (c) mode 3 and, (d)
mode 4

V
+ Cr - +

VLr

iRac

- iLr
-

Lr

Cr

+

iLm
+

Vab

Rs

Lm

Vout

-

-

Figure 4. Equivalent circuit of the proposed LLC
converter

Figure 5. Normalized gain versus normalized
frequency of curve the proposed converter

From the equivalent circuit Figure 4, the equivalent ac resistance and voltage conversion ratio are
calculated as:
𝑅𝑎𝑐 =

8𝑅𝐿

(1)

𝜋2

𝑀(𝑄, 𝐹, 𝑘) =

2𝑉𝑜
𝑉𝑖𝑛

=

1
2
1
𝑘 2
2√(𝑄𝐹(1− 2 )) +(1+𝑘− 2 )
𝐹

𝑤ℎ𝑒𝑟𝑒 𝑄 =

(2)

𝐹

𝜔𝑜 𝐿
𝑓
𝐿
⁄𝑅 , 𝐹 = 𝑠⁄𝑓 , 𝑘 = 𝑟⁄𝐿 , 𝑓𝑟 = 1⁄
𝑎𝑐
𝑚
𝑟
2𝜋√(𝐿𝑟 𝐶𝑟 )

As shown in (2) is used to obtain the plot of normalized dc gain against normalized frequency for
different values of quality factor (Q) as depicted in Figure 5. The curve is drawn to show the relationships
between load, voltage gain, switching frequency, and the resonant frequency respectively. The maximum
value of the normalized gain for the selected inductor ratio is shown, furthermore, the corresponding range of
operating frequency to satisfy the gain conditions are indicated accordingly.
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From the trajectory of Figure 5, inductor ratio (k) and quality factor (Q) are selected based on the
operating points, these values are used to determine the values of the resonant inductor (𝐿𝑟 ) and resonant
capacitor (𝐶𝑟 ) respectively.
2.2. Component Design for the Proposed Converter
Selection of resonant tank elements (𝐿𝑟, 𝐶𝑟 and 𝐿𝑚 ) values can be considered as the most important
part of converter design, due to their significant role in maintaining ZVS operation within a particular
operating point [25], [26] and in regulating the energy transfer. A lower value of magnetizing inductor (𝐿𝑚 )
reduce core losses and increase the converter gain due to low inductor ratio (k), perhaps, at the expense of
high circulating current. Proper selection of resonant components (𝐿𝑟 and 𝐶𝑟 ) values, reduce the converter
maximum input current, this led to reduce circulating current and conduction losses [5].
Values of resonant elements are determined using the following equations:
𝐶𝑟 = 𝜔
𝐿𝑟 =

1

(3)

𝑜 𝑄𝑅𝑎𝑐

𝑄𝑅𝑎𝑐

(4)

𝜔𝑂

𝐿𝑚 = 𝑘𝐿𝑟

(5)

Peak voltage across the resonating capacitor is;
𝑉𝐶𝑟 (𝑚𝑎𝑥) ≅

𝑉𝑖𝑛 (𝑚𝑎𝑥)
2

+

√2.𝐼𝑐𝑟 (𝑟𝑚𝑠)
2𝜋𝑓𝑜 𝐶𝑟

(6)

The root means square (RMS) current circulating in the resonant inductor and capacitor is
given as [5].
1 𝑉

𝐼𝑙𝑟_𝑟𝑚𝑠 = 8 𝑛𝑅𝑜 √
𝐿

2𝑛 4 𝑅𝐿2 𝑇 2
𝐿𝑚 2

+ 8𝜋 2

(7)

Thus, the RMS value of magnetizing current is,
𝐼𝑚 (𝑟𝑚𝑠) =

2√2
𝜋

𝑛×𝑉

× 𝜔𝐿 𝑜

𝑆𝑖𝑚𝑖𝑙𝑎𝑟𝑙𝑦, 𝐼𝑚 =

𝑚

2𝐶𝑒𝑞 𝑉𝑖𝑛
𝑡𝑑𝑒𝑎𝑑

(8)
(9)

Where 𝐼𝑚 is the peak magnetizing current during the dead time; 𝑡𝑑𝑒𝑎𝑑 is the dead time, 𝐶𝑒𝑞 is
MOSFET equivalent output capacitances, and 𝑉 𝑖𝑛 is the LLC bus voltage.
The value of the output capacitor to maintain a constant DC output voltage is given as:
𝐶𝑜 ≥

𝐼𝑂
2𝜔∆𝑉𝑐𝑜

3.

(10)

EXPERIMENTAL RESULTS
To verify the effectiveness of the analyses of non-isolated LLC converter a 60W 100-48V LLC
resonant dc-dc converter was simulated with a PSIM circuit simulator and a laboratory prototype was
designed to validate the concept and demonstrates the circuit performance. Figure 6. shows the photograph of
the experimental set-up of the proposed converter. Table 1. Shows the specification of the proposed converter
considered for the experiment and simulation.
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Figure 6. Experimental test setup

Table 1. Converter Specification
Electrical specification
Max. Output power (Po)
Output Voltage (𝑉𝑜𝑢𝑡)
Input Voltage (𝑉𝑖𝑛)
Switching frequency (𝑓𝑠)
Resonant Frequency (𝑓𝑟)
Component parameters
Resonant Inductor (𝐿𝑟)
Magnetizing Inductor (𝐿𝑚)
Resonant capacitor (𝐶𝑟)
Output capacitor (𝐶𝑜 )
Power switch
Diodes D1-D4

Values
60W
48V
50– 100V
100kHz
80kHz
155𝜇𝐻
465𝜇𝐻
26nF
100𝜇𝐹
IRFP4568PbF
MUR1560G

Figure 7 show the full-load ZVS operation of upper and lower side MOSFETs respectively.
Figure 7(a) Illustrates the experimental waveforms of the upper side MOSFET (M1) control signal, current,
and voltages of the MOSFET at full load respectively. According to the experimental results, all the
semiconductor elements are softly commuted.
Figure 7(b) shows the experimental waveforms of the control signal, current and voltages of the
lower side MOSFET M2 respectively. It can be observed that current 𝑖𝑑𝑠 2 lags 𝑉𝑑𝑠 2, create a zero-voltage
condition for MOSFET 𝑀2.

Vgs 1
ZVS

VdS 1

VdS 2

(a)

Vgs 1
Ids 1

Vds 1
ZVS
Ids 2

Vds 2

(b)

Figure 7. Full-load ZVS waveforms of power MOSFETs (a) The experimental waveform of the upper side
MOSFET: CH1) gate-source voltage M1, CH2) drain-source voltage of M1, CH3) drain-source voltage of
M2, CH4 drain-source current of M1 respectively. (b) The experimental waveform of the Lower side
MOSFET

Figure 8. shows the gates source signal and drain-source voltage of the power MOSFET at no-load.
From Figure 8. It can be observed that all the power switches are operated with ZVS.
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VDS
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Figure 8. ZVS at no-load. CH1) drain-source of M1, CH2) drain-source current of M1

Figure 9. illustrates the simulated and experimental rectified waveforms accordingly. Figure 9. (a) is
the simulation result of the isolated type LLC resonant converter, showing an unbalanced the rectified
secondary current. This results in component mismatch and current stress in the leading leg diodes.
In Figure 9(b) a simulated voltage and current waveform of the proposed converter is illustrated. Figure 9(c)
shows the experimental rectified current waveform of the proposed converter. From Figure 9(c), it is evident
that no extra current stress on the rectifier diodes. In addition, the experimental results are compatible with
the simulation results. In either case, the rectifier diodes are turned on under zero current switching (ZCS).

Current imbalance

(a)

(b)

VD1 &D3
ID2 &D4

No Current
imbalance

ID1 &D3

VD2 &D4

ZCS Turn ON &
OFF

(c)
Figure 9. Simulated and experimental rectified waveforms. (a) The simulated waveform of isolated LLC
converter, (b) Simulated waveform of Proposed non-isolated LLC converter, (c) Experimental waveform of
the proposed non-isolated LLC
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Figures 10(a) & (b) depicts the simulated and experimental voltage and current waveforms of the
proposed converter. As shown in the simulated gate control signal, the voltage across the resonant capacitor,
the voltage across the lower side MOSFET and the current through the resonant network, simulation and
experimental results are identical.

Vgs1
VCr
Vds 2

iL r

(a)

(b)

Figure 10. Simulated and Experimental waveforms of resonant elements (a) simulated waveform. (b)
experimental waveform CH1) gate-source voltage of M1, CH2) voltage across the resonant capacitor, CH3)
drain-source voltage of M2, CH4) current through the resonant tank

4.

CONCLUSIONS REFERENCES
This paper has presented, analyzed and verified a 60W non-isolated LLC converter with balanced
rectifying current and ZVS operation over the entire operating range. By appropriate design of resonant
parameters, the resonant imbalance can be avoided. Similarly. Simple structure and good resonant
characteristics are ensured. The desirable ZVS turn-on feature is accomplished. The experimental results
verify the validity of the proposed concept.
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