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Abstract
This thesis presents a new LLCL resonant converter topology which is capable of providing zero voltage
switching of MOSFET switches for a wider range of operating frequency as compared to conventional LLC
resonant converter topology. The proposed topology (LLCL) is a modified form of conventional LLC
resonant converter topology where an additional inductor is connected in parallel with the LLC resonant
tank on the input side.

For the analysis of a series resonant converter, frequency domain modelling (FDM) is usually sufficient
due to the limited modes of operation. However, for a three or more element resonant tank, multiple modes
of operation arises due to which FDM is restricted for analysis for operation below resonant frequency
when the circuit enters in freewheeling mode otherwise known as Discontinuous Conduction Mode (DCM).
Hence, a detailed time domain analysis is presented describing the steady state behavior of the circuit under
continuous and discontinuous mode of operation.

A comprehensive analysis of LLCL type converter is performed and compared with that of a conventional
LLC resonant converter which demonstrates the benefits obtained by the proposed topology. Voltage gain
and resonant tank component current stress is derived, as a function of various circuit parameters such as
the ratio of inductors and normalized relative frequency, to assist in the design trade-offs. The time domain
analysis is verified with simulation studies using PSIM 11.0.
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Chapter 1
Introduction
The realization for the need of clean energy sources has led to the de-carbonization of the power sector.
Power electronics strives to have high power transfer capabilities and high efficiency due to which it is
extensively used to harness the power from renewable energy sources.

Figure 1. 1: Prediction for various renewable energy sources trends (Source: National Energy
Board)

DC/DC converters are the basic building block of renewable energy systems. Operating these converters
at high switching frequencies helps achieve compact sized hardware modules due to considerable
reduction in the size of the passive components such as magnetics and capacitors [1].
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Conventional DC/DC converters utilized hard switching to transfer power. Such devices suffer
from high switching losses incurred on the MOSFET switches due to the overlap of current ( I d )
and drain-to-source voltage ( Vds ) during turn-on and turn-off. The losses are significantly higher
when operated at a higher switching frequency and input voltage.

Figure 1. 2: Hard switching losses

With rapid advancements in technology there is an increasing need for compact power converters.
Since resonant converters use soft switching, they are capable of operating at high frequencies
which in turn leads to having smaller size of passive components. Operating at high frequencies
also gives a better transient response and control bandwidth of the converter [2].

Soft-Switching methods employ a method where for resonant converters the turn-on and turn-off
occurs at the zero crossing of input voltage and input current of the resonant tank, thereby
reducing the switching losses.
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Figure 1. 3: Soft-switching losses

Zero Voltage Switching (ZVS) and Zero Current Switching (ZCS) indicates that the voltage or
current for the converter switches has zero crossing or crosses zero during switching transition
times. In contrast with buck, boost or buck-boost which are PWM converters, this enables it to
operate at higher frequencies. Due to the higher operating frequency, the size of the passive
components is reduced, thereby getting a better power density [3].

The DC/DC power conversion is an important stage for most power transfer applications. They
provide interface between DC systems of different voltage levels. They are widely used in many
applications. For example, in solar applications, the performance of the DC/DC converter stage,
not only requires high efficiency and density but also must have the capability to regulate a wide
variation range of input voltage and load conditions. The resonant DC/DC converters are able to
overcome these challenges since it is capable of achieving soft switching and low EMI by
removing harmonics.

The DC/DC converter comprises of a switching network, resonant tank, transformer, rectifier and
low pass filter is shown in fig 1.3.
3
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Vi
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Vo

Figure 1. 4: Architecture of proposed DC/DC converter

The voltage input to the resonant tank is generated by the switching action of the inverter.
Selection of the configuration of the switching network depends on the power requirement of the
application. Half/full bridge inverter is the most popular choice due to its simple structure and
ease of design.

The resonant tank is configured such that a wide frequency range of soft switching of the inverter
switches is achieved. A high frequency step up/down transformer scales the output voltage of the
tank which is rectified and filtered to obtain the desirable output voltage.

Resonant DC to DC converters are gaining popularity in recent years due to the growth of
photovoltaics. Presently, power electronics technology enables utilization of renewable energy
sources. With their capability to provide variable DC gain (step-up/ step-down) while
conditioning power in accordance with the required specifications. Resonant converters are
favored over hard-switched converters due to reduced switching losses at high frequencies, high
power density, high efficiency and low electro-magnetic interference. Since the resonant tank
generates sinusoidal waveforms, it can be used to filter out the unwanted higher harmonics from
a square wave. Hence, it is also used for DC/AC applications.
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Currently, the most popular resonant converter topologies are series (LC), parallel and seriesparallel. Series resonant topology has the simplest structure amongst the three mentioned above.
It provides Zero Voltage Switching of the switching network’s MOSFETS and good output
voltage regulation for sufficient loading range [4]. However, at light load conditions, ZVS is lost.
On the other hand, ZVS is retained, at light load condition for parallel resonant topology.
However, due to high circulating current, efficiency is reduced at reduced loads. Series-parallel
combines the advantages of the above two structures, as it achieves good efficiency from fullload to reduced load conditions [5]. The main drawback is that it requires a wide range of
switching frequency to obtain ZVS.

In the last few years, the LLC resonant converter has attracted huge interest in many applications
[6-10] due to its advantages over the conventional series resonant converter and parallel resonant
converter as it allows integration of resonant inductors with the transformer and provides
opportunity for optimum selection of transformer turns-ratio by adjusting the operating point
below the resonant frequency of the series LC resonant branch. However, one of the main
disadvantage of the LLC resonant converter is that it requires a very high frequency range for
widely changing load and input voltage conditions.

Figure 1. 5: Equivalent circuit of LLC Resonant Tank
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1.1 Thesis Objectives
This thesis is focussed on the development of a LLCL resonant converter that provides ZVS for the
inverter switches, controls the output voltage for a widely changing load and input voltage, and provides
a narrow change in the operating frequency of the converter. The main objectives of this thesis are:
i.

To introduce a new topology LLCL which has a wide range of Zero Voltage Switching and narrow
range of frequency regulation.

ii.

To study and analyse the steady state behaviour of the LLCL resonant converter for both
continuous and discontinuous modes of operation.

iii.

To make a comparison between the existing LLC resonant topology and LLCL resonant
converter.

1.2 Thesis Outline
This thesis presents the development of a new LLCL resonant converter topology that provides
Zero Voltage Switching for entire range of operating conditions while minimizing the circulating
current. Analysis of the proposed topology is done for both continuous and discontinuous modes
of operation. The thesis is divided into five chapters and is organized as follows:

Chapter 2 gives a general description of the LLCL resonant converter. A working principle of the
power delivery and freewheeling mode is discussed.
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In Chapter 3, the steady state analysis of LLCL resonant converter using time domain equations
is described for both continuous and discontinuous modes of operation. The mathematical
equations are derived considering initial values and solved for below, above and at resonance.

In Chapter 4, using the time domain equations derived in chapter 3, design curves for an
optimized LLCL and LLC are plotted graphically. These include ZVS angle and voltage gain for
different inductor ratios. For a particular inductor ratio that satisfies the desired specifications for
PV application, a final schematic is designed in PSIM.

In Chapter 5, summarizes the work presented in this thesis and also identifies future work that
can result in valuable contributions.
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Chapter 2
Description of LLCL Resonant Converter
This chapter provides a general description of an LLCL resonant converter. Details of the system and
working principle are described. Figure 2.1 shows the proposed LLCL resonant topology. Here the
traditional LLC resonant tank is modified such that an inductor is connected in parallel of the resonant
tank. It consists of a full-bridge inverter, a LLCL resonant circuit, and a diode-bridge rectifier. The fullbridge inverter converts the constant DC input voltage into a bipolar square voltage waveform, which is
fed to the resonant circuit. The LLCL will shape the input current such that ZVS is obtained. The output
transformer is used to match the input DC voltage with the required output voltage and to provide galvanic
isolation between DC input and DC output for safety. The current on the transformer’s secondary side is
rectified and filtered and produces DC voltage output which satisfies the load requirement.

S1

S3
n:1

Vi

Cs
Lp
S2

D1

D3

Ls

Co R

Lm

S4

D2

Figure 2. 1: Full Bridge LLCL resonant DC/DC converter
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D4

Vo

The primary idea behind adding a parallel inductor, L p to LLC resonant tank is to ensure a lagging power
factor (pf) operation at all possible ranges of load and line conditions. A lagging pf will ensure that the
current is lagging the input square wave which ensures ZVS of the MOSFET switches. Insertion of L p
increases the inductive switch current to guarantee the prior conduction the intrinsic anti-parallel diode
before its respective MOSFET switch is turned-on. This can be observed in the figure 2.2.

is

Cs

Ls
io

iLm
Lm

Vi

nVo

Switch/Series Current

Figure 2. 2: Switch current in LLC resonant circuit
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iLp

iLm

Lp

Lm
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nVo

Series Current

Switch Current

Parallel Inductor Current

Figure 2. 3: Switch current in LLCL resonant circuit

Fig. 2.2 shows the square wave voltage across the LLC resonant tank and corresponding instantaneous
switch current. Since the switch current is equal to the series current, it can be observed that there is no
ZVS as the current is leading on the positive rising edge of the input square wave. Whereas, in Fig. 2.2,
the proposed LLCL converter has a parallel inductor. Hence, the switch current (isw) is a sum of the
series current (is) and parallel current (iLp) and lags due to the extra current flowing through the parallel
inductor providing ZVS.

When Fundamental Harmonic Approximation (FHA) [4] [11] is used for analysis of the converter, it is
not able to distinctly identify the various modes of operation. Therefore, a time domain analysis is
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necessary to identify the different modes of operation based on load conditions. Each mode is made up of
various stages (intervals) based on the behavior of the current flowing through the output diode. For a
range of switching frequency, the converter operates in the following stages:

2.1 Power delivery operation
The resonant circuit is fed with a positive voltage in the first-half switching cycle and produces a resonant
current at the resonant circuit. The resonant circuit is fed with a negative voltage in the second-half
switching cycle and produces a predominantly negative resonant current at the resonant circuit. Power
delivery mode occurs twice in one switching cycle. The magnetizing inductor voltage is clamped to the
output capacitor voltage which causes charging/discharging magnetizing current to flow. The difference
between the series resonant current, is and magnetizing current, iLm passes through the rectifier diode
bridge.
2.1.1 P stage of operation
As shown in Fig 2.4 when S1 and S2 is turned ON, the positive input terminal voltage is applied to the
resonant tank. When D1 and D4 is conducting, the output terminal voltage across the resonant tank will be
positive. This is known as P stage of operation.

S1

S3

D1
Cs
Lp

S2

D3

Ls

Co R

Lm

S4

D2

D4

Figure 2. 4: Equivalent circuit representation of P stage showing path of current flow
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2.1.1 N stage of operation
As shown in fig 2.5 when S1 and S2 is turned ON, the positive input terminal voltage is applied to the
resonant tank. When D2 and D3 is conducting, the output terminal voltage across the resonant tank will be
negative. This is known as N mode.

S1

S3

D1
Cs

Ls

Lp
S2

D3
Co R

Lm

S4

D2

D4

Figure 2. 5: Equivalent circuit representation during N stage showing path of current flow
2.2 Freewheeling stage

Freewheeling occurs after the power delivery stage when the switching frequency is less than resonant
frequency. This is because the resonant current reaches the transformer causing the secondary transformer
current to reach zero and disconnects into open circuit. This way the resonant frequency is determined by
the combination of the series inductor, series capacitor and magnetizing inductor. Due to this phenomenon
frequency domain analysis is not adequate for complete analysis and design of converter.
2.2.1 O stage of operation
O stage occurs when the circuit goes into freewheeling mode as shown in fig 2.6. Due to loading
conditions, the resonant tank is no longer able to transfer power to the secondary side of the transformer.
Due to this, the output is not clamped and the current flows though the magnetizing inductor. The path of
current is shown in the figure 2.5.
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S1

S3
Cs
Lp

S2

Ls
Lm

S4

Figure 2. 6: Equivalent circuit representation of O stage of operation

For this stage as it can be seen, the series tank is made up of the series capacitor, series inductor and the
magnetizing inductor. Hence, it changes the resonant frequency of the converter. Therefore, the current
flowing through the series branch is the same as the current through the magnetizing inductor. The value
of the resonant frequency changes to 𝜔1 as the inductive component now comprises of Ls as well as Lm .
These aforementioned stages are often seen within the switching cycle. For each operating zone, it may
contain one or two or all three characteristics within a single switching cycle. These operating zones can
exist in multiple modes such as P, PN, PO, PON, OPO, NOP, OP, NP and N. The type of mode depends
on the load conditions. Although the converter may have multiple modes of operation, not all are desirable
in practical applications. Therefore the time domain analysis in following chapter focuses on the more
preferable modes of operation.

13

Chapter 3
Steady State Analysis
This chapter presents a detailed time-domain analysis of the LLCL converter describing the steady-state
behavior for various operating conditions. The set of time domain equations are derived for various modes
of operation, which are used to obtain the converter voltage gain as a function various circuit parameters
such as switching frequency and value of passive components.

As discussed in Chapter 1, it is essential that for high frequency applications, the switches achieve softswitching conditions at turn-on and turn-off for efficient operation of the DC/DC converter. In this chapter,
the time-domain analysis of LLCL is presented to further understand the working of the circuit and aid in
the design of the converter for various applications.

Using this time domain analysis of the converter, accurate gain curves are plotted to determine the
optimum zone of operation for converter. By dividing the region on the basis of relative switching
frequency, the gain helps analyze converter characteristics. This in turn can be used for the optimal design
of the resonant converter for any given application depending on the operating frequency.

The MOSFET switches are controlled using frequency modulation. In frequency modulation, the duty
cycle is fixed at 100 percent and switching frequency is varied. Complementary gating signals are applied
to the opposite legs of the full bridge inverter with 100 percent duty cycle.
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3.1 Simplifying assumptions

The following assumptions are made for the time-domain analysis of the LLCL converter:
1. The switches, diodes and passive elements in the circuit are assumed to behave ideally.
2. The transformer is ideal and linear in nature.
3. The output filter capacitor is assumed to be very large so that the output voltage are ripple free.
4. Dead time between switches is assumed to be negligible.

The following are defined to generalize the analysis:

k1 

Lm
Ls

k2 

Lp

r 

Z0 

Ratio of magnetizing inductance to series inductance

Ls
1
Ls Cs
Ls
1
 s Ls 
s Cs
Cs

Ratio of parallel inductance to series inductance

Series resonant frequency

Characteristic impedance

1 

1
Cs ( Ls  Lm )

Open circuit resonant frequency

Z1 

( Ls  Lm )
Cs

Open Circuit characteristic impedance
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3.2 Modes of operation
The converter can be switched at a frequency which can be at resonance, above resonance or below
resonance. Below resonance up to certain frequency the converter can operate in two modes depending
on whether it has low load or high load conditions.

LCLL modes of
operation

Below Resonant
Frequency

At Resonant frequency
P mode

For Low load

For High Load

PO mode

PN mode

Above Resonant
Frequency

NP mode

Figure 3. 1: LLCL Modes of operation

3.3 Steady State Analysis of LLCL resonant converter
3.3.1 Operation below Resonant Frequency
When relative operating frequency is less than 𝜔r the mode changes from PN mode to PO mode depending
on the load of the converter based on the application.
3.3.1.1 Operation in PO mode (DCM boost mode)
Due to reduction in the loading, the primary winding of the transformer is no longer clamped to the output
capacitor. As the name suggests, the operation of this mode starts with positively clamped mode or P mode
and end with the freewheeling mode which is O mode in half switching cycle. Under such a scenario, the
output rectifier turns off and the secondary current goes to zero. In Continuous Current Mode (CCM)
16

cases, only the series inductor (Ls) and series capacitor (Cs) resonates together. But in DCM mode, the
magnetizing inductance now resonates with series inductor and series capacitor. Due to this, the series
current flows through the Lm. This leads to the onset of O mode within the switching cycle. For PV
applications which require high DC gain, this ‘boost mode’ can be used.
Fig. 3.2a and Fig 3.2b shows the equivalent circuits of boost mode operation of LLCL converter in PO
mode.
isw

Vi

is VCs C
s

isw

Ls

iLp

iLm

Lp

Lm

Cs

iLp

io
nVo

VCs

is

Vi

Lp

Ls
iLm
Lm

nVo

t1 < t < Tsw/2

0 < t < t1
Figure 3. 2: Equivalent circuit for PO mode

The steady state waveforms of the converter show that in each switching, cycle there are four intervals of
operation. Each half of switching cycle contains a complete power delivery operation (mentioned above
as P mode) and freewheeling mode (mentioned above as O mode). The equations are derived for half of a
switching cycle due the anti-half wave symmetry of the steady state waveforms.

3.3.1.1.1 Interval 1: [ 0  t  t1 ] – P mode operation
In this interval, S1 and S2 are turned on and the output rectifier is on and power is transferred using
the diodes D1and D4 (fig 3.2). During this interval the converter is operating in Power Delivery mode
or P mode. The series inductor Ls and series capacitor Cs are resonating and the magnetizing inductor
is clamped to the output voltage. Since, the parallel inductor is clamped to the input voltage. Using

17

KVL and KCL, following are the differential equations governing the P mode (also mentioned in
solution derived above in Chapter 2).
And, the parallel inductor is clamped to the input voltage.

Vi  VLp  Lp

nVo  Lm

diLp

(1)

dt

diLm

(2)

dt

Vi  nVo  Ls

diLs
dt

 VCs

(3)

iLp (t ) 

Vi
t  iLp (0)
Lp

(4)

iLm (t ) 

nVo
t  iLm (0)
Lm

(5)

Solving the above equations, the following steady state equations are obtained:

iLs (t )  iLs (0) cos(r t ) 

VCs
Zo

(0)sin(r t ) 

Vi  nVo
sin(r t )
Zo

VCs (t )  Z oiLs (0)sin(r t )  VCs (0) cos(r t )  (Vi  nVo )(1  cos(r t ))

3.3.1.1.2 Interval 2: [ t1  t 

Tsw
]: O mode operation
2
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(6)

(7)

This interval starts when the output current reaches zero and no power is transferred to the secondary
side of the transformer. Here, iLs and magnetizing current, iLm have the same initial value. Since the
series inductor, Ls and capacitor, Cs are resonating and the magnetizing inductance is clamped to the
output voltage. During this time the series current is flows through the magnetizing inductor as well.
Hence, it changes the resonant frequency of the converter from

r to 1 .

1 

1
Cs ( Ls  Lm )

(8)

Z1 

( Ls  Lm )
Cs

(9)

It is important to match the initial conditions for the two intervals. This is done such that the ending
values of the first interval is the initial value of the second interval. And the ending values obtained
by the steady state equations for the second interval match up to the initial values of the first interval
in the next switching cycle.

t'

Tsw
 t1
2

(10)

KVL differential equation is as follows:

Vi  ( Ls  Lm )

Vi  VLp  Lp

diLs
dt

 VCs

(11)

diLp

(12)

dt

Since the same current is passing through the series inductor, capacitor and magnetizing inductor:

iLs  iLm  Cs

dVCs

(13)

dt

Solution of the above, the following quantities are derived:

iLp (t ') 

Vi
t  iLp (t1 )
Lp

(14)
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iLs (t ')  iLs (t1 ) cos(1t ) 

VCs
Z1

sin(1t ') 

Vi
sin(1t ')
Z1

VCs (t ')  Z1iLs (t1 ) sin(1t ')  VCs (t1 ) cos(1t ')  Vi (1  cos(1t '))

(15)

(16)

To find the gain and closed form solution, based on above steady state equations, the following terms
have been defined for the purpose of simplicity in further analysis.

x

r
t 1
s

(17)

y

1
(1  t1 ) 
s

(18)

a1  cos(x) cos(y) 

Z0
sin(x) sin(y)
Z1

(18)

 1 
1
b1  sin(x) cos(y)    cos(x)sin(y)  
 Z1 
 Z0 

(20)

 1 
1
c1  sin(x) cos(y)    cos(x)sin(y)  
 Z1 
 Z0 

(21)

 1 
 1
d1  sin(x) cos(y)    1  cos(x) sin(y)  
 Z1 
 Z0 

(22)

a 2  Z1 cos(x)sin(y)  Z0 sin(x)cos(y)

(23)

Z1
sin(x) sin(y)  cos(x) cos(y)
Z0

(24)

c2 

Z1
sin(x) sin(y)  cos(x) cos(y)  1
Z0

(25)

d2 

Z1
sin(x) sin(y)  cos(x) cos(y)  cos(y)
Z0

(26)

b2  
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L  1  a1  b2  b2a1  a 2 b

(27)

M  1  b2  a1  a1b2  b1a 2

(28)

1 

c 2 b1  c1  c1b 2
L

(30)

1 

d 2 b1  d1  d1b 2
L

(31)

2 

c 2 a1  c 2  c1a 2
M

(32)

2 

d 2 a1  d 2  d1a 2
M

(33)

Finally, voltage gain is given by:

G

sin(x)  1Zo (1  cos(x))   2 sin(x)
T Z
[t d sw 0  sin(x)  2 sin(x)  1Z0 (1  cos(x))]
2 Lm

(34)

After obtaining gain, the initial conditions for series current and voltage across series
capacitor are obtained as following:

iLs (0)  Vi 1  GVi1

(35)

vCs (0)  Vi 2  GVi2

(36)

The switch current for LLC is same as series resonant current. However, for LLCL the initial switch
current isw is the sum of the initial currents of series current and current passing through the parallel
inductor. It is given by the following:

iLs (0)  Vi 1  GVi1  i Lp (0)

(37)
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Based on the above mathematical derivations, the following are plotted and later verified with PSIM
simulations. The mathematical equations are used to verify the characteristic of PO mode in the following
voltage and current plots.
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Figure 3. 3: Steady-state current waveforms of PO mode
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Figure 3. 4: Voltage across capacitor in PO mode
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Figure 3. 5: Output current characteristics of PO mode
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3.3.1.2 Operation in PN mode

During some high loading conditions, the converter operates in PN mode. The PN mode in classical LLC
resonant converter, is a hard-switched mode because current is leading the square wave input voltage. So,
in the proposed LLCL topology, we have an extra input inductor L p as mentioned above, due to which
the switch current will be the sum of leading switch current (same as LLC series current) and the primary
inductor current. The primary inductor current is selected in such a way that the switch current will be of
lagging nature. This implies that it is operating in ZVS mode. Because of this advantage, the hardswitched PN mode of LLC is modified to get the soft-switched ZVS with LLCL.
The magnetizing inductor Lm is clamped to the output capacitor for the P and N time intervals. The
equivalent circuits for P and N modes are given below.
is VCs Cs

isw

Vi

Ls

ii

iLp

iLm

Lp

Lm

io
nVo
Vi

is

VCs

Cs

Ls

iLp

iLm

Lp

Lm

t1 < t < Tsw/2

0 < t < t1
Figure 3. 6: Equivalent circuit for PN mode

3.3.1.2.1 Interval 1: [ 0  t  t1 ] P mode operation
In this interval, S1 and S2 are turned on and the output rectifier is on and power is transferred using
the diodes D1and D4 (fig 3.2). During this interval the converter is operating in Power Delivery mode
or P mode. The series inductor Ls and series capacitor Cs are resonating and the magnetizing inductor
is clamped to the output voltage. Since, the parallel inductor is clamped to the input voltage. Using
KVL and KCL, following are the differential equations governing the P mode (also mentioned in
solution derived above in Chapter 2).
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nVo

And, the parallel inductor is clamped to the input voltage.

Vi  VLp  Lp

nVo  Lm

diLp

(38)

dt

diLm

(39)

dt

Vi  nVo  Ls

diLs
dt

 VCs

(40)

iLp (t ) 

Vi
t  iLp (0)
Lp

(41)

iLm (t ) 

nVo
t  iLm (0)
Lm

(42)

Solving the above equations, the following steady state equations are obtained:

iLs (t )  iLs (0) cos(r t ) 

VCs
Zo

(0)sin(r t ) 

Vi  nVo
sin(r t )
Zo

VCs (t )  Z oiLs (0) sin(r t )  VCs (0) cos(r t )  (Vi  nVo )(1  cos(r t ))

3.3.1.2.2 Interval 2: [ t1  t 

(43)

(44)

Tsw
]– N mode operation
2

This interval starts when the output terminal voltage across the resonant tank will be negative. As
mentioned above it is important to match the initial conditions for the two intervals. Using KVL and
KCL, following are the differential equations governing the N mode (also mentioned in solution
derived above in Chapter 2).
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t'

Tsw
 t1
2

(45)

Vi  VLp  Lp
nVo   Lm

(46)

dt

diLm

(47)

dt

Vi  nVo  Ls

iLp (t ') 

diLp

diLs
dt

 VCs

(48)

Vi
t ' iLp (t1 )
Lp

iLm (t ')  

(49)

nVo
t ' iLm (t1 )
Lm

iLs (t ')  iLs (t1 ) cos(r t ') 

(50)

VCs
Zo

(t1 )sin(r t ') 

Vi  nVo
sin(r t ')
Zo

VCs (t ')  Z oiLs (t1 ) sin(r t ')  VCs (t1 ) cos(r t ')  (Vi  nVo )(1  cos(r t '))

(51)

(52)

To find the gain and closed form solution, based on above steady state equations, the following terms have
been defined for the purpose of simplicity in further analysis.

 
x r
 s 
y  t1

(53)

r

s

(54)

z x y

(55)

w x y

(56)
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a1  2sin y  sin x

(57)

b1   cos x  1  2cos y

(58)

c1  2sin y  sin x

(59)

d1  2sin y  sin x  2sin z

(60)

1 

sin x
1  cos x

(61)

1 

 sin x  sin z
1  cos x

(62)

cos z  cos y 

 1  cos x 

 2  1  

P

(63)

1
4 Lm f s

(64)

Finally, voltage gain is given by:

G

1Z o cot y  1
 Z o 1 cot y  1  P   2

(65)

After obtaining gain, the initial conditions for series current and voltage across series capacitor are
obtained as following

is (0) 

Vi1 Vo 1

Zo
Zo

(66)

VCs  Vo  2

(67)

isw (0)  is (0)  iLp (0)

(68)
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Figure 3. 7: Steady-state current waveforms of PN mode

The equations are used to plot the steady-state waveforms of PN mode. It is verified and can be clearly
seen that the initial value is negative due to the addition of the parallel inductor. And this sufficient
negative initial value (is dependent on the value of L p ). In LLC resonant converter, the PN mode is hardswitched because the initial series/switch current is positive at the start of the switching cycle. But in
LLCL mode soft switching in achieved in PN mode. The PN mode is unique to the LLCL converter which
makes it a desirable candidate for many high frequency applications. This is one of the major contributions
of this thesis.
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3.3.2 Operation above Resonant Frequency
The converter is usually operated with switching frequency greater than the series resonant frequency.
This is to ensure that there is net lagging input impedance. This is done to obtain natural ZVS of primary
switches.
Usually, there are three stages of operation when a converter is operated at fs > fr: when switches S1, S4
are closed and S2, S3 open, dead time and when S2, S3 are closed and S1, S4 is open. There is dead time at
half switching cycle to give a little time for the snubber capacitor to discharge hence making the transition
from the half cycles more seamless. However, to make analysis simplified, dead time is not considered.
3.3.2.1.1 Interval 1: [ 0  t  t1 ] - N mode operation
At suitable loading conditions, the magnetizing inductance remains clamped to the output voltage.
Since switching frequency is greater than resonant frequency the resonant tank displays inductive
nature due to which the resonant current lags the input square wave voltage causing the N mode.
is

ii

VCs

Cs

iLp

is VCs Cs

isw
iLm

Lp

Vi

Ls

Lm

nVo

Vi

Ls

iLp

iLm

Lp

Lm

t1 < t < Tsw/2

0 < t < t1
Figure 3. 8: NP mode operation

Vi  VLp  Lp

nVo   Lm

diLp

(69)

dt

diLm

(70)

dt
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io
nVo

Vi  nVo  Ls

iLp (t ) 

diLs
dt

 VCs

(71)

Vi
t  iLp (t )
Lp

iLm (t )  

(72)

nVo
t  iLm (t )
Lm

(73)

Solving the above equations, the following steady state equations are obtained:

iLs (t )  iLs (t ) cos(r t ) 

VCs
Zo

(t )sin(r t ) 

Vi  nVo
sin(r t )
Zo

VCs (t )  Z oiLs (t ) sin(r t )  VCs (t ) cos(r t )  (Vi  nVo )(1  cos(r t ))

3.3.2.1.2 Interval 2: [ t1  t 

t'

nVo  Lm

(75)

Tsw
] P mode operation
2

Tsw
 t1
2

Vi  VLp  Lp

(74)

(76)

diLp

(77)

dt

diLm

(78)

dt

iLp (t ') 

Vi
t  iLp (t1 )
Lp

(79)

iLm (t ') 

nVo
t ' iLm (t1 )
Lm

(80)

Solving the above equations, the following steady state equations are obtained:

iLs (t ')  iLs (t1 ) cos(r t ') 

VCs
Zo

(t1 )sin(r t ') 

Vi  nVo
sin(r t ')
Zo

VCs (t ')  Z oiLs (t1 )sin(r t ')  VCs (t1 ) cos(r t ')  (Vi  nVo )(1  cos(r t '))
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(81)

(82)

Using the above equations, the initial conditions and the Gain is derived using the same method as used
in the two modes discussed above.

 
x r
 s 
y  t1

(83)

r

s

(84)

z x y

(85)

w x y

(86)

a1  2sin y  sin x

(87)

b1   cos x  1  2cos y

(88)

d1  2sin y  sin x  2sin z

(89)

1 

sin x
1  cos x

(90)

1 

sin y  sin z
1  cos x

(91)

cos z  cos y 

 1  cos x 

 2  1  

(92)

The voltage gain and initial conditions are given as follows:

G

1Z o cos y  1
 Z o 1 cot y  1 

1
4 Lm f sw

(93)

 2

is (0)  Vi1  Vo 1

(94)
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Figure 3. 9: Steady-state current waveforms of NP mode

3.3.3 Operation at Resonant Frequency
When the converter is operated at resonant frequency ( f s  f r ) has a unity gain. Due to this, the output
diode current ( io ) and voltage across the resonant tank are in phase.
To analyze the component stresses when the converter operates at resonant frequency, time domain
analysis is performed for half of the switching cycle (0 to
32

𝑇𝑠𝑤
).
2

The steady state waveforms of the

converter show that in each switching, cycle there are two intervals of operation. Each half of switching
cycle contains a complete power delivery operation (mentioned above as P mode). The equations are
derived for half of a switching cycle due the half wave symmetry of the steady state waveforms.

3.3.3.1.1 Interval 1:[ 0  t 

Tsw
]
2

This interval starts by turning on the switches S1 and S4. The equivalent circuit for this interval is shown
below (figure 3.10).

is VCs Cs

isw

Vi

Ls

iLp

iLm

Lp

Lm

io
nVo

Figure 3. 10: Equivalent circuit for P mode operation
As the converter is operating at resonant frequency, the output diode current ( io ) is in same phase with
the input resonant tank voltage. Due to this, the output voltage waveform is in same phase and magnitude
with the input voltage waveform. At the end of this switching cycle, the output diode current will also
complete its half cycle.
The resonant current and the magnetizing current will have same initial and final value at start and end of
the cycle respectively. The initial and final values of currents will be opposite in magnitude because of
the half wave symmetry.
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Using this theoretical information, mathematical steady-state equations have been derived using the
existing equations of P interval in the same method as above. The derived mathematics have been used to
develop the steady-state waveforms. This has later been verified using PSIM simulations.

The LLCL resonant converter has been tested at nominal condition. The mathematically
generated and PSIM plots are shown in fig 3.10.

50
Vin
0
-50
0

1

2

3

4

5

6

0 to Tsw/2

7

8

10

Tsw/2 to Tsw
Ii

10

Is

9
-6

Ilm

0
-10
0

1

2

3

4

5

6

7

8

9
10

Io

10

-6

Ilm

0
-10
0

1

2

3

4

5

6

7

8

9
10

-6

20
Vcs
0
-20

0

1

2

3

4

5

6

7

8

Time Tsw

Figure 3. 11: Steady state waveforms for P mode
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3.4 Performance Characteristics of the Converter
3.4.1 RMS Switch Current
The following figures gives the RMS switch current for the complete range of operating at different load
parameters.
3.4.1.1 For below resonant frequency


PO mode

K1=5, K2=5

Figure 3. 12: Switch current for different load conditions (PO mode)
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When the normalized switching frequency is varied from 0.65 to 1, the switch current characteristics for
PO mode are shown in Fig.3.12.


PN mode

K1=5, K2=1

Figure 3. 13: Switch current for different load conditions (PN mode)
When the normalized switching frequency is varied from 0.65 to 1, the switch current characteristics for
PN mode are shown in Fig.3.13.
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3.4.1.2 For above resonant frequency


NP mode

K1=5, K2=1

Figure 3. 14: Switch current for different load conditions (NP mode)
When the normalized switching frequency is varied from 1.1 to 2 i.e., above resonant operation, the
switch current characteristics for NP mode are shown in Fig.3.13.

3.4.2 RMS Output/Diode Current
The following figures gives the rms diode current for the complete range of operating at different load
parameters.
3.4.2.1 For below resonant frequency
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PO mode

K1=5, K2=5

Figure 3. 15: Normalized output diode current for different load conditions (PO mode)
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PN mode

K1=5, K2=1

Figure 3. 16: Normalized output diode current for different load conditions (PN mode)
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3.4.2.2 For above resonant frequency


NP mode

K1=5, K2=1

Figure 3. 17: Normalized output diode current for different load conditions (NP mode)
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Chapter 4
Design Procedure
4.1 Gain and impedance of the converter
The voltage gain has been plotted for different modes of operation. These curves assist in determining
the tank configuration as per the required specifications of the applications.
4.1.1.1 PO mode
K1=5, K2=5

Figure 4. 1: Normalized gain and ZVS angle for different load conditions (PO mode)
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4.1.1.2 PN mode
K1=5, K2=1

Figure 4. 2: Normalized gain and ZVS angle for different load conditions (PN mode)
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4.1.1.3 NP mode
K1=5, K2=1

Figure 4. 3: Normalized gain and ZVS angle for different load conditions (NP mode)
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4.2 Design steps
This section attempts to select various design parameters and explain its significance in the performance
of the converter.
The objective is to design the DC/DC stage of a solar micro inverter for DC micro grid applications. The
converter has been designed for low power, low voltage to high voltage applications. The input voltage at
PV side is often fluctuating, due to weather conditions which is why we need converter for wide range of
input voltage.
4.2.1 Specification
The specifications are given in the table below.

Input Voltage

20V-40V (30V nominal)

Output Voltage

420V

Output power

320 W

Resonant frequency

151.75 kHz

Table 1:Design specifications

4.2.2 Selection of series capacitor and inductor
For the given application, the ratio of Ls and Cs should be low in order to obtain a narrow range of
switching frequency. For the selected range of switching frequency, it is determined that the value of
Ls=1µH and Cs=1.1µF is appropriate. Quality factor (Q) depends on the loading conditions. Heavy loads
results in high Q values and lighter loads in lower Q values. Since the Q is also determines the stress on
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the components it is chosen to be minimum in this case. The value of Ls=1µH and Cs=1.1µF are selected
such that rated Q becomes equal to 0.34.
4.2.3 Selection of magnetizing and parallel Inductor

The worst operating point at minimum input voltage and rated load which corresponds to 20V
input with a rated load of 550Ω. The gain required should be at least 1.5. The value of the parallel
inductor is selected as Lp= 40 µH (K2=40) which is determined using the time domain model to
obtain maximum ZVS, in the NP mode.
The ratio of inductors is given by:
K1 

Lm
Ls

K2 

Lp
Ls

1. K1=10 and K2=40 [Design 1]
Using K1=10 and K2=40 (K2 remains constant for the remaining designs) for the first design, normalized
gain, RMS value of switch current and ZVS angle (in deg.) is plot for PO mode of operation in Fig 4.1.
These are plot with respect to the normalized frequency. These plots are also known as design curves and
they help with determining the optimized design of the converter.
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Figure 4. 4: Design Curves for K1=10 and K2=40
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Since we require a gain of 1.5 for this application, it is evident from the gain plot that the peak gain
obtained for rated load is less than 1.2. So the current inductor ratio is not suitable to meet the gain
requirements.

2. K1=5 and K2=40 [Design 2]
For the second design, K1=5 and K2=40 is selected and the design curves are plotted.
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Figure 4. 5: Design Curves for K1=5 and K2=40
In the above the design curves, the gain is still not sufficient. The peak gain is still less than at 1.4. Since
this design doesn’t fit the requirement and is not suitable for this application.
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3. K1=2.5 and K2=40 [Design 3]

Figure 4. 6: Design Curves for K1=2.5 and K2=40
This design is suitable for PV applications since the gain obtained is above 1.5 and the ZVS angle is
positive thereby ensuring ZVS.
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4.2.4 MATLAB generated time domain waveforms
The design curves in the section above helped us to design the circuit parameters such as resonant
capacitor type, inductor core, MOSFET rating, diode rating etc. The steady-state waveforms are generated
analytically in Fig. 4.7 with the help of time domain equations derived in chapter 3. These are plot in
MATLAB to verify the results.
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Figure 4. 7: MATLAB generated steady-state waveforms

4.2.5 Simulation verification
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Figure 4. 8: PSIM generated steady-state waveforms
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0.02161133

4.3 Comparison of ZVS angle between LLC and LLCL

Figure 4. 9: ZVS angle comparison between LLC and LLCL

From the above figure it is can be observed that in PN mode LLC resonant converter is operating at hard
switching mode whereas the LLCL is operating in ZVS. It is deduced with the ZVS angle when plot
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with respect to the normalized frequency. The ZVS angle is positive when the load is inductive in nature
hence causing the ZVS of the switches. Since it can be operated in PN mode below resonant frequency,
it can be operated from low load to high load in ZVS mode.

4.4 Experimental Waveforms
The figure below describes the experimentally generated waveforms for LLCL showing the switch
current and input voltage.

Input Voltage

Switch Current

Series Current
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Input Voltage

Switch Current

Series Current

Figure 4. 10: Experimental Results

The above experimental waveforms show that the switch current is lagging with respect to the square
voltage waveform hence confirming that ZVS is obtained for LLCL resonant converter.
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Chapter 5
Conclusion
The proposed converter is capable of providing zero voltage switching for a wider range of operating
conditions as compared to the existing LLC resonant converter topology. It utilized the additional parallel
inductance to reduce the switching losses for a wider range of switching frequency while ensuring
sufficient gain for high DC gain applications such as PV micro grid

In order to obtain an accurate idea for designing the converter, time domain equations were used to
calculate design necessary design parameters such as gain, ZVS angle and switch current.

A 320 W 420V output converter was designed for an input voltage range of 20V-40V. Simulation studies
were carried out in PSIM which matched with the time domain based equations derived for this topology.
5.1 Thesis Contributions
The major contributions of the thesis are as follows:
i.

Development of steady state analysis of a new LLCL resonant converter topology in both the
continuous mode and discontinuous mode.

ii.

A comparison of the LLCL resonant topology with an LLC resonant topology. The LLCL
converter allows ZVS operation in both below and above resonant frequency modes and a better
voltage control as compared to LLC topology.

iii.

Identification of an optimum mode of operation (PO mode) for design of a DC/DC stage of a
solar micro inverter for DC micro grid applications.
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5.2 Future work
The thesis carried out analysis an ideal LLCL resonant converter topology. However, in order to obtain a
more accurate analysis the non-idealities of the system can be considered in future work. Challenges
pertaining to implementation of control techniques (fixed frequency and variable frequency) still need to
be addressed.
Lastly this topology can be further explored for applications other than PV micro grid applications.
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