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Abstract:

This paper delves into the components of high-frequency power
supplies and high voltages, both of which see extensive use in fields
such as industrial

high voltage applications,

X-ray high voltage

applications,
atmospheric pressure plasma processing,
applications, electrostatic precipitation, and so on. To counteract
these undesirable consequences of converter operation, the LCC
criteria provide a trustworthy choice by including a topology that
leakage
capacitance. Because of these benefits, it can be used for a wide
variety of power and energy tasks. With the LCC Series-Parallel
Resonant Converter, you get the benefits of both the parallel and

makes optimal use of inductance and convoluting

series resonant converters. This includes lower peak currents, smaller
switching frequency changes, and more efficiency. For a limited class
of nonlinear systems, the Sliding Mode Control (SMC) approach
provides sufficient robust control. The converter's topology can be
uneven, but the sliding mode method can ignore that. Signal-based
Motion Control (SMC) maps signal routes onto a surface (the sliding
surface or hyperplane). Points on a trajectory can be guided by an
external control signal along a sliding surface (or hyperplane). For
the purposes of this paper, a current-mode control scheme is used.
Sliding mode controller with a strong amplitude modulation setup.
Due to the non-linearities seen in both simulation and experimental
data, small-signal modelling was performed to equalize and
theoretically determine the system characteristics.

Keywords: LCC series-parallel resonant converter, Current-mode control,

Robust algorithm, Frequency variation.
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Introduction

Resonant converters have several advantages over standard Pulse-Width-
Modulation (PWM) converters, including the ability to switch at higher frequencies
while still contributing significantly to the power conversion process. Zero Current
Switching (ZCS) and Zero Voltage Switching (ZVS) conditions can be obtained to
reduce switching losses which arise from the on and off states of the switches
through the management of the resonant converter energy by adjusting its
operating frequency and regulating conditions of input power to achieve desired
voltage [1]. This is the main advantage. In addition to its benefits, it can also
reduce Electromagnetic Interference (EMI) [2] and smooth out switching
transactions, both of which help lower the noise emanating from converter parts.

Good voltage accumulation and correct open and short-circuit characteristics
are made possible by the LCC series-parallel resonant converter [3,4], which
implements and sums up the advantage of both the series resonant converter (SRC)
and the Parallel Resonant Converter (PRC). Components of the LCC-SPRC
typically include a resonant capacitor Cs and an inductor Ls connected in series
and parallel with a capacitor Cp. The development of the power transfer
mechanism relies heavily on the modelling and control of the LCC series-parallel
resonant converter to boost the output performance. Several small-signal models
for steady-state operation of the LCC series-parallel resonant converter have been
produced in the literature [5] to investigate the converter's intrinsic properties; the
findings from these models can be incorporated into the controller design [6].

To keep ZVS or ZCS conditions in high-voltage application ranges, the soft-
switching strategies for the LCC series-parallel resonant converter typically involve
discussing some phase-shift modulation control or frequencies-shift modulation
control methods [7]. When dealing with significant load changes, a close-loop
control strategy using the output voltage as the control input signal is necessary
to increase the transient response.

This study discusses a modified Sliding Mode Control (SMC) strategy for the
LCC-SPRC algorithm based on the modelling method. SMC method is a typical
algorithm for robust control, and it may sustain dynamic response while retaining
robustness against load and input voltage fluctuations. [18,19] By perturbing and
linearizing the average model of the LCC Series-Parallel Resonant Converter, an
appropriate small-signal model is produced. A precise operation point leads to a
modest ripple approximation. Certain control approaches were applied in systems
with variable structures, and they were later adapted for use in DC-DC converters
[8,9].

Based on the typical SMC technique, a modified SMC for the LCC series-
parallel resonant converter is discussed in this study. By selecting a particular
industrial application module, the operating principle of the LCC series-parallel
resonant converter is investigated, and the state space small-signal analysis is
provided for use in the design of the state control. The output performance is
guaranteed by the SMC algorithm when the voltage is used as the feedback signal.

The structure of this document is as follows: Section 2 introduces the operating
principles of the LCC series-parallel resonant converter. In Section 3, the state
space small-signal analysis of the LCC series-parallel resonant converter is explored,
and in Section 4, the design approach is outlined. Section 5 provides simulation
data to demonstrate the effectiveness of the proposed strategy. The final portion
concludes the study presented in this paper.
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Principle of operation

LCC module circuit and parameters

The main LCC-SPRC module prototype used in this work is shown in Figure
1, and the main topology of LCC-SPRC is given in Figure 2. It is made of electronic
components of 4 IGBTs S17S4, and four (4) anti-diodes D17D4. The main
constituents of the resonant tank include the capacitor Cs, the inductor Ls in series,
and another capacitor, Cp. Leakage inductance and capacitance are requisite
features of the high voltage transformer and with it comes the derivatives of both
primary and secondary ends Ls prone to transformer conversions. Four secondary
rectifier diodes, DR1"DR4. C, and L, are the output filtering capacitance and
inductance respectively. Ro is the load with the voltage across it, and the output
voltage is V.

E:}}DI E:}}Dx ”’“ZS “’“ZS y
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Figure 1. The main circuit of LCC-SPRC (Series-Parallel Resonant Converter)

Table 1: Specifications of LCC Converter

Parameter Parameter Parameter Parameter

Specification Value Specification Value

Input Voltage, Vin 200~400V Transformer turns ratio. 5:1

(Np: Ns)

Output Voltage, Vout 48V Dead Time, tq4 400nS

Output Power, P, 100~500W Capacitance, C 200pF

Minimum Switching Frequency, 100kHz Parallel 20nF
Fmin Capacitance, C,,

Series Parallel Frequency, fspr 100kHz Filter Inductor, L¢ 400uH

Series Capacitance, Cg 20nF Filtering Capacitor, C¢ 470 pF

Resonant Tank Inductor, L, 252uH

The primary circuit description of the prototype consists of two boards (power
and control). The function-containing chips can provide high-level analogue
integration, and the inbuilt voltage regulator makes single-rail operation and dual-
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edge control possible (frequency modulation). The Low Dropout (LDO) regulator
combines ultra-low current consumption with the high performance demanded by
Radio Frequency (RF) and precision analogue applications. The circuit board for
sliding mode control of the LCC resonant converter can be designed to operate at
different voltages and power levels.

Output Filter Main Control Main Power Augxiliary
Inductor Chip Transformer Transformer

Input

Output . ”
Ioltage. V
Voltage, Vout Voltage, Vin
Switch Drive
Top layer Chips
(Power board
Circuit)

Bottom layer
{Control board
Circuit)

R G

T . 5
Figure 2. Photo of Circuit Prototype

The steady-state solution is rightly dependent on the operating point of the
system (desired output) and the results can be obtained via computation. The
control input, uz;(Duty Cycle), u2 (Switching frequency to the output voltage). The
Low Dropout (LDO) regulator satisfies the need for great performance in RF and
precision analogue applications while drawing very little current. This LCC
resonant converter sliding mode control circuit board, however, may be set up to
work with a wide range of input and output voltages and power densities.

fal f; 12013 Lts tg tr oty oty

Figure 3. Key waveforms of the DC-DC Resonant Converter.
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As shown in Fig 3, the conduction angle suffices by varying an angle “0”, the
pulse-width “0” controls the waveform Vap. The signals that gate switches S2 &
S4 are reduced in duration by an angle “0” and added to the gating signals for S1

and S3. Thus, the rising edges of the gating signals for S1 and S2 are aligned,
whereas the falling edges of the gating signals for S3 and S4 align [10].

LCC converter modes of operation

The basic circuit diagram of the LCC-type SPRC with an inductive output
filter is shown in Fig 1. A careful look at circuit parameters, operations and some
useful applications is explained in this section.

Mode 1 (t0~t1)

In the event of to, the current, irs maps to a blank value and the Vs, voltage
of this series capacitor Cs, is negative. Switches S1 and S4 are turned on with ZVS.
Inductor current ir5 begins to rise from zero, flowing through S1, Cs, L, T, and S4.
Diodes Dri and Dr4 are turned-on. The capacitive voltage, V¢, of the parallel
resonant capacitor, Cp negotiates with V, /n by the output voltage. The presumed
quantities show V, as the output voltage, the turns ratio, n. Then at t1 resonant
current, irs go to zero, and Dri and Dra are turned off, the equivalent circuit is
shown above in Fig 4.

Dy,

£ DupX

Ro []

T T

Co =

$2 jreemus S4 [ee--s Lin

DufR Pk

Figure 4. LCC-SPRC Switch Mode 1
Mode 2 (t17t2)

During t1, the current irs after it becomes negative D4 and D1 are turned on,
and the terminal voltage of S4 and S1 is regulated to zero. To achieve zero voltage,
switches S4 and S1 are switched on and in a very prevalent routine. The resonant
voltage, V¢p gradually reduces from V,/n as the parallel capacitor, C, discharges.
For the DC bus to harbor any form of energy it is likely to go through energy
storage components Cs, Lg, and Cp, at this time all the secondary rectifier diodes
are turned off, and the resonant converter stops transmitting energy to the
secondary side of T:. The load energy is provided by the output filter capacitor,
the equivalent circuit is depicted in Fig 5.
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Figure 5. LCC-SPRC Switch Mode 2

Mode 3 (t27t3)

During this switch mode, V¢p can be evaluated as negative with V,/n.
Secondary diodes Dr2 and Dr3 are turned on, Vgp of Cp is clamped to Vo/n by the
output voltage. The resonant inductor current, irs is negative, flowing through D4,
Cs, Lg, Ty and D1. Transmitted energy on the less primary side is stored energy
and transmitted to the DC bus. At ts3, the resonant inductor current is zero, Dra
and Dgs are turned-off with zero-current switching.

I)RIZS [)RZ l.:r‘.‘.

o ]
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Figure 6. LCC-SPRC Switch Mode 3
Mode 4 (t37t4)

This mode represents the first half of the converter switch cycle, all the diodes
and IGBTs are turned off, irs goes to zero, Voltages V¢s and V¢ are constant, and
the load energy is provided by the output filter capacitor.

2ud half-Mode (t5~t10)

At t4, switches S2 and S3 realize zero-current switching, and then LCC-SPRC’s
working condition in the second half cycle is similar to the conditions that have
been illustrated in the first-half cycle and hence completing the full cycle operating
principle as illustrated in Fig. 7 below.
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Figure 7. LCC-SPRC Switch Mode 4

State space small-signal analysis

As shown in Fig. 8, the state equations (1), (2) and (3) of the power stage are

as follows:
Series and parallel inductance and capacitance:
Lill_s (t) = _Vs +VAB _VP (1)
CVes () =is () (2)
C V&, (®) +sgn(Ve,)iye =i (t) (3)
Solving and evaluating output differentials
iy +el, [y +i, | +Vee {RL%} =Ng| (4)
L

The factor, [ijs+,1, ] from equation (4) can be mathematically deduced as:

o , e, V.
[l,f +|0]:CfvCf e_’+RLi
(5)

The Output voltage variables in equation (6) considering the input current
(source current) in equation (7)

! —
Voutput _VFiIter +VCfiIter +VOutputFiIter (6)

TS
e = Ti [i. VQ/B ® 4 (7)
S 0

in
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Figure 8. The Equivalent Circuit of the LCC-SPRC.
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P

D,

The state vector obtained from the above presumptions is given by:

. T
XO=[iu0) Ve®) VouO] (8)
Linearization and perturbation

The new state variables upon employing the averaging method are open-angle
(izs)1 » (Ves)rand(V' gy )o- By separating into real (R) and imaginary parts (q) and
assigning Complex Fourier Co-efficients (CFC), the following is deduced:

(V,s ), =22 [sin(zD) + j (cos(xD) ~1)] (9)
T

Thus, the complex Fourier components in equation (10) takes care of the added
circuit disturbances, and the equation inculcates all the voltage parameters
necessary to compute the real and imaginary parts of the system steady-state
analysis explained in equation (11)-(15).

<iLs>1 = iLsR +iqu = a1+ Jbl

<Vo, t>0 :Vo/ ¢ =8
CFC ’ ’ _ (10)
<VCs >1 =VCSR +Vqu = az + Jbz

<VCp >1 :VCpR +VCpq =a;+ jbs

Real and imaginary parts from the equation

c:jitl:a)sbl—%—%+%sin(ﬂD) (11)
98 _ b, +2 (12)
dt C.
%z—wsai—f—i—ﬁ—z+7\r/—[s[cos(ﬂD)—1] (13)
LN § (14)
dt C.
2 2 ’
By 1 A& D ooy - Ve (15)
it Cc oz C/R!

Finally, the above equations (9)-(15) can be re-written considering the
derivations as
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2 , 2 2
abs(i, ), = ‘ai—erl-.[l—cos(Q)] (16)
v

o,C a
0 =cos™t| —=2=t - (17)
[2 ’a12+b12
Voltage inscribed on the parallel capacitor is not considered as a state variable
so the terms of open-angle(i;¢); and (V)1 as az and bs in:

8= —[ap+by] p=sin*(©)
DT 1
=7 +=sin(20) -0
b= ——[b5-a] P
. 7T

p“s

The duty cycle is D and wy is the switching frequency which each represent the
control inputs u; and u, respectively. The amplitudes of the voltages in the
resonant tank and output are as follows:

Yi=8,
Y, =24 a'12 + b12 (18)
Y3 = 2-\/ azz + b22

The small signal analysis of the LCC SPRC is evidently obtained by equating
the derivatives of equations to zero and evaluating the steady-state value of the
angle 0. Therefore, the steady-state solutions of the equations with subscript ‘ss’
are given by:

: b b, R.Z2 sin(Dz)
=Rsin(zD) - 2= =1 = g+ ===2
s = Reln(7D) = ¢, =) {[COS(D”) 17 }
a, 1 1
b255 == = b355 = —[blssﬁss _alssq)ss] Ay = [alssﬁss _blssq)ss]
C,.o, 7o, C, 7o, C,
R! 2 2
0 =~V B po05(g,))
T
B 1. —ain? a 2z
P =7+ —SIH(ZHSS) - ess ﬂss =SsIn (gss) 055 =2.tan
2 o,C Rl
Z — IBSS
O —7ra)5552.CpL5 +Ar
R Vi Cp00, P &
ﬂss and Cs

To derive the requisite small-signal transfer function of desired output and input
to produce a model of this form, there is the need for linearization. Thus, we have:

Ad = EAa + FAu
Ay = GAa + HAu

Where d represents the state vector, U is the input vector, 4 represent the

(19)

respective minor-scale changes in parameter values and y is the output vector. The
matrices of the system are described in E, F, G and H. The complex analytical
linearization equations and system parameters are presented in [11] ‘Ying F.,
Halivor J., (2019’, a thesis compilation of the sliding mode parameters for the DC-
DC converter.
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Moditied SMC' control design

Sliding mode control method

The main idea illustrated here shows that this control system selects the
adequate parameters of each structure and describes them to a preferred switching
mechanism. The structures put across have been laid in these papers: ‘Jeronimo J.
(2015), Tan, X., Ruan, X., (2016), Abdelhédi, F., & Derbel, N. (2019)’. [12-14],
they outline the system control designs that output stable control mechanisms.
These structures are usually asymptotical and are either stable or unstable. An
asymptotically stable system may consist of two structures. These structures are
unique. The concept created by sliding mode is to create and develop paths that
are dissimilar and non-inherent from its structures. This trajectory obtained from
these structures shows a novella kind of motion known as the “Sliding Mode”.

Taking into consideration its asymptotic unstable structure, a sliding mode
behavior can be integrated to create a new trajectory or path. Let’s consider the
basic system of the characteristics of variable structure control technique in
equation (20). The general equations are:

{)‘(a =X, (20)

X, = m—Pux,

Existence condition

Considering the basic scalar control system in equation (21), can be calculated
as:

X=S, (xt,u) (21)

Where S and x are function vectors and column vectors respectively, u is the
control input. This function equation is per the switching boundary representative

points moving on the sliding surface, shown as ¢(xt)=0 .Thus, we can have:

ST (x,t,u*)

S, (x,t,u)= ! (22)
S, (xtu)

Hence, for sliding mode to exist, the phase trajectories of the two substructures

(be it stable or unstable) shown in equation (22) must be co-existent with the

vector function values S0 =0 That is, when §>0, the equivalent state vector

Sf+, must move in the direction of the sliding surface. The state vector components
inscribed by ‘n’ conform to the sliding surface and should be represented as:

limS,* <0 limVES,” <0
E—0"

0 < (23)
IimS, >0 [limVES,” >0
E—07 £-0"

Then the differential implementation of equation (22) and (23) will be:

dé & o0& dx;
_—2 = —2 1 _VES 24
dt i;,baxi gt e 249

Therefore, the existence conditions for sliding mode from Equation (1) becomes:
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lim 9 <0 .

ST SimeSE <o (25)
lim 3¢ = o t

-0 dt

Reaching conditions

It is sufficient to deduce that the reaching conditions should possess scalar
discontinuous input, u

u"—<&(x)>0

L fu e 26)
u —>£(x)<0

The variable, x must be such that it is scaled [x+] and [x-] as shown in equation

(27). It then relates the corresponding control inputs u+ and u-. The preamble for
the reaching condition for sliding surface is denoted by:
+
[ Te£09<0 o)
[x1e(x)>0

The steady state features of a substructure can be coupled with the field area
and the other substructure in order to assure that the system RP will finally collide
with the sliding surface.

SMC of the Series-Parallel Resonant Converter is introduced by the proposed
control system and technique, which is compared to one proposed in [15] ‘Castilla,
M., Garcia de Vicuia, L., Lopez, M’. The paper states that it is essential to meet
the control objectives, the most significant of which is voltage regulation. It is
regulated to the reference voltage regardless of differences in power components
and load changes. After this is activated, the second control objective can be
implemented.

The second control purpose is to achieve a comparably high level of robustness
under the same conditions of power constituent variations (aging, temperature
fluctuations) to aid in the converter's continuous operation as resonant frequency.
The last purpose of control is to provide rapid transient response despite load
variations. The average dynamic model permits current-mode control; hence,
'current-mode control' is finished as the sliding line." [16]. The configuration of the
proposed controller is robust amplitude modulated. The loop outside is voltage-
controlled and inner loop current-controlled. The following equations (28)-(31)
depict the implemented controller:

S= iref _iinp (28)
iref = (koiout) + iint + kp (Vref _Vout) (29)
iint = ki _[ (Vref _Vout)dt (30)
Vref
k, = (31)
Vinp

With the inner current loop, we can keep up with the reference current required
by the suggested sliding surface. The control input u acts on the flip-flop, Zero-
Crossing Detector, and comparator to establish and synchronize the voltage across
the resonating capacitor. The function of the feedback term is to ensure that the
output voltage is equal to the reference voltage under steady-state conditions.[20]
So, fix the unmodeled parasitic components. The modulator's ability to quickly
react to changes in load is made possible by the feed-forward term, which aids it
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in locating the appropriate control signal to maintain a constant voltage output.
In conclusion, the modulator's overarching plan is to provide a stable functioning
even when distortions are present by translating the synchronized control signal
via logic circuits in order to automate and drive the power switches (S1-S4).

~
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Figure 9. Block Diagram of Proposed Modified SMC Controller

SMC integration and development

This paper focused on the modelling and simulation of the LCC Series-Parallel
Resonant Converter.As illustrated in Figure 10, the work involved utilizing of two
simulation software interfaces.
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Figure 10. Flow Graph of LCC-SPRC Modified SMC Controller

Experimental Findings and Simulation were completed alongside Modelling,
Design, Transfer Function Analysis, and Algorithm Derivation. Also, this helped
immensely with confirming findings. The full-bridge diode rectifier was replaced by
a Synchronous Rectifier, or SR, in an effort to improve the performance of LCC
resonant converters. By using this method, MOSFETs can be used in place of
diodes to detect current flow on the secondary side, allowing current to pass to the
load.

Compared to an SR network, which allows power to flow in both directions of
a circuit, diodes have significant drawbacks, including voltage dips and a single
direction of circuit power flow [17]. The secondary side current is monitored and
regulated by regulating the SR gate driving signals that cause these effects. The
drain-source voltage (Vps) is measured, and the current is sensed via a current
transformer. Even though there is an increase in circuit complexity and the need
for extra compensating components, accuracy is reported to have increased in
published works.[21,22] Algorithm flow diagram depicting simulated current and
voltage waveforms in an SR network. Fig. 11. Linearizing the converter's small-
signal model, computing the current-mode sliding surface to yield the desired
voltage output [23], and visualizing the relevant transfer functions in relation to
the control input, switching frequency, etc. are the foundations of design codes.
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Figure 11. Robust Algorithm Flow Graph

Simulation and results

In order to achieve the desired voltage output and draw the required transfer
functions in relation to the control input, switching frequency, etc., the design codes
are based on a flowchart-like algorithm that linearizes the tiny signal model of the
converter. The results of the simulation were obtained with the use of simulation
software interfaces. The former is used to design, model, and simulate to obtain
desired output and waveforms as well as for verification, while the latter is
responsible for developing the algorithm in Figure 11 and Simulink models to obtain
the suitable operating points of the system with its requisite plots and graphs.
Figure 12 shows that the signals derived from the current and voltages are within
acceptable ranges, and the currents have a sinusoidal shape. The system exhibits
steady behavior when the nominal control parameters are used. As we can see from
the FFT comparisons, the number of harmonics needed for precise results varies
depending on the resonant converter setup, the ratio of switching frequency to
resonance frequency, or the pulse width.
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The output of the proposed converter is shown in Figures 14 and 15 to vary
from 100% to 50% throughout a 100-500W load range, demonstrating its
effectiveness under dynamically varying load conditions.

Half of the output voltage, or 100V, is applied as stress across the active switch.
Five cases are studied in FFT in Figure 13 to confirm the effect of each control
parameter.

It takes 1.5 seconds at 9A-12A to reach steady state. The desired 12A output
current and 200V output voltage waveform is shown in Figure 15.

\out Output Voltage

150

0

Voltage (V)

-50

Tout Output Carrent

Curvent (\)

°

ol

0s Lo 1.5 Time (s) 20 28 3o

Figure 12. Simulation waveform of the LCC-SPRC converter under Input
Voltage-200V, Reference Voltage-48V, 300W.
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Tee  Controller Current Output Signal

Vah  Output Voltage Signal

Io Output Current Signal

Vi Converter Terminal Voltage Signal

Vaaw Sawtooth Output wave

10 100 1000
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Figure 13. Key waveform (FFT) of the LCC-SPRC under proposed SMC controller.
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0.00090733 0.000950536 0.000993743 o
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Figure 14. Key waveform (Time) of the LCC-SPRC under proposed SMC controller

0.000734505 0.000777712 0.000820918 0.000864124
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Figure 15. Simulation waveform of the LCC-SPRC converter under Input voltage-300V, Reference
voltage-48V, 500W

Note that a varied range of responses can be obtained by changing the sliding
surface parameter. Hence, the theoretical aspect of the proposed control scheme is
verified by simulation. Figure 16 depicts the experimental circuit board for the
LCC Resonant Converter's sliding mode control. This board is configurable for
operation at various voltages and power levels.

Discussion

Evidence of this expansion of control measures may be found in the literature,
which bodes well for the field's future. It's hardly shocking that the semi-conductor
revolution and new mathematical ideas have stoked curiosity about this field of
study. Within the scope of this control scheme, new methods for the design,
analysis, and control of LCC resonant converters—in particular Sliding Mode
Control—have been devised. The hunt and need for supercomputers has prompted
widespread use of such converters in power conversion, which is the focus of the
research presented in this thesis. In order to build a controller that will be helpful
for this purpose, a linear approach was shown to be possible through the
linearization of non-linear characteristics and the small-signal modeling of switch-
mode power supplies.
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Figure 16 Labelled experimental circuit of the LCC resonant converter

Conclusion

In this study, a sliding-mode control for use with robust-amplitude modulation
is developed with the goal of expanding the usefulness of DC-DC converters,
specifically SPRCs. This work showcased the linearization of these non-linear
factors and the adoption of a linear approach in controller design, both of which
are necessary for the modelling of switch-mode power supply and small-signal
modelling. In spite of its inherent robustness, the proposed control methodology
may allow for a more thorough stability analysis of the sliding mode controller,
opening the door to the use of additional system methods to achieve an even higher
maximum perturbation parameter limit. Reduce harmonic distortions and
experiment with different waveforms on the input characteristics using algorithms
designed with complete access to all system states and developed with numerical
analysis built in. When implemented together, the suggested controller and
modulator create a system that is highly resilient to variations in load and power
components.
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The stability study of the sliding mode controller may be extended to include
the use of other system methods to achieve a better upper bound on the
perturbation parameter. It is possible to construct algorithms that perform
numerical analysis and experiments based on these analyses, and it is also possible
to design algorithms that have full access to all system states. Although this new
controller is best suited for medium-scale voltages, future development may also
incorporate low- and high-scale voltage applications.
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