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Design of LLC resonant converter with silicon carbide MOSFET switches
and nonlinear adaptive sliding controller for brushless DC motor system

Introduction. The high voltage gain DC-DC converters are increasingly used in many power electronics application systems, due to their
benefits of increased voltage output, reduced noise contents, uninterrupted power supply, and ensured system reliability. Most of the
existing works are highly concentrated on developing the high voltage DC-DC converter and controller topologies for goal improving
the steady state response of brushless DC motor driving system and also obtain the regulated voltage with increased power density and
reduced harmonics, the LLC resonant DC-DC converter is implemented with the silicon carbide MOSFET switching devices Problem.
Yet, it facing the major problems of increased switching loss, conduction loss, error outputs, time consumption, and reduced efficiency.
Also the existing works are mainly concentrating on improving the voltage gain, regulation, and operating performance of the power
system with reduced loss of factors by using the different types of converters and controlling techniques. The goal of this work is to
obtain the improved voltage gain output with reduced loss factors and harmonic distortions. Method. Because, this type of converter
has the ability to generate the high gain DC output voltage fed to the brushless DC motor with reduced harmonics and loss factors. Also,
the nonlinear adaptive sliding controller is implemented to generate the controlling pulses for triggering the switching components
properly. For this operation, the best gain parameters are selected based on the duty cycle, feedback DC voltage and current, and gain of
silicon carbide MOSFET. By using this, the controlling signals are generated and given to the converter, which helps to control the
brushless DC motor with steady state error. Practical value. The simulation results of the proposed LLC silicon carbide MOSFET
incorporated with nonlinear adaptive sliding controller controlling scheme are validated and compared by using various evaluation
indicators. References 40, tables 3, figures 22.

Key words: power conversion, brushless DC motor, silicon carbide MOSFET switches, LLC resonant converter, nonlinear
adaptive sliding controller, voltage regulation harmonics suppression.

Bcmyn.  Bucokosonvmui  nepemeoprosaui  NOCMINIHO20 CMPYMY 3 GUCOKUM  KOeQIYieHmomM NOCUTEHHs HAanpyeu 6ce yacmiuie
BUKOPUCMOBYIOMbCSL 6 0A2amboX NPUKIAOHUX CUCEMAX CUTOB0L elleKMpOHIKU yepe3 iX nepesazu, NO8SI3aHi 3 NIOBUWEHOIO BUXIOHONO
HANPY2eor, 3HUNCEHUM DIGHeM WMy, Ge3NepediiHuUM IHCUGTEHHAM | 2apanmosanoio Haoditimicmio cucmemu. binbuwiicmo icHylouux pobim
3HAYHOIO MIPOIO 30Cepeddiceti Ha PO3POOYi MONON0RI 6UCOKOBONILINHOZO NEPEMBOPIO8aYd NOCMINHO20 CIPYMY | KOHMpOonepa 3 Memoio
NONINWIEHHS! YCIMANEH020 GIO2YKY CUCEMU NPUBoOy 0e3uimKko8o20 08USYHA NOCMINIHO20 CIMPYMY, A MAKONC OMPUMAHHA Pe2yIbOBaAHOT
Hanpyeu 3 niOSUWEHON WITbHICIIO ROMYICHOCMIE | 3MeHueHuMy eapmoHikamu, pesonanchuli LLC-nepemsopiosay nocmitino2o cmpymy,
peanizoeanuti Ha NeEPeMUKalouux NPUCmMposx Ha ocHosi nonwoeux MOII-mpansucmopax 3 kap6ioy kpemuiio. Ilpoonema. Tum ne menw, ye
CIMUKAEMbCA 3 OCHOGHUMU NPOOIEMAMU, NO6SI3aHUMU 3i 30ITbUIEHHAM 6MPAm NPU NePeMUKanti, GMpamamu nPoGIOHOCMI, NOMUTKAMU HA
8UXO00I, BUMPAMAMYU HACY MA 3HUNCEHHAM eekmueHocmi. Kpim moeo, icnyroui pobomu 6 OCHOBHOMY 30CepeddCeHi HA NOKPAUeHHi
KoepiyicHma nocunenHs Hanpyeu, pezymiosanHs ma pobouUxX Xapakmepucmuk eHepeocucmemu i3 3MeHueHHAM dakmopie empam 3a
PAxXyHOK  GUKOPUCIAHHSA DI3HUX MUNI@ hepemeoprosadie ma memooie ynpasninnsa. Memolo pobomu € OMpPUMAHHA NOKPAUEHO20
KoeghiyicHma nocunenHsi Hanpyau 3i 3HudICeHUMU Koeghiyicnmamu empam i eapmonivinux cnomeopens. Memoo. Taxum wunom, yei mun
nepemeoplo8aya 30amHull 2eHepysamu GUXIOHY NOCMINIHY HANPY2Y 3 BUCOKUM KOe@IYICHMOM NOCUNEHHA, WO HOOAEMbCs HA Oe3uimKosul
08USYH NOCMIHO20 CMPYMY, 31 3MeHueHUMY Koeiyienmamu eapmorik ma empam. Kpim moeo, peanizosanuil HeiHitiHul a0anmueHutl
KOB3HUIL pe2yamop ONisl 2eHepyBaAHHS. KEPYIOUUX IMNYIbCIG Osl HANEICHO20 CHPAYbOBYBAHHS NEpeMUKalouux Komnonenmis. [{ns yici onepayii
BUOUPAIOMbCSL. HALIKPAWY napamMempu NOCUTEHHs. HA OCHO8I pODOY020 YUKTY, NOCMIHOT HANPY2U Ma CMPYMY 360POMIHO20 36 513KV, 4 MAKOIC
Koeghiyicnma nocunenns nonboso2o MOII-mpanzucmopa 3 kap0idy kpemiro. Ilpu yvomy Kepyloui cuzHanu 2eHepyiomuvcsl i nepedaiomsbCsi Ha
nepemeoplosat, AKull 0onomazac Kepyeamu 0e3ujimkogum 08USYHOM NOCMILHO20 CHPYMY 3 HOMUTKOI0, wjo ecmanosuiacs. Ilpakmuuna
yinnicme. Pe3ynomamu mooentosanus sanpononosanoco LLC-nepemeopiosaua na ocHogi nomvosux MOII-mpansucmopie 3 xap6ioy
KpeMHil0 31 CXeMO10 YNpAGIiHHA HeNHIIHUM a0anmueHUM KOB3HUM De2yIAIMOpoM NEPegipaiomvcsl ma NOPIGHIOIOMbCS 3 8UKOPUCTNAHHAM
pisHux nokasHukie oyinku. bion. 40, Tabn. 3, puc. 22.

Kniouogi cnosa: mepeTBOpeHHsl MOTYKHOCTI, 0e3IiTKOBHII ABMI'YH NOCTIi{HOr0 CTpyMmy, HepeMHMKayi HAa OCHOBi IOJIbOBHX
MOII-Tpan3ucropiB, pe3oHancuuii LLC-neperBopioBay, HediHiliHMN aJanTHBHUN KOB3HHH peryJjsTop, NPHAYLICHHS
TapMOHIK pery/1l0BaHHs HAIIPYIH.

1. Introduction. In the recent days, the power
electronics DC-DC converters [1-3] has gained a significant
attention in many power application systems, due to their
benefits of increased conversion efficiency, regulated
voltage, reliability, uninterrupted power supply, and optimal
cost consumption. When compared to the other DC-DC
converters, the LLC resonant converter [4, 5] is more popular
and increasingly used in the power electronics system like
renewable energy sources, battery charging systems, plug-in
electric vehicles and other low power applications. Because,
the LLC converter [6, 7] could regulate the voltage gain
based on the frequency of modulation. If the switching
frequency of converter is matched with the resonance
frequency [8, 9] it is determined as the circuit operations are
efficient. Since, the LLC converter has the ability to
efficiently reduce the switching as well as conduction losses.

The modern power supply systems, DC micro-grids and high
voltage DC power transmission systems [10, 11] widely
utilized the LLC resonant converter due to its soft switching
characteristics and increased density of power. Nevertheless,
the conventional Si based converters [12, 13] facing
difficulties related to the factors of high conduction loss,
reduced switching frequency, and reduced voltage gain,
which affects the efficiency and performance of entire power
system.

Hence, the SIC-MOSFET [14-16] is one of the most
suitable options for designing the LLC resonant
converters, because it provides increased power outputs
with reduced switching stress. Therefore, the proposed
work intends to utilize the SiC-MOSFET [17] based
inverter topology for efficiently controlling the brushless
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DC (BLDC) motor system [18-20] with minimized
harmonics distortions. Generally, the SiC-MOSFET
circuitry has the major benefits of increased switching
frequency, high speed in nature, ensured dynamic
response, and minimized ripples. Hence, this work
intends to utilize the SiC-MOSFET topology for
controlling the BLDC motor [21, 22] system with the help
of resonant DC-DC converter. For this purpose, a novel
nonlinear adaptive sliding controller (NASC) mechanism
is developed in this work, which is used to generate the
controlling signals for actuating the SiC-MOSFET
switching devices. This main objective of using this
controlling mechanism is to control the speed and torque
of BLDC motor based on the feedback signals. Also, the
LLC resonant DC-DC converter is employed for
regulating the random power obtained from the power
source. The main intention of using this DC-DC converter
is to efficiently boost the output power for charging
batteries, and improving the performance of BLDC
motor. The novel contributions of this works are two fold:

e to obtain the regulated voltage with increased
power density and reduced harmonics, the LLC resonant
DC-DC converter is implemented with the SIC-MOSFET
switching devices;

e to improve the efficiency and controlling
performance of BLDC motor, a novel NASC mechanism
is developed,;

e to attain the increased switching frequency,
reduced error rate and optimal performance results, the
mode of converter operations are properly performed
according to the generated controlling signals;

e to assess the performance of proposed LLC-SiC
MOSFET and NASC scheme, various evaluation
indicators have been utilized.

2. Related works. This sector reviews some of the
existing works related to the different types of converter
and controller designs used in the power system
applications based on its operating modes, key
characteristics and functionalities. Also, it examines the
benefits and limitations of the conventional converter and
controlling techniques based on the factors of voltage
gain, power conversion efficiency, controlling
complexity, error rate, and harmonics.

In [23] was suggested a modulation based voltage
control mechanism for controlling the speed of BLDC
motor with the help of load resonant converter. Here, the
main reason of using the LLC resonance converter circuit
was to obtain the zero voltage switching with respect to
varying switching conditions. It also objects to reduce the
effect of eclectromagnetic interference noises with
increased power density by using the LLC converter
design. In [24] was designed a series resonant DC-DC
converter topology for obtaining the improved voltage
gain and power outputs based on the quality factor
estimation. The key factor of this work was to reduce the
switching losses by reduced loop inductance value. In
[25] was suggested the LLC resonant converters with
MOSFET switching devices for satisfying the
requirements of high voltage applications. Here, the loss
model of the converter design has been discussed, which
includes both the conduction and switching loss factors.

In addition to that, the key characteristics of Si-MOSFET
and SiC-MOSFET switches were illustrated with its
driving voltage speed. Based on this analysis, it was
observed that the SiC-MOSFET switches provided the
better performance outcomes in terms of increased
voltage and speed, when compared to the Si-MOSFET
switches. Also, the LLC converters could effectively
reduce the loss factors by properly operating the mode of
switching operations. In [26] was designed a power loss
models with the LLC converter for optimally improving
the level of system accuracy. Here, the time domain
modelling could be adopted with this controlling strategy
for obtaining increased power conversion efficiency. In
[27] was provided the detailed overview about the design
of LLC converters based on the synchronous rectification
and power loss breakdown analysis. The key contribution
of this work was to minimize the effect of duty loss by
using the noise filtering circuit and the inclusion of phase
compensation unit. In addition to that, the adaptive
turnoff algorithm could be used to maximize the
conduction time and to improve the performance of high
speed digital controller. The different types of loss factors
discussed in this work were copper loss, switching loss,
core loss, diode and MOSFET conduction loss.

In [28] was developed a rotating coordinate system
using the LLC resonant converter topology for obtaining
the improved output dynamics. This paper discussed
about the key benefits of using the LLC converter design,
which includes high power density, better power
conversion efficacy, minimal switching loss and
increased switching frequency. Moreover, the state space
analysis model was utilized for improving the design of
LLC converter. In [29] was utilized the first harmonic
approximation model with the H-bridge LLC converter
for enhancing the stability and reliability of power
conversion under varying load conditions. For this
converter design, the MOSFET switching device was
utilized to reduce both the voltage ripples and switching
harmonics. The major benefit of this work was better
system efficiency, stabilized output voltage, and minimal
loss. In [30] was utilized a resonant LLC converter for
obtaining an increased voltage gain. The main purpose of
this work was to increase the gain of output voltage
according to the quality factor, primary inductance, and
secondary inductance value. Moreover, this circuit design
was highly depends on the minimum and maximum
voltage range. However, it limits with the major problems
of increased error output, high harmonic contents, and
complex design.

In [31] was developed a two stage LLC converter
with SiC-MOSFET switching components for obtaining
an increased voltage gain. Also, it objects to optimize the
entire performance of converter with ensured peak
efficiency and reduced harmonics. In [32] was
implemented a voltage quadrupler rectifier incorporated
with LLC converter for efficiently regulating the output
voltage and improving the switching frequency. This
work stated that the LLC converter could efficiently
reduce the conduction and switching losses with
normalized frequency outputs. In [33] was employed a
power loss estimation model with LLC-MOSFET
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converter topology for efficiently minimizing the body
diode, switching, and conduction losses. However, it
limits with the issues of high controlling complexity,
increased average error rate, and reduced power
efficiency. In [34] was introduced a GaN based LCCL-
LC controlling topology for improving the ability of fault
ride through, improving the voltage regulation, and power
density.  Also, a  multi-objective  optimization
methodology was utilized in this paper for designing the
power transformer with reduced core and volume losses.
In [35] was employed a multi-mode controlling strategy
for enhancing the power conversion efficiency and
density factors. The different types of factors mainly
concentrated on this work were conduction loss,
switching loss, driving loss, magnetic loss, and
breakdown loss. It also intends to enhance the operating
performance of controller under varying load conditions.

In [36] was introduced a medium voltage series
resonant converter with SiC-MOSFET switching devices
for solving the voltage imbalance issues. The key factor
of this work was to design a new converter with reduced
switching and conductance loss factors. In addition to
that, it highly concentrated on protecting the circuit from
over voltage, over current and over temperature issues.
The main advantages of this work were regulated output
voltage, reduced switching loss, and error output. Yet, it
has the problems of high complexity in circuit design,
inefficient output gain, and reduced power factor. In [37]
was deployed a voltage sharing control scheme with the
closed loop DC-DC converter for improving the voltage
conversion efficiency of power systems. Here, the
importance of using SiC-MOSFET switches have been
discussed with respect to the parameters of voltage and
current. Though, the major limitation of this work was
reduced level of efficiency, which degrades the
performance of entire system.

From this review, it is analyzed that the existing
works are mainly concentrating on improving the voltage
gain, regulation, and operating performance of the power
system with reduced loss of factors by using the different
types of converters and controlling techniques. But it
facing the major problems of increased error outputs, high
controlling complexity, harmonics distortions, and
reduced switching frequencies. Hence, the proposed work
intends to implement an LLC DC-DC converter with SiC-
MOSFET switching devices and intelligent controlling
technique for optimally improving the overall
performance of system with reduced complexity.

3. Proposed methodology. This sector presents the
clear description about the proposed converter and
controlling scheme used for regulating the output voltage
of the DC source with its equivalent circuit
representations and algorithms.

The goal of this work is to obtain the improved
voltage gain output with reduced loss factors and
harmonic distortions. For this purpose, an advanced DC-
DC converter and controlling techniques are developed,
and the novel contribution of the proposed work is to
design an intelligent NASC with the LLC resonant — SiC
MOSFET DC-DC converter for controlling the speed of
BLDC motor with improved voltage gain outputs.

The overall flow of the proposed model is depicted
in Fig. 1, and its equivalent circuit representation is
shown in Fig. 2.

Random Generated LLC ResonantDC-DC [ «—
Power Converter with SiC
MOSFET —>

Pulse Generator
Motor Driving Unit
Control
Signal
’ Speed Controlling H Brake Input
BLDC Motor

Fig. 1. Flow of the proposed LLC resonant with SiC-MOSFET
and NASC controlling model
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Typically, the power generated from the input DC
source is an unregulated form, which must be regulated
before giving it into the output load. Hence, the LLC
resonant DC-DC converter incorporated with silicon
carbide SiC-MOSFET switching devices are utilized in
this model, which properly actuating the operating modes
of switching components for boosting the voltage fed to
the BLDC motor driving system. For efficiently
generating the controlling signals to operate the switches
of converter, the novel NASC controller scheme is
developed in this work. It obtains the inputs of feedback
signals from BLDC motor, accelerated reference, and
output of different analyzer for generating the controlling
signals with the help of pulse generator. Based on the
generated controlling pulses, the LLC resonant converter
can be operated for providing the maximum gain outputs
to the motor driving system. The key benefits of this work
are as follows: minimized controlling complexity,
increased and regulated voltage gain output, minimal
switching loss, conduction loss and harmonic contents.

A) LLC resonant — SiC MOSFET DC-DC
converter. Conventionally, there are different types of
resonant DC-DC converters are utilized for improving the
voltage gain outputs, which includes the types of series
resonant, parallel resonant and series-parallel resonant. In
which, the LLC resonant DC-DC converter is widely used
in different power application systems, due to its
enormous benefits like simple designing, minimal losses,
high operating efficiency, and increased voltage support.
When compared to the Si-MOSFET switches, the SiC-
MOSFET switches are the most option for designing the
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LLC resonant converter, because it has the ability to
operate under high switching frequencies with high
efficiency. Also, the SiC-MOSFET switches are small in
size, and it does not require any cooling necessities. Due
to these facts, the proposed work intends to utilize the
LLC resonant converter incorporated with the SiC-
MOSFET switching devices for improving the efficiency
and performance of BLDC motor system, and its
equivalent circuit models are depicted in Fig 3,a,b.
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Fig. 3 si =
a — LLC with SiC-MOSFET
resonant DC-DC converter;
b — equivalent representation D
of resonant tank; ¢
¢ — SiC-MOSFET equivalent
circuit 8

As shown in Fig. 3,c the transfer function of SiC-
MOSFET is determined as follows:

I
L,-C
G(s)= s-l? — 1 ) (1)
Pa g ST -
Lg Lg'cgg

where s is the step signal; C,, is the gate parallel
capacitance; L, is the line parasitic inductance; C,; is the
gate source capacitance; Cg, is the drain capacitance; R, is
the drive resistance.

The power for unit step Ug(s) can be derived as:

Ug(s)=Ugs. (2)
Consequently, the damping ratio is computed as
follows:

§=R_g. _ng ) (3)
2 L,

In this work the full-bridge LLC-SiC MOSFET DC-
DC converter is mainly used to increase the voltage gain
output with reduced harmonics fed to BLDC motor
system. Typically, the LLC is a kind of the resonant
converter that comprises the elements of inductors (L, and
L,,), capacitor (C,), diodes (D, to Dy4), and SiC-MOSFET
switches (Q1 to Q4), and its equivalent circuit topology is
shown in Fig. 3,a. In this model, there are 2 resonant
frequencies have been gained with the combination of
inductor L, and capacitor C,, and inductors (L,, L, and

capacitor (C,), which are in the form of series
arrangement. Then the frequencies of full bridge LLC
resonant converter are estimated as follows:

=—; 4
frl o ,—Lr'cr ( )

fr2 (5)

oL, +L,)-C
The LLC resonant DC-DC converter’s equivalent

circuit mode of operations as 0 and 1 are illustrated in
Fig. 4,a,b.
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Fig. 4. a — operation mode 1 (Q1 & Q2 ON and Q3 & Q4 OFF);
b — operation mode 2 (Q1 & Q2 OFF and Q3 & Q4 ON)

Since, the LLC converter is working based on the
functionality of inverter circuit at the input side of
transformer. The switches Q1 and Q2 are turned ON and
Q3 and A4 are turned off as shown in Fig. 4,a. This
makes the capacitor C, and the inductors L, and L, to
charge up to the rated voltage, where the flow of current
passes through the transformer. Then, the converter along
with capacitor C; to bypass the AC ripples, which
provides the desired DC voltage at the load side.

In mode 2, the switches Q1 and Q2 are in OFF state
and Q3 and Q4 are in ON state. At this time, the reverse
current passes through the capacitor C, and inductors L,
and L,. This reverse flow of current also passes through
the transformer and rectifier circuit. Since, this is a full
bridge rectifier, hence it provides the constant DC voltage
at the load side with Cycapacitor.

As shown in Fig. 5, the resonance induction ratio of
RI, and quality factor QF; of the LLC resonant converter
are calculated as follows:

Rl =1L, / Ly 5 (6)

[ ¢
F, =R+ |—L—. 7
OF =R, L+l (N

According to the Kirchhoff’s laws the output
voltage and current are estimated as follows:
Vb:i'(AC,.+AL,.+ALm)_iR'XLm; (8)

a
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ip= o 9
R (—)Ri+XLm 9

=", (10)

1
where V,;, is the AC voltage generated from the inverter
circuit of resonant converter; ¥, is the output voltage; 4 is
the temporary variable.
Based on (5), (6), the output value is obtained as
follows:
Cn ¥R+ xy ) »
l Ri-X; (1
Finally, the voltage gain of LLC resonant converter
is expressed with respect to the ratio of output voltage
and input voltage as illustrated in below:

_ ! (12)

S RHIESN HIEA)

where V; is the input voltage; RI. is the resonance
inductance ratio; o, J; are the second resonant frequencies.
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Fig. 5. Design properties of converter

B) Nonlinear adaptive sliding controller. The NASC
algorithm is used to generate the controlling signals for
operating the switching components of LLC resonant
converter. This technique considers the inputs of converter
parameters like duty cycle, feedback DC voltage, DC current,
and gain parameters of SiC-MOSFET, and it produced output
as the best selection of gain parameters. At first, the gain
parameters are initialized with the maximum limits as
indicated by K,(max) and Kj(max), and the pitch ratio and
harmonic limits are also initialized with the time instant. Then,
the loop has been executed until reaching the maximum of
iterations and number of decision parameter, where the
random values are initialized as r; = 1 and r, = 1. If the
harmonic rate (HR) is greater than the random value ry, the
gain parameters of K, and K; are updated as shown in below:

kg = [k}, k;J. (13)
Similar to that, of the pitch ratio (PR) is greater than

the random value r,, the new gain parameter is updated as
represented below:

k, = [k, +rand} (£} + rand] (14)
Otherwise, the new value is selected for updating the

gain parameter, which is estimated as follows:
k; = rand x[(k, (upper)— k, (lower))+ & (lower)]. (15)
Then, the convergence function is validated and the

gain parameters are updated based on its maximum value,
which is represented as follows:

ky = ky(i+1); (16)
kg = ky (7). (17)

Finally, the best selection of gain parameters are
derived as indicated below:

K, =k(0)[o]. (18)

K; = ks ()f1]. (19)

Based on this value, the controlling pulses p' are

generated and given to the converter for operating the
switches to obtain the increased voltage output:

Algorithm: NASC controlling algorithm

Input: converter parameters (duty cycle, feedback DC voltage
and current, gain parameter of SiC MOSFET)

Output: best selection of K, and K;

Initialize gain parameters K and K, and the maximum limit of
K,(max) and Kj(max) as Z(k),

where k,€K,, Vn={1,2, ..., t},

«t» — time instant / sample time.

initialize pitch ratio (PR), and harmonic rate (HR).

while (7 < Max_iter), Do // Loop running for maximum number
of iteration.

while (j < N), Do // Loop running for number of decision
parameter (N).

ry = rand(1); », = rand(1) // Initialize random value for gain
parameter.

If (r; < HR), then

Update the gain parameter of &, and k; by using (13);

If (r, < PR), then

Update the new gain parameter using (14);

End if

Else

Select new value of gain parameters by using (15);

End if

End «» loop

Check for convergence function F(£)’

If F()""' < F(z), then

Compute k’; by using (16);

Else

Compute k’; by using (17);

End if

End «i» loop

Select K,,, and K; as shown in (18) and (19) respectively;
Generate the pulse p’ according to the gain parameters.

Finally, the generated high voltage DC output is fed
to the BLDC motor driving system for improving its
performance in terms of high torque and speed. The
BLDC motor is a kind of synchronous motor system,
which is widely used in many real time application
systems like electric vehicles, automation industries, and
medical sector. The major advantages of using the BLDC
motor are fast dynamic response, increased speed and
torque, improved operating efficiency, and minimal
friction losses. Due to these facts, the proposed work
intends to use the BLDC motor as the load unit for
providing the increased voltage gain output.
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Figure 6 shows the controlling structure of BLDC
motor system used in the proposed model, where the
magnetic field of both rotor and stator could be maintained
at same frequency. For this motor, the DC output voltage is
fed by the LLC resonant converter incorporated with SiC-
MOSFET, where the DC output is transformed into three
phase AC through the inverter circuit.

Full Bridge
LLC ¢
DC Resonant
DC-DC T

Converter

Inverter
Circuit

Fig. 6. BLDC driver

4. Results and discussion. This unit discusses about
the performance analysis of the proposed controlling
scheme by using various evaluation measures. Here, the
simulation is performed with the help of
MATLAB/Simulink tool, and scope results are illustrated
according to the converter and controller circuits. Also,
the obtained results are compared with some other recent
state-of-the-art models for proving the efficiency and
superiority of the proposed model.

A) Simulation analysis. Table 1 presents the
performance analysis of the proposed LLC resonant DC-
DC converter incorporated with SiIC-MOSFET switches
with respect to the measures of input voltage, output
voltage, efficiency and gain. Based on this evaluation, it
is assessed that the output voltage is efficiently increased
with enhanced gain and efficiency measures. Because, the
proposed NASC scheme could efficiently generating the
controlling signals for properly actuating the switching
modes of operations, which helps to increase the output
voltage with high gain and efficiency values.

Table 1
Performance analysis of LLC resonant DC-DC converter
S. No VolItI;I; 12 v V(S;g);tV Gain Efficiency, %
1 100 20.23 —11.68 50.2
2 200 38.66 —11.53 52.6
3 300 58.36 -11.25 53.5

Figure 7 shows the DC voltage obtained the DC
input source with respect to varying time samples. This
analysis shows that the minimum amount of voltage has
been obtained from the DC source, which is in the form
of unregulated voltage. So, it is efficiently regulated by
using the LLC resonant converter in order to meet the
requirements of BLDC motor. Consequently, the output
DC voltage gain obtained from the converter is shown in
Fig. 8 with respect to different time samples. This
analysis proved that the obtained input voltage has been
efficiently improved by using the DC-DC converter.
Then, it can be fed to the BLDC motor driver system for
controlling the speed with increased efficiency.

Figures 9, 10 show the output current of capacitor
(C; and C,) with respect to corresponding varying time
samples. Similarly, the current at inductor (Z,) is depicted
under varying time sequences as depicted in
Fig. 11, and final DC output current is shown in Fig. 12.
The obtained results depict that the capacitor current
could be effectively controlled by properly operating the
switching components.

Amplitude, V
14 ; -

~~

I 1 ’7"

L
05 1 15 2 25 3 35 4 45
Time samples x10"

8
~

1 L L L 1
O0

Fig. 7. DC voltage from input source
Amplitude, V
500, :

100t 1

fs
% 02 04 06 08 1

Fig. 8. Output DC voltage obtained from converter
LA

\ |

40

éﬁ ‘ . ‘ Time samples 7
0 100 200 300 400 500 600
Fig. 9. Current at capacitor (C))

LA
40_ j j j j j 4

G e SN o SR . SN
m. N

Time samples
100 200 300 400 500 600
Fig. 10. Current at capacitor (C,)
LA

OO

8 83 8

? Time samples ?
10 ; ; ‘ ; ;
0 100 200 300 400 500 600
Fig. 11. Current at inductor (L,)
LA
50|
40
ot ,
Cg ‘ ‘ , Time samples ==
¢} 100 200 300 400 500 600

Fig. 12. DC current

Figure 13 illustrates the stator current of BLDC
motor, and the results stated that the current is efficiently
maintained under varying time instances. Also, the
obtained results prove the improved performance and
efficiency of the proposed converter and controlling
scheme. Then, the generated gate pulses given to the
converter by controlling unit is shown in Fig. 14, where
the amplitude in volts is efficiently maintained according
to the proper switching operations.
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Figure 15 represents the step response of converter
with respect to the amplitude (V) and time (s), and the
generated waveform indicates that the time behavior
characteristic of the proposed model is efficiently
balanced with 0.5 Vto 1 V.
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Figure 16,a,b shows the motor speed and torque of
the proposed LLC resonant integrated with NASC
controlling mechanism with respect to varying time
measures in terms of seconds correspondingly. Generally,
the speed of motor drive system is highly depends on the
generated switching pulses of controller. Also, controlling
the speed of BLDC motor is more essential for driving
the system at the required speed. The increased speed of
motor is mainly correlated with the high gain voltage
output generated by the converter. From this analysis, it is
visibly perceived that the speed of BLDC motor is
improved around 1500 rpm with increased voltage gain.

Figure 17 shows the overall efficiency analysis of
the proposed LLC resonant with NASC scheme with
respect to different time samples. Here, the efficiency of
BLDC motor controlling is highly improved with the help
of LLC resonant SiC MOSFET converter and NASC
controlling technique. Since, it generates the regulated
output voltage with high gain and reduced losses, which
ensures the increased efficiency and optimal performance
of the proposed system. Moreover, the THD analysis of

the proposed scheme is validated according to the
fundamental frequency. Due to the increased efficiency,
high voltage gain output, and reduced losses, the THD
level of the proposed converter and controlling scheme is
competently reduced as shown in Fig. 18.
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C) Comparative analysis. Figure 19 compares the
DC voltage gain of both conventional [38] and proposed
converters under different duty cycles, which includes the
topologies of step up DC-DC, multi-input DC-DC, boost
DC-DC, and interleaved resonant PWM high step-up
(IRPHS) DC-DC. In addition to that, the efficiency of
converter is highly depends on the voltage gain output.
Based on this evaluation, it is perceived that the voltage
gain characteristics of the proposed LLC resonant — SiC
MOSFET DC-DC converter is highly improved, when
compared to the other converters. Moreover, the
increased voltage gain of converter ensures the reduced
conduction and switching losses of circuitry.
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Consequently, the efficiency of existing IRPHS DC-
DC and proposed LLC resonant — SiC MOSFET DC-DC
converters are compared with respect to the output power
as shown in Fig. 20. Due to the proper controlling of
switching devices used in the converter, the efficiency of
proposed converter has been highly improved under all
output power values. The obtained results indicated that
the proposed model achieved increased power conversion
efficiency over the other technique.
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Fig. 20. Efficiency of existing and proposed converters

Figure 21 evaluates the voltage peak, settling time,
and output voltage of the conventional [39] and proposed
controlling techniques, in which the peak overshoot is
estimated by analyzing that how much the level of peak
value is increased compared to the steady state. Similarly,
the settling time is defined as the amount of time of taken
by the system for converging into the steady state. Based
on this evaluation, it is analyzed that the voltage peak and
settling time of the proposed model is efficiently reduced,
and the output voltage is highly increased, when
compared to the other controlling techniques. These
results prove the improved performance and efficacy of
the proposed technique over the other existing techniques.
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Fig. 21. Voltage peak, settling time and output voltage of
existing and proposed controlling techniques

The rise time, peak time and peak value of the
conventional controllers in [40] was proposed NASC

controller are compared as shown in Table 2. When
compared to these controlling mechanisms, the rise time,
peak time and peak value of the proposed scheme is
efficiently reduced based on the best selection of parameters
for generating the controlling pulses. Moreover, the reduced
time consumption ensures the improved performance of
entire power conversion system.

Table 2
Comparative analysis based on time response
Controllers Rise time, s Peak time, s |Peak value, rpm
Anti-windup PID 0.4391 0.9987 1519.8
FLC 0.4024 0.9989 1517.1
Neuro-Fuzzy 1 0.4069 0.9981 1502.7
Neuro-Fuzzy 2 0.4121 1.0024 1500.6
BAT 0.4120 1.0009 1501
FPA 0.3785 1.0007 1500.7
Sugeno Fuzzy PID 0.3351 0.9971 1500
Proposed NASC 0.3245 0.9899 1500

Table 3 and Fig. 22 compare the time efficiency of
conventional and proposed controlling techniques based on
the parameters of peak overshoot, settling time, and steady
state error. The obtained results proved that the proposed
controlling technique provides the minimized peak
overshoot, settling time, and steady state error, when
compared to the other controlling schemes. Because, the
power conversion efficiency of the proposed system is
highly enhanced with reduced losses by selecting the
optimal parameters for controlling the operating modes of
switches. It helps to improve the system performance under
varying load conditions with reduced error outputs.

Table 3
Comparative analysis of existing and proposed controlling
schemes based on peak overshoot, settling time, and steady state

error
Peak Settling | Steady state
Controllers overshoot, % | time, s error, %
Anti-windup PID 0.4963 0.6958 0.6391
FLC 0.1654 0.6549 0.6887
Neuro-Fuzzy 1 0.2334 0.6690 0.1749
Neuro-Fuzzy 2 0.2201 0.6664 0.3259
BAT 0.2200 0.6671 0.0647
FPA 0.0792 0.6243 0.0100
Sugeno Fuzzy PID 0.0216 0.5695 0.0061
Proposed NASC 0.0211 0.5280 0.0058
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Fig. 22. Analysis of peak overshoot, settling time and steady

state error

5. Future scope. As the future progresses, nonlinear
adaptive sliding controllers will be replaced by genetic
algorithms, neurofuzzy algorithms, or artificial intelligence
systems. Additionally, SiC MOSFETs can be investigated in
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terms of their thermal resistance using the ON state voltage
drop as a temperature-sensitive electrical parameter.

Conclusions. This paper developed an enhanced
converter and controlling methodology for controlling the
speed and improving the performance of brushless DC
motor. For this purpose, the LLC resonant DC-DC
converter incorporated with silicon carbide MOSFET
switching device has been used for improving the voltage
gain outputs with reduced harmonic distortions. Here, the
main reason of using the silicon carbide MOSFET
switching components are increased power outputs,
reduced switching stress, fast dynamic response, and
minimized ripples. Here, the novel nonlinear adaptive
sliding controller mechanism is implemented to improve
the efficiency and controlling performance of brushless
DC motor with reduced conduction and switching losses.
Also, it helps to obtain the increased switching frequency,
reduced error rate and optimal performance results by
properly generating the controlling signals in order to
perform the mode of converter operations. For this
operation, it acquires the input feedback signal,
accelerated reference, and output of different analyzer for
generating the controlling signals with the help of pulse
generator. Then, it produced the best gain parameters as
the output, which is used to generate the controlling
signals. Finally, the obtained high gain voltage output is
fed to the brushless DC motor system with reduced
harmonics and losses. During simulation, the performance
of conventional and proposed controlling topologies are
validated and compared by using various evaluation
measures. Based on the obtained results, it is evident that
the proposed LLC resonant silicon carbide MOSFET
incorporated with nonlinear adaptive sliding controller
controlling scheme provided the better performance
results over the other state-of-the-art models, which
includes reduced error rate, peak overshoot, settling time,
rise time and increased power conversion efficiency.
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