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Abstract. The main objectives of the study is to improve speed regulation and reduce torgue ripple in
Switched Reluctance Motors (SRMs), which are increasingly adopted in modern electric drive systems
due to their simple construction, fault tolerance, and wide operating range. Despite these advantages,
SRMs suffer from nonlinear magnetization characteristics, acoustic noise, and poor torque performance,
especially under dynamic load conditions. These objectives are achieved by developing a robust and
intelligent control strategy that integrates a Cascaded Recurrent Neural Network (CRNN) controller
with a Hysteresis Current-Controlled (HCC) Pulse Width Modulation (PWM) generator. This hybrid
control scheme is supported by a custom-designed (n+1) semiconductor and (n+1) diode power
converter topology operating on a 300V DC supply, enabling precise switching and current shaping.
The most important results are that the proposed CRNN-based control system exhibits accurate phase
current tracking within the hysteresis band and has quick dynamic performance, achieving the reference
speed of 2000 rpm in 0.06 s with a rise time of 0.03 s. Under different load circumstances, the steady-
state speed error is insignificant. Furthermore, the developed control method significantly decreases
torque ripple after 1 second of operation and maintains a smoother torque profile across a wide speed
range of 200-2000 rpm, surpassing traditional Proportional Integral (Pl) and Fuzzy Logic Controllers
(FLCs). The significance of obtained results lies in demonstrating that the proposed neural-network-
based control architecture improves the overall efficiency, reliability, and performance of SRMs,
making them highly suitable for high-performance Electric Vehicle (EV) drives and industrial
automation systems where precise speed control and minimal torque ripple are essential.
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Sistem de actionarea motorului cu reluctanti comutata de inaltia performanti utilizind PWM cu
histerezis si controler de retea neuronala recurenti in cascada
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Rezumat. Obiectivele principale ale studiului sunt imbunatatirea reglarii vitezei si reducerea fluctuatiilor de cuplu
in motoarele cu reluctantd comutata (SRM), care sunt din ce In ce mai utilizate in sistemele moderne de actionare
electric datoritd constructiei lor simple, tolerantei la erori si domeniului larg de functionare. In ciuda acestor
avantaje, SRM-urile suferda de caracteristici de magnetizare neliniare, zgomot acustic si performante slabe ale
cuplului, in special in conditii de sarcina dinamica. Aceste obiective sunt atinse prin dezvoltarea unei strategii de
control robuste si inteligente, care integreaza un controler Cascaded Recurrent Neural Network (CRNN) cu un
generator Hysteresis Current-Controlled (HCC) Pulse Width Modulation (PWM). Aceastd schema de control
hibrida este sustinutd de o topologie personalizata (n+1) de semiconductori si (n+1) diode de conversie a puterii
care functioneaza cu o alimentare de 300 V c.c., permitdnd comutarea precisa si modelarea curentului. Controlerul
CRNN proceseaza semnalele de eroare de viteza prin straturi convolutionale, de grupare si de activare pentru a
genera impulsuri de control optimizate pentru comutatoarele convertorului, asigurand un control adaptiv si
receptiv. Cele mai importante rezultate sunt ca sistemul de control propus, bazat pe CRNN, prezinta o urmarire
precisa a curentului de faza in banda de histerezis si are performante dinamice rapide, atingdnd viteza de referinta
de 2000 rpm in 0.06 s cu un timp de crestere de 0.03 s. In diferite circumstante de sarcina, eroarea de viteza in
stare stationard este nesemnificativd. Semnificatia rezultatelor obtinute constd in demonstrarea faptului ca
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arhitectura de control propusd, bazatd pe retele neuronale, Imbunatéteste eficienta, fiabilitatea si performanta
generald a SRM-urilor, facandu-le foarte potrivite pentru actionarile de Tnaltd performanta ale vehiculelor electrice
(EV) si ale sistemelor de automatizare industriala, unde controlul precis al vitezei si ondulatia minima a cuplului
sunt esentiale.

Cuvinte-cheie: motoare cu reluctanta comutata, convertor de putere cu semiconductori (n+1) si diode
(nt+1), retea neuronala recurentd in cascada, modulatie a latimii impulsurilor si controler de curent cu
histerezis.

CucreMa ynpapjieHHUs IBUTaTeJEeM ¢ MePeKII0YaeMbIM CONPOTHBJICHHEM, HCIIOIb3YIOIIasi INUPOTHO-
HMIYJbCHYI0 MOAYJISIUIO HA OCHOBE THCTEPE3Hca H KACKAIHbIIl KOHTPOJIEp HA OCHOBE PeKyPPEHTHOI
HellpOHHO ceTn
Capura Kangykypu', Cupanpacag Koanarn?, Illpy Moxuta apadouna®, Auxut Pagx?, Fonan Kymap!
MucTutyT unkenepun u Texnonoruit Fomasapu (A), Pamxamynapu, Unaus
Ino6anbHelil yausepcutet Iogasapu, Pamxamysapu, Maaus
Annomayus. OCHOBHBIMY IIETISIMU HCCIICAOBAHUS ABJISIIOTCS YIIyUIICHUE PETYINPOBAHUS CKOPOCTH U CHIDKCHHE
MyJIbCalui KPYyTAIIEr0 MOMEHTA B ABHTATEISX C IIEPEKIoYacMbIM conporusieHneM (SRM), koTopeie Bce varie
UCTIONB3YIOTCS B COBPEMEHHBIX JIEKTPUYECKHUX MPUBOIHBIX CHCTEMaX Oyarozapsi CBOCH MpocToi KOHCTPYKIIUH,
OTKa30yCTOMYMBOCTH M IIUPOKOMY JHAaNa3oHy pabodmx pexumoB. HecMoTps Ha 3Tu mpemmyinectBa, SRM
HUMEIOT HEJOCTaTKU B BHJE HEIUHEHHBIX XapaKTePHUCTUK HaMarHMYUBaHMSA, aKyCTHYECKOIO IIymMa M HHU3KOI
BEIMYMHBI KPYTAIIEr0O MOMEHTa, OCOOCHHO B YCIOBHSX JAWHaMH4eckoi Harpysku. lLlenm wuccienoBaHus
JIOCTHUTAIOTCA 32 CUET pa3pabOTKU HaJIS)KHON M MHTEIUIEKTYJIbHOM CUCTEMBI YIPaBJICHHs, KOTOpast OObeTUHSET
KOHTpOJUIEp KacKagHOM pekyppeHTHoH HeiipoHHoi cetn (CRNN) c reHepaTopoM IIHPOTHO-HMITYJIECHON
voayisiimt (PWM) ¢ rucrepesucHsiM ympasienueM TokoM (HCC). Dta rubpuanas cxema ympaBieHUS
MOAJICP)KUBACTCSL  CIEHHUAIbHO  pa3paboTaHHON  Tomosormed  mpeoOpaszoBarenss — MomHOCTH — (nt+l)
MOJYNIPOBOJHUKOB U (n+1) nmonos, paboraromero or ucrodnuka nuranus 300 B mocrosHHOTO TOKa, 9TO
obecrieunBaeT TO4YHOE TNepekmodeHue u Gopmuposanue Toka. Konrpomurep CRNN o00pabaTsiBacT CHUTHAIBI
OIMOKH CKOPOCTH Yepe3 CIIOM CBEPTKH, OOBECOWHEHHS W aKTHBALMU ISl T€HEPALUH ONTHMH3HPOBAHHBIX
UMITyJIbCOB YIPaBIICHHS AJSI TIEpeKiodarenieii mpeoOpa3oBarensi, oOecrieunBasl agalTHBHOE M OT3BIBUMBOC
ynpasienue. Hanbomnee BaKHBIMH pe3ysIbTaTaMH SIBISIOTCA TO, YTO IpeAjiaraeMasl CHCTeMa YIpaBJCHHUS Ha
ocHoBe CRNN oOecnieunBaeT TOYHOE PEryJMPOBAHHE TOKA, OBICTPHIN MTUHAMUYCCKHUA OTKIMK M CTAaOMIBHOEC
OTCJIEKMBAHWE CKOPOCTH B PA3IMYHBIX YCIOBHMAX HArpy3ku M muTaHus. OHa Taxke 3HAYUTEIHHO CHIDKAET
MyJIBCAIIMH KPYTSIIIEr0 MOMEHTA M0 CPaBHEHHIO ¢ TpaauioHHbMU PI- mwin FLC-koutpomnepamu (Fuzzy Logic
Controllers), TeM cambIM IOBBIILIAsI TIABHOCTh pabOThI JBUraTens M CTaOMIBHOCTH €ro padoThl. 3Ha4YeHHE

MOJIyYEHHBIX Pe3yJIbTaToB.

Knrwouegvle cnoea. nuratenn ¢ TNEepeKIIOYaeMbIM CONPOTHBICHUEM, (n+1) mMoaynpoBOmHMKOBBIH W (n+1)
JVONHBIN TIpeoOpa3oBaTenb MOIIHOCTH, KacKaJHas PEKyppeHTHash HEHpOHHas CeTh, MIMPOTHO-WUMITYJIbCHAs
MOJIYJISIIMSA, TUCTEPEZUCHBIH PETYIATOP TOKA.

I. INTRODUCTION expensive and limited in availability. These motor
The advancements in EVs transportation  types also suffer from drawbacks including
sector demand high performance, reliability, reduced high-speed efficiency, demagnetization
torque density and power density, along with  risks, limited fault tolerance, high losses, low
significant reductions in system overall cost.  power factor issues and restricted field weakening
According to [1,2] the essential subsystems of  capability [4, 5]. Consequently, researchers,
EVs include power electronic converters, electric  industries and governments are actively pursuing
motors, battery packs, control strategies, alternative motor technologies that reduce
structural materials, and various mechanical and  dependence on rare-earth magnets [6].
electronic components many of which depend on As reported in [7], developments in EV
non-earth abundant materials. powertrains are increasingly oriented toward
Permanent Magnet (PM) motors and  high-power density and lower cost by adopting
Induction Motors (IM) are the dominant alternatives to magnet or copper-based intensive
technologies used electric motor technology for  motors, such as wound-field synchronous
EV's popularity at [3] due to their superior  machines and SRM. SRMs are magnet-free
performance characteristics. However, PM  machines composed primarily low fabrication-
motors require rare earth magnet materials suchas  cost silicon steel in both stator and rotor poles,
neodymium, samarium, and iron boron while IMs  offering simple construction, low fabrications
rely on large quantities of copper both of whichis  cost and robustness [8, 9]. They rely on specially
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designed power electronic converters to achieve
improved performance and smooth operation,
according to [10]. SRM's additionally provide
high fault tolerance, immunity to
demagnetization, resilience at high temperature,
high speed operation, and robust performance
under abnormal conditions [11, 12]. However,
they also face challenges including torque ripple,
high acoustic noise, vibration, commutation
problems and moderate torque density [13, 14].
Advancements in semiconductor devices, power
electronic converters, modern control strategies,
are gradually mitigating these limitations and
making SRMs increasingly attractive for EV drive
applications [15].

A. Related work

Francisco Juarez-Leon et al (2025) [16]
have developed a Silicon-Carbide (SiC)-based
bidirectional converter topology for industrial
SRM drives, demonstrating improved efficiency,
reliability, and power density. However, the use
of large line inductors increases overall weight
and limits compactness. Hamid Malekpour et al
(2025) [17] have proposed a multi-level modular
converter topology for HEV SRM drive using a
cascade front-end converter to provide variable
DC-link voltage and enhanced drive performance.
Though, high fault tolerance, and efficiency
modular configuration, its complexity and
dependence on multiple modules raise
implementation cost and control challenges.

Qingguo Sun et al (2023) [18] have
designed a Quasi-Z-source (QZS) converter with
a four-region Direct Instantaneous Torque
Control (DITC) method to reduce torque ripple,
supress source current ripple, and balanced
thermal stress on power devices. However, the
modular QZS structure and multi-region torque
control strategy significantly increase circuit and
controller complexity. Xiaodong Sun et al (2020)
[19] have introduced an improved Direct Torque
Control (DTC), using a Sliding Mode Speed
Controller (SMSC) and an Anti-disturbance
Sliding Mode Observer (ADSMO). Although, it
reduces torque ripple, increases response speed,
and enhances anti-disturbance capability, its
computational  burden makes real time
implementation challenging. Bengin Jing et al
(2022) [20] have implemented a fuzzy Indirect
Instant Torque Control (I1TC) approach for a 12/8
SRM drive, This method reduces torque ripple,
and simplifies control design but the
computational load of fuzzy logic, limits high
speed in real time application. Diego F. Valencia
et al (2021) [21] have developed Model
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Predictive Control (MPC) to SRM drives
demonstrating strong capability to handle non-
linearities, constraints and multiple-objective
handling. Nevertheless, requires high accurate
models, substantial computational power,
exhibits parameter sensitivity and limiting
widespread deployment.

Research Gaps:

Existing SRM improvement techniques
including SiC-based converters, multi-level
modular converters, QZS converters, DTC with
sliding mode observers, fuzzy IITC, and MPC
provides only have partial improvements. They
still suffer from such as bulky hardware, circuit
complexity, increased cost, computational
burden, sensitivity to parameter variations, and
difficulty in real-time implementation. Besides,
these methods also have common problems of
torque ripple, nonlinear magnetization, poor
speed regulation, and limited adaptability under
dynamic operating conditions. The present study
combines a simplified (n+1) semiconductor and
(n+1) diode converter, hysteresis current-
controlled PWM, and an adaptive CRNN
controller to achieve low torque ripple, accurate
speed control, and efficient real-time operation,
thereby overcoming these limitations.

B. Motivation

Predictive Control (PC) is highly suitable for
nonlinear systems with constraints and offers
significant advantages over conventional control
methods. However, traditional PC approaches
including generalized, deadbeat, and hysteresis
predictive control typically handle only single-
objective optimization and are less effective for
complex SRM drives. Their performance relies
heavily on accurate motor parameters, and
conventional analytical models often introduce
errors under dynamic conditions.

Existing predictive current-control methods
primarily aim to reduce torque ripple and acoustic
noise but struggle with inductance variation,
dynamic reference currents, and poor low-speed
performance. In addition, traditional PC methods
produce considerable torque and flux ripple due
to inaccurate inductance estimation, ineffective
voltage vector selection, and suboptimal sector
partitioning.

To overcome these limitations, this research
proposes a CRNN integrated with hysteresis
current-controlled PWM. The RNN adaptively
learns nonlinear SRM dynamics, while the
hysteresis PWM provides fast response and
consistent current behaviour, enabling effective
torque ripple reduction, efficient operation, and
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accurate speed regulation. The contributions of
the work are,

» The (n+1) semiconductor and (n+1) diode
power converter efficiently transfer power from
the DC power supply to the SRM with controlled
voltage and current to allow for smooth and
reliable motor operation.

» Hysteresis current controlled PWM
regulates the SRM current phases by maintaining
within a predefined hysteresis band, accurately
tracking the currents, minimizing overshoot and
torque ripple.

» CRNN controller implement to predict
the motor’s dynamic response based upon
previous and present states, adjusting the control
signal in real-time and minimize error between
reference speed and actual speed for accurate and
adaptive speed regulation.

» SRM is employed for its straightforward
design, robustness, reliability, and effectiveness
over a wide range of speed.

Paper is structured in the following manner:

implementation of the detail working principle.
Section 1l describes modelling of proposed
converter, hysteresis current controlled PWM,
CRNN, control system for SRM, Section IV
provides simulation results, focusing on reduction
overall torque ripple, current tracking and speed
regulation and a comparative control result
against conventional methods. Lastly, Section V
provides the conclusion with an overview of the
outcomes and contributions of the proposed
control approach.
Il. PROPOSED MODEL
DESCRIPTION

Proposed system utilizes a DC supply as
input power for (n+1) semiconductor and (n+1)
diode power converter. The power converter
topology delivers the ease and energy efficiency
of the multilevel converter, lower switching
losses, and more reliable commutation of current
for the SRM's phases while providing better
freewheeling and demagnetization paths.

Section Il describes circuit design and
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41, L. 4
X Dy A D ADy |
C_)= — D, | i
Vae T i w Y z JEDE
Quq} Q2J$ Qsjq} Q)
1 1 1
1 L 1
PWM PULSES [ ____ -
CASCADED RNN i
PWM GENERATOR CONTROLLER 0
(HYSTERESIS CURRENT - PP
CONTROLLER) | Attlmtlonw tht Actiy dtlUl{Mtht
.
o m“m
W = =
‘.é:’p’ ‘;":( 4:":‘. i
Inpu il‘ ﬁl‘\ utput i
P \V/\Vf \4
Nper Convolution Conv, nlutlnn
&ReLU & ReLU i
| Pooling Pooling 1
Nace -
Fig. 1. Proposed block diagram for SRM drives system.
A hysteresis  current-controlled PWM  CRNN controller that minimizing the error

generator is used to produce required switching
pulses. It maintains motor current in a distinct
hysteresis band producing the PWM pulse width
signal based on the current-controlled feedback.
The current-controlled signals are served to

between reference speed and actual motor speed,
thus enabling RNN to adapt to varying conditions.
Finally, the controlled pulses are used to drive the
SRM, ensuring speed control accuracy and
reliable speed stability across operational ranges
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of drive system. Fig. 1 illustrates block diagram
for the working principle of SRM drive system.

1. PROPOSED METHODOLOGY

A. (n+1) Semiconductor and (n+1) DIODE
Power Converter

Proposed converter output power is supplied
to SRM through a (n+1) semiconductor and (n+1)
diode power converter configuration. This
converter is effectively valuable as it reduces the
number of semiconductor devices, which
minimize the total cost and power losses due to
heating effects, while providing a reliable and
disturbance free process of complete system. In
this configuration, switches and diodes relatively
low voltage rating, which improves efficiency and
makes the design simpler. The converter as
displays in Fig. 2, includes a total of five diodes
(D,.D,,D,,D,,D,),four switches(Q,,Q,.Q.,Q,)
and four phase windings (W, X,Y,Z) . Itis evident
that fewer switches and diodes facilitate a
decrease of overall size of system and therefore

the overall cost. Operational basis of the circuit
summarized: when Q and Q, switches are ON,

phase winding W is powered by DC source. When
switches are OFF, energy kept in winding W is
sent back to the source via diode D,. When the

switches Q and Q, are ON, phase winding X is

drive by DC source, while its stowed energy is
served back to mains through diode D, during the

OFF states.

=
I
00—
z
P
e
N
=)
S = —

________________________________________________

Fig. 2. Proposed converter circuit diagram.

In a similar way, phase winding Y becomes
energized when switches Q and Q. are closed

and, when switches are opened, energy is released
back to source through diode D, . Similarly, phase

winding Z becomes energized when switches Q
and Q, are closed, and when switches are opened,

the energy is again released back to mains through
diodeD,, through the same periodic process of
energizing and recovering energy, the converter is

actively using power in an efficient manner,
subsequently delivering the output to the SRM to
serve as its input supply.

B. Hysteresis Current Controller

It’s simple and robust control scheme,
generally useful in power electronic converters
for motor drive systems. This technique
constantly evaluates the reference current
produced by the controller with the actual motor
phase current. The difference between these two
currents forms the error signal, which is
maintained within a fixed hysteresis band defined
by an upper and lower limit. When current error
exceed the upper limit, the converter switches are
turned ON to reduce error. Conversely, when
error exceed the lower limit, the complementary
switches are turned ON to increase the current.
Fig. 3 and 4 illustrate the hysteresis controller
block diagram and the corresponding switching
pattern of the hysteresis current waveform.

i,>+HB —>S;and S,(ON)

i.<-HB — S;and S3(ON)

Fig. 3. Sample diagram of Hysteresis controller.

Hysteresis bandwidth h expressed as:

h — Vdi _2(t)2

, 1
W, Ls @)

where, V, is the voltage of the converter, e(t)is

the instantaneous motor back-EMF, L is the
motor phase inductance, s is the slope factor.

wl M [ A,
Ve =,
4—T—P

Fig. 4. Hysteresis current controller switching
pattern.

The converter switching frequency is
determined via a slope of current waveform.
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During the interval 0—t, when the applied
phase voltage is +V,,, the ON time written as:

2Lh

Vdc _e(t) . (2)

Y TON:

For the intervalt— T , when the phase voltage
is -V, , the OFF time expressed as:

2Lh

Tt =T =— . 3
tl OFF Vdc —e(t) ( )

Thus, the total switching period is given by:
T =Ton +Torr,  fow = % (4)

Here f,, is the instantaneous switching

frequency of the converter. In this motor drive
application, the reference current is attained from
torque or speed control loop, while the measured
current corresponds to the motor phase current. It

dynamically regulates motor current within the
hysteresis band, enabling fast current response,
reduced ripple, and robust motor performance
under varying load conditions.

C. Cascaded RNN Controller

A CRNN controller is a control system
comprising a series or interconnected RNNs in a
hierarchical or sequential structure as shown in
Fig. 5. The hierarchical structure allows the
controller to manage complex, dynamic systems
by solving the problems as interconnected tasks.
A primary RNN implements the high- level
objectives while the secondary RNNSs build the
low-level details. The structure of the CRNN
controller allows for greater performance, more
stable and efficient operation. The CRNN
controller that represent both local error dynamics
and long-term temporal dependencies of the
controlled system.
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Fig. 5. Structure of CRNN controller.

Let the system error at time t be a given
quantity as,

=L=-Y . (5)

Where r, is the reference input and vy,is the

output of the system. The CRNN process the error
signal and error history to produce the control
signalu, . The first recurrent layer takes the input
error signal and past feedback error signals and
gives a hidden state representation with short-
term emphasis on error variations:

W =g(w" ©)

eRM™is the hidden state vector.

e, +UYRY, +b® ) :

g

®andU" are weight matrices for error input

Here,

29

and recurrent feedback and b® stands bias. The
activation function ¢(.)introduces non-linearities

that allow the controller to deal with non-linear
system dynamics. Hence, the output sequence to
this stage is given as:

FO = (00, 00 7)

This time scale is mainly concerned with
temporary error fluctuations. The second
recurrent layer improves upon the first-stage
features and captures long-term temporal patterns
of the error signal with the state evolution
described by

(8)

h® = p(WEHY +U PR +b?)
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Where h® e R™ is the higher-level hidden

state, and W@ U@ andb®are all trainable
parameters. The cascaded feature sequence is,

F@ ={h®,h?,.h} . (9)

This stage helps the controller incorporate
both immediate error corrections and long-term
stability in mind. Finally, the control input u, that

is applied to the plant is calculated as either a
linear or nonlinear mapping of the cascaded
hidden state.

u, =vh® +c . (10)

Where V denotes output weight matrix and ¢
stands output bias. This ensure that the control
signal generated depend on both current error and
its past dynamics, as encoded into the CRNN
layers.

D. Modelling of SRM

The continually evolving computational
representation of an SRM is essential for
implementing the proposed CRNN approaches.
SRM has double salient pole nonlinear behaviour
and is a multivariate system. It’s primary design
is shown in Fig. 6. The written formula of SRM
drive structure is as follows:

dA(0.i)

V =ixR, +
dt

11

Here, R, stands stator resistance, A denotes

flux linkage, #andi denotes rotor position and
stator phase current, respectively. Function of flux
linkage is connected with phase current and rotor
position, as given in the formula,
V:i><RS+%d—9+%ﬂ . (12)
06 dt o dt
The nonlinear relationship of flux linkage,
which is expressed in degrees of angle with phase
winding current and rotor position, technically
includes three regions: aligned, unaligned, and
partially aligned states as discussed in the
analytical model for estimating phase current as
stated in equation (13).

d 1 oA
E_W(V_RSI__QG))' (13)
oi

In this equation, » stands angular velocity.
The stator phase current varies as a function of
rotor position 1(6,1i). Instantaneous

30

electromagnetic torque is derived directly from
the co-energy—based mathematical formulation.
Also, the torque generated from a single phase is
equal to the torque produced from the motor
represented in equation (14),

oW,

TPh (i,9)= 690 :

(14)

Where equation (15), w, co-energy stands
stated as:

w, = [L2(i.0)di. (15)

The equation (16) total torque established is
stated as:

E=ZRAL@=j%§+Bw¥ﬂ. (16)

Here, T, : electromagnetic torque; T, : torque
per phase j: moment of inertia; B : damping
factor; o : rotor speed andT, : load torque. It is

observed that when rotor is placed in an aligned
position, the unsaturated inductance increases,
whereas it achieves its minimum when it's placed
in the unaligned position.

Fig. 6. Structure of SRM.

Let equations (17-18) represent the
magnetisation properties of the SRM flux linkage
and torque modelling equation.

2(1,0)=Li+[ Li+Al-e®)-Li]f(0), (17)

Lo, .. AL
Tmzrﬁz f+N—EU—eBﬂfW)-ﬂ$
In the SRM inductance attributes
magnetisation  curve, L, represents aligned
position's saturated inductance, L.

indicates unaligned position's inductance, and L,
indicates possible aligned position's saturated
inductance. H ere an equation is used to denote the
values of Aand B,
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Azj‘m_l‘bim
B=(L —L)/ (%~ Lyin)

(19)
(20)

f(9)=(2Nf/7r3)03—(2”—N2r2}92+1 (21)

Here f (#)indicates the magnetisation curves'

intermediate  locations are generated by
interpolating two external curves, AandB are
selected consistent as a function of rated current (
I,,) with regard to matching flux linkage, and N,
indicates a number of rotor poles. The

mathematical models for the behaviour of SRM
have been summarised as follows:

%:%[V_Rsi—%wj,[pzl,z,m] (22)

oi
‘fj_:’ = %[Te T, - Bo] (23)
‘jj_fzw,ep=e_(p-1)ﬂ/3 (24)
SRM is well-known for its simple

construction, high efficiency, extended speed
range of operation, and generally dependable
performance for many drive applications. In
addition, fault tolerance. high torque density, and
low maintenance make the SRM a viable option
for electric vehicles and industrial systems.

IV. RESULT AND DISCUSSION

The presented system includes a (n+1)
semiconductor and (n+1) diode power converter,
hysteresis current-controlled PWM, and CRNN
controller, ~ simulated and  tested via
MATLAB/Simulink. Performance results are
shown in terms of current tracking, torque ripple
reduction, and speed regulation performance of
the SRM drive. These are compared to
conventional techniques to demonstrate the
advantages of the proposed strategy. Table 1
illustrates proposed parameter specifications.

Table 1 Parameter Specifications
Parameter | Specifications
DC Source
DC Source Voltage |
SRM Drive

600V

2000rpm
9x10™* Nm?

Speed
Load inertia(J)
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INPUT DC VOLTAGE WAVEFORM TO (n+1)SEMI CONDUCTOR &
(n+1) DIODE POWER CONVERTER
T T
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Fig. 7. Input DC voltage waveform.

Fig. 7 illustrates input DC voltage waveform
applied to the proposed converter. Constant DC
voltage of 600V is maintained throughout the
simulation period thus assuring a stable input
source to SRM drive. A stable supply input
ensures a consistent operation of the converter
and consistent performance of motor under
various changing conditions.

OUTPUT VOLTAGE FROM (n+1)SEMI CONDUCTOR & (n+1) DIODE
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Fig. 8. Output voltage from converter for SRM
motor phases.

Fig. 8 shows proposed converter output
voltage waveforms for the four phases of SRM
drive. In Phase A, the converter produces bipolar
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voltage pulses switching between 4600V to
deliver the proper excitation of the winding. In
Phase B, controlled voltage pulses of the same
amplitude are applied to provide appropriate
commutation and achieve proper phase
displacement. Phase C applies controlled bipolar
pulses (+600V ) in a regulated manner to maintain

the excitation and deliver torque; and Phase D
shows properly excited with the same bipolar
voltage swings, completing the four-phase drive.
Even with these individual voltages, the results
indicate that the proposed converter deliver
uniform and accurate excitation across all phases
of the SRM, along with stable torque production
and reliable drive operation.

MOTOR SPEED WAVEFORM USING CASCADED RNN CONTROLLER
(REF. AND ACT.SPEED)

SPEED (RPM)

o 0.5 1.5 2

Time(seconds)

SRM MOTOR SPEED WAVEFORM USING CASCADED RNN CONTROLLER

Speed (RPM)

o 0.5 1.5 2

1
Time (seconds)

Fig. 9. Motor speed waveform of the SRM drive
using CRNN controller.

Fig. 9 shows speeds of motor tracked by the
CRNN controller, where reference speed and
actual speed are compared.

The initial motor speed started from rest zero
and accelerated very quickly by achieving the
reference speed. After about 1s, the motor reached
a steady-state speed of 2000 RPM with a near
steady-state error.

This experiment confirms the ability of the
proposed controller to achieve proper speed
regulation and offer steady dynamic performance
of the SRM drive. Fig. 10 show flux and current
responses of the SRM motor.

The flux is stable at0.15Wb, although with
some initial transient overshoots. The current
waveforms show phase currents rising to
20-25A with controlled switching and
controllable transient overshoot to ensure
smoother excitation of the motor phases. The
results indicate an effective management of flux
linkage with a low level of current distortion
under the proposed control strategy.
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Fig. 10. Flux and current waveforms of the SRM.
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Fig. 11. Torque and load torque waveforms of the
SRM.

Fig. 11 illustrates the developed torque and
load torque characteristics of the SRM motor. The
torque increases and stabilizes at 5 — 10 Nm,
with appreciable reductions in torque ripple after
1s. The load torque follows a similar trend to the
developed torque confirming the effective
tracking capability. This confirms that the CRNN
controller reduces torque ripple, providing more
stability and performance of drive system.

Fig. 12 represents torque ripple performance
of the proposed CRNN-hysteresis PWM-based
SRM drive is compared with the established
methods reported in Ref. [15], Ref. [22], and Ref.
[23]. The proposed system is clearly able to
achieve lower torque ripple in the speed range
(200-2000 rpm) across the speed range than the
other methods. The torque flux ratio across
different speeds, from which it is shown that the
proposed method achieves a greater torque-to-
current ratio in all conditions compared to the
other methods, which suggests that it is more
efficient and is making better use of the current.
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Fig. 12. Comparison of torque ripple and torque flux for different methods.
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Table 2
Comparison of settling time and rise time for
controller
Controllers Settling Time | Rise Time
(t) (t)
REF [24] 2.755 1.53s
REF [25] 0.08s 0.094s
PROPOSED 0.06 0.03s

Table 2 illustrates comparison of transient
performance of the proposed CRNN-hysteresis
PWM controller with classical controllers in Ref.
[24] and Ref. [25]. The proposed controller has
the fastest response with a settling time of 0.06 s
and rise time of 0.03 s, which is substantially
faster than the reported methods. This indicates
proposed control strategy's ability to regulate
speed in SRM drives to a greater extent than the
referenced methods.

V. CONCLUSION

The proposed SRM drive system effectively
integrates (n+1) semiconductor and (n+1) diode
power converter and an intelligent control
strategy. The proposed converter minimizes the
number of devices, switching losses, and low
system cost while providing smooth commutation
characteristics, and reliable power delivery.

With the aid of hysteresis current controlled
PWM with CRNN achieved precise current
tracking, large reduction in torque ripple
performance and accurate real-time speed
tracking, despite operating in dynamic conditions.

The results of the simulations carried out with
MATLAB/Simulink have demonstrated that this
system offers improved speed of response, steady
state performance, and robustness in comparison
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to conventional methods. Therefore, combination
of the simplified converter and the adaptive
controller makes proposed SRM drive ideal for
next-generation electric vehicle and industrial
drives that certainly need to be efficient, reliable
and cost effective.
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