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Electric vehicles have become increasingly popular for their high efficiency and zero
emissions, making them vital for sustainable transportation. The Permanent Magnet
Synchronous Motors (PMSM) are widely used in Electric Vehicles, because of the Active
discharge mechanism play a critical role in maintaining the safety and reliability of Electric
Vehicle (EV) system. The proposed control strategy ensures that, the DC bus capacitor
voltage is safely discharged to an acceptable level during emergency fault conditions. This
paper proposed a robust winding-based capacitor discharge strategy that effectively utilizes
the inherent machine windings of the PMSM as an alternative discharge path when the active
circuit is unavailable. The control strategy discharge mechanism operates in two distinct
stages to ensure rapid and controlled voltage reduction. In the first stage, a large flux-
enfeebling in d-axis current which is injected to quickly suppress the back electromotive force
(EMF), thereby achieving an immediate reduction in the DC bus voltage. In the second stage,
a voltage regulation process compensates for residual energy caused by switching losses and
inductive effects, maintaining the voltage at a safe level until the system stabilizes. This
approach eliminates the dependence on external resistors for improving the system safety and
cost-effectiveness. During normal operation to enhance the dynamic performance of the
electric vehicle system, a PMSM drive systems with an integrated ANFIS controller is used
for speed regulation. The proposed control strategy synergizes the adaptive learning
capability of neural networks with the rule-based reasoning of fuzzy logic, to resulting in
improved nonlinear control characteristics compared with Pl, FUZZY and ANN Controllers.
This paper presents the design and simulation of an PMSM drive system with ANFIS based
speed control for EV system. To validate the effectiveness of the proposed system, the
MATLAB Simulink model is implemented on a three-phase Surface-mounted PMSM
(SPMSM) drive platform. The PMSM drive with ANFIS-controller, exhibits precise and
stable speed control, even under rapid transients and varying load conditions and enhanced
performance during standard operation offering a reliable, intelligent and cost-efficient
solution for modern electric vehicle drive systems.

Copyright ©2026 by authors and Galileo Institute of Technology and Education of the Amazon (ITEGAM). This work is licensed
By under the Creative Commons Attribution International License (CC BY 4.0).

I. INTRODUCTION

The permanent magnet synchronous motor (PMSM) is commonly used as the power train in electric vehicles [1-4] due to on
hand benefits, such as high efficiency, high torque density, and excellent torque ratios [5-9]. Additionally to enhance the driving efficiency
of PMSMs and minimize the driving currents increasingly rely on high-voltage drive systems [10]. However, high-voltage power train
pose a risk of electric shock to the driver in the event of an emergency, such as a car crash, to address this concern, the United Nations
Vehicle Regulation ECC R94 mandates that the DC bus capacitor voltage is reduced to safe level with a short duration [11], [12].
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The winding-based discharge method can not only reduce the volume of the discharge circuit but also be cost- effective [13-15]. The schematic
block diagram of the EV powertrain actuation system as shown in Figure 1. The topology of an Electric Vehicle (EV) powertrain employing
a Permanent Magnet Synchronous Motor (PMSM). The system includes a battery pack, DC-DC boost converter, inverter, PMSM, and
gearbox. The battery supplies DC power, which is boosted and converted into three-phase AC by the inverter to drive the PMSM. The
motor output is transmitted to the wheels through the gearbox.

A breaker is incorporated for safety and is tripped during emergencies or crashes to isolate the battery, ensuring system protection
and operational safety. A dc-bus voltage regulator based on a proportional integral controller and a modulation index controller are used
to generate the reference d-axis current in order to stop the bus voltage. A fixed d-axis current and piecewise g-axis current control is
suggested in [16] with the goal of discharging the capacitor voltage of specific EV driven systems with large inertia and minimal safe
current. Furthermore, the synchronous reference frame of the three-phase PWM rectifier model is nonlinear, making the ANFIS based
approach inapplicable to the system. The purpose of this study is to provide a reliable dc-bus capacitor discharge method for PMSM EV
drives in the event of a discharge circuit failure. To achieve the dc-bus voltage constant and prevent voltage spikes, the measured total
disturbance is instantly corrected to the dc-bus capacitor energy loop control law.
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Figurel: Schematic diagram of PMSM-EV powertrain systems.
Source: Authors, (2026).

In the event of an emergency involving electric vehicles, a malfunctioning or failed bleeding resistor can pose serious risks of
electric shock to both passengers and rescuers. To enhance EV safety, a practical solution is to implement advanced discharge circuit
fault-handling techniques. These techniques ensure that the discharge process adheres to critical safety standards, such as completing
discharge within five seconds while preventing voltage surges. By integrating these safeguards, the risk of high-voltage exposure can be
significantly minimized, making emergency responses safer and more effective. To stabilize the voltage, ESO is used to monitor the dc-
bus capacitor energy until the voltage drops to zero. The active disturbance rejection observer, which includes ESO [17]. The
mathematical model of the Permanent Magnet Synchronous Motor (PMSM) in the rotating dq-reference frame is employed because it
accurately represents both the electrical and mechanical dynamics of the motor during the capacitor discharge operation. The following
equations describe the stator voltage, current variation, and torque production in the PMSM [18-20].
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Where ig, iy and ug, Ug: d axis and g-axis of stator currents and voltages, L. stator inductance, Rs: Stator resistance, w,: electrical

angular velocity, p: pole pair, ¥ flux linkage T,: electromagnetic torque. Under steady state condition the mechanical equation of the
permanent magnet synchronous motor can be expressed as,

d(t)m

dt = T(, - R.mm

m (2)

Where ,, : mechanical angular velocity, J and Bm: inertia and mechanical damping coefficient. Under dynamic state
condition the dc capacitor voltage uy, can be expressed based on the 3-phase inverter circuit which is shown in Figure 2

dudc .
de 3)

C

Where iy, and ug, stand for the dc-bus current and voltage, respectively, and C is the capacitor.
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PMSM/G
Three-phase inverter

Figure 2: Three phase inverter with PMSM winding based dc-bus capacitor.
Source: Authors, (2026).

The Figure 2 shows that the three phase inverter with PMSM winding based dc bus capacitor discharge, however from the basic
fundamentals the converter's power loss, the AC side's power should match the DC side's power, which means

3
Ugclae + Peon = —E (udld + u‘tl‘(l) @)

Where pgn: Power switching loss. To examine the power flow process during discharge, substitute (1) and (3) equations into the
instantaneous power balance equation (4).
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From equation. (5) it is observed that, a portion of the permanent magnet synchronous motor's electromagnetic power output
is converted to inductance coil energy, copper winding loss, and converter loss. The capacitor's energy storage is then modified using the

residual.
I1. PROPOSED MODEL OF THE ROBUST WINDING BASED DISCHARGE METHOD

When EVs experience an emergency with an active discharge circuit defect, it's critical to redesign a robust discharge strategy
in order to achieve a safe and dependable discharge technique. Thus, this section presents a reliable winding-based dc-bus capacitor
discharge method based on ESO.

1.1 RAPID DISCHARGE STATE:

When an active discharge is needed, it is significant and safe for both passengers and rescuers if the dc-bus voltage can drop to
safe levels right away. When an emergency occurs in an electric car, the back electromotive force (EMF) is more than the safe voltage
because the motor speed is higher. Due to the dc-bus capacitor voltage follow the back EMF, the dc-bus capacitor voltage can drop to
safe voltage when the back EMF is reduced to safe voltage. According to the flux-enfeebling principle, a large d-axis current is injected to
rapidly reduce the EMF because the dc-bus voltage is proportional to the PMSM's EMF. At the same time, the g-axis current remains at
zero to stop the conversion of kinetic energy into electrical energy [21]. From EVs PMSM powertrain system which is shown in fig.1.

The dc-bus voltage is expressed as
uge = V3w, (Wy + Lela) = R |13 +i2 = 2V, ©

Where Vo, : diode conducted voltage. The voltage should decrease to a safe level during the rapid discharge stage. Then, the flux-
enfeebling current on the d-axis is expresse

= ”su/'u = \/ﬁ("e'/’/‘
“ (\/?me L + Rs) )

Where Usafe : safe voltage 60V. Consequently, once the active discharge is needed, the estimated d-axis current can be injected
to lower the dc-bus voltage to the safe voltage. A zero g-axis current is applied concurrently to stop any electromagnetic power from
turning into electrical energy.
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11.2 BUS VOLTAGE CONTROL STAGE ON ESO

The Extended State Observer (ESO) is a powerful control method widely used to manage disturbances and enhance the robustness
of dynamic systems, particularly in challenging environments in electric vehicle (EV) powertrains. In the context of Permanent Magnet
Synchronous Motor (PMSM) drives, the ESO plays a crucial role in managing uncertainties, compensating for system disturbances, and
improving control precision. When the DC-bus voltage reaches 60 V, the ESO-based voltage control stage is activated. To maintain the
voltage within a safe range 60 V the controller regulates the discharge process and ensures stable operation, a robust voltage control loop
is designed. Since the energy flow during the discharge mode described in Equation (5) exhibits nonlinear characteristics, the Pl, FUZZY
controller is unable to produce adequate results, particularly when motor parameters will alter during the discharging mode to overcome
this ANFIS with ESO-based ultra-local model is introduced to effectively address this issue. For converting Equation (5) into an integral
series form, the first-order ultra-local model of a single-input and single-output system is defined as given in [22-25].

y = F +au ®)

Where F Stands for known and unknown components of the system, u : control variables, y : output variables, and o : nonphysical
scaling factor. This article's mathematical model of the energy flow-based ESO can be stated using formulas (5) and (8).

o
i F +au

dt (9)

Where E;: 0.5Cu?e, U:ig o:—1.5w.p; and the other terms on the right side of equation (5) except —1.5w.i, are treated
as the total disturbance and notated as F

. 3 (9L 4 3 ‘ di(, diyg
F= _ER>(l(t + ll‘;) -E(LSIQT + Ls'(l?) = Feon (10)

Equation (10), shows that the total disturbance corresponds to the overall power loss, which includes switching loss, winding

copper loss, and inductive coil energy storage. It is assumed that F remains constant during each sampling period. A linear equation of
ESO, can be formulated based on the ultra-local model, which is shown in fig.4 proportionately considering Ecand F as a variables given
in Equation (8) is expressed as.

€1 Z] — E(.
21 = 20 — Bh1e) + au
2y = —‘."32(")

(11)

Where z, and z,: estimated value of E. and F. B; and B,: feedback gains it can be estimate the real-time value of E. and F that
is, Z,—Ec; Z, —F. From the above mathematical model analysis the winding based DC- bus capacitor discharge is implemented with
proposed control strategy mechanism is described with ANFIS and ESO which is described in the subsequent sections.

111. WINDING BASED DC BUS CAPACITOR DISCHARGE STRATEGY WITH ANFIS

The conventional and suggested discharge methods using the dc-bus voltage controller based on ESO. It also presents the
suggested resilient dc- bus capacitor discharge strategy. The proposed winding based dc-bus capacitor discharge control system as shown
in fig.3 and the corresponding bus voltage control strategy on ESO of internal diagram as shown in fig.4. The proposed strategy consists
of two stages. In the rapid discharge stage, a large flux-enfeebling d-axis current is injected into the motor, reducing the back electromotive
force (EMF) and consequently lowering the dc-bus voltage to a predefined safe threshold. During this stage, the g-axis current is
maintained at zero to prevent additional energy conversion from mechanical to electrical form.

Once the safe voltage is reached, the process transitions into the voltage regulation stage. During normal driving, Port-1 is turned
ON the motor uses vector control to run the vehicle, while the ESO helps the current follow the reference smoothly. When the system
receives a discharge command, Port-2 is turned ON, and the ESO-based discharge control is used to safely and quickly reduce the dc-bus
capacitor voltage through the motor windings [26]. ANFIS are used in the d-axis and g-axis current loops so that the current can respond
fast and accurately in both normal operation and discharge mode. Where as ESO is employed to estimate and compensate for system
disturbances such as copper losses, switching losses and inductive energy storage

Page 708



ITEGAM-JETIA, Manaus, v.12 n.57, p. 705-717, January/February, 2026.

o ANFIS]-
ANFIS -

| gr—

}

+ | mp

iy
), 'dll, 0,

‘(h’

Figure 3: Block diagram of the winding based dc bus capacitor discharge strategy.
Source: Authors, (2026).

The ESO shown in the above block diagram fig.3 is represented as a subsystem in the fig.4 below, showing its internal structure.
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Figure 4: Bus voltage control strategy on Extended State Observer (ESO).
Source: Authors, (2026).

The ESO-based design enhances the robustness of the discharge control by effectively addressing nonlinear dynamics and
parameter variations that conventional Pl controllers cannot handle. In addition to ensuring safety under emergency conditions,
maintaining high performance under normal operating modes is equally important for EV traction systems [27]. This work also
incorporates an Adaptive Neuro-Fuzzy Inference System (ANFIS) controller for PMSM speed regulation. The ANFIS controller
combines the self-learning capability of neural networks with the reasoning ability of fuzzy logic. This hybrid intelligent control strategy
improves dynamic response, robustness, and overall stability of the PMSM drive during normal operation.

IV. PROPOSED ADAPTIVE NEURO FUZZY INFERENCE SYSTEM (ANFIS) CONTROLLER

Fig.5 shows that an Adaptive Neuro-Fuzzy Inference System (ANFIS) consists of a five-layer feed-forward structure that
integrates the human-interpretable fuzzy logic framework with the adaptive learning capability of neural networks. Each layer performs
a specific computational function in the Sugeno-type fuzzy inference process. The rules are expressed which is shown in table.1

Table:1 Sugeno ANFIS Rule Base.

Rule | Antecedent (IF ...) Consequent (THEN ...)
R1 If (x) is (A1) (fi=pix+qi)
R2 If (x) is (A2) (=px+q)
R3 If (x) is (As) (G=px+qs)

Source: Authors, (2026).

Here, A4, A5,and A3 denote the three membership functions corresponding to the input variable. The parameters p; and q;
represent the consequent parameters, which are tuned during the learning process to achieve optimal system performance.
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Layerl Layer2 Layer3 Layerd Layer5

Figure 5: Rule based Adaptive Nuero Fuzzy Inference System.
Source: Authors, (2026).

From the fig.5 it is observe that the five-layer structure of a typical Sugeno-type ANFIS model.

Layer 1: Fuzzification Layer (Input Membership Functions)

This layer transforms the crisp input variables into fuzzy values by evaluating their membership degrees. Each neuron corresponds to a
linguistic term such as Negative, Zero, or Positive. The output of this layer is:

01, = py; () 12)
Where 11,4, (x)denotes the membership grade of input xto fuzzy set A;. The parameters of this layer are called premise parameters,
which are tuned during training.

Layer 2: Rule Layer (Firing Strength Computation)
Each neuron in this layer represents a fuzzy rule. The nodes multiply the incoming fuzzified signals to compute the firing strength of each
rule. For a 2-input system:

0z = w; = piy, () - g, (V) (13)

Thus, this layer models fuzzy logic’s AND operation using the product operator.
Layer 3: Normalization Layer

This layer normalizes the firing strengths of all rules to ensure they sum to one. The normalized weight for rule iis calculated as:

—_ 7y — Wi
O3; =w; =

(14)

n
k=1Wk

This normalization reflects the contribution level of each rule in the inference process.
Layer 4: Consequent Layer (Sugeno Rule Output)
Each neuron in this layer generates the rule’s output based on a first-order Sugeno fuzzy model. The output of this layer is:

O4; = wif; =wi(pix + qiy + 1) (15)

Here, p;, q;, and r; are consequent parameters, trained together with premise parameters using a hybrid learning algorithm.
Layer 5: Output Layer (Defuzzification)
This layer aggregates the weighted outputs of all rules to obtain a single crisp system output. The output is computed as:
05 = Xiy Wif; (16)
Thus, Layer 5 performs defuzzification through a weighted average, delivering the final ANFIS prediction or control action. From section

| to section 1V are integrated based on the scope of the proposed control strategy of PMSM with EV system is tested in MATLAB
Simulink Environment which described elaborately in the subsequent section in this paper.
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V. TESTING OF SIMULINK BLOCK WITH PROPOSED METHOD

The Simulink block implemented by integrating of PMSM dc bus capacitor winding based with ESO and ANFIS which is shown
in the fig.6 and it demonstrates the dual benefits of the winding-based capacitor discharge method and the ANFIS speed regulation strategy
for PMSM-driven electric vehicles. The parameters of the PMSM Simulink model as shown in table.2. The Simulink block consists of
the main functional subsystems required for the proposed robust dc-bus capacitor discharge control. The power supply section includes
the fuel cell and battery connected through a bidirectional DC/DC converter. The power inverter drives the Permanent Magnet
Synchronous Machine (PMSM) using space-vector pulse-width modulation (SVPWM).

The motor control strategy is implemented using an ANFIS-based speed controller along with d-q axis current controllers for
accurate torque and current tracking. An Extended State Observer (ESO) is integrated to estimate disturbances and maintain dc-bus
voltage stability during discharge events. Additionally, an electric braking interface and sensor feedback loops are included to ensure
safety and smooth operational transitions between normal driving and discharge mode. From stable operation the EV battery fuel systems
charging with an SOC condition. Once discharge the system automatically switches back to normal operation, where the fuel cell supplies
power to the dc-bus and recharges the battery. This ensures a smooth transition and efficient recovery of the vehicle’s energy.

-

,_JEREREY |
P ks

Figure 6: Simulation designing of proposed PMSM drive using ANFIS for EV.
Source: Authors, (2026).

Table:2 Parameters of PMSM.

Parameter Symbol | Value
DC Bus Capacitor C 420ug
DC Bus Voltage Ve 320V
Stator Resistance Rs 02Q
d-axis Inductance Lq 1.5 mH
g-axis Inductance Lq 2.0mH
Permanent Magnet Flux | v, 0.12Wb
Pole Pairs p 4

Rotor Inertia J 0.01 kgm?
Load Torque Tioad 10 - 50 Nm
Motor speed Wm 1000rpm

Source: Authors, (2026).

During the emergency scenario, the capacitor discharge process was initiated by injecting a large flux- enfeebling current through
the stator windings, where the Extended State Observer (ESO) played a vital role in estimating system uncertainties such as copper losses,
switching effects, and residual inductive energy. By compensating for these disturbances, the ESO ensured that the dc-bus voltage was
held within a safe operating margin, preventing any rebound or unsafe levels of stored energy. However the Simulink model is tested and
the corresponding test results are analyzed based on the speed regulation, torque, stator voltage, stator current as a case study 1. Steady state
operation and 2. Dynamic state operation.

Case:l The steady state behavior of the PMSM drive system: ANFIS with EV

In this case, the steady-state performance of the ANFIS-controlled PMSM drive is evaluated at 1000 rpm under constant load
that is 25 Nm. The controller accurately maintained the reference speed with negligible error and ensured stable dc-bus voltage (320V),
battery voltage (130V), and current (25A,). The dg-axis currents remained steady, providing effective flux and torque control, while the
electromagnetic torque showed 25Nm output with minimal ripple. The corresponding test output results speed characteristics 7(a), torque
characteristics 7(b), DC bus voltage 7(c) and stator current characteristics 7(d) are shown in fig.7 under steady state operation.
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Figure 7: Simulation results of the PMSM drive under steady-state operation.
Source: Authors, (2026).

Fig.7 shows that the Simulation test results of the PMSM drive under steady-state operation. Fig7(a), it is observed that PMSM
with EV drive system initially the speed raises above the rated speed because of the rapid acceleration of torque and then the 0.2s speed
is stabilizes and it reaches the rated speed of 1000 rpm proportionately maintain constant, validating its effectiveness for EV DC-bus
capacitor discharge. Fig7(b) shows torque response reached peak value approximately 95Nm without damping oscillations because of the
controller applies maximum acceleration torque to reach the reference speed rapidly, After the motor reaches the constant speed, therefore,
the electromagnetic torque decreases and confirming stable performance of torque 25Nm during DC-bus discharge in EV. Fig 7(c) shows
DC-bus voltage reached 340V because of the DC-bus capacitor draws a large inrush current.

After charging, the control system regulates the bus voltage, causing it to reduce and stabilize at the rated level and then
maintained constant 320V, indicating stable regulation during capacitor discharge in EV. Fig 7(d) shows that the stator current initialy
reached 300A peak value because of the motor needs a big initial torque to start moving, so the controller sends a large current for a short
time and the fraction of seconds will falldown to low steady value and maintaining constant for confirming safe and controlled discharge
in the EV PMSM drive. and then decreased 50A with high settling time and maintained constantly without any damping oscillations.

Case: 1l The dynamic behavior of the PMSM drive system: ANFIS for EV

The PMSM drive system under ANFIS control simulation model is tested with multiple speed transitions under a constant load
that is 25Nm. The motor operated at different speeds 1000 rpm, 500 rpm, 300 rpm, 600 rpm, 800 rpm and 1000rpm. Throughout these
variations, the ANFIS controller ensured fast speed tracking with negligible steady-state error and minimal overshoot. The dg-axis
currents adapted smoothly, maintaining flux and torque control, while the electromagnetic torque showed minimal ripple. The dc-bus
voltage (320V), battery voltage (130V), and current (25A,) remained stable, confirming effective power management.
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The ANFIS-controlled PMSM drive demonstrated excellent dynamic performance and stability, making it well-suited for electric
vehicle. The corresponding test output results speed characteristics 8(a), torque characteristics 8(b), DC bus voltage 8(c) and stator current
characteristics 8(d) are shown in fig.8 under dynamic state operation.
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Figure.8: Simulation Results under Dynamic Behavior of the PMSM Drive System.
Source: Authors, (2026).

Figure 8 shows that the Simulation test results of the PMSM drive under dynamic state operation. From the fig.8(a) observed
that initially the speed shows peak value in a fraction of seconds and slightly settles the rated speed 1000 rpm because of the rapid
acceleration of torque and it continuous and slowly step down to 500rpm at 0.4 s, after that it will continues and step down to 300rpm at
0.8s proportionately with 0.2 s time intervals the speed can be reaches to 1000rpm at 1.6s this process is analyzing until to reach the
steady state. The motor tracks each reference level accurately, confirming strong dynamic response in EV drive conditions. Multiple
speeds are used to evaluate controller performance under varying operating points.Fig. 8(b) shows torque variations in both positive and
negative directions at different time intervals like 0.1s the load torque is 95Nm and then decreases to the statutory load limit 25Nm
maintained with constant without damping oscillations at 0.4s, 0.8s and 1.4s respectively it indicating smooth transitions between
motoring and regenerative modes with fast and controlled response.

Figure 8(c) shows that the DC-bus voltage stays around 125 V, confirming stable regulation during EV capacitor discharge. Fig
8(d) shows the range of current 20 A during normal operation. The speed reference changes, a sharp transient current spike at 0.4 s raised
to nearly +180 A and then drops to —150 A as the motor responds to the speed reduction. The transient peaks at 0.8 s, 1.0, 1.2 s, and 1.4
s, where the current briefly reached values between 150-200 A, after each transient, the current quickly returns to its steady value around
10-20 A discharge current stays close to zero with different intervals only brief switching transients, demonstrating effective current
regulation and stable capacitor discharge in the EV PMSM drive.
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V1. ESO CONTROLLER FOR WINDING BASED SAFE DISCHARGE OF DC-BUS CAPACITOR

The simulation model of ESO controller as shown in fig.9. The Extended State Observer (ESO) controller is evaluated for the
proposed winding-based safe discharge method in PMSM drives. During emergencies, the stator windings dissipate the dc-bus capacitor’s
stored energy after an initial flux-enfeebling d-axis current triggers rapid voltage reduction. The ESO accurately estimated and
compensated for disturbances such as copper and switching losses, ensuring smooth, stable voltage decay without rebound. The simulation
test results of the system as shown in fig 10(a) speed characteristics, fig 10(b) bus voltage characteristics, fig 10(c) torque respectively.
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Figure 9: Simulation mode of ESO controller.
Source: Authors, (2026).
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Figure 10: Simulation Results of ESO-Based Winding DC-Bus Capacitor for Safe Discharge.
Source: Authors, (2026).

From the simulation test results it is observed that fast discharge to safe voltage levels within limits compared to conventional
methods, the ESO based approach achieved faster response, better disturbances rejection, and higher robustness confirming its
effectiveness for safe PMSM operation in EV fault conditions. Fig.10 shows that the Simulation test results of the ESO controller for
winding based safe discharge of dc bus capacitor. From the fig10(a) it is observed that PMSM speed during discharge the speed raises

high peak around 1500 rpm due to the fast corrective action of the ESO, stabilizes near 1000 rpm, then gradually decreases in steps until
it reaches zero, indicating controlled deceleration.
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Figure 10(b) it is observed that the torque initially raised 100 Nm due to the startup transient and then settles around 40-45 Nm.
A small disturbance appears near 0.8 s, 1.45 s the torque drops sharply to nearly 0 Nm, after it remains constant. Fig10(c) it is observed
that the DC-bus voltage raised 390 V due to the initial transient, then stabilizes 300 V. At 0.8 sand 1.2 s it drops in steps to around 200
V and 170 V, and finally falls to 20 V at 1.4 s, indicating full capacitor discharge. Finally from the simulation test results are summarized

compared to conventional methods with that of the proposed method which is tabulated in table.3.

Table:3 Comparison of test results.

Performance Criteria

PI1 Controller

Fuzzy Controller

ANN Controller

ANFIS Controller

Steady-State Speed Acceptable regulation Improved error reduction | Good accuracy — with Negligible error;
(1000 rpm) but small steady-state vs PI; dependentonrule | reduced  ripple  but precise tracking of
error present accuracy training-dependent 1000 rpm
Dynamic Speed Slow response with Faster than PI but moderate Fast response; Fastest response;
Transitions(1000 — 500 overshoot and long oscillations oscillations still exist minimal overshoot;

— 300 — 600 — 800 — settling shortest settling time
1000 rpm at 25 Nm load)
Torque Ripple High ripple Moderate reduction Reduced ripple but still Smooth torque;
(25Nm) depending on rules noticeable minimal ripple
dg-Axis Current Moderate stability Good stability Sensitive to Excellent stability
Stability(25A) parameter/training
mismatch

DC-Bus Voltage

Poor stability during

Moderate performance

Good but with small

Stable and well-

Regulation (320 V) variations fluctuations regulated at 320V
Battery Operating Stable but slower Good adaptation Some fluctuations under Stable with strong
Stability(130 V, dynamics disturbances disturbance rejection

25 A)

Source: Authors, (2026).
From the table.3 it is observed that the overall performance of the proposed control strategy for PMSM with EV system.

P1 Controller: Shows acceptable steady-state response but suffers from slow transients and higher torque ripple. Stability
reduces when dc-bus voltage drops during discharge.

Fuzzy Controller: Improves speed tracking and reduces ripple compared to Pl. However, performance depends strongly on rule
tuning and operating conditions.

ANN Controller: Provides faster dynamic response and better current regulation. Stability is affected by parameter variations
outside the trained region, causing small fluctuations during discharge events.

ANFIS Controller: Delivers the best overall performance with fast settling, negligible speed error, smooth torque, and stable
dg-axis currents maintains strong robustness against dc-bus capacitor discharge disturbances in EV operation.

VII CONCLUSIONS

The proposed control strategy discharge mechanism operates through two distinct stages to ensure rapid and controlled voltage
reduction effectively addressed the limitations with active discharge circuits. The Simulation results confirmed that the two-stage
discharge process, consisting of rapid flux-enfeebling current injection followed by ESO regulated voltage control, ensured a fast
reduction of the dc-bus voltage to safe levels while preventing current and voltage overshoot. However the winding-based safe discharge
method for the dc-bus capacitor in PMSM-driven electric vehicles, supported by ESO-based regulation and ANFIS-based speed control
of electric vehicle.

The ESO demonstrated strong capability in estimating and compensating disturbances. However the integration of ESO based
capacitor discharge with ANFIS based speed regulation provides a comprehensive solution that enhances both safety during emergencies
and performance during normal driving operations. The proposed method shows strong potential for practical deployment in electric
vehicle drive systems, ensuring passenger safety, reliable operation, and improved energy efficiency. Finally the proposed methodology
ensures that safe voltage discharge during fault scenarios and enhanced the performance during standard operation, offering a reliable,
intelligent and cost efficient solution for modern electric vehicle drive system.
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