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Abstract

This paper proposes a disturbance-aware quantum-inspired control (DAQIC) algorithm for speed control
of a chopper-fed separately excited DC motor drive using a cascaded two-loop speed-current control structure.
The suggested approach handles the limitations of typical PI control caused by load torque fluctuations, DC-
link voltage variation, armature resistance variations, and measurement noise. In the outer speed loop
controller, normalized speed error and error rate change data are mapped to probability-like conservative and
aggressive control weight values. In the inner current loop controller, a feedforward duty-cycle term extracted
from the motor armature voltage equation is merged with a bounded quantum-inspired correction control. A
voltage-aware feasible reference limiter approach is also initiated to prevent the controller from generating
unreachable speed commands during voltage sags and high-load conditions. The proposed controller is
analysed through MATLAB-based simulations under nominal and disturbed operating conditions, and the
results are compared with those of a conventional PI dual-loop controller. The results demonstrate that the
proposed method enhances feasible-reference tracking, eliminates excessive current deviation, and improves
robustness under constrained operating conditions. These findings show that the proposed DAQIC algorithm
offers a practical and efficient control framework to control the speed for chopper-fed DC motor drive
applications.

Keywords: chopper-fed drive, feasible-reference tracking, parameter variation, step response
optimization, quantum-inspired control.

List of Symbols/Acronyms

1. INTRODUCTION

Symbols Meaning High-performance electric motor drives are
_ essential in industrial, transportation, robotic, and

DAQIC Disturbance-Aware Quantum- automation applications where accurate speed
Inspired Controller regulation, fast transient response, and robustness

DC Direct Current against operating disturbances are required. Among
different motor-drive systems, DC motor drives

EMF Electromotive Force remain an important platform for control research
IAE Integral of Absolute Error because of their si.mple structure, favourable t.orque.—
speed characteristics, and direct relationship

ISE Integral of Squared Error between armature voltage and speed. Although

) ‘ modern AC and brushless drives are widely used,

ITAE gmr'[reo%ral of Time-weighted Absolute separately excited DC motors are still valuable for
developing and validating advanced control

MAE Mean Absolute Error strategies, as their speed-control theory can be
readily extended to other drive systems. Previous

Pl Proportional-Integral studies indicate that DC drives continue to be utilized
PWM Pulse-Width Modulation ir} many incllus'.tr.ial applications. due to their
simplicity, reliability, and ease of implementation;

QIC Quantum-Inspired Controller for instance, PMDC motors offer favourable
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electrical properties for accurate wire feeding [1],
and resonant inverters combined with DC drives
yield excellent performance-to-cost ratios [2].
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In chopper-fed DC motor drives, the DC-DC
converter regulates the average armature voltage by
controlling the duty cycle of the switching signal [3].
This control confirms the chopper as an effective
interface between the DC source and the motor,
granting precise speed control up to the rated speed.
Power-electronic drive references verify that switch-
mode conversion provides superior efficiency
compared with linear regulation approaches[4].
Moreover, recent experimental valuations exhibit
that advanced pulse-width modulation (PWM)
strategies, including quantum-inspired PWM, can
dynamically control the average output voltage for
these converters. Simultaneously, filtering lessens
ripple components and magnetite  energy
consumption [5] [6], [7]. Particularly, DC motor
drives and converter-fed systems are commonly
analysed in terms of armature-current ripple,
switching modes, and drive operational limits [6],
[71.

Standard proportional-integral (PI) control
continues to be one of the most dominant strategies
for DC drive speed regulation due to its structural
simplicity and practical implementation ease. In a
classical chopper-fed, separately excited DC motor
drive, the controller computes the speed deviation to
generate the chopper firing control pulses,
consequently modulating the duty cycle value and
accordingly change the armature voltage. Prior
literature on PI-controlled chopper-fed DC drives
often uses a two-loop structure comprising an outer
speed loop controller and an inner current loop
controller. It has evaluated the entire system in
MATLAB/Simulink. Within industrial motor-
control strategies, a cascaded two-loop structure is
widely implemented, comprising an inner current
loop to control the rapid electrical response and an
outer loop to regulate the slower electromechanical
performance. Within this approach, the outer loop
computes the speed deviation to generate the
chopper gating signal from the inner loop,
consequently adjusting the duty ratio and applied
armature voltage. Notwithstanding these merits,
fixed-gain PI  controllers show significant
performance deterioration when the drive is exposed
to multiple simultaneous disturbances performance,
such as load torque variations, DC-link voltage sags,
armature resistance fluctuations, and measurement
noise [1]. As a result, classical fixed-gain PID
controllers  frequently prove inadequate for
regulating highly nonlinear motor systems during
dynamic load shifts and other types of disturbances
[71.

In these demanding operational conditions, the
controller must not only reduce reference-tracking
deviations but also firmly adhere to the drive’s
physical voltage and current constrains. Therefore, it
is imperative to develop an adaptive control
strategy—capable of responding to parameter
uncertainties and nonlinear system dynamics—that
can modulate its control action according to the
severity of the speed error while enforcing strict

duty-ratio saturation limits and feasible speed-
reference tracking [8] [9], [10].

Quantum-inspired ~ algorithms  suggest a
compelling conceptual structure for this adaptive
decision-making [10]. These systems leverage
probabilistic state vectors inspired by quantum bits,
superposition, and quantum gates, yet remain
entirely executable on conventional digital
computers [8]. Seminal research by Han and Kim
presented quantum-inspired evolutionary algorithms
employing Q-bit encoding systems and Q-gates,
indicating that probabilistic representation advances
search heterogeneity and balances exploration and
exploitation —a concept successfully applied to fast
speed control in motor drives [11]. Subsequent
literature has highlighted that these systems do not
rely on physical quantum architectures; instead, they
computationally emulate quantum phenomena such
as qubits, interference, and superposition to augment
algorithmic search and adaptive tracking abilities
[12]. Topological optimization studies have further
established that qubit-like variables can be
represented by probability amplitudes and updated
using quantum-inspired operations before decision
selection and making, enabling complex
optimization  contexts to function purely
mathematically  without  physical  quantum
computers [13], [14].

Leveraging these conceptual frameworks, many
advanced control strategies and optimization
methods have recently been proposed to moderate
the nonlinearities and disturbances endemic to motor
drive systems. To provide a detailed overview of the
current state of the art, Table 1 establishes the
primary topologies, controllers, and comparative
outcomes of recent prominent studies in this domain.

As listed in Table 1, while a variety of adaptive
and quantum-inspired controllers have been
successfully applied within motor drives and energy
management systems, a significant research gap
persists. Most existing quantum-inspired topologies
either introduce excessive computational burden—
rendering them unfeasible for conventional
microcontrollers—or decline to explicitly account
for physical drive constraints, such as instantaneous
voltage sags. To address this gap, this paper
introduces a disturbance-aware quantum-inspired
control (DAQIC) approach specifically designed for
a chopper-fed, separately excited DC motor drive.
The performance of this controller is rigorously
evaluated across nominal and disturbed scenarios—
including load torque step transients, DC-link
voltage variations, armature resistance drift, and
measurement noise—yielding significant reductions
in integral error indices and current fluctuations
compared to conventional PI control. Figure 1 shows
the circuit diagram of a separately excited DC motor
drive.

Although several studies have applied PI, fuzzy
[15], adaptive, and quantum-inspired techniques to
electric motor drives, most existing approaches focus
either on controller-gain tuning, PWM generation, or
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optimization-based speed regulation. These methods
generally do not explicitly account for the physical
voltage limitation of the chopper, the duty-cycle
constraint, the load-torque effect, and the armature-
resistance  variation in the speed-reference
generation process. Therefore, their speed
controllers may continue to demand an operating
point that becomes physically unreachable during
voltage sag or high-load operation. The scientific
novelty of this work lies in developing a disturbance-
aware quantum-inspired dual-loop controller in
which the quantum-inspired law is not used as an
isolated tuning mechanism but is embedded within a

physically constrained chopper-fed DC motor drive
framework. The proposed method combines a
voltage-aware feasible speed-reference limiter, a
feedforward-assisted current loop, and a bounded
probability-weighted quantum-inspired correction
mechanism. This integration allows the controller to
distinguish between true tracking error and
physically infeasible reference demand, thereby
improving feasible-reference tracking and current
regulation  under simultaneous electrical,
mechanical, and measurement disturbances.

DC motor

mechanical part

Load torque Tj,

Buck Chopper Circuit Separately excited DC motor
DC source _“__/
PWM signal Dy Separate
Vie <+> Disturbance-aware |4 ﬁ?ld ' |

Quantum-Inspired winding

Dual-Loop Controller constant

I, Feedback
«w Feedback

Fig. 1. Separately excited DC motor drive.

Table 1. Comparative analysis of recent control strategies and optimization topologies in electric motor drives and related systems

Ref. Application Area Topology & Controller Key Advantages & Outcomes Limitations & Complexity
I. DC & PMDC Motor Drives
[1] PMDC Wire Feeding High-Freq PWM / Highly accurate wire feed ratesup ~ Requires discontinuous conduction mode;
(GMAW) Sensorless Back-EMF  to 5.7 kHz; eliminates the need for imposes strict limits on maximum pulse
physical speed sensors. width.
[2] DC Motor Drive QSRI / Predictive Near-zero switching losses and Extremely constrained switching (zero-
Resonant Current low EMI enable full 4-quadrant crossing only); requires complex-sampled-
(OPRC) motor operation. data modeling.
[71 DC Motor (Theoretical) QPWM via Real- Formulates the mathematical Physical realization relies heavily on the
Number Quantum theory and the novel quantum gate theoretical stability of quantum logic
Comparator logic (Anti-CCNOT) for gates.
evaluating continuous signals.
[6] DC Motor Microcontroller- Achieves classical PWM precision Emulating quantum probability required
(Experimental) implemented QPWM in physical hardware while slightly higher microcontroller switching

reducing overall energy
consumption.

frequencies.

PLC DC Motor

Profibus-DP Network /
Adaptive Fuzzy PID

Faster response and smaller
overshoots under varying loads
without rigid mathematical
models.

Fuzzy rules rely heavily on expert
experience; standard PLCs face multi-link
delay challenges.

PMDC Chaos System

Boost Converter / CSO-
tuned FFOC

Suppresses bifurcations; achieves
a stable period-1 trajectory with
lower steady-state error.

High structural complexity; standalone
CSO requires a fuzzy layer to prevent load
oscillation.

1. AC, IM, & PMSM Drives

IM Fast Speed Control

FOC / QEA-tuned PI +
CRTRL Flux Estimator

Superior transient dynamics;
CRTRL eliminates DC drift in
flux estimation.

High algorithmic overhead due to the
parallel maintenance of Q-bit and binary
populations.

PMSM Speed Control

3-phase VSI/
QSVPWM

Reduces RMS speed errors
(0.47%) and THD; executes

Physical realization is highly dependent on
the stability and maturity of quantum
computing hardware.
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control sequences exponentially

faster.
[13] IM Speed Control 3-phase VSI/ QLSA- Superior transient response and Without QLSA, standalone fuzzy systems
based Fuzzy (QLSAF) reduced MAE/RMSE; are inefficient and require extensive trial-
dynamically tunes membership and-error.
functions.
[17] IM Position Control FOC /NFTSMC + Excellent tracking and torque Structurally complex; requires three
ABC-tuned Adaptive regulation; highly robust against nested loops and continuous tuning of
QNN temperature/load variations. fractional parameters.
[18] Smart EV IM Drive Cuk Converter / Tracks speed/torque variations Continuous conduction mode is strictly
Passivity-Based globally over seconds; Cuk required and necessitates complex
ETEDPOF converter minimizes switching nonlinear modeling.
losses.
111. Electric Vehicles & Energy Management
[9] EV Controller Tuning DC Motor Cart / Minimized overshoot and energy Evolutionary algorithms require dense
Adaptive PID emissions; responds instantly to function evaluations, challenging standard
(WOA+BE+QAA) parameter drift. real-time processors.
[19] EV Charging Systems Buck-Boost DC-DC / Reduced hydrogen consumption Requires continuous multi-objective
GGO + QCNN (8.7%); achieves 99.97% energy fitness evaluation; high computational

management accuracy.

design complexity.

[20] EV Energy Strategy DS integrated with Identifies near-global optimal Addressing optimization conservatism
EVCS / Quantum solutions; manages multi-objective requires complex dynamic opposition-
VultureNet constraints, such as PV based learning.
uncertainty.
IV. Alternative Systems & Optimization
[10] Nonlinear Systems Wheeled Robot / Compact 3-6-3 structure (only 30 Highly susceptible to actuator noise if the
Adaptive QNN-PID parameters); rapid convergence plant sensitivity function is poorly
guaranteed by Lyapunov criteria. estimated.
[14]  DC Arc Parameter ID Fault Detection / Highly accurate tracking of static Chaotic local search mechanisms
Chaotic QCS nonlinear characteristics; avoids significantly increase computational
local optima spaces. overhead per iteration.
[21] Marine Optimization General Benchmarks/  Simple implementation mimicking  Prone to premature convergence in high-
Marine Predators foraging patterns; outperforms dimensional problems without fractional
(MPA) standard GA/PSO models. calculus hybridization.
[22] EEG Classification Signal Processing / Harnesses quantum principlesto ~ Constrained by NISQ hardware limitations
QSVM process high-dimensional features; and relies on complex pre-processing
minimizes data complexity. (VMD, SES).
[23] Quantum Internet Network Nodes / MZI+  Demonstrated 44 km teleportation Sensitive to environmental drift; excess
SNSPD Detectors fidelity (~98%); integrates with loss degrades signal-to-noise ratio over

existing telecom fiber.

long distances.

2. PAPER CONTRIBUTIONS

The main contribution of this work is the
development of a disturbance-aware quantum-
inspired dual-loop controller for a buck-chopper-fed
separately excited DC motor drive operating under
practical electrical and mechanical constraints. The
proposed controller is built around a cascaded speed-
current structure but differs from a conventional PI-
based design by incorporating a voltage-aware
feasible speed-reference mechanism and a
feedforward-assisted current-control loop. The
feasible-reference mechanism is obtained from the
steady-state voltage and torque relations of the DC
motor, using the available DC-link voltage, duty-
cycle limit, armature resistance, and estimated load
torque to prevent the speed loop from demanding an
operating point that cannot be physically reached
during voltage sag, load increase, or resistance
variation. In the inner loop, the feedforward term
provides the main duty-cycle command from the
motor voltage equation, while the quantum-inspired
current controller supplies only a bounded corrective
action to compensate for current-tracking errors and

unmodelled disturbances. The quantum-inspired law
uses normalized error and error-rate information to
adjust the balance between conservative and
aggressive control actions through sine-squared and
cosine-squared weighting functions. To improve
practical operation, the controller also includes
speed-feedback filtering, reference filtering,
asymmetric current reference rate limiting, duty-
cycle saturation, and conditional anti-windup. The
effectiveness of the proposed method is evaluated
under nominal operation, load torque disturbance,
speed-reference variation, DC-link voltage change,
armature resistance variation, speed-measurement
noise, and combined disturbances, with the results
compared against a conventional dual-loop PI
controller using time-response indices and integral
error measures.

3. METHODOLOGY AND
MATHEMATICAL REPRESENTATION

The proposed control system was implemented
as a disturbance-aware quantum-inspired dual-loop
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Fig. 2. Simplified Block diagram of the proposed quantum-inspired dual-loop control structure
for the chopper-fed separately excited DC motor drive

controller for a chopper-fed separately excited DC
motor. The outer loop regulates the motor speed and
generates the reference armature current, whereas
the inner loop regulates the armature current and
generates the chopper duty cycle. The motor was
represented using the standard armature electrical
equation, the  back-EMF  equation, the
electromagnetic torque equation, and the mechanical
motion equation. The DC-DC chopper was modeled
using the average voltage relation V, = dV,.. To
improve robustness under combined disturbances, a
voltage-aware feasible speed reference was
introduced. The maximum achievable speed was
estimated from the available DC-link voltage, duty-
cycle limit, armature resistance, viscous friction, and
estimated load torque. Therefore, the speed reference
applied to the quantum-inspired speed controller
(QIC) was limited to a physically feasible value
during voltage sag or high-load operation. The
proposed  quantum-inspired  controller  uses
normalized error and error-rate information to
construct probability-amplitude-inspired weights
based on sin?(#) and cos?(#). These weights blend
conservative and aggressive control actions using a
superposition-inspired control law. In the inner loop,
a feedforward duty-cycle component was derived
from the motor electrical equation, while the
quantum-inspired current controller generated only a
bounded correction term. This structure improves
current tracking, reduces duty-cycle saturation, and
enhances speed recovery under disturbances in load
torque, input voltage, armature resistance, and
measurement noise. The methodological novelty of
the proposed DAQIC framework lies in integrating
three elements into a single cascaded control
architecture. First, the voltage-aware feasible
reference limiter uses the available DC-link voltage,
duty-cycle limit, armature resistance, and estimated
load torque to prevent the speed loop from
demanding physically unreachable operating points.
Second, the inner current loop does not rely only on
a feedback controller to generate the full duty cycle;
instead, a feedforward duty-cycle term is derived
from the motor armature voltage equation, while the
quantum-inspired controller produces only a
bounded correction. Third, the same probability-

weighted, quantum-inspired law is used in both the
speed and current loops to blend conservative and
aggressive control actions based on normalized error
and error rate values. Therefore, the proposed
method is not simply a replacement for PI control; it
is a constraint- and disturbance-aware control
framework specifically designed for chopper-fed
motor drives.

Figure 2 shows the simplified block diagram for
this paper.

3.1. Mathematical Model of the Chopper-Fed
Separately Excited DC Motor

The chopper-fed separately excited DC motor is
represented using the conventional armature
electrical equation and the mechanical motion
equation [24][25],[26]. The average armature
voltage supplied by the buck chopper is expressed as
V, = dVy., where d is the duty cycle and V. is the
DC-link voltage. Accordingly, the motor dynamics
can be written as:

_ dVgc—Raiq—Kew
L
o= Ktia—jLEBw )

where i, is the armature current, R, and L, are the
armature resistance and inductance, K, is the
backEMF constant, K, is the torque constant, w is the
rotor speed, T}, is the load torque, J is the inertia, and
B is the viscous friction coefficient. For the discrete-
time simulation, the model is updated using the
forward Euler method with sampling time T;
[11,[27] [24].

ig(k +1) = ig(k) + Tsig(k) b

w(k +1) = w(k) + T.a (k) &Y

To keep the simulation consistent with practical
drive limits, the duty cycle and armature current are
constrained as [28], [29] [30]:

0<d< dmax and _ia,max Sig <

la

; 3)
a,max

In this study, the duty-cycle limits are selected as
dmin = 0 and d 5, = 0.95. The upper limit is kept
below unity to avoid an idealized full-duty switching
condition and to better represent the practical
operating range of the buck chopper. Figure 3
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presents the equivalent armature circuit together
with the corresponding governing equations for
easier reference.

£

/

- 7w et i
| Armature circuit \ / Governing Equations \\

L ia R 1, _ WaeRaia~Kew
AW la
Keig—Ty-Bw
9 ¢ = Ko~
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LRkl Ly 6.y (k + 1) = i, (k) + Tig(k
=1 o=t ~Tohe — (k +1) =g (k) + Ty (k)
I Tk +1) = o(k) + Tak)

Fig. 3. Equivalent circuit and compact summary of the
DC motor mathematical model

3.2. Disturbance-Aware Speed Reference and
Feedback Processing

To improve the robustness of the proposed
controller against measurement noise and sudden
reference changes, first-order filtering is applied to
both the measured speed and the speed reference
[31][32]. The measured speed is expressed as the
actual motor speed in rpm with an added noise
component:

O (k) = Wy () + 1y () @)

where n, (k) represents the speed-measurement
noise. In the proposed DAQIC controller, this
measured signal is passed through a first-order low-
pass filter before it is used in the speed loop.
Similarly, the reference speed is filtered to avoid
abrupt command changes that may lead to excessive
current demand or duty-cycle saturation. These
filtering stages are included only in the proposed
DAQIC structure to support smoother and more
robust operation under noisy and disturbed
conditions. For a fair benchmark comparison, the
conventional PI controller is evaluated using the
same motor model and disturbance profiles, but
without the additional DAQIC reference and
feedback-processing stages.

3.3. Voltage-Aware Feasible Speed Reference
Limiter

The voltage-aware feasible reference is
introduced to avoid commanding a motor speed that
cannot be reached under the available DC-link
voltage and duty-cycle limit. Its derivation starts
from the steady-state armature voltage equation and
mechanical torque balance [1]:

Vo = Rgiq + Ko, Kig = Ty + Bw (5)

Using these relations, the maximum achievable
motor speed can be estimated from the available
chopper voltage, armature resistance, viscous
friction, and estimated load torque. Therefore, the
feasible maximum speed is calculated as [29]:

madec (k) - Ra (k)TL,f(k)/Kt

d
@max () = K, + Ry(k)B/K,

(6)

The reference applied to the QIC speed loop is
then limited as [33]:
wref,lim(k) =
min[wref,f(k)r Vwmax,rpm (k)] (7)
where y = 0.97 is used as a safety margin. This
limiter is important because, during voltage sag,
increased armature resistance, or high load torque,
the original speed command may become physically
unattainable. By reducing the reference to a feasible
value, the controller avoids excessive duty-cycle
saturation and prevents the speed loop from
demanding an unreachable operating point.

3.4. Outer Speed-Loop QIC for Armature
Current Reference Generation
In the proposed cascade control structure, the
outer loop regulates the motor speed and generates
the armature current reference for the inner current
loop [1]. This structure is suitable for DC motor
drives because the electromagnetic torque is directly
related to the armature current. Therefore, the output
of the speed controller can be treated as the required
current command needed to reduce the speed-
tracking error.
The speed error is calculated using the limited
feasible reference and the filtered speed feedback:
ew (k) = Wetlim (k) — wpp (k) @
The corresponding speed-error derivative is
computed as [2]:
NI Gl Y ok RS
N
These two signals are then supplied to the outer
quantum-inspired controller, which generates the
raw armature current reference [34],[35]:
t the torque-producing current according to the
g, ret, raw (k) = QIC, [, (), €, (K] (10)
To maintain safe operation and avoid unrealistic
current commands, the final current reference is
restricted within the allowable current-reference
range [28]:
ia, ref , min < ia, ref (k) < ia, ref , max (11)
This outer-loop design allows the proposed
controller to adjus speed error while still respecting
the physical current limits of the drive.

3.5. General Quantum-Inspired Control Law Used
in Both Loops

The same quantum-inspired control structure is
used in the outer speed loop and the inner current
loop. In each loop, the controller receives the error
e(k), the error derivative é(k), and the integral state
I(k). To keep the controller response bounded, the
error and error derivative are first normalized as [34]:

x = min(|e|/Es, 1), x4 = min(|é|/E,, 1) (12)

where E; and E; are scaling factors for the error
and error derivative, respectively. The normalized
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error is then shaped using the parameter «, and the
quantum-inspired weighting angle is calculated as:

6= gx“,PA = sin?(8), P, = cos?(H) (13)

Here, P, and P, represent the aggressive and
conservative probability-like weights. When the
error is small, the conservative component has more
influence, while larger errors increase the
contribution of the aggressive component.

The adaptive gain and bounded derivative term
are defined as [34], [35]:

Gq = 14 APy + 1xq, é, = E tanh(é/E,) (14)
where A controls the influence of the aggressive
weight, n adjusts the effect of the error-rate term, and
E, limits the derivative contribution. The bounded
derivative is used to reduce excessive control action
caused by sudden reference changes or measurement
noise.

Two candidate control actions are then formed.
The conservative action provides smoother behavior
near the reference, while the aggressive action
improves the response when the error is large:

uc=Kyre+ K1
Uy =Kyye + Kyl + Kygéy )

The final controller output is obtained by
blending these two actions through the quantum-
inspired weights and applying the adaptive gain:

u = sat{G,[Pcuc + Pauial, Umin Umay  (16)

The saturation limits ensure that the controller
output remains within the allowable range. In the
speed loop, this output corresponds to the armature
current reference, while in the current loop it
represents the duty cycle correction.

To avoid integrator windup during saturation,
conditional integration is used [36]:

I(k+1)
_ {I(k) + T,e(k), if integration is allowed (17)
Uk, otherwise

This structure allows the controller to respond
strongly during large transients while maintaining
smoother behavior near steady-state operation [37].

3.6. Asymmetric Current-Reference Rate
Limiter for Torque-Stress Reduction

After the outer quantum-inspired speed
controller generates the raw armature current
reference iy ref raw (k), an asymmetric rate limiter is
applied before sending the command to the inner
current loop. This step is included to avoid sudden
changes in the current reference, which may
otherwise produce high transient torque, large
current stress, or duty-cycle saturation. In practical
motor drives, the rising and falling rates of the
current command may be selected differently
because increasing the torque demand and reducing
it do not necessarily require the same dynamic
response.

When the current reference is increasing, the
maximum allowed change is defined as [38],[39]:

Aifax = TR (18)

When the current reference is decreasing, the
maximum allowed change is:

Aimax = TRy (19)
where R and R; are the rising and falling current-
reference rate limits, respectively. The final limited
current reference is then obtained as:

ia,ref,raw(k):

min[max(ia,ref,max(k)(k)' ia,ref(k - 1) - (20)

Air;nax)r imax,ri (k - 1) + Ai;:lax]

This limiter ensures that the current reference
changes smoothly from one sampling instant to the
next. As a result, the outer speed loop avoids
demanding abrupt current jumps, while the inner
current loop receives a more practical and physically
achievable current command.

3.7. Inner Current-Loop QIC with Feedforward
Duty-Cycle Compensation

The inner current loop regulates the armature
current by adjusting the chopper duty cycle. The
current error is calculated from the limited current
reference and the measured armature current:

e;(k) = ia,ref(k) —i,(k) (21)
The current-error derivative is then computed as:
(k) = %j("_l) (22)

These two signals are applied to the inner
quantum-inspired current controller, which produces
a bounded duty-cycle correction:

Adg(k) = QIC;[e;(k), é;(k)] (23)

The correction term is limited to avoid excessive
duty-cycle changes:

_dcorr ,max < Adq (k) < dcorr ,max (24)

In addition to this feedback correction, a
feedforward duty-cycle term is calculated from the
motor armature voltage equation [1]:

Vo = Rglg + Kqp (25)

Using the reference armature current, the desired
feedforward armature voltage can be estimated as:

dyy (k) = Ra(K)iam (k) + Keo(k)  (26)

Therefore, the feedforward duty cycle is obtained
as:
dH(k) — Ra(k)ls,nk/(k) + sz(k)

Vs (k)

The feedforward duty cycle is then saturated

within the allowable duty-cycle range [28]:
dep(k) = Sat[dff(k)’ Amin, dmax] (28)

Finally, the applied chopper duty cycle is
calculated by combining the feedforward duty with
the quantum inspired correction:

d(k) = sat[ds; (k) + Adg(k), dmins dmax] ~ (29)

This structure reduces the burden on the
quantum-inspired ~ current  controller. The
feedforward term supplies the main duty-cycle
command based on the motor model, while the QIC
term only compensates for current-tracking errors
and unmodeled disturbances. As a result, the inner
loop becomes more physically interpretable and less
dependent on large corrective control actions.

27
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3.8. PI Benchmark Controller and Performance
indices

A conventional cascaded PI controller is used as
the benchmark for evaluating the proposed DAQIC
method. The benchmark controller follows the same
speed-current cascade structure, where the outer
speed PI controller generates the armature current
reference, and the inner current PI controller
generates the chopper duty cycle. To ensure a fair
comparison, both the PI controller and the proposed
controller are evaluated under the same motor
parameters, disturbance conditions, current limits,
and duty-cycle constraints [28].The outer speed P1
controller is:

i:;l’,‘rﬂ.’f (k)
= sat[Kpme_(k) 30)
+ KL',I— (k)r iia,rrrf,ain' ia,rn:f,max]
where K, and K;, are the proportional and
integral gains of the speed controller, e, (k) is the
speed error, and I, (k) is the speed-loop integral
state. The inner current PI controller then produces
the duty-cycle command as:
dP! (k) = sat[Kp;e; (k) 31
+ Kiili(k): dminr dmax]

where Kj,; and K;; are the proportional and
integral gains of the current controller, e;(k) is the
armature current error, and [; (k) is the current-loop
integral state.

The controller performance is assessed using
standard time-domain response characteristics and
integral error indices. The integral absolute error,
integral squared error, and integral time-weighted
absolute error are defined as:

The controller performance is assessed using
standard time-domain response characteristics and
integral error indices. The integral absolute error,
integral squared error, and integral time-weighted
absolute error are defined as:

T
IAE =f le,(t)|dt
0

T
ISE = f e2(t)dt (32)
0

T
ITAE:f tle,(t)|dt
0
For the discrete-time simulation, these indices

are approximated as:

N
AE= ) le(IT,
k-1
N
ISE ~ Z e2(I)T, (33)
k-1

N
ITAE ~ Z teles (k)IT,
k-1

The armature current tracking deviation is
calculated using the root-mean-square difference
between the reference and actual armature current:

N
1
ljey = NRZZI [ia,ref(k) - ia(k)]z (34)

The mean absolute speed error is also used to
provide a direct measure of the average tracking
error over the simulation interval:

MAE, = %2’,3_1 lew (K] (35)

3.9. Flowcharts and Implementation Procedure
of the Proposed DAQIC Controller

Figure 4 presents the main flowchart of the
MATLAB simulation for the chopper-fed DC motor
drive, comparing the conventional PI controller with
the proposed disturbance-aware quantum-inspired
dual-loop controller. Figure 5 shows that, unlike a
conventional single-loop speed controller, the
proposed architecture combines a voltage-aware
reference limiter, an outer QIC speed loop, an
asymmetric current-reference rate limiter, an inner
QIC current loop, and a feedforward duty-cycle
term. This multifaceted structure allows the
controller to accurately track the feasible speed
reference while strictly respecting the physical
voltage, current, and duty-cycle limits of the
chopper-fed DC motor drive [40].

Finally, Figure 6 describes the general QIC block
used in both loops. In the outer speed loop, the
controller output is the raw current reference
lq ref,raw - In the inner current loop, the controller
output is the quantum duty-cycle correction Ady.
Therefore, the same QIC structure is efficiently
reused by substituting the respective input errors,
output saturation limits, and gain parameters.

3.10. Implementation Challenges and Tools
Used

During the completion of this work, several
modeling and implementation difficulties were
encountered. The first challenge was to represent the
chopper-fed DC motor drive under simultaneous
electrical and mechanical disturbances, including
load torque variation, DC-link voltage fluctuations,
armature  resistance  changes, and  speed-
measurement noise. This behavior was addressed by
developing a MATLAB-based discrete-time
simulation model using the standard armature and
mechanical equations of the DC motor together with
the average buck-chopper voltage relation. The
second challenge was that, during voltage sags and
high-load operation, the original speed command
could become physically unreachable due to limited
DC-link voltage and duty-cycle saturation. To
overcome this problem, a voltage-aware feasible
speed-reference limiter was derived from the steady-
state motor voltage and torque equations. The third
challenge was maintaining stable current regulation
without producing excessive transient current or
duty-cycle oscillation. This response was handled
using a feedforward duty-cycle term, a bounded
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quantum-inspired duty-cycle correction, asymmetric
current-reference rate limiting, output saturation, and
conditional anti-windup. Finally, measurement noise
was mitigated using a first-order speed-feedback
low-pass filter. At the same time, the controller
performance was assessed using MATLAB-
generated time-domain responses and quantitative
indices, including rise time, settling time, overshoot,
steady-state error, IAE, ISE, ITAE, current
deviation, and mean absolute speed error.

4. SIMULATION RESULTS AND
COMPARATIVE DISCUSSION

4.1.DC Motor, Chopper Circuit, and Controller
Parameters

Table 2 lists the DC motor parameters used in this
study to model the plant and to validate the proposed
algorithm mathematically. In addition, Table 3 lists
the chopper circuit specifications and the control
saturation limits used to obtain the subsequent
simulation results. The simulation was performed
using a discrete-time average model of a buck-
chopper-fed separately excited DC motor drive. The
field excitation was assumed constant; therefore, the
motor dynamics were represented by the armature
voltage equation and the mechanical torque balance.

Table 2. DC motor parameters used in the simulation

Parameter Symbol Vall.le/ Justification
unit
Represents the
Armature nf)mi‘nal arrpature
resistance R, 579 Q Wmdmg resistance
used in the DC
motor model.
Represents the
electrical energy-
Armature L 0.06 H storage elemengt};f
inductance a
the armature
circuit.
Converts armature
Torque K 1.2 current into
constant ¢ N.m/A electromagnetic
torque.
Relates motor
Back-
EMF K 1.2 speed to generat.ed
€ V.s/rad back electromotive
constant
force.
Moment ;oo Ree‘zlrlj’isve;tesntthe
L )
of inertia Kgm rotor/load inertia.
V.ISC'OHS 0.0204 Models mechanical
friction B N.m.s/ra dampine losses
coefficient d ping ’
Used as the main
Rated 1250 speed reference
speed @rated rpm level in the
simulation.
Used as the main
Rated speed reference
current hateq 10A plevel in the

simulation.

Maximum Defines the current
armature lg, max 25A saturation limit for
current safe operation.
DC supply  Vacnom 220V voltage of the
voltage .
chopper drive.
Minimum d. 0 Lower physical
duty cycle min switching limit.
Upper duty limit
Maximum d 0.95 used to avoid ideal
duty cycle max ’ 100% switching

operation.

The buck chopper was modeled using the average
voltage relation V, = dV;., where the duty cycle was
bounded between d;, and dp .-

Table 3. Chopper and drive control limits

Parameter Symbol Value/unit
Nominal DC supply voltage Vic, nom 220V
Minimum duty cycle Amin 0
Maximum duty cycle dnax 0.95

Minimum armature current

i ; 0A
reference @ ref,, min

4.2. Simulation Scenarios, Input Data, and
Assessment Criteria

The performance of the suggested disturbance-

aware quantum-inspired controller was assessed
through a MATLAB simulation of a chopper-fed,
separately excited DC motor drive. The performance
was strictly compared versus a typical PI two-loop
controller under equal motor constraints, chopper
limits, and disturbance scenarios.
Seven operational disturbance scenarios were
evaluated: nominal operation, load torque step
transients, speed-reference variation, input DC
voltage fluctuation, armature resistance drift, speed-
feedback noise perturbation, and combined
disturbances. The comparison was carried out using
both dynamic step-response indices and integral
error indices, evaluating rise time, settling time,
overshoot, steady-state error, IAE, ISE, ITAE,
current deviation, and mean absolute speed error.
This assessment validates the proposed controller's
capability to enhance speed tracking, current
regulation, and robustness under severely
constrained and disturbed operating conditions.
Table 4 summarizes the time sequence of the various
types of disturbance occurrences during the
simulation. The Noise in this case is active. Table 5
demonstrates the control parameters used in the
suggested algorithm.
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| Start
I Initialize Motor/Chopper Parameters I

I

I Define current limits, duty-cycle limits, filters, and simulation time I

I

| Define PI controller and disturbance-aware QIC parameters |

|
Define disturbance scenarios I

I

<=_For each scena

Pl

Run DC motor drive using Run DC motor drive using
PI dual-loop controller disturbance-aware QIC

Store PI and QIC simulation results }J

I

I Compute performance indices: T, T, M,,, SSE, IAE, ISE, ITAE l

Generate speed, current, duty-cycle, feasible-reference, disturbance, error, and
bar-chart plots

/ Display P1, QIC-original and QIC-feasiblk tables /

End

Fig. 4. Flowchart of the MATLAB code for the chopper-
fed DC motor drive using the PI controller and the
disturbance-aware quantum-inspired dual-loop controller

Initialize states: i, (0) = 0, @(0) = 0, ontroller states, filters, and
previous errors

R —

Yes

IRead reference and disturbances: @,.r, Ty, Ve, Ry, and noise
1
l Calculate measured speed: ,,, = Wypm + Ny I

1
I For QIC: filter speed feedback w, r and filter reference w,.qf p |

1

| Estimate load torque: T, = K,i, — Bw —J

i
|Comp||1c feasible speed: @Wpay = ApmaxVac — RaT,_.,/K,K(. + R,.B/K,|

1

k) -w(k-1)
Ts

Limit QIC reference: @epiim = Min(@er £, ¥Omax, rpm ) |
]

Compute speed error: €, = Wyepgim ~ O f l

La, ref raw

!

Apply asymmetric current-reference rate limiter to obtain

‘ Outer QIC speed controller generates raw current reference

ba,cer

| Compute current error: €; = ig ror — Iy |
1
| Calculate feedforward duty: dyr = Raigyrer + KoV, |
1
J Inner QIC current controller gencrates duty correction |
1
I Calculate final duty cycle: d = sat(dy; + Ad,, 0, dy,.y ) I
1
Update current: ig(k + 1) = ig(k) + TedVye —
Rai, — KoL,

| Update speed: w(k + 1) = w(k) + TsKi, — T, — Bw] |

i
| Apply physical limits to current and speed I

1
| Update previous errors, store signals, and continue '—
Fill final samples and save output structure |

— ;

Ead:

Fig. 5. Simulation-loop flowchart for the disturbance-
aware quantum-inspired chopper-fed DC motor drive

Table 4. Combined disturbance case time sequence

Time Speed Load DC Armature
interval reference torque voltage resistance
(sec) Wrer (rpm)  T,(Nm) V4 (V) R, ()

0<t
<15 900 4 220 5.79
1.5<t
<20 1250 4 220 5.79
20<t
<25 1250 8 220 5.79
25<t
<30 1250 8 190 5.79
30t
<40 1100 8 190 7.527
t>4.0 1100 8 240 7.527

4.3. Speed Reference Response for Both PI and

Disturbance-Aware Quantum Controllers

Figure 7 demonstrates the speed response of the
DC motor under the mixed disturbance scenario
using the conventional PI controller and the
proposed  disturbance-aware  quantum-inspired
controller. The original speed reference steps from
approximately 900 rpm to 1250 rpm at t=1.5 s, and
then reduces to 1100 rpm at t=3 s. The proposed
controller also generates a voltage-aware, feasible
QIC reference that is adaptively reduced during the
voltage-limited interval. Both controllers follow the
initial 900 rpm reference with stable transient
performance. After the reference step-up at t=1.5 s,
the proposed controller exhibits a faster but more
oscillatory transient response, with a pronounced
overshoot above 1250 rpm, while the PI controller
tracks the reference with a smoother but slower
transition. Around t=2s and t=2.5s, the combined
disturbances become highly pronounced, remarkably
in the quantum-inspired response, where transient
speed dips occur before the controller rapidly
recovers toward the commanded reference.

Table 5. Controller and simulation parameters

Parameter  Symbol Value/unit Justification
Provides sufficient
mplin resolution for th
Sa‘p g T, 1 x 10~4s .esouto. or the
time discrete-time motor
drive simulation.
Minimum Prevents negative
current lg,ref,mn OA current reference in
reference motoring operation.
Maximum Keeps current
current g ref,max 22A reference below the
reference absolute current limit.
Current- Limits sudden positive
reference R 450 A/s current-reference
rising rate changes.
Current- Allows faster current
reference Ry 700 A/s reduction during

falling rate

recovery.
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Current- Allows faster current
reference Ry 700 A/s reduction during
falling rate recovery.
Speed-

P Reduces abrupt speed-

reference . .
. Tref 0.025 s reference transitions in
filter time DAQIC
constant )
Speed-

P Reduces speed-
feedback .
filter fime Ty 0.010s measurement noise

effects in DAQIC.
constant
Maximum
Bounds the duty-cycle
quantum d .
duty corr, max 0.25 correction generated
. by the inner QIC.
correction
. Keeps the limited
Feasible- P
reference speed reference
y 0.97 slightly below the
safety - .
X estimated physical
margin .
maximum.
| Inputs: error e, error derivative e, and integral state [ |
I Normalize error: x = min(|e|/E;, 1) |
| Normalize error rate: x;, = min(|e|/E,, 1) |
| Apply quantum shaping: x, = x* |
i Calculate quantum-inspired angle: 8 = (7/2)x, l
Calculate probability weights: Py =
sin?(8), P = cos?(8)
]
| Calculate adaptive gain: G, = 1+ AP, + nxy4 |
1
| Bound derivative term: &, = E tanh(é/E) |
1
l Calculate uc = K, e + Kyl and uq = K, ge + l
Kiul + Kauép
1
I Blend actions : Uyay = Go(Pcuc + Paus) |
1
I Apply saturation: © = sat(,,w , Umin: Umax) |
Anti-windup
condition?
Yes No

Update integral: I(k + Hold integral: I(k +
1) = I(k) + Tse(k) 1) = I(k)

Return saturated output u(k) and updated J
integral state

Fig. 6. Flowchart of the improved quantum-inspired
controller with nonlinear quantum, bounded derivative
action, adaptive gain, saturation, and anti-windup

The most crucial observation from Figure 7 is
that the proposed controller does not simply compel
the speed to follow the nominal reference when the
drive becomes operationally constrained. During the
interval in which the DC-link voltage decreases and
the load/resistance conditions become more severe,
the feasible QIC reference is dynamically reduced
below the original speed command. This confirms
that the voltage-aware reference limiter is active and

prevents the controller from demanding an
unattainable operating point. Therefore, the apparent
deviation between the original reference and the
actual QIC response should not be interpreted as
poor tracking performance. Instead, it shows that the
proposed algorithm respects the available voltage
and duty-cycle limits of the chopper-fed drive
system. After the DC-link voltage recovers near t =
4s, the feasible reference returns close to the original
command, and the motor speed rapidly converges to
the desired operating point. reconverges with the
original 1100 rpm command, and the proposed
controller rapidly brings the motor speed back to the
required operating point. This response confirms that
the proposed controller keeps robust stability during
bounded conditions, even though its transient
response still shows overshoot and oscillation peaks
that may demand further tuning of the quantum
gains, the current-reference rate limiter, or the duty-
correction threshold in future optimizations process.

4.4. Armature Current Regulation and

Disturbance Rejection

Figure 8 describes the armature current behavior
for the PI controller and the proposed DAQIC new
algorithm under the combined disturbance operation.
At the starting of the simulation, both controllers
demonstrate a large transient current due to the motor
starting from rest and requiring large
electromagnetic torque for acceleration. After that,
the armature current converges to a steady state of
SA during the first operating region. At #=1.5s, the
reference speed increases from 900 rpm to 1250 rpm,
resulting in a rapid rise in the generated reference
current from the outer loop for speed. At t = 2.0s,
the system is subjected to a load torque step change
from 4 N-m to 8 N'm, causing another increment in
the armature current to supply the additional load
torque demanded by the motor. More complex
current recovery action appears between t = 2.5s
and t = 3.5s due to the simultaneous DC-link
voltage reduction and an increase in the armature
resistance. Throughout these constrained intervals,

Speed Response versus Reference Speed
T T T T

1000 - j

1400

1200

—

Speed [rpm]

- = ~Original Reference
—P
400 Disturbance-Aware Quantum | |
- Feasible QIC Reference

00

0 I I I I
Time [s]

Fig. 7. Step response for speed reference of both
pi and disturbance-aware quantum controllers
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the quantum-inspired controller tightly tracks its
dynamic current reference. At t = 4.0s, the DC-link
voltage recovers from 190 V to 240 V, inducing a
final transient surge in the armature current before
stabilizing.

As shown in Figure 8, the proposed quantum-
inspired inner loop ensures tight tracking of the
dynamic current reference across the duration of the
simulation, particularly after the major transients.
The observed current transients are inherent physical
responses, as the motor inherently draws elevated
armature current during initial acceleration, during
load steps, and during voltage recovery. Compared
to the PI controller, the quantum-inspired controller
exhibits a more pronounced transient correction
action at specific disturbance events; however, it also
displays swifter steady-state recovery and stable
current tracking after each change. This robust
response is primarily credited to the feedforward
duty-cycle term, which generates the baseline
voltage demanded by the motor. At the same time,
the bounded quantum-inspired action effectively
mitigates  residual  current-tracking  deviation.
Therefore, the results demonstrate the efficacy of the
proposed inner current loop in regulating the torque-
producing current under severe combined
perturbations. While the controller demonstrates
excellent tracking, the transient current transients
could be further mitigated in future designs by
retuning the current-reference rate limiter or
modulating the high current-loop gain parameters.

Armature Current Response
: T . .

Armature current [A]

“o 05 1 15 2 25 3 35 4 45 5
Time [s]

Fig. 8. Armature current response for both PI
and QIC

4.5. Chopper Duty-Cycle Response and
Saturation Behavior

Figure 9 depicts the chopper duty-cycle behavior
under the combined disturbance case. During the
initial starting phase, both controllers rapidly
saturate the duty cycle to accelerate the motor. The
duty cycle escalates again at t = 1.5 s due to the
speed-reference step variation and then remains
elevated during the load torque step and DC-link
voltage sag periods. Att = 4 s, when the DC voltage
regains 240 V, the necessary duty cycle likewise
decreases.

Chopper Duty Cycle

Duty cycle

—P
04 — Disturbance-Aware Quantum | |

ol I I | | | | J
0 0.5 1 15 2 25 3 35 4 45 5
Time [s]

Fig. 9. Chopper duty cycle behaviour

The duty-cycle profile validates that the chopper
effectively mitigates speed, load, and voltage
disturbances by adjusting the applied armature
voltage. Notably, during the voltage-sag period, both
controllers operate nearby maximum modulation
limit to keep target speed. Besides, the proposed
DAQIC controller exhibits significantly smoother
duty profiles across many operating regions
compared to the PI benchmark. This stability is
achieved due to the feedforward term provides the
main duty command, while the quantum controller
adds only a bounded correction. This performance
firmly confirms and supports the efficiency of the
feedforward-assisted inner-loop approach.

4.6. Feedforward and Quantum Correction
Components of the Duty Cycle

Figure 10 shows the decomposition of the
proposed quantum-controller duty cycle into three
components: the total duty cycle, the feedforward
duty, and the quantum correction. The feedforward
duty is the main component and closely follows the
total duty cycle throughout most of the simulation.
In contrast, the quantum correction remains small
and becomes more noticeable mainly during
transient events, such as the initial startup, the
reference step change at t = 1.5 s, the voltage-sag
onset around t = 2.5 s, and the voltage recovery
neart = 4 s.

Quantum Controller Duty-Cycle Decomposition
T T T T

Duty cycle

I I I
0 0.5 1 15 2 2.5 3 35 4 45 5
Time [s]

Fig. 10. Quantum controller duty cycle
decomposition behaviour
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This result confirms that the proposed inner
current loop does not generate the full duty cycle
using the quantum algorithm alone. Instead, the
feedforward term provides the nominal voltage
command based on the motor model, while the
quantum correction compensates only for transient
current-tracking errors and unmodeled disturbances.
This structure is beneficial because it makes the
controller more physically interpretable and avoids
unnecessary quantum correction actions. The limited
magnitude of the correction signal also confirms that
the feedforward-assisted design reduces the control
burden on the quantum controller.

4.7. Applied Load-Torque Disturbance Profile

Figure 11 shows the performance of the applied
load torque disturbance used in the combined
disturbance scenario. The motor initially operates
under the rated load torque of (4 N.m) from t = Os
tot = 2s. Att = 2 s, a step-up load disturbance is
initiated, abruptly increasing the load torque by
100% to (8 N-m). This high load torque is then
sustained until the end of the simulation. This profile
is used to rigorously evaluate the two controllers’
ability to continue accurate speed regulation and
current tracking when the mechanical load demand
suddenly changes.

4.8. Speed-Tracking Error Under Combined
Disturbances

Figure 12 illustrates the speed tracking change
for both PI controller and the proposed DAQIC
method under the simultaneous disturbance case. At
the starting of the simulation, both controllers exhibit
a significant initial error because the motor speed
starts from zero while the reference speed is already
900 rpm. The error rapidly converges close to zero
following the initial transient period. Distinct error
excursions appear at t = 1.5 s due to the speed-
reference step, at t = 2's due to the load torque
disturbance, and at t =4 s due to the voltage
recovery.

Load Torque Disturbance

Load torque [N.m]
p P
T T

I
0 05 1 L5 2 25 3 35 4 45 5
Time [s]

Fig. 11. Load torque disturbance behaviour

Speed Tracking Error
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Fig. 12. Speed tracking error behaviour.

The PI controller shows a larger sustained
positive error between t =2.5s and t=4s,
indicating that it has difficulty maintaining speed
regulation during the voltage-sag and high-load
interval. In contrast, the quantum-inspired controller
produces sharper transient error peaks around some
disturbance instants, particularly near ¢ = 2.5 s, but
it recovers more quickly after each disturbance. This
behavior demonstrates better feasible-reference
tracking under constrained operation, mainly due to
the voltageaware reference limiter and the
feedforward-assisted current loop. Overall, the
proposed controller reduces long-duration tracking
errors, although further tuning of the quantum
parameters may help reduce the transient spikes.

4.9. Input Voltage and Armature Resistance
Disturbance Profiles

Figure 13 shows the profile of the input DC
voltage and armature resistance fluctuations applied
during the combined disturbance scenario scheme.
The input DC-link voltage is initially kept at 220V
fromt =0s to t = 2.5s. At t = 2.5 s, the voltage
decreases to 190 V, implying a severe voltage-sag
performance. Then, this voltage increased suddenly
to 240 V at t =4s. Meanwhile, the armature
resistance persists at its nominal value of
approximately 5.79Q until t = 3 s. After t = 3 s.
After that, it rises to 7.53 (), to emulate factors such
as thermal heating or physical resistance uncertainty.

4.10. Voltage Aware-Feasible Speed Reference
Analysis

Figure 14 illustrates the voltage-aware feasible
speed reference beside the original demanded speed
reference and the measured quantum controller
speed trajectory. The initial reference transitions
from 900 rpm to 1250 rpm at t = 1.5 s, and then
decreases to 1100 rpm at t = 3s. During the
simultaneous voltage-sag and high-load interval, the
feasible reference becomes lower than the original
speed reference, especially between t = 2.5s and
t=3s. In this period, the quantum-inspired
controller follows the feasible reference instead of
forcing the motor to track the original command,
which is physically difficult to achieve under the
available voltage and duty-cycle limits.
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This behavior highlights the importance of the
voltage-aware reference limiter. When V. drops to
190 V and the load demand remains high, the
available armature voltage becomes insufficient to
maintain the original speed reference without driving
the duty cycle toward its upper limit. The situation
becomes more constrained when the armature
resistance increases, which further reduces the
effective voltage available for speed production.
Therefore, the proposed controller limits the
reference to a feasible value and prevents excessive
duty-cycle saturation. After the DC-link voltage
recovers to 240 V at t = 4 s, the feasible reference
returns close to the original command, and the motor
speed quickly converges to the desired operating
point. This proves that the proposed control structure
follows the physical and electrical limits of the
chopper-fed DC motor drive while sustaining stable
speed regulation under constrained operating
conditions.

Input Voltage and Armature Resistance Variation
T 1

190 L - L L Is56
0 05 1 15 2 25 3 35 4 45 5

Time [s]

Fig. 13. Input voltage and armature current
disturbance behaviour

4.11. Quantitative Performance Comparison
Analysis: PI vs DAQIC

This subsection presents a quantitative
comparison between the proposed DAQIC
framework and the conventional PI controller. The
evaluation considers seven operating conditions and
includes the main step-response characteristics,
speed-tracking error indices (IAE, ISE, and ITAE),
current variation, and mean absolute speed error.
This comparison specifies a stronger evaluation of
the controller’s performance under both nominal and
disturbed operating scenarios.

Voltage-Aware Feasible Speed Reference
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Fig. 14. Voltage-aware feasible speed
reference response

4.11.1. Case 1: Nominal Motor Operation

In Table 6, a summary of the performance of the
motor under nominal operating scenarios is
provided, where no external disturbances are used.
Both controllers (PI and QIC) accomplish zero
steady-state error, revealing that both methods can
track the reference speed precisely in normal
operation. The proposed QIC specifies a slightly
faster rise time of 0.0674 s compared with 0.0694 s
for the PI controller. More importantly, it
considerably reduces the overshoot from 1.2248% to
0.1308% and lowers the current ripple from 0.6878
A to 0.4343 A. This performance indicates that the
QIC produces a smoother speed response with
reduced current variation. However, the settling time
of the QIC is longer, reaching 0.2474 s compared
with 0.099 s for the PI controller. This slower settling
response, together with the higher IAE and ITAE
values, shows that the proposed controller behaves
more conservatively after the initial transient.
Nevertheless, this trade-off is acceptable because the
main objective of the DAQIC is not only to optimize
nominal-condition response, but also to improve
robustness under constrained and disturbed
operating conditions.

Table 6. Step response results for normal operation of the
motor without disturbances

Metric P ogégl_al feQazg)-le
Rise time [s] 0.0694 0.0674 0.0674
Settling time [s] 0.0990 0.2474 0.2474
Overshoot [%] 1.2248 0.1308 0.1308
SS error [rpm] 0.0000 0.0000 0.0000
IAE 58.8095  65.8158  65.8158
ISE 49304.3 853327  34883.5
ITAE 1.9018 5.5592 4.7842
Current deviation 0.6878 0.4343 0.4343
Mean abs speed 11.7742 19.3878  13.1630

€1Tor

Case 2: Load Torque Step Disturbance

Table 7 collects the performance indices for a
sudden disturbance in load torque change. The QIC-
feasible algorithm succeeds a rapider rise time
(0.0641s) compared to the PI equal (0.0694 s).
Additionally, the QIC suppresses the current
variation from 0.6939A to 0.4362A, confirming
superior inner-current regulation. However, the PI
controller delivers lesser IAE and ITAE metrics than
the QIC-feasible result. The substantial steady-state
error (34.3903 rpm) observed in the QIC-original
column arises mathematically as the unconstrained
reference collapses to account for the drive’s
physical limits after the motor load step.
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Table 7. Step Response Results for Motor Speed Under
Load Torque Step Disturbances

Metric PI QI?- QI.C-
original feasible

Rise time 0.0694 0.0674 0.0641
[s]
Settling 2.0472 NaN 2.1241
time [s]
Overshoot 1.2248 0.1308 2.9635
[%]
SS error 0.0000 34.3903 0.0000
[rpm]
IAE 61.0187 206.8576 73.5953
ISE 49358.93  89740.9626 35304.7788
ITAE 6.4301 380.8162 20.9499
Current 0.6939 0.4362 0.4362
deviation
Mean abs 12.2160 41.3835 14.7188
speed error

4.11.3. Case 3: Speed Reference Change

Table 8 exhibits performance during a dynamic
speed-reference  variation.  Both  controllers
effectively reach zero steady-state error. The QIC
yields a marginally faster rise time (2.0079 s) versus
the PI (2.0197 s), though the PI settles slightly faster
(2.1117 s vs 2.1650 s). While the QIC exhibits a
higher overshoot (8.4335% vs 4.0843%), the QIC-
feasible framework significantly minimizes the ISE
(15353.0083 vs 22019.8936) and drastically reduces
current deviation (0.4811 A vs 1.0605 A).

Table 8. Step response results under speed reference

change
Metric PI Q.I.C- QI.C-
original feasible

Rise time 2.0197 2.0079 2.0079
[s]
Settling 2.1117 2.1650 2.1650
time [s]
Overshoot 4.0843 8.4335 8.4335
[%]
SS error 0.0000 0.0000 0.0000
[rpm]
IAE 43.8199 83.8186 55.2216
ISE 22019.894 43147.6673  15353.0083
ITAE 26.4815 47.0641 31.9295
Current 1.0605 0.4811 0.4811
deviation
Mean abs 8.7728 16.7724 11.0441
speed
error

4.11.4. Case 4: Input Voltage Variation

As detailed in Table 9, both controllers maintain
a 0.0674 s rise time and zero steady-state error under
input voltage variation. However, the DAQIC
outperforms the PI benchmark by a wide margin.
Overshoot is attenuated from 9.7107% to 2.7772%,
settling time is slightly reduced, and current
deviation is vastly improved (0.4558 A vs 8.8567 A).
Furthermore, the QIC-feasible calculations cut the
IAE by more than half (75.6973 vs 160.6192) and

reduced the ITAE by nearly an order of magnitude
(27.2818 vs 238.8374).

Table 9. Step response results under input voltage

variation
. QIC- QIC-
Metric Pl original feasible
Rise time [s] 0.0674 0.0674 0.0674
Settling time [s] 3.1062 3.0929 3.0929
Overshoot [%] 9.7107 2.7772 2.7772
SS error [rpm] 0.0000 0.0000 0.000
IAE 160.6192  251.8540  75.6973
ISE 55887.92 100879.99 35382.6
ITAE 238.8374 358.1274  27.2818

Current deviation 8.8567 0.4558 0.4558

Mean abs speed 32.1357 50.3823 15.1392
error

4.11.5. Case 5: Armature Resistance Variation

Table 10 validates performance under simulated
parameter drift. The QIC yields a faster rise time
(0.0674 s vs 0.0694 s) and drastically minimizes
overshoot (0.1308% vs 1.2248%). While the PI
exhibits a faster settling time, the QIC-feasible
structure successfully minimizes the ISE metric.
against thermal heating or resistance uncertainty. It
decreases the current variation (0.4343A against
0.6890A) indicating robustness against thermal
heating or resistance uncertainty.

4.11.6. Case 6: Speed Feedback Noise

Table 11 demonstrates that both controllers
maintain minimal steady-state error under feedback
noise. The QIC achieves a faster rise time and
significantly  attenuates overshoot (0.1406%
compared to 1.2541% for PI). Furthermore, the QIC-
feasible logic reduces the ISE and drastically cuts the
current deviation (0.4358 A vs 0.8758 A),
demonstrating that the adaptive quantum weights
efficiently filter actuator noise.

4.11.7 Case 7: Combined Disturbances

Table 12 summarizes the results for the most
severe test condition, simultaneous combined
disturbances. The QIC achieves a faster rise time
(1.4920 s vs 1.5034 s) and tighter steady-state
regulation (0.0209 rpm error vs 0.0541 rpm). While
the QIC exhibits a mathematically higher overshoot
(22.8342% vs 18.4788%), this is substantially
outweighed by its overall tracking superiority. The
QIC-feasible framework drastically minimizes IAE
(89.3681 vs 305.5232), ISE (18159.9815 wvs
66271.6202), and ITAE (127.3980 vs 871.1872),
while nearly eliminating large current deviations
(0.5435 A vs 7.5799 A). Ultimately, the DAQIC
framework demonstrates superior robustness and
feasible reference tracking under extreme physical
constraints.

The novelty of the proposed DAQIC method is
also reflected in the obtained results. Unlike the PI
controller, which attempts to track the original
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reference even when the motor drive becomes
voltage-constrained, the proposed controller
dynamically follows the feasible speed reference
derived from the system's physical limitations. This
behaviour is particularly important under DC-link
voltage sag, increased load torque, and variations in
armature resistance. Therefore, the improvement of
the proposed method should not be evaluated only by
classical original-reference tracking indices, but also
by its ability to maintain feasible-reference tracking
and stable current regulation under constrained
operation.

Table 10. Step response results under armature resistance

Table 12. Step response results: speed under combined

disturbances
Metric PI Ql?- QI.C-

original feasible
Rise time 1.5034 1.4920 1.4920
[s]
Settling 4.1251 4.1304 4.1304
time [s]
Overshoot 18.4788 22.8342 22.8342
[%0]
SS error 0.0541 0.0209 0.0209
[rpm]
IAE 305.5232 427.7192 89.3681
ISE 66271.62  111696.6544 18159.9815
ITAE 871.1872 1127.2386 127.3980
Current 7.5799 0.5435 0.5435
deviation
Mean abs 61.1124 85.5511 17.8733
speed error

variation
. 1C- 1C-

Metric Pl ogginal feQasible
Rise time 0.0694 0.0674 0.0674
[s]
Settling 0.0990 0.2474 0.2474
time [s]
Overshoot 1.2248 0.1308 0.1308
[%]
SS error 0.0000 0.0000 0.0000
[rpm]
IAE 59.0020 96.8785 65.8158
ISE 49304.8745 85332.7266 34883.5526
ITAE 2.3909 5.5592 4.7842
Current 0.6890 0.4343 0.4343
deviation
Mean abs 11.8127 19.3878 13.1630
speed error

Table 11. Step response results under speed feedback

noise
Metric PI QI.C- QI.C-

original feasible
Rise time 0.0694 0.0674 0.0674
[s]
Settling 0.0995 0.2476 0.2476
time [s]
Overshoot 1.2541 0.1406 0.1406
[%]
SS error 0.0753 0.0790 0.0790
[rpm]
IAE 59.9896 97.5544 66.4917
ISE 49306.5808 85339.5281 34890.2143
ITAE 4.9241 7.4317 6.6567
Current 0.8758 0.4358 0.4358
deviation
Mean abs 12.0102 19.5230 13.2981
speed error

5. CONCLUSION

This paper presented a disturbance-aware
quantum-inspired dual-loop controller for a chopper-
fed separately excited DC motor drive. The proposed
method integrates an outer quantum-inspired speed
loop, an inner quantum-inspired current loop, a
voltage-aware feasible reference limiter, and a
feedforward-assisted duty-cycle generation
mechanism. Unlike conventional PI control, the
proposed controller considers the physical voltage
and duty-cycle constraints of the chopper-fed drive,
preventing it from demanding unreachable speed
references during voltage sags, high load torque, or
armature resistance variations. The main novelty of
the proposed approach is that the quantum-inspired
controller is integrated with the physical voltage and
duty-cycle constraints of the chopper-fed drive,
allowing the controller to track a feasible speed
reference rather than forcing the motor to follow an
unreachable command during constrained operation.

The proposed controller was evaluated under
nominal operation, load torque variation, speed-
reference change, input-voltage variation, armature
resistance change, speed-feedback noise, and
combined disturbances. The results demonstrate that
the proposed DAQIC method improves feasible-
reference tracking and armature-current regulation,
especially under constrained operating conditions.
Under nominal operation, the overshoot was reduced
from 1.2248% using PI control to 0.1308% using
DAQIC, while the current deviation was reduced
from 0.6878 A to 0.4343 A. Under input-voltage
variation, the proposed controller reduced the
overshoot from 9.7107% to 2.7772% and decreased
the current deviation from 8.8567 A to 0.4558 A. In
the severe combined-disturbance case, the feasible-
reference evaluation showed reductions of 70.8%,
72.6%, 85.4%, and 70.8% in IAE, ISE, ITAE, and
mean absolute speed error, respectively, while the
current deviation was reduced by 92.8%.
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These results confirm the practical impact of the
proposed controller for constrained DC motor-drive
applications where the original speed command may
become physically infeasible. The main contribution
is not only the use of a quantum-inspired control law,
but its integration with feasible-reference generation
and feedforward duty-cycle correction. Future work
will focus on switching-model validation, hardware-
in-the-loop testing, real-time implementation, and
systematic optimization of the quantum-inspired
controller parameters.

The proposed DAQIC concept can be generalized
to other systems with measurable feedback variables,
actuator constraints, and a physical model for
estimating a feasible reference or feedforward
control action. For example, the same structure can
be adapted to PMDC motor drives, BLDC and
PMSM drives, DC-DC converter systems, inverter-
fed motor drives, and other constrained
electromechanical systems. In such applications, the
outer-loop variable, inner-loop variable, actuator
limit, and feedforward model should be redefined
according to the specific plant. For instance, in a DC-
DC converter, the voltage or current reference may
replace the motor-speed reference, while duty-cycle
saturation remains the actuator constraint. In an
inverter-fed motor drive, the feasible reference may
be derived from the available DC-link voltage,
current limit, and torque requirement. Therefore, the
generalization is possible, but it requires system-
specific modeling, parameter tuning, and validation
under the relevant disturbance conditions.
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