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Abstract

In this study, a comprehensive stochastic and fractional-order modeling framework is devel-
oped to investigate the dynamic behavior of a shunt DC motor under random disturbances
and memory effects. The motor dynamics are formulated as a system of stochastic differ-
ential equations incorporating Gaussian noise to represent uncertainties in the electrical
and mechanical subsystems. The existence, stochastic ultimate boundedness, stationary
distribution, and ergodic properties of the proposed model are established. To further
enhance modeling capabilities, a modified Atangana—Baleanu-Caputo (mABC) fractional
operator is introduced, enabling the incorporation of nonlocal memory effects inherent in
electromechanical systems. The series solution is derived using the Laplace transform and
the Adomian decomposition method to handle nonlinearities. Qualitative analysis of the
solution is performed through fixed-point theory, while stability assessments utilize the
T-Picard method. The results of the numerical simulation indicate that the stochastic model
exhibits limited variability around the operating regimes, whereas the fractional-order
representation is more effective at smoothing transient responses and limiting oscillatory
behavior. The study proposes a realistic and adaptable method to analyze the dynamics of
shunt DC motors with uncertainty and also presents useful information for the design and
control of electromechanical systems.

Keywords: random disturbances; stochastic behavior; shunt DC motor model; modified
fractional operator; memory effects; system stability

1. Introduction

Direct current (DC) motors have traditionally served as an important means of con-
verting electrical energy into mechanical output. In earlier drive applications, they were
widely preferred where accurate regulation of speed and torque was required, particularly
in marine propulsion systems. Even though many conventional brushed DC drives have
been superseded by alternating current (AC) drives because of their higher efficiency,
commutator-based DC machines remain relevant in a number of niche marine applications.
These include submarines, icebreakers, tugboats, dredgers, and research ships. Represen-
tative cases include the hybrid diesel-electric propulsion arrangement used in the Royal
Navy’s Type 23 frigates and DC-based propulsion solutions such as Siemens” SINAVY
DC-Prop system adopted in Type 209 submarines [1].

DC motors continue to attract attention for their straightforward construction, reli-
able operation, and broad speed regulation capabilities [2—4]. These characteristics make
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them suitable for use in areas such as robotics, electric transportation, cranes, and other
high-precision motion-control applications [3-7]. In addition, many control approaches
developed for DC motors have provided the conceptual basis for a wide range of AC
machine control methods. Accurate modelling of DC motors is therefore essential, as
control and drive system performance strongly depends on model fidelity, particularly for
advanced techniques such as model predictive control. In addition, modern motor drive sys-
tems must comply with electromagnetic compatibility standards [8-10]. Switching power
electronics introduce electromagnetic emissions over a wide frequency range [8,11,12].
These high-frequency effects can be represented as additive non-Gaussian noise in motor
state equations; however, identifying such stochastic models under different discretisation
schemes is beyond the scope of this paper. Dynamic modelling becomes an essential tool
for studying the behaviour and performance of modern electromechanical systems [13-15].
A DC motor is an electromechanical device that converts electrical energy into mechanical
rotational motion through electromagnetic interactions between the armature current and
magnetic field.

The performance of DC motors in practical engineering applications is influenced
by various uncertainties, such as supply voltage fluctuations, load disturbances, param-
eter variations, and environmental effects. These factors can significantly affect motor
operation and cannot be fully represented by deterministic models. Therefore, stochastic
differential equation models have attracted considerable attention because they provide
a more realistic framework for describing the uncertain behavior of electromechanical
systems and improving performance analysis under random operating conditions [16,17].
Many stochastic dynamical systems account for external disturbances and time-varying
inputs [17,18]. For instance, Din et al. studied stochastic dynamical systems subjected to
random perturbations and investigated their long-term characteristics, offering valuable
insights for analyzing the reliability and stability [19].

Fractional-order operators provide a powerful mathematical framework for modeling
systems with memory and hereditary properties, which cannot be adequately described
using classical integer-order derivatives. By allowing differentiation and integration of non-
integer order, fractional calculus captures long-range temporal dependence and complex
dynamic behavior observed in many physical and engineering systems. In recent years,
fractional-order models have been successfully applied to electromechanical systems, vis-
coelastic materials, and control theory, where they offer improved accuracy and robustness
compared to integer-order formulations. Various definitions of fractional derivatives, such
as the Riemann-Liouville and Caputo operators, have been widely used due to their solid
theoretical foundations and suitability for physical initial conditions [20,21]. Moreover,
fractional-order modeling can enhance the analysis of DC motor systems by accounting
for memory effects, electromagnetic losses, and complex transient responses, leading to
more accurate characterization of motor dynamics and control performance under practical
operating conditions. Fractional-order models provide a more accurate representation of
DC motor dynamics and control performance.

In this paper, a stochastic modeling framework is developed to analyze the dynamic
behavior of a shunt DC motor under random disturbances. The motor dynamics are for-
mulated using stochastic differential equations to account for uncertainties in the electrical
and mechanical subsystems. To further enhance the modeling capability, a fractional-order
operator is introduced to incorporate memory effects inherent in electromechanical systems.
The proposed model is investigated through analytical considerations and numerical sim-
ulations, providing insights into system stability and dynamic response under uncertain
operating conditions.
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The objective of this paper is to investigate the dynamic behavior of a shunt DC motor
under stochastic disturbances and fractional-order effects. In Section 2, the mathematical
model of the DC motor is presented, describing the electrical and mechanical subsystems.
The well-posedness of the proposed stochastic model is established in Section 3, where the
existence, uniqueness, and positivity of solutions are rigorously analyzed. The long-term
stochastic behavior of the system is examined in Section 4. In Section 5 discusses the
Stationary Distribution. Section 6, a modified fractional-order operator is introduced to
incorporate memory effects into the motor dynamics. Numerical simulations illustrating
the stochastic responses and dynamic characteristics of the modified fractional system are
provided in Section 7. Finally, Section 9 presents the conclusion and outlines potential
directions for future research.

2. Model Description

A shunt DC motor is characterized by a parallel connection of the armature and field
circuits, both of which receive power from the same DC source. Arévalo et al. [22] proposed
a model for Shunt DC motor dynamics, where each circuit is supplied by its own DC voltage
source, namely V, for the armature and Vf for the field, as illustrated in Figure 1. In the
equivalent circuit, the armature dynamics are characterized by the armature resistance R,
and inductance L,, with the armature current i, serving as the associated state variable.
Likewise, the field circuit is described by the field resistance R g and inductance L fr and
the field current iy represents its corresponding state variable. The interaction between the
electrical and mechanical subsystems gives rise to an induced armature voltage, commonly
referred to as the back electromotive force (back-emf), which opposes the applied armature
voltage and is expressed as:

E, = La fl fw,

where L, ¢ denotes the mutual inductance linking the armature and field windings, and w
represents the rotor angular speed. For a separately excited (SE) DC motor, the field winding
must establish the rated magnetic flux before voltage is applied to the armature circuit. In
practice, this means that the field current should be maintained at its nominal value. This
precaution prevents the machine from starting under field-weakening conditions with little
or no load, a situation that may cause excessive speed and potentially harm the armature
winding as well as the commutator brushes. Accordingly, in the constant-torque operating
region, the field current is commonly assumed to remain constant, leading to the following
linearized model:

di 1 . .

7: = L (VL — Ryig — Lafsz),

dig 1 )

z- L7(vL—szf), (1)
dw

1 ..
E = T (Lufl{llf — KLCU) .
A description of parameters in model (1) can be seen in Table 1.

Table 1. Description of parameters in model (1).

Symbol Type Description
i Variable Armature current
iy Variable Field current
w Variable Angular velocity of the rotor
Vi Input Applied voltage
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Table 1. Cont.

Symbol Type Description
R, Parameter Armature resistance
Ry Parameter Field resistance
L, Parameter Armature inductance
Ly Parameter Field inductance
Ly Parameter Mutual inductance between armature and field
K Parameter Load torque or friction constant
i Parameter Rotor moment of inertia

: R, - L
+ s A\ 7{7?; fZSZS&S\

\%3 E, —

— O

Figure 1. Circuit model of a separately excited DC motor [22].

Equilibrium Points

The equilibrium points of the system are obtained by setting

iy _diy _ do

Gt - —ar

Torque-free equilibria.

Define the torque-free manifold as
ETFM = {(lﬂ/lf/w) P w=0, Lafiaif = 0},

which corresponds to states where no electromagnetic torque is produced.
Imposing i, = 1 £ = 0 under this condition yields the following no-current equilibria:

(A) Armature open (no armature current): (i;,i}é,w*) = (0, I%' 0),
(B) Field off (no field current): (i;,i}f,a)*) = (1%, 0, 0),
(C) Both unpowered (no supply): (i;,i},w*) = (0,0,0), whenV; =0.

If both circuits are energized, i.e.,

Vi . VL

g = R7Qr 1 f = Rif/
then w = 0 is not an equilibrium. This follows from

_ Las
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which indicates that the generated electromagnetic torque initiates rotor acceleration,
driving the system away from the torque-free state.

To characterize the operating condition of the motor, we introduce a dimensionless
performance index based on the balance between electromagnetic torque and mechanical
load. Specifically, we define the Torque Ratio Index as

T Lafi;‘iji’ 2

KL w*

where L¢i; ij’i represents the electromagnetic torque generated by the motor, and Kpw*

denotes the opposing mechanical load torque, including frictional effects.
This index provides a direct physical interpretation of the motor’s operating regime:

* T > 1: electromagnetic torque exceeds load torque, leading to acceleration;
* T = 1: torque balance is achieved, corresponding to steady-state operation;
* 7T < 1:load torque dominates, resulting in deceleration or possible stall.

Thus, T serves as a meaningful engineering indicator for assessing whether the motor
can sustain stable rotation under given electrical and mechanical conditions.

Non-trivial equilibrium (operating point).

For the general case where the motor is energized and rotating, the equilibrium
conditions yield

-
f Rf,
=t G)
a — - % 7 3
Ro+ Los &
1k gk
W Laflalf
K

The equilibrium w* = 0 corresponds to a stall condition, where no mechanical rota-
tion occurs despite possible electrical excitation. In contrast, the non-trivial equilibrium
w”* > 0 represents the steady-state operating point of the motor, where electromagnetic torque
balances the mechanical load torque.

In real-world applications, the performance of a shunt DC motor is influenced by
various sources of uncertainty, including fluctuations in the input voltage, variations in
mechanical load, temperature-dependent changes in electrical resistance, and imperfections
in system parameters. Such effects cannot be adequately captured by purely deterministic
models. To account for these uncertainties, we extend the deterministic system (1) by
incorporating stochastic perturbations in the form of stochastic differential equations
(SDEs). In this formulation, we consider multiplicative Gaussian noise, where the intensity of
the stochastic fluctuations depends on the current state of the system. This choice reflects
the practical observation that disturbances in electrical and mechanical components often
scale with their operating levels.

Accordingly, the stochastic model is given by

is(t) = 7 (Ve = Rada(t) = Lugi(t)o(0))dt + 01 ia(t) dBr (1),

di(t) = Llf(vL ~ Ryig(t) )t + o g (1) dBa(1), 4)
deol(t) = % (Lagia (£)ig (£) — Krao(t) )t + 03 (1) dBs 1),

where
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* 01, 02, and o3 are noise intensity parameters that determine the strength of stochastic
perturbations in the armature current, field current, and angular velocity, respectively;
*  Bj(t), Ba(t), and B3(t) are independent standard Wiener processes (Brownian motions).

The multiplicative nature of the noise has a clear physical interpretation. Specifically,

¢ Disturbances in the armature and field circuits (e.g., voltage fluctuations, thermal
effects) tend to scale with the magnitude of the currents;

¢ Mechanical perturbations (e.g., load variations, frictional irregularities) are propor-
tional to the rotational speed of the motor.

Thus, the proposed stochastic model captures state-dependent uncertainties that are
consistent with the underlying electromechanical behavior of the system.

3. Well-Posedness

To establish the mathematical well-posedness of the stochastic shunt DC motor
model, we first prove the existence and uniqueness of a global solution. Since the drift
and diffusion coefficients are locally Lipschitz continuous, for any initial value X(0) =
(ia(0),i£(0), w(0)) € R3, there exists a unique local solution X (t) = (i(t),if(t), w(t)) on
the interval [0, 7,), where 7, denotes the explosion time. It remains to prove that 7, = oo
almost surely.

Theorem 1. For any initial value (i,(0),i7(0),w(0)) € R3, model (4) admits a unique global
solution (ia(t),if(t), w(t)), almost surely. Moreover, model (4) has a unique nonnegative solution.

Proof. Itisimportant to note that the coefficients of the model are locally Lipschitz continu-
ous. Therefore, for a given set of initial values of the state variables (i,(0),i(0), w(0)) € R,
there exists a unique local solution (i,(t),i¢(t),w(t)) on t € [0, 7.), where T, denotes the
explosion time (for details, see [18,19]). To prove that this solution is also global, it is
sufficient to show that 7, = oo a.s. Let us choose a sufficiently large real number ky > 0
such that all initial conditions of the problem lie between % and ko. Next, we define the
stopping time T} for every positive integer k with kg < k as

T = inf{t €[0,7) : min{is(t),if(t), w(t)} < %or max{iq(t),if(t),w(t)} > k}. ()

Here, we adopt the convention that inf ¢ = co when ¢ is the empty set. From the definition
of the stopping time, it follows that 7 is increasing as k — co. Let limy_, Ty = Too, Which
implies that 7 < 7, a.s. In other words, we need to show that 7o, = oo a.s. If this assertion
were false, then there would exist a pair of constants T > 0 and € € (0,1) such that

P{T > 7o} > €. (6)
Hence, there exists an integer k1 > k¢ such that
P{T > 5} > ¢, forall k; <k.

Define the weighted quadratic Lyapunov function
o 1/, .
V(la,zf,w) =5 (azﬁ + szzc + cwz), a,b,c>0.

We choose the constants a and ¢ such that
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Equivalently,
_Y
=L
Applying Itd’s formula to V, we obtain
AV (ia,if, w) = LV (ia,if, w) dt + ao1i; dBy (t) + boait dBy(t)
+ 003w2 ng,(t),

(Vi Ruip  Lafijw (VL Ryig
LY =k (La L. L)t T
Lyfiqi
+ cw( ”f]” S KL]w> - %a(ﬁzig + %ba%ij% + %CO'gzwz.
Expanding the right-hand side gives

where

aVvy . aR, ) aLaf .. bVL . be )
S o A P A
cL K 1 1 1
+ Tafiaifw — CTLwZ + Ecwlzi,% + Eba%i% + Eccf_%wz.
Since
a_¢
Lo ]
we have L L
algf . . Clgf . .
— —_— =0.
L, lglfw + 7 lalfw
Therefore,
LZVL . bVL . ﬂRa 1 2\ 2
LV =—= —ir — - =

Vv L ig+ L i ( L 491 |ig

be 1, 5\, cKp 1 5\ »

(Lzbo-z lf(]z 3)60
Assume that

Rt R g Ko
L, 27 Lf 27 i 2

Then there exist positive constants ag, ap, 3 > 0 such that

_aR, 5 bRy 1

1 ’ cKp
o — —ac Ny = —= — —boe = —
1 LH 2 17 2 27

Hence,

. 2 ) 2
= —1 Ir— iy — Kpls — X3W".
L, Lff 11 — @2l — 3

Using Young’s inequality, for any ay,ar > 0,

”Zfz‘a <Ziz+ ;:I/sz
and bV, ® b*v?
T;if = 721/2[ szzLL}'
Therefore,
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a?VE  bPVE

X1 .0 X2 » 2
V< 212 222 )
R N A e Ty 212
Let
_aVE VR
T 2w L2 21x2LJ%'
Since

.. 1/ . .
V(ia, zf,w) =5 (azg + sz% + cwz),

there exists a constant A > 0 such that

0‘1 X [)(2 . . .
715 + 711% + 063602 > )\V(laz lfr“’)'
Suppose
. {061 ay 203 }
A =ming —,—=,— .
a’b’ ¢
Consequently,

LV (ia,if, @) < —AV (i, if, w) + C.

Now define the stopping time 7, = inf{t € [0,T.) : |X(t)| > k},k > 1. So Tp — Tw if
k — o0, and T < T¢ a.s. Suppose that the assertion is false. Then there exist constants
T > 0,e € (0,1). Applying Dynkin’s formula to the Lyapunov function V, we obtain

E[V(X(T A7))] = V(X(0)) +E/OTMk LV(X(s)) ds.

Using the estimate
LV(X) < -AV(X) +C,

it follows that
E[V(X(T At))] < V(X(0)) + CT.
Let
Qk = {Tk < T}.
On the event (), we have
| X ()| = k.
Therefore,
V(X > inf V(x).
(X(w)) 2 inf V(x)
Consequently,
V(X(0)) +CT > E[V(X(T A i))]
> E[10,V(X(w))|
> P(Q) inf V(x)
|x|>k
> e inf V(x).
AL
Since 1
V() =5 (aig +bi? + cwz),
we have

inf V(x) — oo, k — oo.
|x|>k
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Letting k — oo in the above inequality yields
V(X(0))+ CT > oo,

which is impossible since
V(X(0)) 4+ CT < oo.

This contradiction shows that the assumption is false. Therefore,
Too = OO a.s.

Hence, the local solution extends uniquely to a global solution for all + > 0. Thus, the
solution of system (4) is non-explosive.

Next, we prove the positivity of the proposed model (4). For the armature current
equation, we have

dia(£) = (‘L/L - Iz—:iﬂ(t) - L;;if(t)w(t))dt + ovia(£)dBy (1),

For i,(t) > 0, applying It6’s formula to Ini,(t) gives

\%3 R, Lafif(t)w(t) 0'12

Laia(t) L, Laia(f) 2

dlnig(t) = dt + o1dBy ().

This shows that Ini,(t) is well defined up to any stopping time before i,(t) reaches zero.
Since the diffusion coefficient 0qi,(t) vanishes at the boundary i, = 0 and the drift at the

(VL Rg. Laf. >
— =l T ifw
a

boundary satisfies

Lo Lq

ip=0 L,

provided V;, > 0, the boundary i, = 0 is repelling. Hence,
ig(t) >0, t>0,

almost surely whenever i,(0) > 0.
Similarly, for the field current equation,

dif(t) = <‘L’; - IL{j:if(t)>dt + 03 (£)dBa (1),

For i¢(t) > 0, applying Itd’s formula to Inif(t) gives

dlnif(t) =

Vi R g
- dt + 0»dBy (1).
Lflf(f) Lf 2 2 2( )

Again, the diffusion coefficient 02i¢(#) vanishes at the boundary iy = 0, while

Ly Li/

provided Vi, > 0. Hence, the boundary i = 0 is also repelling, and therefore,

Zf(f.) >0, t>0,
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Now we prove the nonnegativity of the angular velocity w(t). The third equation of
system (4) can be written as

dw(t) = L;fia(t)if(t) — %W(t) dt + o3 (t)dBs(t).
Let L .
q(t) = %fi[,(t)if(t), "= TL
Then

dw(t) = (q(t) — pw(t))dt + ozw(t)dBs(t).

This is a linear stochastic differential equation. Define

d(t) = exp [— (]4 + (723%) t+ (T3B3(i‘)] .

According to the variation-of-constants formula, its solution is

w(t) = d(t) {W(O) + /Ot o1 (s)q(s) ds}.

Since ®(t) > 0 for all t > 0 almost surely, if

then

almost surely. In particular, if
W20, if(t) 20,

then q(t) > 0, and hence w(t) remains nonnegative for all t > 0 almost surely.

Combining the local existence and uniqueness, the non-explosion result, and the positivity
of i(t), w(t), and if(t), we conclude that model (4) admits a unique global solution for all
t > 0 almost surely, with

ig(t) >0, if(t) >0, w(t) >0, £>0,
almost surely. [

4. Stochastic Ultimate Boundedness

For stochastic dynamical systems with multiplicative noise and constant external
forcing, the notion of extinction, understood as almost sure convergence of all state variables
to zero, is generally not appropriate. In the stochastic shunt DC motor model (4), the applied
voltage V} continuously drives the electrical subsystem, and therefore, the origin does
not represent a meaningful operating state even in the absence of stochastic perturbations.
Furthermore, the multiplicative noise terms cause the trajectories to fluctuate around
the deterministic operating regime. Consequently, the relevant long-term behavior of
system (4) is characterized by stochastic boundedness rather than extinction. In particular,
the armature current, field current, and angular velocity are expected to remain within a
bounded region of the state space and oscillate around a stable operating regime determined
by the system parameters and external voltage source.
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The following theorem establishes the stochastic ultimate boundedness of system (4).

Theorem 2. Assume that

R, 0'12 & ﬁ K1, 03

L~ 2 I, 2 ] 2
Then the solution of system (4) is stochastically ultimately bounded. More precisely,

C
IimsupE|V(X;)| < —,
t—>oop [ ( )] A
where 1
N ) 2 2
V(X) = 5 (ma + bif + cw ),

is the Lyapunov function introduced in Theorem 1, and A, C > 0 are constants satisfying

LV (X) < -AV(X)+C.

Proof. From Theorem 1, the solution of system (4) exists globally for all f > 0 almost surely.
Recall that the Lyapunov function

V(X) = (aig + bijzr + cwz),

N[ —

satisfies
LV(X) < -AV(X)+C, (7)

for some positive constants A and C. Applying Itd’s formula to V(X;) yields
dV(Xy) = LV(X;) dt +dM;,

where , , ,
A@:/aqﬁ@wﬂg+/b@ﬁgﬂug+/CQM@M&@L
0 0 0

is a local martingale. Taking expectations on both sides gives
E[V(Xy)] = V(Xo) —i—IEJ/Ot[,V(Xs) ds.
Using (7), we obtain
mw&ﬂgvm@+élwmw&ﬂ+ow

Define
y(t) = E[V(Xy)].

Then ,
y(t) y(0)+ [ (=Ay(s) + ).

According to Gronwall’s inequality,

y(t) <y(0)e ™ + %(1 _ ef)\t)

Consequently,

E[V(X;)] < V(Xg)e ™ + %(1 — e—“).
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https://doi.org/10.3390/fractalfract10070440

Fractal Fract. 2026, 10, 440

12 of 34

Taking the upper limit as t — oo, we obtain

limsupE[V(X;)] <

t—o0

>0

Therefore, the second moment of the solution remains uniformly bounded for sufficiently
large time. Hence, the armature current, field current, and angular velocity remain bounded
in mean square and fluctuate around a stable operating regime rather than converging to
zero. This completes the proof. O

5. Existence and Uniqueness of a Stationary Distribution

In stochastic dynamical systems subject to continuous external excitation and random
perturbations, the long-term dynamics are generally characterized by convergence in
distribution rather than convergence to a deterministic equilibrium state. For the stochastic
shunt DC motor model (4), the applied voltage V} continuously supplies energy to the
system, while multiplicative noise prevents the state variables from approaching a fixed
operating point. Therefore, it is natural to study invariant (stationary) probability measures
that describe the asymptotic probabilistic behavior of the motor currents and rotor speed.

Lemma 1. Let X(t) be a reqular time-homogeneous Markov process in RY with diffusion matrix
A(x). Assume that there exists a bounded domain U C R? such that

1. The smallest eigenvalue of A(x) is bounded away from zero in U;
2. Forevery x € R\ U, the expected hitting time

Ty =inf{t > 0: X(t) € U}

is finite and locally bounded.

Then X(t) admits a stationary distribution. Moreover, if the process is irreducible, the
stationary distribution is unique and ergodic.

Theorem 3. Assume that the conditions of Lemma 1 are satisfied. Then system (4) admits a
stationary distribution 7t(-). Furthermore, if the associated Markov process

X(8) = (ia(t),if(t),w(t)) '

is irreducible, then the stationary distribution is unique and any solution of system (4) possesses the
ergodic property.

Proof. The main objective of this theorem is to verify the second condition of Lemma 1. To
this end, we first construct a positive C?>-function H; : R3 — R, defined by

Hi=is+iftw—alni; —apInif —azlnw,

where a1,a3,a3 > 0 are constants to be determined later. Applying It6’s formula to sys-
tem (4), we obtain

https:/ /doi.org/10.3390/ fractalfract10070440
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VI — Ryig — Lypisw Vi — Ry Lofigis — Krw
Lli+if+w) = — ”zﬂ i g LLfff+ “f”f] Sl
. VL — Ruip — Lysipw o2
E(—lnza) aLaaiu aftf 71’
. (8)
i VL_Rflf 0’2
L(-Inif) = ————L 4+ 2
f Lflf 2
L,figis — Kpw 2
E(—lnw):—afuj](—wL—l-%’.
Consequently,

LHy = L{ia + if + @) + a1 £(— Inig) + a2£(— Inif) + a3£(— Inw). )

By choosing suitable positive constants a1, 4, and a3, it follows that there exist positive
constants ¢; and ¢; such that

LHy < —cr+ca,  (iaifw) €R. (10)

Vi — Ryig — Lygipw Vi — Ryip  Lygigis — Kpw

LHy = LT et T hafly W LT R Reftaly T BL
L, Ly J

Vi — Raig — Logisw 02 Vi —Ri; o2
+a1<—L o +1>+az<—Lff+a2
Laig 2

Ly 2
Lyfigis — Kpw 2
+a3<_fa;wL+Uzs>.

Expanding and rearranging the above expression, we obtain

'V aVp a3Lafiaif R, . Rf. Ky
LHy = — _ _ _Rao Bf. KL
Hl Laig Lflf ]UJ L, fa Lf lf ] “
Luf. Luf. . alLafifw Vi Vi mR, aZRf a3Kp,
- —lyw+ —Llf+ ———— + — + —
I T L T Lo Ly La Ly ]
N 10?7 ay0f 303
2 2 2

Consequently, from the previous estimate, there exists a positive constant C; such that

'V aVp a3Lafiaif Rq. Rf. K
LH < ——FF — —= — - iy — —if— = Cy,
M T Ly T e LT LY eta
where
Vi Vi @R, @Rf 3Ky @07 05 azo3
C=—+—+
L, Lf L, Lf ] 2 2 2
Thus,
LH1 < —-C+Cy,
where
Vi Vi azLgfigi R R K
C=ib B2l ) | Ry L T,
Lula Lflf ](U Lﬂ Lf ]
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Furthermore, we define another positive C2-function H, : Ri — Ry by

Hy = a4H1+ia+if+w,
where a4 > 0 is a constant to be determined later. Therefore,
Ha = (a3 +1)(ia +if + w) — agay Iniy — agay Inip — agazInw.
A few direct calculations yield

Iiminf  Hy(is, ir,w) = 400, k — oo,
(ia/i ) RS \ U 2(ia, 15, @) (11)

1 1 1
Uk — <k,k) X (k,k> X (k,k> .
In parallel, we show that the function H; admits a unique minimum in R3. By
considering the partial derivatives of H; with respect to the state variables, we obtain

where

87'[2 o . asay
5, ~(mt) -5
%2‘:@4+1Y—6£%
g i
oHy ayas
R R e

Thus, the unique critical point is given by

o w0 _ [ 4441 G442 4443
(ia, i, ") = <a4+1'a4+1’a4+1)'

Moreover, the Hessian matrix corresponding to H; is

asaq

2 0 0
a
a4az
D*H, = 0 Aﬁéff 0
a4as
o0 e

Since a1, ap, a3, a4 > 0, the Hessian matrix is positive definite on ]R:jr. Hence, H; attains its
unique minimum at (7}, it w*).
It can be easily verified that the function H; has a unique critical point given by

o g1 agdy 4403
ik, w") = , , )
(a f ) <1+ﬂ4 1+€l4 1+a4)

Furthermore, corresponding to the function H», the Hessian matrix takes the form

o
i2
B = 0 Ei;% 0
¥
0o o 4B
w
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Since ay, a3, a3, a4 > 0, the matrix B is positive definite on Ri. Consequently, the function
H, attains its unique minimum in R3 . Referring to relation (11) and using the continuity
of H;, we conclude that H; is a proper Lyapunov function on the positive state space.

To move forward, define another positive C?-function

H:RL - Ry
as follows:
H{ia(t),if (), w (b)) = Halia(t), if(t), w (b)) = Haliz, iy, ).
With the help of system (4) and an application of Itd’s formula, we obtain

LH = LH,

o (12)
agLHy + Lig +if + w).

Using the previous estimate for £L#,, we have

\% \% azL,figi R R K
LH < —a4<“Ll R o “f“f+L”ia+Lfif+Lw>
ala flf Jw a f J (13)
VL — Raia — Lﬂfifw n VL — Rflf n Lﬂfiaif — KL(U

+asCq +
1Cq L L; 7

Equivalently,

LH < _a4a1VL _ asa, V. _ a4u3Lafiuif
- Lai, Lflf Jw

H4Ra R, \. 114Rf Rf . 614KL KL
(Lﬂ La)l“ ( L, i)\ A
L L V V
af . af . . L L
— icw+ “igip +a,Cy + - + 2L
; ifw ] iaif +a4Cy L L

The subsequent step is to define a bounded domain of the form
D=2 (igif,w) €RE 1) <i <Ll i<l gcw<t
- ar f 7 + - €1 a 64’ 2 f €5/ 3 66 7
wheree; >0 (i =1,2,...,6) are sufficiently small constants to be determined later. To deal
with the whole domain, we split Ri \D into the following subdomains:
Dy = {(ia,if,w) ER}:0<i, < 61},

D, = {(i0if,w) €RY:0<if <2},

v,

3
N
I
—A—— A A A

5 =1 (inif,w) €ERY 10 < w < 63},

1

(ia/if,w) €RY 1y > 64},
N T

5 = 3 (ia if,w) € SRt
o s 1

D¢ = (la,zf,w)€R+:w2 .

€6
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In the following, our main task is to prove that LH < 0 on the whole domain R3 \D. To
this end, define

Hia,if, w) = Halia,if,w) +qV(ig, if, w),

where g > 0 is sufficiently large and

. 1/ . )
V(ia,if,w) = 3 (1115 + bz% + cw2>.

From the stochastic ultimate boundedness result, we have
LV < -AV+C,

where A > 0 and C > 0. Therefore,

LH = LHy+qLV

(14)
< LHy — gAV +qC.

Let
D:{(ia,if,w) €R} :e<i, <R, e<if<R, e<w<R},
where 0 < € < 11is sufficiently small and R > 1 is sufficiently large. Then R3 \ D can be
treated through the following two cases.
Case 1. Assume that
(ia,if,w) € RI\D,  min{i,,if,w} <e.
Using the logarithmic terms in H; and the estimate obtained for LH;, we have

agaVy  agapVp  aaa3Lgpiais

r<—T5 Lyif Jw v
where K; > 0 is a constant independent of €. Hence, by choosing € > 0 sufficiently small,
we obtain
LH<—K, forall (isif,w) € R}\D with min{is, if,w} <e,
where IC > 0.

Case 2. Assume that
(ia,if,w) € RI\D,  max{is if,w} >R
From relation (14), and since
V(g if,w) — 00 as |(ia,if, )| — o0,
we can choose sufficiently large R > 1 and sufficiently large g4 > 0 such that
LH < —K,  forall (ig,if,w) € R3\D with max{i,,if,w} > R.

Similarly, the result can be established for w.
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Combining Case 1 and Case 2, we conclude that
LH(ig i, w) < =K <0,  forall (is,if,w) € RI\D.
Let x = (x1,x2,%3) € R3\D and define
™ =inf{t > 0: X(t) € D}, T, = inf{t > 0: |X(t)| > n},
and
T (1) = TXAEA T
Applying Dynkin’s formula to H over the interval [0, 7(")(t)], we obtain
EH (X(e) (1)) - H(x)
(") (1)

=E i LH(X(s))ds (15)

< —KET™(8).

Since H is non-negative, it follows that

H(x)
=

Et("(t) <

Letting n — oo and then ¢t — oo, Fatou’s lemma yields

Et* < H(x)

f]C<°°

Therefore, for every compact set K C R3,

sup ET* < oo.
xeK

This verifies condition 2 of Lemma 1.
Moreover, the diffusion matrix corresponding to system (4) is

0%z 0 0
A(iq if,w)=| 0 o3iz 0
0 0 oiw?

For any { = ({1,0»,{3) € R3 and (i,, if,w) € D, we have

3
o 2252 | 22,0 | 2 2,0
Y aijlia,if, w)0ilj = 07ia01 + 031303 + 03w 3
ij=1
> MIZP?,
where

M = min{(flzez, o3€?, (73262} > 0.

Thus, condition 1 of Lemma 1 is verified. Therefore, according to Lemma 1, system (4)
admits a unique stationary distribution 77(-) and possesses the ergodic property. [
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MABCDS f(1) =

6. Modified Fractional Operation

Fractional calculus, characterized by its fractional-order framework that integrates
differentiation and integration, provides an advanced approach for addressing complex real-
world challenges [20,23-25]. The concept of fractional derivatives, originally introduced
by Riemann-Liouville through the power law, has recently been revisited and critically
examined by researchers.

Experimental evidence indicates that relying on a single operator, including Caputo,
Caputo-Fabrizio, or Atangana—Baleanu operators, may not adequately represent the in-
tricate phenomena observed in science and engineering [26-28]. In [29], a model was
developed using the newly introduced Constant Proportional Caputo operator to represent
generalized memory effects.

In the meantime, the development of a new recursive algorithm to solve particular
initial value problems (IVPs) of fractional differential equations is reported in [30]. Various
analytical and semi-analytical methods, such as the Adomian Decomposition Method
(ADM), have been widely employed to investigate fractional-order dynamical systems.
These techniques provide efficient approximate solutions for complex nonlinear models
and have demonstrated considerable potential in the analysis of electromechanical systems,
including fractional-order DC motor models [31-33].

The modified Atangana-Baleanu—Caputo (mABC) derivative, which incorporates
this kernel, has demonstrated improved performance over standard fractional operators,
particularly due to its ability to handle integrable singularities at the origin. In a related
development [34], a finite difference scheme was proposed for solving fractional differential
equations involving the mABC derivative. Furthermore, the combination of the mABC
operator with the Mittag—Leffler kernel provides a flexible framework for modeling systems
with non-local memory effects. The definition of modified Atangana-Baleanu—Caputo
(mABC) derivative

11—«

B(a) {f(t) B Ea(—lfat“)f(o) - f - /Ot Ea,“<_lflx(t - T)a)f(r) dr}. (16)

Such characteristics are particularly relevant in electromechanical systems, where mem-
ory effects arise due to magnetic hysteresis, energy dissipation, and transient electromagnetic
interactions. Therefore, fractional-order modeling provides a more realistic representation of
the dynamic behavior of shunt DC motors under non-ideal operating conditions.

This study investigates a nonlinear dynamic model of a shunt DC motor, incorporating
the coupling between electrical and mechanical subsystems through electromagnetic torque.
In contrast to the classical integer-order model System (1), the proposed formulation em-
ploys the modified Atangana-Baleanu fractional operator to capture these memory effects.

To extend the conventional model into the fractional-order domain, we reformulate
System (1) using the modified Atangana-Baleanu—Caputo (mABC) derivative as follows:

mA . 1 , .
BCszu = L—H (VL — Ryi, — Lafsz>,
1
ABC 6 .
m szf = L (VL — szf), (17)

1
mABCDtgw = 7 (Lafiaif — Km)),

subject to the initial conditions
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6.1. Analysis of the Model

To establish the presence of a meaningful solution to the homogeneous fractional
initial value problem for the proposed motor dynamics model, the subsequent expressions
will be employed:

c sl | n
LR ()] = = | 2| <1, (18)
61 4 1 h

Lemma 2. [33] Consider the following fractional initial value problem:

MABCDS (1) = Ui, t > 0,ia(0) = iag,
MABCDSf () = iy, t > 0,if(0) = if, (20)

mABCDEw(t) = Bw, t > 0,w(0) = wp.

(
(
(1). For G = T%gg), the solution is:

5
T T(=~" t O/
ia(t) = iaO{ 1 Hl1=¢) 7& ’

, t=20
5
— t#£0
ir(t) =1 uel'(1—¢)’ "
£(t) fo{ 5 o
6
— t#£0
wl(t) = w uI(1—¢)’ .
(t) 0{ § .

(2). For U # lf%gg), the solution is:

T
F (P‘g Tor tg)

lll(t) :iaO' 1-1 ’
G
. . FQ (‘ug ’ 1z€-rg tg)
Zf(t) =170 ﬁ,
Fg (lflg N 135.[(; tg)
w(t) = wp - ?/
where T, = Ul(\ll (;)g).
Proof. (1) Given that
t
/0 (= y) " Peo(—pe(1— )y Sy = T(1 — ¢)Fc(—pct®), (21)

for 0 < t, we have
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) N(g). ) t _
™A (1) = T Li(1) ~ BtV — i (4= 0¥ Fugl-ps(t — 9)°)
B iq0 g>d
g ( NG L
L N(g). . f _
™D (1) = TELip() — Fo(—pet Vi i | (8 9) Feg (et — 1))
. 22
X (_ lfoy‘Q)dy, ( )
pel (1 —Fec)
N t
"D = TDaw(t) — Fe(—pet)n — e [ (0= 9 Fogl—pg(t — 1))
_ «o —€>d
- ( el (1 - Fg,g)y v
MAPCDGi, (1) = 1N£gé (ia(t) — Fe(—put®)iao + F(—pgt® )ino) = Uia(t),
MADSi(1) = T (ip(6) — Fo(—iigo + Fo—peNipo) = Ui, @)
M DRw(t) = ffi(w(t) — Fg(—pt*)ewo + F(—pt€)ewo) = e (),

which completes the proof.
Using Equations (18) and (19) for t > 0,

mABC (. N() 1 i208° s6~ 1 A
£l Diia;s] = 1—¢sS+ 1a_ T, c T s ),
¢ Mg A
ABC. (. N() 1 i0s® sl .
L‘[m Dng;s]:l_ s6 + 1f—T s T _Zfosg ')
S Mg A
ABC N(g) 1 ws® s~ 1 _
L™ Diw;s] kP el = — wWos° L)
4 Mg I
Simplifying these equations yields
N, T ST i s
= HO = ’
1-¢ 1_T€5€_Vg1zgrg 1_Tgsg_7‘g1f7grg
NE, T s i 561
= 0 = 7
1_€fl_T€Sg_‘u€1ngg 1_T§Sg_‘uglj€'rg
N(c) T 61 wo 61
1 wl—T ¢ _ T :61—7 c_ 4 % -
G [ Mg -7 ¢S Mg -1
Finally,
i 0 [ T |
=U0——L|F )],
1—1 _g(ygl—rg )
i Af s ]
= F te
Ol—rgﬁ_g(ygl—rg )_'
wo T |
=0 L|F o).
1-17 _g(ygl—r )
Thus, the proof is complete. [J
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Lemma 3. [33] Consider the non-homogeneous fractional system:

mABCDS (1) + Uig = X1 (t),  ia(0) = ino,
mABCDgif(t) -+ Ulf = Xz(t), Zf(O) = ifO/
mABCDS (1) + Bw = X3(t),  w(

where 0 < ¢ < 1and U # —T%gg). The solution of the above initial value system is given by
. l, t#0,
) = { iao t=20
ayvrs - Y

if(t) = {?f’ 7o

ifOr t=20,
G, t40
wit) = { v tio. (24)

Zg Zg Zg Zg
~ N O 1 1-— (8) _ (8)

if(t) =i = ifg (g)Fg( th€>+ ZggX(tHZgg( ; Zf)tg IF, ( thG)XZ(O),
. N O 1-— 1-— (8) _ (8)

w(t) =W = WOﬁFg (_th§> + %Xg,(t) + ?g <‘Hg - Zg>t€ 1Fg/g <— thg) X3(0)/
G G G G G G

where z; = N(g) + (1 —¢).

Proof. By using Equations (18) and (19), the following can be verified for the system
variables i,, if, w:

£iis] = NS+ (1= (6% + o) L1133
ar - ngg +Ug 7
Clivs] = 170N (g)s " + (1 = ¢)(s® + pg) L[ Ao; 8] 25)
f z¢s5 + Ug !
s = CNEs T+ (1= Q) (5 + ) L[]
e zcs5 + Ug ’
Then:
. .1 N(¢) s5Ll[ig;s] — s i ~
mABC1yG . o . .
L[ Doza—i—Ula,s_ ¢ <+ e + Llia;s],
1 . N(g) SQ,C[Z(; S] B Sgilif() 7
mABC1¢ . — . . 26
E[ D01f+sz,s_ T—c "y —I—C[zf,s], (26)
1 N(g) s¢L[w;s] — s wy -
mABCy¢ . _ . .
E[ Dow—i-Uw,s_ =1 . + L[@;s].

After calculations, these yield:

https:/ /doi.org/10.3390/ fractalfract10070440


https://doi.org/10.3390/fractalfract10070440

Fractal Fract. 2026, 10, 440 22 of 34

- 1 r -
mABCS S c C ool c—1;
E[ Dgia + Uzu,s_ RIS _(zgs + Ug¢)Liz;s] — N(g)s la0:| ,
- 1 - .
mABC G T _ G P o 971
E[ Dgif + sz,s_ S A6 +u0) _(zgs +Ug)Llif;s] = N(g)s zfo}, (27)
- 1 r
L|™ABCDS o+ Bw;s| = ——— [ (2085 + Uc) L]@; 5] — N(¢)s¢ Ly |
[APCDg | = g [+ B £l@ss] - N()s e

Now substituting Equation (25) into Equation (27), we get:

v
(1 —¢)(s¢ + pe)
- N(g)sgiliao}/

£[™ABCDj, + iy s| = [ia0N(6)s* ™" + (1= ) (° + i) £[ s3]

1
L|™ABCDSG 4 Gigs| = —————— i gN(¢)sS 1+ (1= ¢)(s + uc ) L[ Xo; s
— N(¢)s* ipo),
1
mABC1y6 _ ¢—1 o G .
E[ Djw + Bw; s} RIS {woN(g)s + (1= 6)(s* + uc) L[A5; 5]
— N(g)s* 1600]
Which simplifies to:
c [mABCDgiﬂ + Uia;s] = L[Xy;s],
L[™ABCDSi + Bigs| = £[;s], (29)
L [mABcDgw + Uw;s} = L[A3;s].
We finish the proof. [
Remark 1. If X; € C[0, T] and
Oiao = Xl (0), UlfO = XZ(O), U(UO = Xg(O), (30)

then we have

iu = iaOr lf = ifO/ w = wo-

Consequently, the solution provided in Equation (24) satisfies the continuity condition. Based on
these conditions, a solution exists for the given model.

6.2. Series Solution by LADM

We apply the Laplace transform of the modified version of ABC, as mentioned
in [23,25], to system (17) under consideration:

£|maBCpsi (1| = ¢ Li (Vi — Raia - Lafifw)],

_mABC : | 1 :
£|™CDfi(1)| = £ _ff(vL — Ryif) |, (31)
r mABCwa(t) =L %(Lufiuif — KLw)].
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Consequently, we get
N(g) _ sSL{ia(t)} — s ti(0) .
et s _y 7(VL — Ryig() Lafzf(t)w(t)) ,
N(g) Sgﬁ{lf(t)} — Sgill‘f(O) B 1 )
1_g X S§+]lg =L ff(VL_Rflf(t)) ’ (32)
N(g)  s*L{w(t)} —slw(0) ,[1 .
et s _yy T(Lufza(t)zf(t) —KLw(t))
On using the initial condition, we obtain
a0 (A= ) [ o
Ll ==+ e | (vL Raia(t) Lﬂfzf(t)w(t)) )
o 0 (A=) ) | L,
L{if(h)} = R A I <VL szf(t)) ) (33)
_w(0)  (A=g)(s°+p) L[1 :
L) ==F+ e £ 7(Lafla(t)zf(t) - Kiw(t))
We decompose each state variable as
ia(t) = Z n(t),
n=0
if(t) =} Falt),
n=0
w(t) =) Wul(t).
n=0
For the nonlinear terms, we define the Adomian polynomials
ir(Hw(t) = Y EW,(b),
n=0
ia(t)if(t) = Z AFy(t),
n=0
where
n
FWi(t) = Y F(t)W,_k(t),
k=0
AFn(t) = Z Ak(t)Fn—k(t>~
k=0
On comparing both sides, the recursive relations are obtained as
AO(t) = Zﬂ(o)/
Fo(t) = i¢(0), (34)

and forn > 0,
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_ G [
An+l(t) = £1{(1€)(5+P‘g)£ LL(VL(Sn — RA, — LafFWn)‘| }/
a

N(g)s*
A= ) L] 1
For(t) = £ 1{N(Q)S€€g 7 (VLén - Ran)] } (35)
W, oq () = £ wc-l L. AF, — K W
n+1()_ N(g)sG _]( af n L n) .
L{Ao} = ia(so),
L{A1} = 4 li])((gs)gsj te) L [Lla (VL —RaAo — LafFWO)]/
(A=) ) [ 1 (36)
L{As} = nggg [La (= Ry - Lawal)},

£l = EEQEI L[ (- Rty - Lygw) |

Using the inverse Laplace transform and taking into account the first three terms, we obtain
Ag = 1ia(0) = iqo,

A1(t) = O(t) (Vi = Rao — LagFWp), 7

= e

( — R,A — Lawal).

F = if(O) = ifO/

Ei(t) = @(t)Llf(VL - RfFo), )
BE(t) = @(t)Llf( - prl).

Wi(t) = G)(t)% (LquPO - KLWO)/ (39)

Wz(i’) = @(t)% (LquFl — KLW1).

The corresponding Adomian polynomials are given by

AFy = Aok,
AF = AoF + AR,
AR, = AoF, + A1F + AyFy,

and
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a

FWo = FyW,,
FWy = FoWy + Fi W,
FW, = )W, + FiW1 + F, Wo.

Consequently, the approximate series solutions of the fractional DC motor model are

in(t) = Ag+ Ar(t) + Ao() 4+ -+,
ir(t) =Fo+F(t) +EBa(t)+--,
w(t) = Wo+ Wy (£) + Wa(t) + - -

Hence, the truncated second-order approximations can be written as

iu(t) ~ Ap+ Al(t) + Az(t),
if(t) = Fo+ Fi(t) + Rx(t),

w(t) ~ Wy + Wy (t) + Wa(t).

6.3. Analysis for Stability and Uniqueness

Theorem 4 (Existence and Uniqueness). Let (B, | - ||) be a Banach space of continuous real-
valued functions defined on [0, T|, and suppose the nonlinear operator K : B — B is defined for the
fractional motor model (17) as follows:

N(g)s¢ L,

1

ff(VL — Ryif(t))

K(il() = ia(0) + £ SR £ L (0 = Rt L))

(-0 +po) L

Klif](t) = if(0) + L7 [ NBE: , (40)

Klal() = w(0) + £ [ B 2120, 0pt0) ~ Kot |

Assume the nonlinear terms satisfy the following Lipschitz conditions:

1 . . 1 . . . .
7= WL = Raiar = Logiprn) = 7 (Vi = Ralaz = Lagippwn) | < Li([lian — 2|

L,
+ i —ipll + w1 — wall),

1 . 1 . . .
ff(VL—Rflfl)—ff(VL—Rflfz) < Lallips —ipl, (41)

1 . 1 .. . .
‘](Laflallfl - Kpwy) — T(LafluZIfZ — Kpws)| < La3([liar — ia2]
+ i —ipll + w1 — wal])-
If L = max{Ly, Ly, L3} and

(1 —¢)(s* + pe)
WL@,

it follows that the operator K is a contraction. Consequently, by the Banach Fixed Point Theorem,
system (17) admits a unique solution (is(t),if(t),w(t)) on [0, T].

Proof. To establish that the operator K has a fixed point, we consider a pair (g, p) € N x N.
Then, we have:
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— 1 . )
—N(g)sg <La (VL - Ralﬂ,q — Lafzf,qwq>>}
1 . )
<La (VL — Ralg,p — Lﬂfzf,pwp))},
| A=) (s +pg) L 1 .
NEER (Lf (vi- Rflf’q>>] w)

1l (M =¢)(s + pe) 1 .
y 1{W£<LJ(<VLRW,,,)>],

Kl () — Ko () = = oy + £ [LEHELID (20, — k1) )]

o [w,c(]( afiapif,p — Kpr)ﬂ.

By taking the first equation from Equation (17), then figuring out the norm for each side,

we obtain:
|[Kiaq (5)] — K[iap ()]
= |liag = iap + L7 [Wﬁ[i(w — Raiag — Lafif,,,wqm 3)
s [Wﬁ[M(VL Rafap — Lafif pp H H

Applying the triangle inequality to Equation (43) and simplifying the resulting expres-
sion yields:

[ K [iag ()] = K[iap(1)]
S Hiﬂq - iﬂp” (44)

N -1 (1 — g Sg + ,ug {H Zaq ia,p) - Lllz[(l'f,qwq - if/PwP>HH .

By letting both relations follow
ia,q(t) = dap(E) | = [ligq() = if,p(8)]| = [lwq(t) = wp ()], (45)
and assuming the boundedness condition
liapll <Ni, - ligpll <Nz, Jlwpll <Ns,  (q,p) € NxN, (46)
we substitute these into Equation (44) to get

K liag ()]~ Kliap (0] < (1 2001 (6) -

L S (N + Na)ewa(0) ) iag gl 47)

L,

Here, w1 (6) and w(6) denote the fractional kernel functions derived from

= O i)
£ 1{ NOw E”}
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Similarly, applying the same procedure to the remaining components iy and w, we obtain:

Kz, ()] = Kli, (1)]]| < (1 - ifjwa(e)) lig, =i, ll,
(48)

[ Kleoq (5] = Klewp (D] < (1+ L}’fa\h +Na)ws (6) — %m(e)) leog = wpll-

Therefore, there exists a fixed point for K if the following set of inequalities holds:

R¢
f
Laf KL

Consequently, the proof is complete since the conditions of Theorem 1 are satisfied. [

Theorem 5. The fractional-order DC motor model (17) admits a unique solution on [0, T| for any
given initial conditions i,(0) = ia0, i7(0) = ifo, and w(0) = wo.

Proof. Define

and .
fu (VL — Raiu — Lafifw)

F(X) = Llf(VL ~ Ryiy)
% (Lafiaif - KL(U)

The function F(X) is continuous and continuously differentiable with respect to
(ia,if,w). Hence, F is locally Lipschitz on every bounded subset of RR3. Therefore, based on
the standard existence and uniqueness theorem for fractional differential equations with
the modified Atangana—-Baleanu Caputo derivative, there exists a unique local solution
of system (17) satisfying the prescribed initial conditions. Moreover, since the nonlinear
terms are polynomial and the system parameters are finite positive constants, the solution
remains bounded on every finite interval [0, T]. Consequently, the local solution can be
extended uniquely to the whole interval [0, T].

Thus, the fractional DC motor model possesses a unique solution. [J

7. Numerical Simulation

To illustrate the stochastic behaviour of the proposed shunt DC motor model, numeri-
cal simulations of the stochastic differential equation system (4) are carried out using the
Euler-Maruyama scheme. The simulations are performed directly in terms of the physical
state variables of the system, namely the armature current i,(t), the field current i f(t), and
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the angular velocity w(t). This ensures consistency with the original DC motor model and
avoids the introduction of artificial variables.

1

faj+1 = laj+ 7 (VL — Raigi — Lafif,iwi)At + 01iq,i VAL,
a

. . 1 ) .
lfiy1 =1f; + ff (VL - Rflf,i>At + U2lf,im72,ir (50)

1 .
Wiy = Wi + T (L,Jfla,ilf,i — KL(U,') At + o3w; vV At 73,-
where 77 ; ~ N(0,1), k = 1,2,3, are mutually independent standard Gaussian random
variables, so that the Wiener increments are given by

ABy; = VAt 1.

The stochastic terms are multiplicative because the diffusion coefficients depend on the
instantaneous state variables. This reflects the physical behavior of the shunt DC motor,
where electrical disturbances scale with the current levels and mechanical perturbations
scale with the rotational speed.

The parameter values for the stochastic shunt DC motor are listed in Table 2.

Table 2. Model parameter values for the stochastic shunt DC motor model (4).

Symbol Set1 Set 2
VL 220V 220V
Ra 1.20 O 1.50 O
La 0.06H 0.50 H
Ry 110 150 O
Ly 1.00 H 1.10 H
Ly 0.08H 0.80 H
K;, 0.02 Nms 0.02 Nms

] 0.01 kg m? 0.10 kg m?
o1 0.15 0.12
o) 0.05 0.02
03 0.15 0.10

7.1. Numerical Illustrations of Stochastic Ultimate Boundedness

Figure 2 depicts the stochastic response of the armature current in the proposed
stochastic model (4). For comparison, both the deterministic solution (1) and the stochastic
solution (4) are displayed for the armature current, field current, and angular velocity. As
the rotor speed increases, the back electromotive force counteracts the applied voltage,
stabilising the armature current. Throughout the simulation, all trajectories remain bounded
and physically admissible, and the parameter is taken from Table 2 Set 1 and the initial
conditions are chosen as (is(0), if(0), w(0)) = (0.01, 1%, 0.01). Figure 2a shows that the
armature current rapidly approaches its operating regime and remains bounded throughout
the simulation interval. Similarly, Figure 2b demonstrates that the field current converges
toward its operating value and remains stable in the presence of stochastic perturbations.
The evolution of the angular velocity is depicted in Figure 2c. As expected, the rotor speed
increases from its initial state and approaches the motor’s operating regime. The confined
stochastic orbit illustrates how random fluctuations in the armature current are directly
transmitted to the mechanical subsystem through electromagnetic interaction.
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Figure 2. Comparison of deterministic (1) and stochastic (4) solutions: (a) armature current iy; (b)
field current i 1% (c) angular velocity w.

Figure 3 summarises the Long-Term behavior of the stochastic shunt DC Motor
model (4). Figure 3a,ce illustrate the long-term behaviour of the stochastic shunt DC
motor model (4) under multiplicative perturbations. The deterministic and stochastic
trajectories demonstrate that the state variables remain bounded and fluctuate around their
corresponding operating regimes. The empirical probability density functions obtained
from the stationary portions of the stochastic trajectories further provide evidence of sta-
tionary behaviour. As shown in Figure 3b,df, the probability densities remain concentrated
around the operating values of the corresponding state variables, indicating that the system
spends most of its time in a bounded neighbourhood of the deterministic operating regime.
The above result validates Theorem 3. Throughout the simulation, all trajectories remain
bounded and physically admissible, and the parameter is taken from Table 2 Set 2 and
the initial conditions are chosen as (i,(0), i7(0), w(0)) = (0.01, 1%, 0.01). Therefore, the
numerical simulations support the theoretical analysis and suggest that the stochastic
shunt DC motor model admits a stationary regime characterised by bounded stochastic
oscillations around the deterministic equilibrium.
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Figure 3. Deterministic (1) and stochastic (4) solutions with their stationary probability distributions:

(a) armature current is; (b) empirical density of is; (c) field current if; (d) empirical density of if;

(e) angular velocity w; (f) empirical density of w.

8. Numerical Simulation for Modified Fractional Operator

This section investigates the influence of the modified fractional-order operator on

the dynamical behavior of the shunt DC motor model. In particular, Figures 4 and 5 are

used to illustrate how memory effects introduced by the modified fractional derivative

affect the transient response, stability, and long-term behavior of the system. Figure 4

illustrates the time evolution of the state variables under the modified fractional-order

operator for different values of the fractional order ¢ € (0,1), and the parameter is taken
from Table 2 Set 2, and the initial conditions are (i,(0), i¢(0), w(0)) = (190, 20, 10000).
The results clearly demonstrate that the fractional order plays a significant role in shaping

the system dynamics through nonlocal memory effects. As the fractional order ¢ decreases,

the system exhibits a slower transient response and smoother trajectories. This is inherent

in the memory property of the modified fractional operator, in which the present state is

dependent upon the previous state of the system, as well as the present state. This results
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in quick changes in the armature current i,(t), field current i¢(t), and angular velocity
w(t) being effectively dampened, resulting in the improvement of damping properties.
In the case where the value of ¢ takes the value of unity, the system response tends to
the value of the classical integer-order model, which validates the consistency of the
fractional formulation with the standard model as a limiting case. Conversely, lower values
of ¢ are also smaller, which causes stronger memory effects and consequently, slower
convergence and dampened oscillations. The latter features are especially applicable to
electromechanical systems, in which inductive and mechanical components naturally have
a hereditary behaviour.

Field Current
T

Armature Current
~mature Lurrent

140 L L L L s L L L L L
[ 50 100 150 200 250 300 50 100 150 200 250 300
time t time t

(a)

1000

900~

800 -

700/~

600 |-

500

400

300

L L s L L
0 50 100 150 200 250 300
time t

(c)

Figure 4. Effect of the modified fractional-order operator on the dynamics of the shunt DC motor for
different fractional orders ¢: (a) armature current i,; (b) field current i 1% (c) angular velocity w.

Figure 5 below gives a direct comparison between the classical integer-order model
and the fractional-order modified model with the same initial conditions and the same
values of the parameters of Figure 4. The number underlines the stabilizing effect of the
fractional operator on the system reaction. It is noted that the fractional-order model shows
less overshoot with less transient behavior and better stability properties as compared
to the convergent operating regimes of both models. These advantages are due to the
fact that the modified fractional derivative is nonlocal in nature and the effect of the past
states spreads out with time and the sharp changes in the system variables are avoided.
Specifically, the angular velocity w(t) in the fractional model, or more specifically, the
angular velocity, is operated by a less pronounced acceleration of the model and removes
the unrealistic spikes, which can be found in the integer order formulation. Equally, the
armature and field currents exhibit reduced oscillations, which signifies increased strength
to the variations in the parameters and external perturbations.

Collectively, Figures 4 and 5 prove that the adjusted fractional-order model is doing
a better job of capturing the shunt DC motor dynamics and is much more flexible. The
fractional order ¢ serves as a tuning parameter is used to adjust the strength of memory
effects and enables an ad hoc shift between classical integer-order behavior and very
history-dependent dynamics. These results substantiate the theoretical contributions in
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this section and reason why modified fractional operators are used to model and analyze
complex electromechanical systems. Moreover, the fractional formulation adds to the
stochastic analysis to improve the stability of a system and relaxes the dynamic response of
the system by smoothing of the uncertain operating conditions.
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120 4 2500y
4 - 2000
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Figure 5. Comparison of the classical integer-order model and the modified fractional-order
model (17) for ¢: (a) armature current i,; (b) field current i £ () angular velocity w.

9. Conclusions

In this work, a stochastic and fractional-order modelling framework has been pro-
posed to analyse the dynamic behaviour of a shunt DC motor under uncertainty and
memory effects. The motor dynamics were formulated as a system of stochastic differential
equations, with random disturbances in the electrical and mechanical subsystems modelled
by additive Gaussian noise. Numerical simulations based on the Euler-Maruyama scheme
demonstrated that all state variables remain bounded and fluctuate around stable operating
regimes, confirming the robustness of the stochastic model. To further enhance the realism
of the model, a modified fractional-order operator was introduced to incorporate heredi-
tary and nonlocal memory effects inherent in electromechanical systems. The fractional
formulation provided an additional degree of freedom through the fractional order param-
eter, enabling smooth transitions between classical integer-order dynamics and strongly
memory-dependent behaviour. Numerical results showed that the fractional-order model
significantly smooths transient responses, reduces overshoot, and improves stability com-
pared to its integer-order counterpart. Comparative analysis between the stochastic and
modified fractional-order models highlighted the complementary roles of randomness and
memory effects in shaping system dynamics. While stochastic perturbations account for
uncertainty and environmental disturbances, the fractional operator effectively mitigates
rapid fluctuations and enhances long-term stability. The proposed modelling approach
offers a flexible, realistic framework for analysing the dynamics of shunt DC motors under
uncertain, complex operating conditions. The results provide valuable insights for the
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design, control, and optimisation of electromechanical systems, and the framework can
be readily extended to other motor types and engineering systems exhibiting stochastic
behaviour and memory effects.
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