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The rapid adoption of electric vehicles (EVs) has driven the continuous evolution of traction systems,
necessitating efficiency, reliability, and performance improvements. Conventional motor designs,

such as single-stator permanent magnet synchronous machines (PMSMs) and induction motors, often
suffer from limited torque density, inefficient thermal dissipation, high torque ripple, and reduced fault
tolerance. These challenges hinder optimal EV performance, particularly under varying load conditions.
Dual-stator machines (DSMs) have emerged as a promising alternative. They offer higher torque
density, improved power distribution, enhanced thermal management, and increased redundancy,
making them more resilient to faults. This paper presents a comprehensive mathematical modelling
and operational analysis of DSMs, emphasizing their advantages over traditional motor architectures.
Furthermore, the Field-Oriented Control (FOC) strategy, a widely adopted method for high-
performance motor control, is explored in depth for its suitability in DSM applications. The challenge
here is to designate one stator as the primary induction system, ensuring its power is effectively
controlled. When the first stator reaches its maximum power capacity, the second stator compensates
accordingly. The control design was specifically developed to achieve this objective. MATLAB-based
simulations are conducted to assess efficiency, torque response, and fault-tolerant capability,
demonstrating the superior performance of DSMs in EV traction systems. The findings highlight the
potential of DSMs to redefine next-generation EV propulsion by enhancing power efficiency, reliability,
and operational stability.
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Electrical machines play a critical role in defining the features and efficiency of electric vehicle systems. In the
context of transportation, the selection of driver machines and their characteristics is a decisive factor for the
success of any electric vehicle (EV) model2. Over time, researchers have explored various machine designs to
enhance performance, autonomy, and efficiency. Historically, DC machines were among the first used in EVs but
were soon found to have significant limitations regarding autonomy, weight, and overall efficiency’. AC machines
were introduced, particularly those based on the induction phenomenon, demonstrating better efficiency and
performance. However, their control complexity and limited high-speed range presented challenges, prompting
further advancements in electric motor technology*®. The evolution of electric machines eventually led to
brushless designs incorporating permanent magnets within the rotor, providing higher torque density, compact
size, and improved performance®’. However, these designs still faced limitations, particularly regarding system
complexity, scalability, and cost-effectiveness®.

Conventional Permanent Magnet Synchronous Machines (PMSMs), widely used in EV applications, have
several limitations that restrict overall efficiency and system reliability. These limitations include low torque
density, which limits power output without increasing motor size, and inefficient thermal dissipation, which
leads to excessive heating in stator windings and rotor magnets, reducing efficiency and long-term durability.
Additionally, PMSMs exhibit high torque ripple, resulting in vibrations and noise that negatively impact
drivability, particularly at low speeds’. Another significant drawback is their reduced fault tolerance, as failures in
the winding or inverter can lead to a complete loss of function, making these systems less reliable for demanding
EV applications'.
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Dual-stator machines have emerged as a groundbreaking solution in EV technology to address these
challenges. These machines, characterized by their two independent stator windings, offer numerous advantages,
including enhanced power density, better thermal management, and improved fault tolerance.

Dual-stator machines (DSMs) have emerged as a promising alternative, offering significant improvements
in motor performance and operational reliability. With their dual-winding architecture, DSMs achieve higher
torque density by effectively doubling torque production without increasing current levels, making them well-
suited for high-performance EV applications. The improved thermal management in DSMs ensures better heat
distribution, reducing localized overheating and enhancing the overall system lifespan. Dual magnetic fields
result in smoother flux interaction, minimizing torque ripple and improving overall efficiency, leading to quieter
operation and enhanced driver comfort!'!. Additionally, DSMs provide increased fault tolerance'?, as the motor
can continue operating even if one stator winding or inverter fails, ensuring greater system resilience. This
paper presents a comprehensive mathematical modelling and operational analysis of DSMs, emphasizing their
advantages over traditional PMSM architectures.

Furthermore, the Field-Oriented Control (FOC) strategy, a widely adopted method for high-performance
motor control, is explored in depth for its suitability in DSM applications. This choice was based on, Previous
studies on Field-Oriented Control (FOC) strategies, which have primarily focused on enhancing the dynamic
response and overall efficiency of electric drive systems, particularly for electric vehicle (EV) propulsion'.
Simulation environments such as MATLAB/Simulink have been extensively used to model and analyze the
performance of FOC in controlling Permanent Magnet Synchronous Motors (PMSMs)!%. The results from
these investigations have consistently demonstrated improvements in torque regulation, reduced harmonic
distortion, and enhanced system stability'>. Additionally, recent research has emphasized the development of
sensorless control techniques, employing observer-based algorithms to estimate rotor position and speed!®1”.
This approach not only reduces system cost but also simplifies hardware implementation. These advancements
contribute significantly to the design of robust and efficient FOC strategies that meet the stringent performance
demands of modern electric mobility and industrial applications.

MATLAB-based simulations are conducted to assess efficiency, torque response, and fault tolerance,
demonstrating the superior performance of DSMs in EV traction systems. The findings highlight the potential
of DSMs to redefine next-generation EV propulsion by enhancing power efficiency, reliability, and operational
stability.

By leveraging their unique architecture, Dual-stator machines increase the overall performance of EVs
and simplify certain design aspects, reducing the dependency on additional mechanical components. In the
literature, dual-stator machines have been highlighted for overcoming key limitations of conventional motor
designs. They are particularly effective in addressing the challenges of size, power output, torque capability, and
cost-efficiency, making them ideal for modern EV applications. This paper explores dual-stator machines’ design,
operational principles, and control strategies, providing a comprehensive understanding of their potential in
advancing electric vehicle technology. Dual-stator machines are designed to minimize the vehicle’s weight by
integrating a second stator instead of relying on a separate electric motor to serve as a generator'®!°. These
machines are classified as AC machines and typically incorporate permanent magnet materials within, on, or
beneath the rotor. Each model features two stator parts equipped with windings, generally forming three-phase
coils placed in the stator slots?*?!. While the stator structure is consistent across AC machines, the unique Dual-
stator configuration introduces complexities in control. Specialized control techniques are required to ensure
the independence of parameters such as speed and torque, making managing these machines more challenging.

Objective of the paper

Extensive research and statistical analyses from various publications indicate that adopting a Dual-stator
machine provides significant advantages over a standard Permanent Magnet Synchronous Machine (PMSM),
particularly in electric vehicle (EV) applications?2. One of the primary benefits is space optimization, as the
Dual-stator configuration allows for a more compact and integrated drivetrain, freeing up valuable internal space
within the vehicle. Beyond spatial efficiency, the dual-stator machine enhances overall system performance.
Studies show this architecture contributes to a smoother vehicle design by enabling better power distribution
and reducing mechanical constraints'®. Additionally, it offers higher available traction power, which is critical
for urban mobility and high-efficiency electric drivetrains. Maintenance and servicing are also simplified due
to the modular nature of the design, allowing for faster and more accessible interventions than conventional
PMSMs. Given these advantages, this study focuses on the design, control, and optimization of the Dual-stator
machine for traction applications, aiming to highlight its superiority in efficiency, performance, and adaptability
in modern electric vehicle systems. The following sections will provide a detailed analysis of these benefits and
the necessary adaptations for real-world implementation.

One of the article’s objectives is to disclose their internal form to determine their operating mode. This is
accomplished by analyzing their connected mathematical equations and specifying their associated parameters
and variables. However, simply knowing about this type of machine is insufficient because it is extremely
tough to operate. Because the control process is dependent on numerous conditions and criteria, such as the
requirement for the separation of internal variables. Ensuring the independence of speeds, fluxes, and currents
in each type of machine can benefit from a ready-to-use kit for this type of operation. A significant difficulty
with the Dual-stator system is that it raises the temperature within the internal rotor and fails to render the
control method better than modifying the parameters, such as the stator resistance!>!°. As a result, controlling
the precise mathematical model that explains the link between the associated parameters.

Since this is a three-phase machine, the control loop is inherently more complex than a DC system. Optimal
control strategies, in general, remain an area of active research. Vector control theory highlights the need
for precision across a wide speed range compared to conventional control techniques. Several methods were
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presented, and intelligent controllers and the fuzzy approach were considered suitable, as mentioned in?-%.

In contrast, adapted controllers, like the model adaptive reference system (MRAS) technique, were assessed
for controlling a dual rotor machine, and it was determined that this method had several problems due to the
interaction of the two rotor speeds. The works have proved this are?®?”. Direct voltage control (DVC) was used
to control the Dual-stator machine in generator mode, and the results showed good performance. However,
this method is not suggested for use in motor mode. A modified version of the Field Oriented Control (FOC)
strategy based on Four-Vector 24-Sector Modulation (FV24SM) and employing the VSD method (Vector Space
Decomposition) is suggested in*>** and determined to minimize the stator current with harmonic components.
However, the time calculation approach requires high processor performance, which raises the cost of the global
control loop. Another test based on the vector control method was used to manage the same machine, and it
produced alow precision response due to the regulator parameters, which require adjustment and optimization?.

Other emerging techniques have been explored to overcome such limitations. Sliding Mode Control (SMC)
has shown strong robustness against parameter variations and external disturbances, particularly in electric
vehicle traction systems?. Predictive Current Control (PCC) is another promising method that enables fast
dynamic response and easy handling of constraints but demands accurate models and high sampling rates®.
Reinforcement Learning-Based Control is gaining attention for its capacity to learn optimal policies without
explicit system modelling, which is particularly valuable in uncertain or nonlinear environments®!. H-infinity
Control (Heo) provides a structured way to design controllers that minimize the worst-case gain from
disturbances to performance outputs, ensuring robustness in highly dynamic systems*. Lastly, backstepping
control, a Lyapunov-based nonlinear control design, is increasingly being applied to electric machines due to its
ability to systematically handle system nonlinearities and maintain stability under varying loads™.

All of these control approaches employ multiple PI controllers within the control loop. If not adequately
supervised, these regulators can lead to divergence. This causes an unstable stator current and may cause the
machine to fail. This is unique inside the twin-stator machine. The FOC control topology was then found to
be the most adaptable for the induction machine. Still, it is important to mention that A standard machine
employs a single stator and rotor, with the FOC control managing only two current vectors—the direct (d)
and quadrature (q) components. Managing these two vectors is relatively straightforward. However, the dual-
stator concept requires control over four current vectors—two for each stator. These vectors are strongly
interconnected, meaning that if the control strategy is not properly configured, variations can cause undesirable
interactions among them. The proposed FOC topology was specifically designed for a dual-stator machine to
address all these specifications, setting it apart from the conventional single-stator approach. In this design, one
stator is activated within a certain speed range, and the second stator is engaged if that range is exceeded. This is
just one of several potential FOC configurations that can be implemented. Importantly, the proposed topology
also enhances energy efficiency by minimizing energy losses due to heating from stator resistance.

So, in this version, we suggest a modified FOC operation that considers the active power inside the inner
stator to aid in supervising the stator current. Actually, the distinction between the two control loops for double
stator and double rotor machines is not entirely evident to readers and researchers. So, one of the goals of this
study is to clarify the differences between the two versions and provide the appropriate design for each control
approach.

The article begins with an introduction and then analyzes the interaction between electrical machines and
electric or hybrid automobiles, focusing on alternative electrical machine interior designs. A separate part
discusses the benefits of employing specialized machines such as twin-stator models, demonstrating the gains
possible with such designs. The Dual-stator-PMSM model is then detailed, including its mathematical form
and the Field-Oriented Control (FOC) method**%, Simulation results are presented to evaluate and validate
the efficiency and robustness of the FOC approach for the Dual-stator-PMSM, proving that each stator can be
controlled separately without relying on the other portion. The report finishes with a summary and suggestions
for future research topics.

Efficient design and sizing of electric machines for vehicles

Assuming that the relationship between motor power and motor size is nearly linear, it is easy to conclude that as
power increases, so does motor size. Based on this knowledge, it is certain that the vehicle size for the three listed
examples will be larger than the others. Using the new architectures of electrical machines, which guarantee
especially a high torque (the permanent magnet machine), it is possible to ensure the same traction performance
or recharge mode as it characterizes the previous architecture, using the double rotor machine®, and the double
stator machine®*, The two-stator machine has twice the mechanical power of the simple architecture since it
can be agitated twice.

Table 1 compares the dual-stator and simple design of PM machines that can be employed for traction and
power generation in hybrid car architectures or wind power applications®. These statistics are related to the
required power, which is 100 kW. Two basic PM machines or one dual-stator machine can ensure this power
margin. Combining these two motors will take up 10.5 L of empty space inside the automobile and weigh 250 kg.
However, when utilizing the twin stator version, the required space will be less than 25% of the first instance, and
the weight will be less than that of the first case.

Because these machines offer the advantages mentioned above, it is necessary to understand the internal
mathematical model of each version to control them. As a result, the following sections provide a complete
mathematical analysis of each version and describe how each model might be applied in the transportation
system.

The interior design of both the single-stator and dual-stator machines is illustrated in Fig. 1. Figure la
presents the dual-stator configuration, which requires using dual converters for operation. In contrast, Fig. 1b
depicts the single-stator machine, where only one converter is needed, as it consists of a single three-phase coil
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Rotor part

Dual stator PMSM

— -

Simple design | Dual-stator design
Dimension (mm)/(mm) | L.120/ @.245 L.60/ ©.250
Global density (g/cm®) | 23.305 23.305
The total weight (kg) 126 70
Torque (N m) 85 300
Speed 10 rot/min 45 30
Voltage (V) 425 250
Power (kW) 100 50
Needed Space (Liter) 5.43 2.95

Table 1. PM motor properties and dimensions for two kinds of PM machines in the same power range. L is
the Stator yoke height; @ is the outer stator diameter;

Simple stator PMSM

-~
’ ~

(a): dual stator machine with the related
converets

DCIAC

E converte t ﬂ‘ converte

(b): Simple stator machine

Fig. 1. Double-stator and single-stator PMSM machine: interior design.

housed within a single stator. Unlike the dual-stator machine, which necessitates a more complex converter
setup, the single-stator design operates with a simplified electrical structure.

Dual-stator single-rotor permanent magnet machine (DSM)

Interior design of the dual-stator machine

Dual-stator permanent magnet machines are still widely utilized for traction applications due to their high
performance and integrated design®®. This machine type was proven acceptable for usage inside the vehicle’s
wheels. This design can produce high torque when required, particularly in certain acceleration situations. It can
be employed within a HEV or EV, and the mechanical power output from this motor can reach two high levels.
However, this machine can also function as a second generator, powering some auxiliary electric components or
charging the battery box. As a result, this machine can come in two different designs. The first design includes
a bigger stator that is used to power the vehicle’s main traction motor using a power converter. The second
component contains the lower stator, which will power the battery system via another rectifier. The second
design uses two stators to provide electromagnet force for a single rotor. Figure 2 depicts the second design, in
which two separate converters provide electric power to the two stators. Figure 2 depicts the identical equipment,
which is being used to demonstrate stators and rotor designs from another angle. This machine has one rotor
with magnets. This rotor is located between the two stators, denoted as the outer stator and the inner stator20,

Modelling of the dual-stator machine
The quantitative formulation of this model involves identifying the voltage equation system, as illustrated in
equation system (1).

Veyiyj = Rsyijlsij + ¢s,ij

with ¢ = [a,b,¢] and j = [1,2] W
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Fig. 2. Double stator PMSM machine: different cut of view.

Vs, R, 1, and ¢ represent the stator voltage, resistance, current, and flux for each phase “a”, “b”, and “c” in the first

and second stators, denoted by “j”. We assume that the resistance of the Dual-stator is equivalent. In Eq. (2), we
present the flux equation system. All the internal matrices and vectors are cited in Egs. (2a) to (2f).

[Lsitis 1]  [Ls,ii— 2] } [ [Ls,i1] ]

s,i2— 1] [ s,i2— 2 5,12

Psij = (2)

Ls,a1—> al Ls,a1—> bl Ls,al—) cl
[Lsiis1] = | Lsprsar  Lspissr Lspisal (2a)
Ls,clﬁ al Ls,cl—) bl Ls,clﬁ cl

Ls,a2—> a2 Ls,a2—> b2 Ls,u2—> c2
[Lsjio2] = | Lsp2—sa2  Lspast2  Lspas a2 (2b)
s,c2— a2 Ls,c2~> b2 Ls,c2~> c2

Ls,alﬁ a2 Ls,a1—> b2 Ls,al—) c2
[Lsiis2] = | Lspis a2 sl b2 Lsbios a2 (2¢0)

Ls,c1—> a2 Ls,c1~> b2 Ls,cl—» c2

Ls,aZH al Ls,a2—> bl Ls,a2—> cl

[Lsiz>1] = | Lsp2sar  Lsp2svr Lsp2sal (2d)
L s,c2— al s,c2— bl s,c2— cl ]
Is,al
Ls,in]) = | Is; (2e)
s,cl
Is,a2
[Isi2]) = | Isp2 (2f)
[s,c3

The translation of the equation system revealed in (1) to the Park model is implied in the equation systems (3a)
and (3b). Based on the park frame, the flux equations are summarized in Eq. (4).

Va1 =Rilaq + %‘P a1~ (Ws1)ep q,1 (3a)
Vor=Rilgi+ 20 1+ (Ws1) 0 a
Va2 = Rolas + didt@ 42~ (Ws2) @0 (3b)
Va2 = Ralga+ ;0 g0+ (Ws2) 0 ao
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©a; =Lajla;+ Lma;?+ Am (4)
© 4 = Lajlas + Lm?1g,;7
Based on this reduction, the mechanical equations for this system are as shown in Eq. (5).
Te =11
e+By) 9 (5)

It is important to note that the form of the motor torque is variable, and this part can be produced using simply
the stator’s first components, as shown in Eq. (6). However, it can also be stated regarding additional secondary
stator winding currents, as shown in Eq. 7.

p . )
FTE = [‘P d,1%d,1 — ¥ q,1lq,1} (6)
T pB [QO aite2 + o q,1id,2]
1 (Ld1)2+(Lq1)2 (7)
R

Adapted field oriented vector control

Referring to previous works, various control architectures have been applied to induction machines, primarily for
achieving simple motor control objectives. Table 2 presents the major control techniques adapted for induction
machines. Many of these techniques have been further developed to address the control challenges of dual-
stator machines. One such adaptation is the dual-stator FOC approach, which extends the conventional Field-
Oriented Control (FOC) design originally developed for single-stator induction machines. The proposed FOC
control method is based on the traditional FOC framework but is modified to regulate active and reactive power
within one stator, while the second stator is controlled independently using the conventional FOC strategy. The
overall control scheme is summarized in Fig. 3.

Conventional control systems for typical alternating current machines, such as Direct Torque Control (DTC)
or Field-Oriented Control (FOC), have been widely explored in numerous references, just like for any other
induction machine®. While managing a Dual-stator machine may appear simple, comprising independent
control of each stator, the system must consider special constraints. The system must operate under a single
reference speed, and six reference signals must be measured. This methodology is more sophisticated than
typical methods, which use a single reference speed to generate three reference signals for a single stator. As a
result, the control architecture must follow an organized procedure. The first step is to define the relationship

between the stators’ winding angles and the mechanical angle, as shown in Eq. (8). Consequently, Eq. (9)

Ws,1 + Ws,2
Wm = - P (8)
Related
Control technique Machine type | Advantages Disadvantages Comparison with FOC references
Decoupling of torque and flux Dependence on position sensors
Proposed Field-Oriented IM, PMSM, Good dynamic response o gbse ers P -This
Control (FOC) Dual-stator IM | High energy efficiency o rver work

Stable at low speed

Sensitive to parameter variations

(DTC)

Direct Torque Control

IM, PMSM

Good dynamic performance
Less dependent on motor parameters

High torque ripples
Variable switching frequency
(PWM)

Comparable performance to
FOC but less smooth

40

Scalar Control (V/f Control) | IM

Simple and low cost
Easy implementation

Slow response
Poor dynamic performance

FOC provides better accuracy
and responsiveness

41

Robustness against external disturbances

More robust but more complex

. . T . 0
Backstepping Control IM, PMSM Adaptability to parameter variations High algorithmic complexity to implement than FOC
L . _— Sensitivity to “chattering”
Sliding Mode Control IM, PMSM High robuaness to uncertainties Requires filters to reduce More robust Fhan FOC but 23
(SMC) Good transient performance L causes vibrations
oscillations

Model Predictive Control IM. PMSM Real-time performance optimization Computationally expensive Better suited for critical systems | 44
(MPC) > Can handle complex constraints Requires a precise model but more complex than FOC

. Adaptive and robust to uncertainties Complex design It can be combined with FOC 15
Fuzzy Logic Control (FLC) | IM, PMSM Does not require a precise model Less optimal for linear systems for a hybrid approach
Artificial Neural Networks IM. PMSM Self-learning and adaptive capabilities Requires large datasets Can enhance FOC with 46
(ANNs) Control ? Effective for complex applications Complex implementation intelligent control strategies
Space Vector Modulation IM, PMSM, Improved PWM signal quality More computationally intensive li\Cn) éfge;t;f Cr(())r\?e%leer;l:ft to 47
(SVM) Control Dual-stator IM | Reduced switching losses than conventional PWM efficiency P 8y

Table 2. Comparison between the FOC and the other control methods for the IM, PMSM and the Dual-stator

IM.
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Fig. 3. Control scheme based on the FOC topology (a), FOC and Machine placement in the overall EV

concept (b).
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em - 95,1 + 95,2 (9)

The primary or secondary stator can be powered by either AC or DC electricity. When a DC current flows
through one of the stators, its corresponding electrical angular position becomes zero, simplifying the control
procedure. However, this research focuses on the AC excitation approach. The control procedure is based on
a fundamental principle that demands the primary stator’s reference currents as well as the rotor’s reference
speed. Equations (8) and (9) are used to derive the secondary stator’s reference frequency and angle. With this
information, current vectors may be precisely positioned in the “dq” reference frame. The necessary voltage
vectors are then generated using PI controllers and translated into the “abc” reference frame.

Equations (5) and (7) derive the reference currents, with the reference torque determined by the reference
speed. This torque is defined in terms of the secondary stator’s direct and quadrature (transversal) currents and
the primary stator’s flux components. The primary flux, in turn, is defined by the primary winding current.
Given the intricacy of this equation, the control strategy assumes that the direct current components are zero
and focuses solely on the quadrature current components. Consequently, decoupling the torque equation
becomes crucial.

The two inverters operate separately. Equation (10) describes the power output from the primary inverter,
with the maximum output being a known value.

St =[P+ Qi (10)

N w

The reactive power equation can be resumed in Eq. (11). The active power equation can be formed as in Eq. (12)
Q1= [w s1L1i3 + w s 1 Limiviacos (0 s +95,2)} (11)

P = [Rﬂ? + ws,1Lmiriosin (0 5,1 + 0 5,2)] (12)

Therefore, employing Eq. (10), we can compute the primary winding’s transversal reference current. As a result,
the final control scheme for this machine will be as shown in Figure 3a.

Remark In the control system, if Eq. (6) rather than (7) is employed, the coupling effect is eliminated, and each
stator is regulated separately. This is not applicable in an electric vehicle because the machine must not switch on
if the reference speed is set to zero. In this case, the machine will have a mechanical speed equal to ws,1. This is
an input reference set to 50 Hz in general.

Figure 3b illustrates the general control architecture of an electric vehicle (EV), starting from the driver’s
command, which generates a speed reference signal. This reference is processed by the control system to
determine the required torque and speed of the electric machine. The Field-Oriented Control (FOC) strategy
is implemented within the block that controls the electric machine, acting as the core of the motor control
loop. It processes the speed reference, estimates rotor position (or receives it from sensors), and regulates the
stator current components to achieve precise torque and flux control. The output of the FOC generates voltage
references for the power converter (inverter), which drives the electric machine accordingly. The electric machine
then interacts with the vehicle dynamics/load, completing the drivetrain loop. The battery management system
(BMS) monitors and controls energy flow between the power converter and battery, ensuring safe and efficient
power delivery throughout the system.

Application and results

In this section, we intend to verify and validate the efficacy of the FOC techniques. As a result, we have
integrated the machines and their control loops into two specialized applications. The applications were based
on the machine specifications listed in Table 3. The remaining portion of this section contains a more detailed
description of the tests used.

To assess the effectiveness of the FOC method in managing the DSSRPM, the machine’s model was
evaluated in a simulated environment on the MATLAB platform. In this simulation, the DSSRPM was used
during the traction phase to provide the vehicle with the necessary traction power. The machine has a single
rotor; therefore, only one speed needs to be maintained. However, when two stators are present, two stator
currents and their associated electric powers are tracked. The machine is controlled by a specific control block
that manages the vehicle’s speed using two stators. Figure 4a depicts the vehicle speed, using this type of motor
motor, under an applied acceleration form as it is in Figure 4b, whereas Figure 5 compares the reference motor
speed profile to the observed motor speed profile. These findings support the FOC strategy’s precision and
effectiveness. Small delays in the speed response, as shown in the zoomed-in parts, can be reduced by tweaking
the PI controller parameters. The control loop handles both stators based on motor speed and the first stator’s
maximum supported power, which is set to 10 KW. As a result, the stator currents represented in Figure 6 reveal
that the maximum current in the first stator is 20 A. Beyond this threshold, the second stator is activated, with
the current peaking at 60 A. The findings show that the two stator currents run independently, confirming the
effectiveness of the FOC technique for this machine type. Figure 7 shows the total motor powers, which delineate
each stator’s operating zones.

The dynamic performance of the Dual-stator Machine (DSM) has been thoroughly analyzed through its
speed, power, and stator current behaviours during the acceleration and deceleration phases. The speed response
exhibits a rapid increase from standstill to approximately 5000 rpm, achieving a settling time of less than 2 s with
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DSSRPM
Maximum speed 8000 rpm
Maximum outputted power | 50,000 W
Maximum current 25/100 A
Voltage 500V

stator inductance Ldl, Lql | 2,2 mH

stator inductance Ld2, Lq2 | 1,1 mH

Stator resistance R1, R2 0.025,0.1 Q
PM flux 0.3 Wb

Friction Coefficient 0.013 N-m-s/rad
Moment of Inertia 0.002 kg:m?

Table 3. Technical machines Information.
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Fig. 4. Speed behaviour for the vehicle based on the Dual-stator Machine and the related Acceleration Form.
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an overshoot limited to around 6% relative to the reference speed. This confirms the system’s responsiveness and
stability. Initially, the first stator provides the required torque, with its current peaking at 30 A, while the motor
power reaches 10 kW. Upon crossing 5000 rpm, the second stator engages seamlessly, scaling the motor power
up to 40 kW. The second stator current takes dominance, ensuring the motor meets high-speed and high-torque
demands efficiently. The transition between stators is well-managed, with no significant disturbances observed
in speed or power profiles, and the speed tracking error remains below 2% during steady-state operation.
During deceleration, both power and current diminish proportionally, and the motor maintains stability without
oscillations, ensuring smooth operation. The adaptive current sharing between the stators also enhances thermal
balance, minimizing the risk of localized overheating. Overall, the DSM demonstrates robust control dynamics,
managing both acceleration and deceleration phases effectively, with quantitative indicators confirming fast
response and minimal overshoot. This comprehensive dynamic analysis complements steady-state evaluations,
providing a holistic view of motor performance and ensuring suitability for demanding applications like electric
vehicles, where dynamic responsiveness is critical.

Figure 8 illustrates the evolution of direct and transversal flux in two different scenarios: when only one stator
is active and when both stators are simultaneously energized. Since the primary active stator is the first one, its
corresponding flux is expected to be close to unity in the main stator, as shown in Figure 8b, while it remains
nearly null in the second stator, which is inactive. Figure 8c depicts the flux in the second stator when it is turned
off. The recorded value is approximately 107", indicating that the existing flux is primarily due to the magnetic
reaction from the first stator. These results confirm the effectiveness of the proposed control approach, as it
ensures the decoupling of the magnetic flux between the two stators. When both stators are activated, the second
stator, operating outside its optimal range, exhibits a flux pattern resembling a circular shape, as shown in Figure
8d. In this case, the second stator operates alongside the first stator, which maintains the behaviour depicted
in Figure 8a. Consequently, the total flux within the machine approximates the sum of the fluxes generated by
both stators. The results confirm the independence of the flux in each stator, as evidenced by the well-defined
circular flux pattern, particularly when both stators are active. The only instance of flux imbalance occurs in the
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second stator when it is off, which does not pose any operational drawbacks to the machine. These promising
performance results highlight the robustness of the proposed control strategy.

The FOC control method was developed and tested specifically for the twin stator machine, yielding
outstanding results in speed tracking with minimal disturbances during transitions, owing mostly to the non-
optimized PI controller parameters. Because these values were calculated using traditional calculation methods,
using intelligent techniques for parameter optimization is strongly advised to improve performance. Despite
this constraint, the control approach efficiently maintains the independent operation of the two stator currents,
considerably increasing the efficiency and versatility of the Dual-stator machine for complicated applications
like robotics and other specialized activities*’. Table 4 summarizes the strengths and limits of the FOC control
technique when applied to Dual-stator machines, highlighting its advantages over typical machine setups.

Limitations on DSM

The adaptation of Field-Oriented Control (FOC) to DSM introduces several technical challenges and limitations
that differentiate it significantly from conventional three-phase implementations. One of the primary concerns
is the increased control complexity. DSM possess additional degrees of freedom that must be managed using
extended mathematical models. The traditional d-q transformation is no longer sufficient; instead, the control
system must decompose the stator currents into multiple orthogonal subspaces, typically d-q, through
advanced Clarke and Park transformations. This significantly raises the computational burden on the digital
signal processors (DSPs) or microcontrollers responsible for real-time control. Another limitation arises from
the presence of low-order spatial harmonics in these additional subspaces, which can induce torque pulsations
and reduce overall system efficiency. Standard FOC schemes, which primarily target the fundamental d-q
subspace, are not inherently designed to suppress these harmonic effects, requiring additional compensation
techniques. Sensorless control in this system is also more challenging due to the increased complexity of
accurately estimating rotor position and speed. Observer-based approaches must account for the interactions
between harmonic planes, which can degrade the estimation quality under varying load and speed conditions.
Furthermore, implementing FOC for DS machines entails higher hardware costs, as the system requires more
inverter legs, sensors, and processing capabilities compared to their three-phase counterparts. Finally, while
DS machines are inherently more fault-tolerant, conventional FOC strategies do not fully exploit this benefit.
Under fault conditions such as open-phase or unbalanced operations, significant modifications to the control
strategy are required to maintain performance. These limitations highlight the need for more advanced control
algorithms and robust hardware design to fully leverage the potential of DSM in high-performance and fault-
tolerant applications.

Heat analysis and thermal effect on the DSM
Heat analysis for the DSM and SSM
When comparing Dual-stator induction machines (DSMs) and single stator induction machines (SSIMs)
regarding thermal management, DSMs offer notable thermal advantages. In DSMs, the thermal load is evenly
distributed across two stator windings, significantly reducing current density and copper losses in each stator.
This leads to lower hotspot formation and enhances the machine’s thermal stability and reliability, especially
under high-power conditions. In contrast, SSMs concentrate all thermal stresses within a single stator, resulting
in higher heat fluxes and requiring more robust cooling systems to prevent overheating. Although the SSIM’s
cooling design is mechanically simpler, it must handle more intense localized heating, often demanding increased
airflow or coolant circulation. DSMs, despite their more complex cooling requirements (as they involve two
stators), benefit from reduced heat per unit area in each stator, allowing for more efficient thermal control .
Additionally, the shared thermal load in DSMs contributes to improved efficiency and extended lifespan of
the machine components. However, DSMs may experience higher rotor core losses due to the interaction of
two stator fields, necessitating careful rotor cooling design. Overall, the primary thermal advantage of DSMs
lies in their ability to mitigate thermal stress effectively, making them more suitable for high-power density
applications where managing heat generation is critical to maintaining performance and reliability. Table 5 can
give an estimation for thermal metrics for the two kind of machine for a similar power range (50 Kw).

Heat performances with the motor speed

In the Dual-stator Machine (DSM), the observation that the overall motor temperature remains lower than
the first stator temperature during low-speed operation is consistent with the machine’s thermal management
design. Only the first stator is active at lower speeds, supplying the required torque, which leads to localized
heating within that stator winding. In contrast, the second stator remains inactive during this phase, contributing
negligible heat and effectively acting as a heat sink. The overall motor temperature is typically calculated as the
average of the two stator temperatures, so even if the first stator reaches elevated temperatures (e.g., 50-55 °C),

Weaknesses Positive Negative
Dual-stator 6 PI controllers must be tuned
Response delay Precision at high speeds. Needs of 2 rotors position sensors
Flux coupling problem

Needs of a rotor position sensor

Simple stator | Precision in the Low-speed region | Precision in the high-speed region 3 PI parameters must be tuned

Table 4. Benefits of the dual-stator machine based on the complexity of the loop control topology.
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Parameter DSM (50 kW) SSM (50 kW)

Copper loss distribution ~25 W/cm? split across two stators (12.5 W/cm? each) ~25 W/cm? concentrated in one stator

Peak current density (A/mm?) 4-5 8-10

Hotspot temperature rise (°C) 55-70 100-130

Thermal load per stator (W/cm?) 1.0-1.2 2.2-2.5

Cooling flow rate requirement (L/min) | 12-18 per stator (24-36 total) 30-35 overall

Rotor temperature rise (°C) 70-95 60-85

Cooling system complexity Medium to High (dual circuits) Low to Medium (single circuit)

Thermal efficiency gain (%) 15-20% better than SSM Baseline

Cooling system description Dual independent cooling circuits; moderate complexity due to split design | Single cooling circuit; simpler but requires higher capacity
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Fig. 9. The temperature of the machine face the speed variation.

the cooler second stator (e.g., 30 °C) lowers the combined thermal reading. This thermal averaging effect ensures
that the overall temperature remains moderate, reducing the risk of hotspot formation. This design strategy
enhances thermal efficiency and system longevity, preventing excessive thermal stress on any single stator.
Once the motor transitions to higher speeds, the second stator engages, sharing the load and distributing the
thermal generation more evenly. This adaptive stator activation strategy ensures optimal thermal behavior across
different speed ranges, supporting efficient operation and improved reliability of the DSM under varying load
conditions. This can be shown in Fig. 9.

The overall motor temperature (T_motor) is calculated as the weighted average of the temperatures of the
two stators based on their power contributions (13):

Po-Ti+P-Ts
Tmotor = ———— = 13
¢ P+ b (13)

where T_motor =Overall motor temperature; T1=First stator temperature; T2 =Second stator temperature;
P1=Power contribution of the first stator; P2 = Power contribution of the second stator.
During low-speed operation, only the first stator is active (P1#0, P2 =0), simplifying the equation to:

Tmotor ~ T1
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However, due to thermal conduction and ambient cooling affecting the inactive stator, a simplified average can
be used:

Tmotor = (Tl + TZ)/2

With T2 near ambient temperature (e.g., 30 °C) and T1 elevated (e.g., 50-55 °C), the overall motor temperature
remains lower than T1. This confirms the observed thermal behavior, where thermal balancing between the two
stators prevents localized overheating and ensures efficient operation across varying speed ranges.

Heat effect for the DSM

One of the significant challenges affecting the robustness of electric machines is related to the heat dissipation
and cooling methods, which can significantly impact the machine’s stator performance. It is well known that as
the temperature increases, the stator resistance also rises, directly affecting the Field-Oriented Control (FOC)
strategy. Since the FOC design relies on accurate motor specifications, particularly the stator resistance used
in the PI controller tuning, any variation in this parameter can lead to performance degradation. Specifically,
equations (3a, 3b, and 12) in the control design incorporate the stator resistance, meaning that changes in this
parameter can render the existing PI controllers ineffective, compromising the stability and precision of the
FOC. As a result, the designed FOC method may lack sufficient robustness under varying thermal conditions. A
modified FOC approach with online PI parameter adjustment is required to address this issue and compensate
for the resistance changes. Various adaptive methods have been proposed in the literature to enhance control
performance under such scenarios. Notably, one relevant study was published by the same research team,
offering a foundation for further improving the proposed control strategy>.

Future endeavours
The proposed control approach has demonstrated promising results in ensuring the decoupling and independent
operation of the dual-stator flux, highlighting its robustness and effectiveness. However, future work will focus on
the experimental validation of the proposed methodology. The unique configuration of the designed machine,
featuring a dual-stator topology with one stator enclosed within another, presents manufacturing challenges
that necessitate specialized construction. Currently, efforts are directed towards the mechanical research team’s
fabrication and validation of the machine. Once the physical prototype is realized, comprehensive testing will
be conducted to assess the real-time performance of the control strategy, incorporating advanced measurement
techniques and power electronic converters. This validation phase will enable further refinement of the control
framework, addressing potential implementation constraints and optimizing system efficiency. Additionally,
future research will explore the integration of fault-tolerant strategies and adaptive control mechanisms to
enhance the machiness reliability and operational flexibility>*°. The anticipated experimental results will provide
valuable insights into the practical feasibility of the proposed approach, paving the way for further advancements
in multi-stator machine control and expanding its applicability in high-performance electromechanical systems.
On the other hand, several key areas for future research and development can be identified, such as Controller
Optimization - Implementing Particle Swarm Optimization (PSO) or other metaheuristic algorithms to enhance
response time and efficiency in real-world conditions®. Adaptive Control Strategies — Develop real-time motor
parameter estimation techniques, such as Model Reference Robust Adaptive Control (MRRAC) or Model
Reference Adaptive System (MRAS), to improve adaptability under varying loads and environmental conditions.
Dynamic Parameter Adjustment - Using online optimization methods to fine-tune control parameters
dynamically, reducing system inefficiencies. Advanced Thermal Management Solutions — Investigating liquid
cooling techniques or heat pipe integration to mitigate thermal constraints®”.

Conclusion
This study explores the Dual-stator synchronous permanent magnet machine, a specialized electrical machine
designed for urban transportation applications, particularly in two- and four-wheel vehicles. A comprehensive
mathematical analysis of the machine is conducted to develop an optimized control architecture that enhances
performance and operational efficiency. The control strategies for the Dual-stator machine are developed
using the Field-Oriented Control (FOC) methodology and validated through MATLAB simulations. While
the proposed design demonstrates improved power distribution, torque ripple reduction, and enhanced fault
tolerance®®*, certain limitations still exist to have a perfect situation. The limitations can be cited as:
Compared to traditional single-stator designs, dual-stator machine require additional power electronics,
increasing cost and overall system weight. While the dual winding structure offers notable thermal advantages,
such as improved heat dissipation and higher power density, the cooling system design becomes more complex
thanks to the thermal crossover between the two stator windings. Additionally, the motor’s internal configuration
can present construction challenges due to the intricate arrangement of the Dual-stators.

Data availability
Data are available from corresponding authors on request.
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