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This manuscript presents an innovative control strategy for the Hybrid Excitation Permanent Magnet 
Synchronous Motor (HEPMSM) designed for electric vehicle (EV) applications. The strategy combines 
Maximum Torque Point Tracking (MTPT) and Maximum Torque Per Ampere (MTPA) techniques 
to track the ideal torque-speed profile, ensuring maximum torque at low speeds for starting and 
climbing, and high power at higher speeds for cruising. A novel unidirectional excitation current 
method is proposed to replace traditional bidirectional field current control, eliminating the risk 
of permanent magnet demagnetization, reducing copper losses, and increasing efficiency. This 
approach extends the constant power (CP) region by a 4.2:1 ratio. The manuscript also introduces a 
detailed mathematical model, considering both iron core losses and their impact on the EV profile. 
Additionally, the Multi-Objective Ant Lion Optimizer (MOALO) algorithm is used in two stages: first 
to optimize the hybridization ratio (HR) and base speed (Nb), and second to analyze the effect of 
varying the hybridization ratio while maintaining constrained output power. The proposed strategy is 
validated through MATLAB simulations, demonstrating its effectiveness in achieving high acceleration, 
efficiency, and reliability for EV applications.

Keywords Hybrid excitation permanent magnet synchronous motor, Electric vehicle, Hybridization ratio, 
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The integration of AC motors in electric vehicles (EVs) represents a key milestone in automotive history, driven 
by their technological development and ability to fulfill the needs of EVs. The shift to AC motors for EVs began 
after the realization of their performance superiority in certain areas over DC motors, which were initially 
used in early prototypes of EVs1. Before World War II, both Europe and the United States saw extensive use 
of electric cars powered predominantly by DC motors due to simpler control mechanisms. However, advances 
in AC motor technology, combined with improvements in power electronics, enabled their integration into 
modern EVs2. Three primary types of AC motors are considered for EV applications: induction motors (IMs), 
permanent magnet synchronous motors (PMSMs), and switched reluctance motors (SRMs). IMs are known 
for their robustness, reliability, and cost-effectiveness, as they do not require rare earth materials, and they can 
operate at high speeds. However, they tend to consume more energy at lower speeds and have lower torque 
efficiency compared to PMSMs3. PMSMs, on the other hand, offer high efficiency and torque at lower speeds, 
a compact size, and an excellent power-to-weight ratio. Their main drawbacks are the reliance on rare earth 
materials, making them costly, and the environmental concerns associated with material extraction4. SRMs are 
recognized for their simple, rugged construction and high fault tolerance, making them lower in cost and with 
minimal reliance on rare earth materials. However, they face challenges such as high noise and vibration levels 
and require more complex control systems5. One of the main challenges in EVs is choosing the most efficient 
motor that aligns with the vehicle’s unique needs. The motor drive system is crucial, as it determines the motor’s 
performance for the intended use. A summary of different EV motor drive systems and strategies can be found 
in6.
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PMSMs offer significant advantages for EVs, such as their ability to handle multivariable, nonlinear, and 
strongly coupled systems, which contribute to their high performance. However, they also present several 
challenges, particularly their reliance on rare earth materials like neodymium and dysprosium for the magnets. 
These materials are expensive, subject to supply chain uncertainties, and raise environmental and ethical concerns 
due to the destructive nature of their extraction processes. This reliance also makes PMSMs more costly than 
other motor types, which can increase the overall price of EVs. Moreover, the extraction of rare earth elements 
can result in considerable environmental harm, including habitat destruction and pollution7. Additionally, over 
time, the magnets in PMSMs may experience magnetic field degradation, particularly at high temperatures, 
which can reduce motor efficiency and performance.8. PMSMs also lack the wide constant power (CP) operating 
range required by EVs. Various control methods, such as predictive control, state feedback control, finite 
position set, and sliding mode control, have been explored to overcome these limitations in EV applications9. 
In contrast, conventional field coil motors, such as wound field synchronous motors, have efficiently met EV 
requirements both numerically and experimentally, aided by their field current control, but they face challenges 
of lower efficiency, larger size, and poorer torque density compared to PMSMs. These comparative challenges 
highlight the need for alternative materials, improved manufacturing processes, sustainable mining practices, 
and advancements in motor design to reduce environmental impact and enhance the durability, efficiency, and 
cost-effectiveness of PMSMs while addressing the size and torque limitations of field coil motors.

Hybrid Excitation Permanent Magnet Synchronous Motors (HEPMSMs) are an excellent candidate for EVs 
due to their unique flexibility in dynamically controlling magnetic flux. By combining the advantages of two 
excitation systems, HEPMSMs address challenges associated with traditional motor designs10. These motors are 
typically integrated into the EV powertrain, either as hub motors directly mounted in the wheels or centrally 
installed and connected to the axle via a transmission. The motor utilizes a dual excitation system comprising 
permanent magnets for a base magnetic field and controllable windings for electromagnetic excitation. This 
configuration requires advanced power electronics and controllers to manage the hybrid excitation system 
effectively. Due to the variable flux densities introduced by hybrid excitation, robust thermal management systems, 
such as liquid or air cooling, are essential to ensure efficient heat dissipation. Additionally, a dedicated control 
unit coordinates the motor’s hybrid excitation components, optimizing performance by balancing contributions 
from both the magnet-based and winding-based excitation sources11. HEPMSMs can be categorized based on 
the placement of the excitation sources: some designs feature sources located in the stator, others in the rotor, 
while a hybrid arrangement includes permanent magnets in the rotor and excitation windings in the stator. 
During operation, HEPMSMs leverage the permanent magnets for a steady base magnetic field and dynamically 
adjust the flux through the controllable excitation winding to meet varying speed and load requirements. 
This capability enables high efficiency across diverse driving conditions.12. The ability to dynamically regulate 
excitation allows HEPMSMs to handle variable loads more effectively than conventional motors, making them 
highly suitable for both urban stop-and-go traffic and high-speed highway driving. Furthermore, the dual 
excitation design enhances reliability by providing redundancy; the motor can continue functioning even if 
one excitation source (e.g., the winding or magnet) fails. This combination of efficiency, adaptability, and fault 
tolerance makes HEPMSMs a compelling choice for modern EVs. Generally, placing the excitation winding in 
the stator is preferred to prevent issues related to sliding contact, such as the need for slip ring maintenance and 
the risk of brush sparking13.

Vector control, or field-oriented control (FOC), is commonly used for HEPMSMs because it allows for 
accurate control of flux and torque. By independently managing the d-axis (magnetizing flux) and q-axis (torque 
production), it ensures smooth operation in dynamic conditions. Recent research indicates that vector control 
is effective in dynamically optimizing the hybrid excitation system, leading to improved performance of the EV 
powertrain14. Maximum torque control strategies optimize the torque output by adjusting field currents through 
self-optimizing methods. This is particularly beneficial for HEPMSMs in high-speed and high-load conditions. 
These strategies have been shown to enhance power output and system efficiency15. The advantages of hybrid 
excitation topologies and control strategies for stator permanent magnet machines in DC power systems are 
summarized in16, while flux-weakening control methods for HEPMSMs are explored in17. Additionally, a 
parallel double excitation magnetic equivalent circuit model for unipolar HEPMSMs using the hybrid excitation 
strategy is discussed in18. An optimized HEPMSM featuring a salient pole magnet shunting rotor is proposed 
to demonstrate a maximum torque control strategy with zero d-axis currents19. The extension of the CP speed 
range through various HEPMSM designs is also discussed. The structural topology and operating principle 
of an EV motor prototype are presented and analyzed in20. Flux weakening control is critical for HEPMSMs 
operating at high speeds, where the back-electromotive force (EMF) may exceed the inverter voltage limit. 
This method strategically reduces the magnetic flux to prevent over-saturation while maintaining efficiency. 
Studies highlight its role in extending operational speed ranges21. In22, the authors introduced three innovative 
rotor design concepts for HESMs to enhance density and flux regulation capabilities. Additionally, a permanent 
magnet motor with hybrid PM excitation and an asymmetric rotor structure for improved torque performance 
is proposed in23. Model predictive control (MPC) employs predictive algorithms to manage system dynamics 
efficiently, enabling real-time adjustments to the hybrid excitation system and enhancing performance under 
varying driving conditions. Studies show that MPC delivers faster response times and reduces torque ripple, 
making it an excellent choice for controlling HEPMSMs24. Direct torque control (DTC) allows for direct 
management of torque and flux without the need for complex coordinate transformations. Although it is simpler 
than field-oriented control (FOC), it may lead to increased torque ripple. Recent advancements in DTC for HE-
PMSMs have shown enhancements in transient response and fault tolerance25.

System-level optimization in EVs aims to enhance both motor performance and overall efficiency by 
considering the interaction between permanent magnet (PM) excitation and wound excitation to maximize 
power density while minimizing losses. For example, research on three-wheel EVs has demonstrated 
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improvements in energy efficiency through system-level optimizations26. Multi-objective design optimization 
seeks to balance factors such as efficiency, torque density, thermal management, and material cost. A study 
on hybrid excitation double-stator PM machines emphasized the importance of optimizing both stator and 
rotor designs for better EV performance27. Finite Element Analysis (FEA) is frequently used to refine the 
electromagnetic properties of HEPMSMs by simulating magnetic fields and losses, leading to improved motor 
designs that boost traction performance, as shown in research on hybrid excitation synchronous machines with 
magnetic shunting rotors28. Loss optimization control strategies focus on minimizing copper and iron losses, 
particularly in in-wheel EV systems, thereby improving overall efficiency29. Topology optimization involves 
designing innovative rotor and stator configurations to enhance torque production and reduce material usage, 
with dual-direction hybrid excitation topologies improving flux regulation and efficiency in EV motors15. 
Thermal and mechanical design optimizations aim to improve heat dissipation to avoid efficiency losses due to 
overheating and ensure the motor’s durability under varying operational conditions, as seen in the optimization 
of brushless synchronous machines with wound-field excitation for hybrid electric vehicles30. Lastly, field 
current optimization methods dynamically adjust excitation winding currents to maximize performance under 
different loads, with self-optimizing algorithms developed for real-time field current control of HE-PMSMs 
during driving14. Optimization methods for HEPMSMs have evolved significantly, offering enhanced precision, 
efficiency, and adaptability. Classical approaches such as the Grey Wolf Optimization (GWO) algorithm, based on 
state feedback control, have demonstrated faster response times compared to traditional PI controllers31. Another 
optimization technique targets the hybridization ratio (HR), a critical factor influencing motor performance, by 
reducing overdesign in the drivetrain and improving efficiency32,33. Bio-inspired population-based algorithms 
like the Ant Lion Optimizer (ALO) approximate optimal solutions through iterative refinement. A Despite their 
strengths, traditional methods face challenges, such as nonlinear dependencies of excitation flux on excitation 
current (If), which can lead to improper current distribution and false excitation values in prototypes34.Real-
time particle swarm optimization (PSO) offers accurate parameter identification, improving performance by 
optimizing excitation currents35. The Taguchi method, validated experimentally, reduces variations and ensures 
robust performance in diverse operating conditions36. Additional contributions include research in37, which 
focuses on torque improvements through hybrid excitation, and the study in38, which introduces advanced DTC 
methods for HEPMSMs to improve dynamic performance. These modern methods surpass earlier techniques, 
leveraging advanced simulations, bio-inspired algorithms, and data-driven strategies for optimal motor design 
and control in EV applications. The main innovative contributions of this work are outlined as follows:

 – This work provides analytical expressions for tracking the ideal EV torque-speed profile using both Maxi-
mum Torque Point Tracking (MTPT) and Maximum Torque Per Ampere (MTPA) strategies. The first key 
advantage is preventing motor operation in its natural mode (T α 1

N2
r

 ), thereby expanding the constant power 
(CP) range, improving reliability, and ensuring fast torque response for EV drives. The second advantage is 
minimizing copper losses to enhance motor efficiency. Unlike other control strategies, the proposed method 
achieves a perfect linear relationship between excitation current, excitation flux, and torque-producing flux.

 – This study utilizes a unidirectional, non-reversible electric field current that continuously supports the PM 
field throughout the entire EV operating range, facilitating a smooth transition from the CT to CP region, 
reducing harmonics, enhancing efficiency, and preventing demagnetization. In contrast, previous research 
relied on bidirectional field currents, first aiding the PM flux (positive) and then reversing to weaken it (neg-
ative).

 – The proposed strategy enables an extended speed ratio of 4:1 beyond the constant power speed ratio (CPSR). 
This results in a linear relationship between stator current and torque, providing rapid response and stable 
torque control.

 – The speed of the EV can vary significantly, ranging from very slow to very high, for the same accelerator posi-
tion, depending on road conditions. Therefore, the proposed control methodology focuses on torque control 
rather than speed control, effectively preventing improper excitation current distribution and ensuring accu-
rate excitation values.

 – The computational processor (microcontroller) in the motor drive system incorporates a current distributor 
sub-module that divides the entire speed operation range into two regions: the CT and CP regions. This 
sub-module facilitates the selection between the MTPT algorithm and the efficiency maximization algorithm.

 – The control strategy of the proposed method utilizes three current controllers for If, Isq, and Isd. Proper control 
of the If and Isq current components ensures that the motor achieves the optimal characteristics required for 
the EV at each speed and under the ZDAC technique.

 – The primary goal of improving inverter reliability and reducing costs is to ensure that, at low speeds, the 
volt-ampere increases linearly with speed, while staying constant within the CP region. Additionally, a key 
objective of high-performance control strategies (maintaining linear control over torque) has been success-
fully achieved.

• The analysis and methodologies presented in this manuscript have led to motor drive systems with the fol-
lowing benefits:

• Enhanced dynamics and improved performance.
• Cost reduction through optimal machine utilization.
• System optimization tailored to the specific application requirements.
• Protection of the motor from excessive power losses.
• Flexibility of the motor drive to adapt to various operating environments without the need for design mod-

ifications.
• Simple and efficient linear torque controllers suitable for motor drives across a wide speed range.
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The remainder of the paper is structured as follows: Sect. “Proposed control strategies” discusses the operating 
principles of the HEPMSM, the concepts behind the proposed efficient control strategy, and the strategies 
applied for MTPA (Maximum Torque Per Ampere) and unidirectional electric field current. Section “ZDAC 
Based Steady State Mathematical Model”. presents the ZDAC steady state-controlled mathematical model 
based on an insight HR with and without iron loss consideration. An illustrative phasor diagram is provided. 
In Sect.  “Proposed EV-MTPT Strategy”., EV-MTPT performance characteristics with and without iron core 
resistance are illustrated, compared, and explained. EV-MTPT Control Implementation is demonstrated in 
Sect. “EV-MTPT Control Implementation”. To evaluate the proposed control and modelling of the HEPMSM, 
an adaptive newly Multi-Objective Ant Lion Optimizer (MOALO)39 is applied as given in Sect.  “Simulation 
Modeling and Results”. Due to the Lack of existence of the HEPMSM, simulation work is carried out to approve 
both the proposed mathematical model and MOALO searching algorithm as depicted in Sect.  “Simulation 
Modeling and Results”. Finally, Section "Conclusion and Future Works" summarizes the conclusion of this paper.

Proposed control strategies
The two torque-speed (T-N) profiles for electric motor drives in EVs differ in terms of performance characteristics 
and operational efficiency. Figure  1(a) features a constant torque (CT) region at low speeds, followed by a 
constant power (CP) region, with torque decreasing inversely with speed after the base speed (Nbase). This profile 
is ideal for high-performance EVs requiring both strong acceleration and consistent power output over a wide 
speed range, suitable for acceleration and cruising. In contrast, Fig. 1(b) introduces a rated torque (Trated) lower 
than the maximum torque (Tmax), with a CT region transitioning to a reduced torque with constant power 
between Nbase and Nrated, and further sharp torque reduction beyond Nrated, leading to decreased power. The term 
"speed ratio (α)" is defined as the ratio of the Nmax to the Nbase. A higher α results in a lower-power motor with 
reduced size, cost, and improved efficiency. This profile reflects motors constrained by thermal limitations or 
efficiency optimization, prioritizing long-distance cruising and sustained high-speed operation over maximum 
performance.

The primary objective of the control strategy is to track the torque-speed profile of the EV, referred to as the 
maximum torque point tracing (MTPT) profile. This profile is characterized by two distinct regions: a) a high-
acceleration region where the motor operates at a constant maximum torque to provide optimal performance 
during rapid acceleration, and b) a wide constant power (CP) region, where the torque decreases inversely 
with speed to ensure efficient utilization of the motor’s capabilities. This approach avoids operation within the 
motor’s normal mode to enhance overall efficiency and performance. Given that the motor under consideration 
exhibits inverse saliency (Lq > Ld), with only a minimal difference between the Lq and Ld inductances, the motor 
can be approximated as a non-salient machine. This characteristic simplifies the control design, allowing the 
implementation of techniques such as Maximum Torque Per Ampere (MTPA) control or the Id = 0 method, also 
referred to as the zero direct axis current (ZDAC) method. Both of these techniques focus on optimizing torque 
production while minimizing current consumption to improve energy efficiency19,40. Therefore, the proposed 
control strategy integrates three basic techniques to achieve superior motor performance and energy efficiency:

 – Tracking the EV T-N Profile (MTPT): This ensures that the motor operates optimally across both constant 
torque and constant power regions, delivering high acceleration and efficient high-speed cruising.

 – Maximum torque per ampere (MTPA) or ZDAC technique: By minimizing current usage for a given torque 
demand, this method enhances motor efficiency and reduces losses, making it suitable for motors approxi-
mated as non-salient.

Fig. 1. T-N profile for electric motors drives in EVs, (a) well-controlled EV motor profile, (b) EV motor profile 
with different α.
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 – Unidirectional electric field current technique: This additional approach is employed to further optimize 
motor control by ensuring that the current flows in a manner that maximizes efficiency and minimizes losses 
during motor operation.

By combining these techniques, the proposed control strategy achieves an effective balance between high-
performance torque generation, efficient energy use, and operational reliability, making it particularly suitable 
for EV applications.

The ZDAC technique offers several key advantages for optimizing the performance of electric motor drives in 
EVs. First, it enables the motor to deliver excellent acceleration from standstill up to the base speed, maintaining 
the maximum reference torque in the CT region. This reference torque is achieved by controlling the rated 
stator current, with the q-axis component integrated with the d-axis constant flux, ensuring efficient torque 
production without saturation. Second, the technique eliminates the reluctance torque inherent in salient pole 
motors, which also removes the associated harmonics that can negatively impact motor performance. By doing 
so, it contributes to a smoother and more stable motor operation. Third, the ZDAC approach enhances motor 
efficiency and improves the overall performance of the inverter. Through precise control of the torque and 
current, the technique minimizes losses, particularly copper losses, which are a significant source of inefficiency 
in electric motors. Additionally, the ZDAC method enables a linear torque-current relationship, ensuring 
optimal torque production at lower energy losses. Finally, one of the main advantages of this technique is its 
simplicity, which simplifies the control strategy for the motor drive system, making it more robust and easier to 
implement in practical EV applications.

A unidirectional electric field current plays a crucial role in enhancing the performance of electric motor 
drives for EVs by supporting the permanent magnet field across the entire operating range of the vehicle. By 
maintaining a unidirectional field, the technique effectively mitigates the risk of PM demagnetization, which can 
occur if the magnetic field reverses direction. Reversed flux not only risks demagnetizing the permanent magnets 
but also introduces significant spatial harmonics that lead to increased core losses, ultimately reducing motor 
efficiency. The primary objective of the control strategy is to accurately track the reference torque-speed profile of 
the EV, which includes two distinct operational regions: (i) a high-acceleration region with constant maximum 
torque, where both stator and field currents are maintained at a constant value to ensure peak performance 
during low-speed acceleration, and (ii) a wide CP region, where torque is inversely proportional to speed, 
designed to prevent operation within the motor’s natural mode, which could result in instability or inefficiency. 
Within the CP region, the field current is progressively reduced in a linear fashion as the vehicle speed increases, 
achieving a smooth transition from the CT region to the constant power region. This gradual reduction of the 
field current ensures that the motor operates efficiently throughout its speed range. The controller’s transition 
from the CT mode to field weakening mode, which is necessary to maintain high efficiency at higher speeds, is 
typically determined by the DC bus voltage, indicating when the motor’s operating conditions require the shift 
to avoid exceeding operational limits or compromising efficiency.

ZDAC based steady state mathematical model
The steady-state mathematical model is discussed with and without taking iron core loss into account.

The model with iron core losses effect
Figure 2(a) and (b) show the equivalent circuit of HESM14,41,42 and the phasor diagram of HESM with ZCAC, 
neglecting Rc. From this, the ZDAC steady-state mathematical model can be deduced.

The flux linkage with Id = 0 can be written as shown:

 λd = λpm + Msf If  (1)

 λq = LqIq, (2)

Fig. 2. (a) Equivalent circuit of HESM with ZDC and, (b) phasor diagram of HESM with ZDAC with 
neglected Rc.
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So, the stator voltage with ZDAC can be rewritten as follows

 Vds = RsIds + Ed (3)

 
Vqs = RsIqs + Lq

d

dt
Iq + Eq  (4)

where:

λd, λq  the d- and q-axis flux linkage components,
λpm the permanent magnet flux linkages,
Msf  stator and excitation windings mutual inductance,
Vds, Vqs the d- and q-axis stator voltage components.

 Ed = −ωrLqIq = −ωrλq  (5)

 Eq = ωr (λpm + Msf If ) = ωrλd (6)

 
Ids = Idc = Ed

Rc
= −ωrλq

Rc
 (7)

 
Iqs = Iq + Iqc = Iq + Eq

Rc
= Iq + ωrλd

Rc
 (8)

where:

Ed, Eq  the d- and q-axis induced EMF components,
Ids, Iqs the d- and q-axis stator current components,
Id, Iq  d-q-axis armature inductance current components,
Vds, Vqs the d- and q-axis stator voltage components.
So, the stator voltage with ZDAC can be written as follow:

 

[
Vqs

Vds

Vf

]
=

[
Rs + sRLq ωrMsf R
−ωrLqR 0

0 Rf + sRLf

] [
Iq

If

]
+

[
ωrλpmR

0
]

 (9)

where:

 
R = Rc + Rs

Rc
 (10)

Note that s = d
dt  = 0 at steady state operation.

 Vds = −ωrLqIqR = −ωrλqR (11)

 Vqs = RsIq + ωr (Msf If + λpm) R = RsIq + ωrλdR (12)

Electromagnetic torque with ZDC can be given as follow:

 
T = 3

2pIq (λpm + λf ) (13)

This is a sum of PM torque Tpm (due to PM excitation) and field torque Tf  (due to field excitation), where:

 λf = Msf If  (14)

So the total power losses Pl with ZDAC are defined as:

 
Pl = 3

2
[(

Iqs
2 + Ids

2)
Rs +

(
Iqc

2 + Idc
2)

Rc

]
+ If

2Rf  (15)

Accordingly, the required input power increases with decreased efficiency due to stator copper loss increase and 
the added iron loss given by first and second terms of Eq. (15), respectively. Hence two inequalities constraints 
must be taken into account for thermal safety and inverter cost as given by Eqs. (16) and (17)

 
(
Iqs

2 + Ids
2)

/2 ≤ Ia max
2 (16)

 
(
Vqs

2 + Vds
2)

/2 ≤ Va max
2 (17)

The power factor angle φ can be given as:
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 φ =
[
tan−1(Vds/Vqs

)
− tan−1(Ids/Iqs)] (18)

Model without iron core losses effect
The variables that are directly affected by Rc are the d-q flux linkage components λd and λq  each of them is to 
be scaled by R factor. References19,40 stated that practically, even at high speeds where core resistance Rc is the 
lowest, (Rc/Rs) > 10, therefore, R tends to one (R = 1). So the stator voltage with ZDC at negligible core 
resistance can be rewritten as follow:

 Vds = −ωrλq  (19)

 Vqs = RsIq + ωrλd (20)

Also, the d- and q-axis stator current components with ZDAC with negligible core resistance can be rewritten 
as follow:

 Ids = Id = 0 (21)

 Iqs = Iq  (22)

Equation (13) indicates that core resistance has no effect on the developed torque as well as on the output power. 
But has a significant effect on total power losses  So the total power losses Pl with ZDC at negligible core 
resistance can be rewritten as follow:

 
Pl = 3

2Iq
2Rs + If

2Rf  (23)

Proposed EV-MTPT strategy
The EV-MTPT strategy is discussed with and without taking iron core loss into account. The motor control 
technique must be divided into two operating ranges of CT and CP to track EV profile.

CT-MTPT performance characteristics
The maximum torque or reference torque can be obtained as follows

 

Tm = Tref = 3
2pIqmax (λpm + λf )

and

Iq max =
√

2Iar

 (24)

Iar  is the rated armature current and λf  is taken as 30% of λpm and If = 95% of its rated value (1A). Thus, at 
the start below and up to base speed, the PM flux strengthening operation is applied by adding constant rated 
field current.

CP-MTPT performance characteristics
Above base speed, flux weakening control with reduced field excitation voltage using a DC chopper takes place.

The chopper input voltage is obtained from the excitation DC controller (PI). The q reference current control 
component is proportional with speed inverse to properly trace the load torque. The field current is controlled 
in continuous linear form as shown in Fig. 3 where:

 If = Cb(Nr − Nmax) (25)

and Cb is the slop at base speed given by: Cb = Ifb/(Nb − Nmax).

Figure 4 illustrates the resulted torque Tpm, Tf , and TEV opt as explained in section II. The field current control 
forms the required TEV opt. Figures 5–15 illustrate comparisons between the HEPMSM characteristics with and 
without iron losses consideration.

It is obvious that iron loss does not affect torque, thus the output mechanical power is not affected, as well as 
proven in Fig. 5. However, its effect on input power becomes significant as the speed increases, as shown in Fig. 5 
due to its dependency on speed increase.

Figure  6 depicts the armature current and its d-q components with and without iron losses equivalent 
resistance (Rc) consideration. As shown, the d-axis current is slightly affected by Rc with a low negative value. 
In contrast, the stator current q-axis component is dramatically increased. Based on this statement, it can be 
seen that the stator voltage d-q components shown in Fig. 7 are self-explained with almost non-varied d-axis 
components but with a remarkably increased q-axis one. It’s obvious that there will be no effect of the iron losses 
Rc on the induced air gab back emf created by the two fluxes of the two hybrid excitation sources, as shown in 
Fig. 8. On the other hand, the stator voltage increases as the speed do over the CP in but within its permissible 
values.
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The total losses shown in Fig. 9 significantly increase with the speed as expected due to iron losses rapid 
increase. With ignored iron losses, the total copper losses reach their minimum (armature copper losses) at 
maximum speed with zero field copper losses.

Figure 10 illustrates the significant high efficiency gained with the proposed control strategy with Rc ≫ Rs 
(iron lossless). The maximum efficiency is addressed at maximum speed. However, high efficiency is gained all 
over the operating range. The iron losses drag the maximum efficiency towards the middle of the operating speed 
range, where the iron losses are equal to the total copper losses. The higher the speed, the lower efficiency is.

Fig. 4. HEPMSM torque components versus Speed.

 

Fig. 3. Field Excitation Current versus speed.
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Figure 11 shows that taking Rc into account improves the power factor to be nearer to the unity power factor 
by a slight increase than that without Rc favourite linear torque- stator current dependency for simple control 
is introduced over the whole speed range for RC ≫ Rs structure as shown in Fig.  12. With considered Rc, 
attention must be paid for safe maximum armature current (of 1.1 rated value) if the motor is required to operate 
at high acceleration. The behavior of the power factor is influenced by several factors tied to motor design 
and operation across different speed ranges. At low speeds, the motor operates under partial load conditions, 

Fig. 6. Stator Current and its d-q components versus speed.

 

Fig. 5. Output and Input power versus speed.
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Fig. 8. Stator Voltage and induced emf versus Speed.

 

Fig. 7. d-q Stator Voltage Versus Speed.
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where the inductive reactance is minimal due to the low operating frequency. However, the presence of iron 
losses, particularly hysteresis and eddy current losses, increases the apparent power more significantly at lower 
frequencies, causing the power factor to decrease as the reactive power component, driven by inductance 
and magnetization, dominates over the real power. As speed increases into the medium range, the operating 
frequency rises, increasing both inductive reactance and iron losses. The interaction between the excitation 
flux from the hybrid magnets and the stator flux becomes less optimal, leading to a greater phase difference 
between voltage and current, resulting in a slight dip in the power factor. At high speeds, the motor’s design 
enables better flux weakening, improving efficiency in managing iron losses and minimizing the dominance 

Fig. 10. Efficiency versus Speed.

 

Fig. 9. Different HEPMSM losses versus Speed.

 

Scientific Reports |         (2025) 15:7707 11| https://doi.org/10.1038/s41598-025-92466-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of inductive reactance. The excitation flux is optimally controlled, reducing the phase lag between voltage and 
current, which leads to an improved power factor as the reactive power component is minimized. Iron losses 
throughout the speed range contribute to a lower power factor compared to a scenario without these losses, 
as they increase the apparent power, thus reducing the ratio of real power to apparent power. In summary, the 
power factor’s variation is a result of the interplay between inductive reactance, flux weakening, and iron losses 
as the motor transitions through different speed ranges, with reactive effects dominating at low speeds, less 
optimal flux interaction at medium speeds, and improved power factor at high speeds due to flux weakening and 
optimized control strategies.

Fig. 12. Stator Current versus Torque.

 

Fig. 11. Power Factor versus Speed.
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Unlike most EV proposed models in the literature, even with a prototype motor10,24, this paper exhibits a 
perfect linear relationship between the excitation current and both of the excitation flux linkage and the torque 
producing flux linkage component, as shown in Fig. 13.

Figure 14 introduces another important target for driving inverter reliability and costs. At low speed, the volt-
ampere linearly increases with speed while it is kept constant over the CP region.

EV-MTPT control implementation
In EV drive, torque-based control is more effective than speed-based control as the accelerator varies the torque 
rather than speed. The computational controller block includes the HEPMSM module, reference currents 
calculator, and Current Distributor submodule. The current distributor sub-module divides the whole speed-
operation range into two regions: the low speed – CT region and high speed -lower torque region, respectively. It 
regulates the three reference currents If , Iq, andId thoroughly to be compared with the corresponding measured 
quantities through the three current controllers as shown in Fig. 15. The q reference current component in the 

Fig. 14. Stator Apparent Power versus Speed.

 

Fig. 13. Field excitation flux linkage and d-axis total flux linkage versus field excitation current.
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CP region is based on the reference torque, speed, and field current. Field current gradually decreases as the 
speed increases in linear mode, achieving a smooth transition between the two CT and CP operating regions. 
The DC voltage can be varied continuously by changing the duty ratio D, where 1 ≥ D ≥ 0. The control process 
is based on the aforementioned mathematical model. The DC bus voltage may determine when the controller 
needs to transit into the field weakening mode.

MOALO based performance analysis
A second category based on a search algorithm to define optimum hybridization ratio and base speed is carried 
out below. In 2017, The authors in39 developed the MOALO algorithm as a meta-heuristic optimization technique 
that simulated the hunting mechanism of ant lion predators with their favorite ants in nature. The MOALO 
begins by generating an ant population, the fitness function, and updating ant and ant lion positions later. It 
ends by testing the stopping criterion. The general steps describing the MOALO technique are summarized as 
follows43:

 1.  [Initialization] Generate a random population of ants that move around ant lions in the search space.
 2.  [Fitness] Evaluate the fitness of each ant position in the space concerning ant lions.
 3.  [Position Update] Update the position of each ant using random walk concerning the ant lions based on 

roulette wheel until the best ant lion is obtained and store it as an elite
 4.  [Evaluation] Evaluate and update the new best ant lion position to their objective values.
 5.  [Test] If the criterion is achieved, stop and find the current best ant lion position.
 6.  [Loop] If the number of iterations number equals the maximum stop, else go to step (2) with the best ant lion 

position obtained in step (5).

MOALO is applied to select the required efficient HR and base speed values that optimize the HEPMSM to fit 
EV. An exhaustive search program is applied without and with iron losses consideration to select both HR and 
Nb at maximum efficiency and widest CP region.

The objective function F with inequalities and equalities constraints is given as follows;
(a) objective function; F = max. [ η{ HR, Nb,λf, Kf }] where Kf is the field current reduction ratio.
(b) Optimization Inequalities:

 




Ia ≤ Iar

Va ≤ Var

Nb ≤ Nr

−Ifr ≤ If ≤ Ifr

 (26)

(c) Optimization Equalities:

 

{
HR = λf /λm

λf = If Msf
 (27)

Fig. 15. Proposed Control Strategy of EV HEPMSM.
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The search program is applied without and with iron losses to be compared with the proposed numerical 
category. The searching algorithm has more freedom for reversing field current, varying HR, and base speed 
to select an optimum combination. Otherwise same control basics given in the modelling strategy are applied.

Optimization results and discussions
MOALO obtained optimized results at variable HR and Nb without and with iron losses consideration are 
illustrated in Table 1 and Table 2. As stated in Section II, the optimization control strategy exhibits advantages 
of low-speed high-torque, wide CP range, and high efficiency in the flux-weakening (CP) region. With EV- 
HEPMSM, the design of base speed and efficiency maximization is an immediate obligation. Under the 
constraints used here, the efficiency and base speed were optimized simultaneously as Mir Jalili functions using 
MOALO. The resulted values in accordance with ηmax and Nb. 10,000 iterations for every loop were examined 
by the search algorithm to reach the final optimum values A, B, C, and D. Case A represents the non-dominated 
solution within the motor ratings of current, voltage, and output power. Case B, C, and D represent a slightly 
higher efficiency, but the main problem is the overrated values of output power. It’s clear that as listed in Table 1. 
Case A satisfies all the system requirements optimally. Cases B, C, and D represent non-optimal cases as each of 
them violates the over-design problem regardless of an iron loss considering or not. It is worth noting that with 
Rc consideration, the searched maximum efficiency magnitude and position are significantly decreased where 
the hybridization ratio is much higher than that with neglected Rc.

From the above-given Table 2, the following main notes are to be considered:

 1-  For maximum torque production over the CT region, there is a great integration and dependency between 
the torque the armature current Ia and field current If with varied HR. Apart from the unique optimum 
values (5, 0.954), any reduction of each brings the other over-designed.

 2-  Stator voltage’s q-d components are slightly affected by HR variation.
 3-  The higher the positive CT-HR (unidirectional field current), the higher the efficiency is. However, care must 

be paid to avoid thermal and over-designed problems.

MOALO optimized performance characteristics
The obtained MOALO optimization results given in Table1 are used to illustrate the complete optimized 
performance characteristics of EV-HEPMSM over the operating speed range. The derived characteristics of 
Figs. 15(a-d) and 16(a-d) present the four cases of A, B, C, and D with and without Rc for quantifying each 
state. For an easy comparison, the figures are illustrated so that the comparison validity between the A case 
performance characteristics with its corresponding ones resulted from the proposed mathematical model given 
in Sect. “Optimization Results and Discussions”. Further, Fig. 16 (a-e) illustrate the impact of HR Variation on 
the torque–current control components If, Ia, PF, and total copper losses.

In general, increasing HR ratio has no effect on the accelerating torque, however, it increases base speed while 
decreases CP speed range as well as increased accelerating time, stator current, total losses and relatively small 
efficiency decrease where maximum efficiency is reached at minimum copper losses and maximum speed in 
iron lossless motor. With an iron lossless system, all aforementioned variables are within their limited values. On 
the other hand, iron losses significantly affect the efficiency map (magnitude and position) where the resulted 
maximum efficiency occurs approximately near the middle of the CP speed range (at total minimum losses). 
The dramatical efficiency reduction is not only due to iron losses but also to increased field losses (at high HR) 

Cases Case A Case B Case C Case D

Nb 500 566 625 705

HRCT 0.3 0.3097 0.289 0.283

Without Rc

HRηmax 0 0.00938 0.022 0.037

ηmax 96.95 96.77 96.41 95. 23

Nηmax 2100 2100 2100 2100

With Rc

HRηmax 0.14 0.147 0.15 0.15

ηmax 81.59 83.56 82.38 82.58

Nηmax 1290 1335 1380 1455

ηNmax 81.39 81.36 80.61 79.93

Po 700 794 877 990

Table 2. Comparison between MOALO results with and without iron losses consideration.

 

Parameter Tb nb Iar Ifr P r

Value 13 500 5 1 700

Unit N.m rpm A A W

Table 1. Motor under study nominal ratings.

 

Scientific Reports |         (2025) 15:7707 15| https://doi.org/10.1038/s41598-025-92466-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and armature copper losses. Thermal consideration must be taken when considering iron losses. From the above 
results, CT region is the one having the highest stator and field current. Thus, optimized HR must be considered 
for the thermal state, high acceleration and over design problems. For more evident presentation, the effect of 
HR with one more allowable reversing freedom on the machine parameters but at the non-dominated constant 
base speed, constant rated mechanical power, and neglected Rc is carried out as given in Table 3.

It can be concluded with the aid of Fig. 17(a-d) that the optimizer results validate the 500 rpm with 0.3 HR 
as the optimum values for the presented HEPMSM.

Fig. 16. MOALO obtained compared characteristics with neglected Rc and non-neglected Rc.
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Simulation modeling and results
Simulations are carried out according to the MTPT, and minimum copper losses control system model explained 
in Sect. “CT-MTPT Performance Characteristics”. and Sect. “ZDAC Based Steady State Mathematical Model” 
but with s = d/dt. The simulation analysis is performed in detail over CT and CP using MATLAB /Simulink 
model of iron lossless HEPMSM as shown in Fig. 18(a). The motor block diagram contains blocks of d-axis, 
q-axis, field winding, and Torque components. Torque maximization block implements the MTPT technique at 
the CT region by maximizing Iq and If values. Efficiency maximization block implements ZDAC in both CT and 
CP regions, which eliminated total motor copper losses. Condition selector block enables the controller to select 
between CT and CP region by measuring the motor speed then applying the suitable algorithm. The torque 
block was built to fit the proposed control strategy of efficiently tracking the torque-speed envelope of EV over 

Figure 16. (continued)

Nb 500 500 500 500 500

HRatCT 0.20 0.25 0.30 0.35 0.40

IaatNb 5.43 5.19 5 4.78 4.66

If atNb 0.64 0.80 0.954 1.10 1.28

VqsatNb 35.6 35.54 35.54 35.6 35.7

VdsatNb –11 –10.9 –10 –9.7 –12.3

HRηmax –0.13 –0.084 0 0.015 0.06

ηmax 95.63 96.48 96.95 97.37 97.42

Table 3. Optimization results for selecting optimum ratio at Constant base Speed Nb.
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Fig. 18. (a) HEPMSM Simulation block diagram, (b) HEPMSM torque component block diagram.

 

Fig. 17. Different HR at constant base speed.
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the whole operating speed range using two current distributors, as shown in Fig. 18(b). Figure 19 depicts the 
simulated performances in two groups, where the first group of Figs. 19(a-f) depicts the motor characteristics’ 
dynamic behavior indicating a smooth transition from CT into CP region and fast acceleration up to cruise 
speed with an ideal small time. On the other hand, the MATLAB simulation is further based on MOALO results. 
Figures 19(f,g, and h) depict torque, d-q stator voltage components, and output power, respectively from which 
both dynamic and steady-state characteristics coincide with each other.

Fig. 19. Simulation results of the dynamic operation of HEPMSG comparing with steady-state operation.
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Figure 19(a) shows that the motoring speed starts getting stable at 0.22 s due to motor inertia. The transition 
from CT to CP occurred at 0.68 s, proving the high acceleration proposed by the applied control strategy. The 
motor reaches its maximum speed of 2096 at 1.9 s, which is considered a short time that would be preferred by 
EV manufacturing. Consequently, Figs. 19(b and c) showed the dynamic torque and output power of the motor, 
which indicates that the steady CT region starts at 0.26 s and lasts for 0.68 s to steadily continue with the CP 
region until it reaches maximum speed and minimum torque of 2.67 N.m at 1.9 s.

Figure 19(d) shows the dynamic changes in d-q voltage components due to the acceleration of the motor 
from CT to CP till the maximum speed at Vq = 58.7 V. It’s noticeable that voltage components increase gradually 
with increased speed, proving another effectiveness of the proposed control algorithm.

The q axis current component starts getting stable at 0.26 s in the CT region with the maximum value of 
6.98 A till its minimum value of 2.09 A at maximum speed while the d axis current is kept at zero value due to 
ZDAC. It’s observable from Figs. 19(b and e) the linear relationship between torque and stator current which 
provides the advantages of fast response and stabilized control.

Torque current component Iq is stepped with the torque, whereas flux current component Id has zero value as 
shown in Fig. 19(i). The results obtained based on the suggested base speed, and hybridization ratio are highly 
validated by the Matlab simulated results as shown in the figures. Figures 19(f,g,h) depict torque, d-q stator 
voltage components, and output power, respectively from which both dynamic and steady-state characteristics 
coincide with each other with a non-remarkable per cent error of less than 1% . It can be noticed that good 
agreement between both dynamic and steady-state characteristics over the whole operating range apart from 
the d- axis voltage dynamic characteristic of the figure as it deviates a bit towards rated speed over the CT region 
with an acceptable per cent error of 1.89%. This may be referred to Ld did

dt  and Lf
dif

dt  effect.

Conclusion and future works
The proposed control strategy introduces a coordinated operation between the field current and stator q-axis 
current control, precisely tuned to track the ideal EV torque-speed profile. The primary objectives of this study are 
maximizing efficiency and extending the constant power (CP) operating region. The impacts of main parameters, 
including base speed (Nb), hybridization ratio (HR), and iron losses, were comprehensively analyzed using a 
prescribed mathematical model. The results reveal that when iron loss equivalent resistance is accounted for, a 
higher HR is required, which significantly reduces the constant power speed ratio (CPSR) and diminishes both 

Figure 19. (continued)

 

Scientific Reports |         (2025) 15:7707 20| https://doi.org/10.1038/s41598-025-92466-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the magnitude and position of peak efficiency. The base speed, constrained to satisfy Nb < Nrated  , is complemented 
by a linear and unidirectional reduction of HR across the CP speed range. To achieve optimal performance while 
avoiding over-design issues, the MOALO algorithm was employed in a two-step optimization process. The first 
step involved selecting optimal Nb and HR values, ensuring the system remains within design limits across 
variable conditions. The second step optimized HR to maximize efficiency under fixed base speed and rated 
output power constraints. The optimization results demonstrate that the proposed strategy successfully aligns 
with the practical torque-speed profile and operational requirements of EVs. The strong agreement between the 
steady-state characteristics derived from the mathematical model and MOALO-optimized results validates the 
approach. MATLAB/Simulink simulations further substantiated the effectiveness of the control strategy. For 
systems without iron losses, all critical variables remained within permissible limits, confirming high efficiency 
and reliability. However, the inclusion of iron losses introduced a notable reduction in the efficiency map, with 
the maximum efficiency occurring near the midpoint of the CP speed range, where total losses are minimized. 
This efficiency reduction stems not only from iron losses but also from increased field and armature copper 
losses at elevated HR levels. These findings underscore the importance of advanced thermal management and 
material optimization to mitigate the detrimental effects of iron losses and sustain high performance under 
real-world conditions. Building on the achievements of this work, the following directions can be anticipated 
for future research:

 – Develop robust cooling systems for HEPMSMs to address the thermal effects of iron losses and improve op-
erational reliability at high speeds.

 – Investigate alternative materials for reducing dependency on rare earth elements and improving magnet du-
rability under extreme operational conditions.

 – Incorporate other bio-inspired optimization methods, such as Particle Swarm Optimization (PSO), to further 
enhance the dynamic performance and reliability of HEPMSMs.

 – Construct physical prototypes of the proposed motor to validate the findings experimentally and analyze 
long-term operational stability.

 – Explore the integration of HEPMSMs with renewable energy-powered EV chargers, enabling more sustaina-
ble powertrain systems.

 – Conduct field trials under varying road conditions and loads to evaluate the scalability of the proposed con-
trol strategy in commercial EV applications.

Data availability
The data used to support the findings of this study are available from the corresponding author upon request.
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