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Abstract: Electric motor performance can be significantly enhanced through the implementation of Maximum Torque per
Ampere control. This advanced control technique allows for optimizing the motor operation by maximizing the torque produced
per unit of current. By implementing MTPA control, electric motors can achieve higher efficiency, reduced energy consumption,
and improved overall performance. This paper explores the principles and benefits of MTPA control and provides insights into
its application across various electric motor systems. The implementation of Maximum Torque per Ampere control has garnered
significant attention in the field of electric motor performance enhancement. This advanced control technique offers a
promising opportunity to optimize motor operation and achieve higher efficiency. By maximizing the torque produced per unit of
current, MTPA control not only reduces energy consumption but also improves the overall performance of electric motors.
Furthermore, the application of MTPA control has shown promising results across various electric motor systems, making it a
versatile and impactful advancement in the field.
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L. INTRODUCTION
In the pursuit of enhancing the efficiency, reliability, and performance of electric motors, researchers and engineers have
continuously sought innovative control strategies. Among these, Maximum Torque Per Ampere (MTPA) control stands out as a
promising approach that offers significant advantages in various applications. MTPA control is a sophisticated technique designed
to optimize the operation of electric motors by maximizing torque production per unit of current, thereby improving efficiency and
enabling superior performance across a wide range of operating conditions.
Electric motors play a pivotal role in numerous industrial, commercial, and residential applications, powering everything from
electric vehicles and industrial machinery to household appliances. However, traditional control methods often fall short in fully
exploiting the potential of electric motors, leading to suboptimal efficiency and performance. This limitation has spurred the
development of advanced control strategies like MTPA control, which aims to address these challenges and unlock new levels of
motor efficiency and performance.
At its core, MTPA control leverages sophisticated control algorithms to adjust the motor's operating parameters in real-time,
ensuring that it operates at the optimal point on its torque-speed characteristic curve under varying load and speed conditions. By
precisely regulating the flux and torque components of the motor current, MTPA control maximizes the torque output while
minimizing the current drawn from the power supply, leading to improved efficiency and reduced energy consumption.
The application of MTPA control extends across a wide range of motor types, including induction motors, permanent magnet
synchronous motors (PMSMs), and brushless DC motors, among others. Its versatility and effectiveness make it a compelling
choice for diverse industrial sectors, including automotive, aerospace, robotics, renewable energy, and more. Whether it's
optimizing the performance of electric vehicles, enhancing the efficiency of industrial machinery, or enabling precise control in
robotics applications, MTPA control offers unparalleled benefits that pave the way for advancements in electric motor technology.
In this review paper, we delve into the principles, development, implementation, and applications of MTPA control, aiming to
provide a comprehensive understanding of its significance in advancing electric motor performance.
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We examine the theoretical foundations of MTPA control, explore state-of-the-art control algorithms and optimization techniques,
and discuss real-world applications and case studies demonstrating its efficacy. Furthermore, we identify emerging trends,
challenges, and future research directions in the field, highlighting the immense potential of MTPA control in shaping the future of
electric motor technology.

Through this comprehensive exploration, we aim to shed light on the transformative role of MTPA control in optimizing electric
motor performance, driving efficiency gains, and facilitating the widespread adoption of electric propulsion systems across various
industries. As we navigate towards a more sustainable and energy-efficient future, MTPA control stands as a cornerstone
technology, empowering the next generation of electric motors to achieve unprecedented levels of performance and efficiency.

A. Type Of MTPA

In the context of electric motor control, Maximum Torque Per Ampere (MTPA) strategies can be broadly categorized into several

types based on their implementation and application. Here are some common types:

1) Direct MTPA Control: Direct MTPA control techniques directly optimize the motor's operating conditions to achieve
maximum torque per ampere. These methods typically involve complex mathematical models and optimization algorithms to
determine the optimal control parameters in real-time.

2) Indirect MTPA Control: Indirect MTPA control methods achieve maximum torque per ampere indirectly by controlling other
motor parameters such as flux or current. By regulating these parameters, indirect MTPA control strategies aim to indirectly
optimize torque production while ensuring efficient motor operation.

3) Field-Oriented Control (FOC) with MTPA Enhancement: Field-oriented control (FOC) is a popular control technique used in
electric motor drives to independently control the motor's magnetizing flux and torque-producing current components. FOC
methods can be enhanced with MTPA control strategies to further optimize torque production while maintaining efficient
operation.

4) Sensorless MTPA Control: Sensorless MTPA control techniques eliminate the need for physical sensors (e.g., encoders,
resolvers) to measure motor parameters such as speed and position. Instead, these methods rely on advanced algorithms and
signal processing techniques to estimate the motor's state variables, enabling MTPA control without additional hardware.

5) Adaptive MTPA Control: Adaptive MTPA control algorithms dynamically adjust control parameters based on changing
operating conditions or motor characteristics. These methods can adapt to variations in motor parameters, load torque, or
environmental conditions, ensuring optimal performance and efficiency over a wide range of operating conditions.

6) Model Predictive Control (MPC) with MTPA Optimization: Model predictive control (MPC) is an advanced control technique
that utilizes predictive models to optimize control actions over a finite time horizon. MPC methods can be combined with
MTPA optimization techniques to predict future motor behavior and dynamically adjust control inputs to achieve maximum
torque per ampere.

7) Application-Specific MTPA Control: MTPA control strategies can be tailored to specific applications or motor types to address
unique performance requirements or constraints. For example, specialized MTPA control methods may be developed for
traction motors in electric vehicles, high-speed spindles in machine tools, or wind turbine generators in renewable energy
systems.

These types of MTPA control strategies can be further customized or refined based on specific application requirements, hardware

constraints, and performance objectives. By selecting the most appropriate MTPA control approach and optimizing its

implementation, engineers can effectively enhance the performance, efficiency, and reliability of electric motors across various
industrial sectors.

Field-Oriented Control (FOC) with Maximum Torque Per Ampere (MTPA) enhancement is a sophisticated control strategy used in

electric motor drives to achieve optimal performance, efficiency, and torque production. This approach combines the principles of

FOC, which allows independent control of the motor's flux and torque components, with techniques aimed at maximizing torque per

ampere to further improve motor efficiency and performance.
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1. BLOCK DIAGRAM
Here's a detailed block diagram illustrating the components and control loops involved in FOC with MTPA enhancement:
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Fig-1: Block Diagram of FOC with MTPA
1) Reference Generator:
e  Generates reference signals for torque and flux based on desired motor performance criteria and operating conditions.

2) Current Control Loop:

e Controls the motor current to track the reference values provided by the reference generator. It includes:
e Current Regulator: Maintains the motor current within specified limits.

e Pl Controller: Adjusts control signals to achieve desired current levels.

3) Flux Control Loop:

e Controls the motor flux to achieve the desired flux reference provided by the reference generator. It includes:
e Flux Regulator: Maintains the motor flux at the desired level.

e Pl Controller: Adjusts control signals to achieve the desired flux.

4) Torque Control Loop:

e Adjusts the torque-producing component of the motor current to achieve the desired torque reference provided by the reference
generator. It includes:

e Torque Regulator: Controls the motor's torque output.

e Pl Controller: Adjusts control signals to achieve the desired torque.

5) MTPA Optimization Module:

e Calculates the optimal operating point for maximum torque per ampere based on the motor's characteristics and operating
conditions. It includes:

e Mathematical Model: Represents the motor's torque-speed characteristic and efficiency map.

e  Optimization Algorithm: Determines the optimal flux and torque references to achieve MTPA operation.
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6) Field-Oriented Control Transformation:
e Transforms the three-phase motor currents and voltages from the stationary reference frame to the rotating reference frame (dg-
frame) to facilitate independent control of flux and torque components.

7) Inverse Park and Clarke Transformation:
e  Converts the desired torque and flux references from the dg-frame back to the stationary reference frame for implementation in
the motor drive system.

8) Voltage Source Inverter (VSI):

e Converts DC input voltage to three-phase AC output voltage to drive the motor. It includes:

e Pulse Width Modulation (PWM) Generator: Generates PWM signals to control the VSI's switching devices.
e Power Electronics: Converts DC voltage to AC voltage with variable frequency and magnitude.

9) Electric Motor:

e Converts electrical energy into mechanical motion. It includes:

e  Stator: Stationary part of the motor.

e Rotor: Rotating part of the motor.

e Windings: Conductors that produce magnetic fields when energized.

10) Sensors:

e Measure motor variables such as current, voltage, speed, and position for feedback control. Common sensors include:

e  Current Sensors: Measure motor current.

e  Speed Sensors: Measure motor speed.

Position Sensors: Measure rotor position (e.g., encoders, resolvers, Hall Effect).

By integrating FOC principles with MTPA enhancement techniques, this control strategy enables precise control of motor torque
and flux while maximizing efficiency by operating the motor at the optimal torque per ampere point. It is widely used in various
applications requiring high-performance electric motor drives, such as electric vehicles, industrial machinery, and renewable energy
systems.

1. MATHEMATICAL MODEL OF FIELD-ORIENTED CONTROL (FOC) WITH MTPA ENHANCEMENT:
The IPMSM model in the rotor rotating (d - q) reference frame could be written as [29]

vy = Rig + Ld% - PL o,
Vg =Ry + L, %” + PLy), iy + Py iy
@)
where Vd and Vq, are the d and g axis stator voltages, id and iq are the d and q axis stator currents, Rs is the stator resistance, Ld
and Lq are the d and q axis stator inductances, xr is the rotor angular velocity, P is the number of pole pairs and Am is the permanent

magnet flux linkage.
The electric torque (Te) could be obtained in terms of the stator currents as follows

Te = 1.5P(Amig + (L — Lq)idiy)-
@

The following equation gives the relation between electric torque and the rotor speed

Te =]y + Bo) + T
®)

where J and B are the moment of inertia and the viscous friction coefficients, respectively. The load torque is represented with TL.
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In the MTPA strategy, the two-axis stator reference currents are calculated so that the maximum torque per ampere will be achieved.
This means that

' e
max : 'Lf
sre;
4 (4)
If the reference torque (T is assumed to be constant, then the stator reference current (igef) should be minimized. The stator
reference current could be calculated in terms of the two-axis stator reference currents as follows
Iy = /I, + 12
sref = \/ Yds + gs
®)
where ids and iq are the d and q axis stator reference currents, respectively. These values are related to each other by the torque Eq.

().

A. Result Of FOC With MTPA
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Fig-2: MTPA Curve

1) Initial Region: At low currents, the torque produced by the motor is relatively low at base speed. This is typically the region
where the motor operates in a linear or near-linear manner, following the basic principles of motor operation.

2) Rapid Rise: As current increases, the torque rises rapidly. This is often because the magnetic field within the motor becomes
saturated, allowing it to generate more torque for a given increase in current. The slope of this rise may vary depending on
motor design and construction.

3) Peak Point: Eventually, the torque reaches a maximum value. This is the peak of the MTPA curve. At this point, the motor is
operating at its maximum torque per ampere (hence, MTPA). Operating the motor at this point ensures that you're getting the
most torque for the amount of current supplied.

4) Saturation and Decline: Beyond the peak point, increasing the current further might not result in proportional increases in
torque. This is because the magnetic saturation within the motor core limits further increases in torque. In this region, the torque
might start to decline slightly as the current increases.

5) Current Limit: At some point, the current may reach a limit imposed by the motor or the control system. This could be due to
thermal limits (to prevent overheating) or current limits set by the controller to protect the motor and the drive system.

6) Operating Point: The optimal operating point for the motor is typically at or near the peak of the MTPA curve. Controllers in
variable speed drives often regulate the motor's operation to maintain it close to this point, ensuring efficient use of electrical
power and maximizing torque output.
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(AVA COMPARISION FOC IMPLITATION WITH AND WITHOUT MTPA:
TABLE-1: COMPARISION FOC IMPLITATION WITH AND WITHOUT MTPA

A R I
1 2.64 0.97 0.97
2 3.35 1.03 2.03
3 48.07 20.89 25.89
4 46.77 23.45 27.45
5 42.06 21.48 27.50
6 36.94 21.30 27.52
MTPA OUTPUT
60.00
50.00
40.00
30.00
20.00
10.00
0.00

0.97 1.03 20.89 23.45 21.48 21.30

e CUITENT e NOrmal FOC — emmm\Nith MTPA FOC

Fig-3: FOC OUTPUT WITH/WITHOUT MTPA

1. With MTPA: With MTPA implemented at a 28nm manufacturing process node, you would expect the system to be optimized for
efficient torque generation per unit of current supplied to the motor. This could result in better performance in terms of torque
output for a given level of current compared to systems without MTPA.

2. Without MTPA: Without MTPA, the torque generation capabilities might still be significant, but the efficiency might not be as
high as a system with MTPA. Additionally, the use of a 23nm manufacturing process node suggests a more advanced technology
compared to 28nm, which could potentially offer other advantages such as higher performance or lower power consumption in other
aspects of the system.

V. CONCLUSION
In this paper, the research proposes a practical approach built on very low-resolution Hall-effect sensors to pro- vide an IPMSM in
electric vehicles with accurate and effective torque management. The maximum torque per ampere (MTPA), field weakening
control, and reduced- order observer of IPMSM for HECV are all presented in this study. Electric vehicles can save money, weight,
and volume by replacing resolvers with low-resolution Hall- effect sensors. Because the rotor position estimation is based on a
power closed-loop, even if the predicted rotor position has some deficiencies, the IPMSM can out- put accurate torque.
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The flux linkage and power com- potations are dependent on rotor speed, the suggested technique may have certain limitations in
the low-speed zone. However, this strategy is a considerably more effective way to establish efficient and precise management of
IPMSM, especially when the IPMSM is functioning under high-power, high-speed settings. The standard driving cycle performance
requirements of the modelled FTP vehicle has been analyses for understanding the real model requirements of the vehicle [4].
Utilizing actual HEV load and modified engine characteristics, torque control is applied. The efficiency of the prosed system has
been improved by 92%. It will serve as an effective IPMSM implementation and performance control to apply the suggested system
to the HECV system to regulate it. The torque ripple also reduced in the proposed method.
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