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Abstract. The paper presents simulation and experimental results of an Electric Controlled Permanent Magnet Synchronous 
(ECPMS) machine that offers an extended magnetic field control capability which makes it suitable for battery electric vehicle 
drives. Rotor, stator and additional direct current supplied coil of the machine have been analyzed in detail. Control and power 
supply systems of the machine have been presented. Influence of the additional excitation on the machine performance has also 
been discussed. 
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1. Introduction 

 
The advantage of machines with high flux density values in the low speed range used for electric 

vehicle drives is inherently connected with challenges in the high speed operation regions, where due 

to the limited battery voltage values a strong field weakening possibility is required. This paper 

presents a machine topology that enables field weakening with an additional stator fixed DC-coil, 

offering wide speed variations. 

 
 

2. Design and Optimization of the ECPMS Machine 

 
Fig. 1 shows a 3-phase design of ECPMS-machine with a 12-pole double inner rotor topology. 

Armature windings are located in 36 slots on both sides of two stator stacks. On one side of the 

machine the rotor is formed by the exhibited PMs of single polarity, along with iron poles made from 

a soft magnetic composite (SMC) material. On the other side of the machine the same arrangement is 

applied with PMs of inverse polarity. The flux generated by PMs passes through laminated stator cores 

pole pieces, and it crosses the air-gap of the machine in the radial direction. Main portion of the flux 

passes through the SMC stator core in the axial direction, and it returns via the rotor core. 

The remaining part of the flux excited by PMs returns to the iron poles of the rotor. The flux passing 

through the iron poles is very important from the point of view of the field-weakening capability 0, 

[2]. 

In order to realize a field excitation control (increasing or decreasing the magnetization level of the 

machine) an auxiliary DC-coil is mounted centrally inside the stator core, between two laminated 

stators. This allows to vary the effective excitation field and voltages induced in the armature 

windings. 
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Fig. 1. Cross section of the ECPMS-machine. 

 

It is of great interest to improve motor geometry by design optimization, thus to reduce production 

costs and improve the performance of a drive system. The fundamentals of the field optimization have 

originally been described in [3], [4], e.g. Optimization of the machine topology has been performed in 

many steps, for the stator and the rotor separately or for both together. This task can be divided into 

many connected to each other subtasks: optimization of the rotor structure, optimization of the rotor 

shape, optimization of the PM shape and magnetization, optimization of the stator structure, 

optimization of the stator shape, optimization of windings, optimization of the additional supply coil. 

Such optimization problem is a typical Multiobjective Optimization Problem (MOP) subject to a set of 

constraints. Usual objective functions for such optimization are: mass minimization, torque 

maximization, minimization of the cogging-torque ripples, proper inductances values, proper back 

emf, etc., and typical constraints are following: non-saturation of the magnetic core, defined maximum 

current density in the windings, maximum power losses, maximum local temperature (windings, 

PMs), maximum geometrical dimensions, limited amount of magnetic material, manufacturability, 

maximum costs, etc. 

After solving the MOP a set of optimal non-dominated solutions is generated creating a Pareto front 

giving a set of models for selection of best solution. The final selection can be made taking into 

account other features that the motor should have. Details of this methodology have been described in 

[8] e.g. The initial 2D optimization of the machine has partially been done in [2]. The main 

geometrical dimensions of the machine under study were defined by the application requirements and 

the design problem consisting of identifying some crucial dimensions of the machine was formulated. 

In [2] the NSGA-II algorithm was applied for solving the multi-objective problem of minimizing the 

mass of the motor while maximizing the average torque value. The optimization was based on 2D- 

FEA calculations; only a posteriori, in the post-processing step, the optimization results were assessed 

by means of 3D-FEA simulations. The impact of the control coil on the optimal design was taken into 

account only in the post-processing phase. The minimization of the cogging torque in the ECPMS 

motor using the topological gradient and a modified multi-level set method with total variation 

regularization has been performed in [5] and [6], respectively. The topology optimization of rotor 

poles in the ECPMSM using level set method and continuum design sensitivity analysis has been 

presented in [7]. Finally, for the optimization of the machine, two different optimization algorithms 

have been developed and adopted: Genetic Algorithm (GA) and Sequential Surrogate Optimizer 

(SSO) [8]. In this way it was possible to determine all geometrical dimensions of the machine and 

fulfill all fundamental optimization targets (fully or partially). 

Following figures demonstrate some optimization stages of different parts of the ECPMS-machine. 

Fig. 2 shows a cross section of the ECPMS-machine with some crucial design variables and the final 

3-D field distribution within the machine. The evolution of the rotor geometry has been shown in 

Fig. 3. The final version of the prototype rotor (formed by modified soft magnetic composites 

technology) is given in Fig. 3 (right). 
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Fig. 2. Cross section of the ECPMS-machine (left). Magnetic field distribution within 3-D model of the machine (right). 

 

Fig. 3. Evolution of the rotor of the ECPMS-machine. Initial prototype (left); final design (right). 

 

The main goal of the paper is to optimize the flux management in the machine in order to obtain the 

required field weakening in a wide range of velocities subject to a prescribed torque [9], [10]. 

 

 
3. Design and Optimization of the Supply System 

 
A control strategy (in a steady state and in transient modes) and a new approach to control the power 

supply system of the machine in the field weakening/strengthening range, or in a fault mode of 

operation, involves defining an adequate mathematical model of the machine. Following assumptions 

have been made: symmetric armature windings, constant resistance and inductance of windings, 

constant flux of magnets, higher harmonics of magnetic flux density are neglected. Typical hybrid 

machine's voltages and torque equations can be written in the following form ([12], [13]): 
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where: ed, eq - induced voltages in direct and quadrature axis; Tsynch – synchronous torque proportional to 

the iq (q-axis currents), PM flux linkage of magnets; TDC auxiliary controlled torque proportional to value 

and direction of DC current (iDC); Trel – reluctance torque, LDC – self-inductance of the additional coil, 
MDC – mutual inductance, p – number of pole pairs. The electromagnetic torque equation consists of 
three significant components: 

 synchronous torque Tsynch – proportional to the current in the q-axis and to the (constant) flux of 
permanent magnets, 

 torque TDC – proportional to the current iexc in additional excitation coil, 

 reluctance torque Trel – as a result from the asymmetry of the machine's magnetic circuit. 

TDC Trel 
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It must be emphasized, that most of ECPMSM models described in literature, as well as the presented 

experimental model, shows resultant flux from PM and additional coil as a nonlinear dependency. 

Graphical representation of the linkages and feedbacks are shown in Fig. 4. Highlighted block of the 

schema is a part of controllable excitation circuit that is typical for hybrid machines. 

 

 

Fig. 4. Block diagram of a synchronous hybrid machine. 

 
Equations (1-3) give the possibility of forming a specified electromagnetic torque at different values 

of the individual components of the stator current (id, iq) and additional coil current iDC according to 

the specified control strategy. One of the most common control strategy is: “id=0” – which does not 

contribute reluctance torque and any losses. The next strategy is MTPA (Maximum Torque Per 

Ampere) – which uses reluctance torque in order to increase resultant torque value Te according to (3) 

but does not consider losses. The authors propose Maximum Efficiency strategy which results in 

increased torque value, higher efficiency and broader constant power speed range. 

 
4. Optimization of Control Strategy (Maximum Efficiency) 

 
Significant part of power losses, especially at high rotational speeds, may be produced in the 

machine magnetic core [8]. Total losses in magnetic material have been modeled as an additional 

Rc resistor in extended equivalent circuit of the hybrid machine (Fig. 5). Rc value depends on rotational 

speed of the machine shaft. A model of core losses has been determined using experimental results. 
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Fig. 5. Equivalent circuit of hybrid machine considering power losses in magnetic core (left). 
A result of match of mechanical and magnetic losses with measurement points (right). 
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Because of difficulties with analytical description of a nonlinear model and mutually linked 

phenomena that occur in the hybrid machine, there has been proposed an idea of initial (off-line), 

iterative searching for optimal (in sense of selected criteria) parameters of power supply in steady 

state. Obtained results consist of stator and additional coil current components, applied for selected 

rotational speed and reference torque values. Proposed method is based on calculation of individual 

power supply parameters for all defined work points of a drive system. Input variables for individual 

calculation steps are defined in advance Id and IDC ranges. Obtained values of required stator current 

components Id, Iq and additional coil current IDC are written into Look Up Table (LUT). Next the 

values are placed in non-volatile memory of microcontroller that realizes a classical Field Oriented 

Control algorithm (Fig. 6). A positive feature of such solution is a small required calculation speed of 

a microcontroller (approximate to classic solutions of vector control algorithms). Calculated optimal 

current values have been shown in Fig. 7. 

 

 

Fig. 6. Selection of coordinates for maximum efficiency value of a drive system with control scheme. 

 
 

Fig. 7. Calculated optimal current values. 

 
Pursuant to former analysis IDC value increased at low speeds, made it possible to achieve higher 

torque for a given stator current value. At high speeds, Id field-weakening effect is boosted with IDC 

negative current. Consideration of core losses causes direct axis current component to be applied at 

much lower speed values. Assessment of machines efficiency for proposed control strategy has been 

performed for experimental results assembled and presented in a form of efficiency maps. The 

prototype machine at the test stand is shown in Fig. 8. Theoretical efficiency maps obtained during 

iterative calculations of formulated models and experimental measurement results of the real machine 

have been shown in Fig. 9. Comparison of theoretical and experimental results gives great accordance 

between the model and the real object and validates theoretical assumptions drawn at elaboration of 

each power losses component model. Differences between obtained results are not greater than 1%. 
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Fig. 8. Test stand and power supply unit. 

 

 

 

5. Conclusions 

Fig. 9. Machine efficiency maps: simulation (left), experiment (right). 

 

The paper describes a new approach of the magnetic field management in the hybrid excited 

machine which enables the required field weakening in a wide range of velocities. This modified FOC 

method together with the Maximum Efficiency strategy can be used in all-electric vehicle drives. It 

results in increased efficiency, increased nominal torque value and higher constant speed range. 
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