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Abstract – The partial demagnetization process in 
Surface-Mounted Permanent-Magnet Synchronous 
Motors (SMPMSMs) negatively affects the performance of 
an electric drive, reducing the rated torque and the 
efficiency of the machine. This paper presents a 
comprehensive analysis of the rotor demagnetization 
caused by an overcurrent event for a six-phase SMPMSM. 
Multiphase drives may become a key solution for safety-
critical applications because they allow one to increase 
the intrinsic reliability of the electric systems and monitor 
the health state of electric motors and power converters. 

This paper proposes a diagnostic algorithm for the 
online detection of rotor demagnetization faults that also 
considers the magnetization direction of the magnets. The 
effects of the parallel or radial magnetization of the rotor 
magnets are analyzed for multiphase machines. The 
technique quantifies the demagnetization degree to 
estimate the fault severity and corrects the angular 
position of the encoder to ensure maximum motor 
performance under post-fault conditions.  

Experimental tests have been carried out on two 
identical six-phase PMSMs differing only in the size of the 
rotor magnets to emulate the effect of a trailing-edge 
demagnetization. The experimental results confirm the 
effectiveness and robustness of the proposed solution. 

 
Index Terms - Multiphase motor drives, permanent-

magnet synchronous motor (PMSM), local 
demagnetization, fault detection. 

I.   INTRODUCTION 

ermanent-magnet synchronous machines (PMSMs) are 

crucial in many modern applications. PMSMs are widely 

used in the automotive industry due to their simple 

structure and high power density [1] – [3]. The same 

characteristics make these electric machines competitive in 

the emerging field of More Electric Aircraft (MEA) and Full 

Electric Aircraft (FEA) [4] - [7]. 

However, the main flaw of this technology is represented 

by the permanent magnets (PMs), which are safety-critical 

components [7]. Machines that experience a demagnetization 

fault may cause a loss of service continuity and require high 

maintenance and replacement costs.  

Above the Curie temperature the thermal disorder causes 

the irreversible loss of the magnetic properties in permanent 

magnets. The Curie temperature of SmCo and NdFeB 

magnets is well above 300 °C, much higher than the typical 

internal temperatures observed in electrical machines. 

However, even below the Curie point, the remanence and 

intrinsic coercivity of PMs reduce as the temperature rises. 

Therefore, as the temperature increases, the material is more 

susceptible to local demagnetization due to the magnetic field 

generated by the stator current during regular operation or in 

the event of short circuits and overcurrent conditions. While 

the temperature causes a uniform demagnetization of the 

magnets, the overcurrent produces a partial and local 

demagnetization, whose position depends on the orientation 

of the magnetic field generated by the stator current. 

Therefore, in PMSMs, the irreversible demagnetization is 

results from the combined effect of high-temperature 

operation and a strong reverse magnetic field generated by the 

stator currents. The problem of demagnetization induced by a 

stator overcurrent is even more significant in motors with 

ferrite magnets, which have much lower intrinsic coercivity 

than rare-earth magnets. Therefore, online monitoring 

techniques for the health state of PMs are crucial diagnostic 

tools in motor drives without rare-earth PMs [8]. These 

applications aim to replace high-energy rare-earth magnets 

with ferrites to reduce costs and increase the raw materials 

availability [9] - [11].  

For these reasons, several methods for diagnosing 

demagnetization faults in three-phase PMSMs have been 

reported in the literature [12]. The most traditional approaches 

are based on the Current Signature Analysis (CSA) and the 

spectrum of the back-Electro Motive Force (back-EMF) [13] 

- [14]. These solutions search for the harmonic signature of 

the fault using mathematical tools such as the Hilbert and 

Wavelet transform. Partial demagnetization of the rotor 

magnets modifies the distribution of the magnetic field in the 

air gap. This allows the fault to be detected by analyzing the 

harmonic content of the phase current and voltage. This 

approach typically has a high computational cost and requires 

large memory buffers for online data processing. 

Other recent diagnostic methods use convolutional neural 

networks, which have the task of recognizing failure patterns 

and signatures [15] - [17]. This approach is versatile because 

it can potentially identify many types of faults with very short 

response times and good reliability. The main drawback of 

this technology is the training of the neural network, which 

requires large amounts of data generated by numerical 

simulations or experimental results. 

Finally, the most accurate and reliable methods use probes 

and sensors inside the electric machine. These intrusive 

solutions directly monitor the magnetic field in the air gap in 

any operating condition of the motor. Although these methods 

are robust, the presence of sensors must be considered during 

the motor design phase. The additional measuring instrument 

are relatively inexpensive, such as Hall effect probes [18] - 

P 

 
Fig. 1. Six-phase PMSM with a spatial shifting of 𝜋/6 between three-

phase windings and a dual three-phase inverter. 
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[20] or a dedicated search coil [21]-[22]. In addition, the direct 

measurement of the magnetic field in the airgap ensures the 

detection of other faults, such as rotor eccentricity and stator 

winding unbalance. As a results, these methods are versatile, 

provide immediate results and do not require complex 

processing units. 

Probably, the most widely used multiphase system is the 

six-phase machine. The stator windings of an asymmetrical 

six-phase motor consist of two three-phase windings shifted 

by 30° (electrical degrees). The increased number of stator 

phases results in the inherent fault tolerance that is a 

characteristic feature of multiphase drives. Multi-three-phase 

motor drives can be easily obtained by rearranging the 

winding of a traditional three-phase machine and using 

standard three-phase inverters connected to the same DC-link 

(Fig. 1). Therefore, they are one of the most common 

multiphase solutions [23] - [25]. 

In addition, multiphase machines are characterized by more 

degrees of freedom than three-phase machines. The new 

variables can be used to monitor the state of health of the 

multiphase motors. Despite the extensive literature on the 

numerous advantages of multiphase machines, few 

contributions focus on the detection of a demagnetization 

fault [26] - [27]. 

This paper presents an algorithm to detect and estimate the 

local demagnetization of the rotor magnets. The proposed 

method is based on a mathematical model of the magnetic 

field generated by the rotor magnets in a multiphase machine, 

taking into account the direction of the magnetization of the 

magnets (radial or parallel). The analyzed solution is quite 

different from those developed for three-phase motors 

because it fully exploits the degrees of freedom of multiphase 

systems to increase the robustness and reliability of the fault 

diagnosis. Furthermore, the analytical results show that the 

trailing-edge demagnetization fault leads to a non-perfect 

field orientation of the control system, which reduces the post-

fault torque capability and efficiency of the machine. The 

proposed algorithm corrects the angular position to maximize 

the motor performance compatible with the fault effects.  

Overall, the main contributions and advantages 

investigated in this paper are as follows:  

• analytical description of the magnetic field generated 

by the rotor magnets in a multiphase machine taking 

into account the magnetization direction of the 

magnets (radial or parallel); 

• definition of an algorithm to estimate and quantify the 

partial demagnetization of rotor magnets; 

• angular realignment of the control system for 

maximum torque capability after the detection of the 

demagnetization fault; 

• robustness against the variation of the electrical 

parameters of the motor; 

• low computational burden and no data storage. 

This paper is organized as follows. Section II illustrates the 

mathematical model of a six-phase PMSM. This part includes 

the motor equations and the analytical formulation of the 

magnetic field in the air gap. In Section III, the detection 

algorithm of the local demagnetization is described, and the 

block diagram of the proposed motor control system is 

explained in detail. Finally, in Section IV, the accuracy of the 

analytical model and the effectiveness of the control scheme 

are experimentally validated using two six-phase PMSMs that 

differ only in the degree of demagnetization of the rotor. The 

tests evaluate the dynamic performance, robustness, and 

effectiveness of the proposed solution.  

II.   MATHEMATICAL MODEL OF A SIX-PHASE SURFACE 

MOUNTED PERMANENT MAGNET SYNCHRONOUS MOTOR 

This paper considers a six-phase PMSM with two isolated 

three-phase star-connected stator windings 𝐴1, 𝐴2, 𝐴3 and 𝐵1, 

𝐵2, 𝐵3 shifted by 30° electrical degrees from each other (Fig. 

1). 

The mathematical model of a multiphase motor takes 

advantage of the Vector Space Decomposition (VSD), a linear 

transformation of the electromagnetic quantities that allows 

the machine to be represented as a set of decoupled equations 

in separate subspaces or planes. 

A.   Machine Equations 

The generic expression of the 𝜌th space vector of the stator 

currents 𝑖𝐴𝑘  and 𝑖𝐵𝑘  (𝑘 = 1,2,3) is as follows: 

𝑖�̅�𝜌
𝑆 =

2

6
∑(𝑖𝐴𝑘 + 𝑖𝐵𝑘�̅�

𝜌)�̅�𝑘
𝜌

3

𝑘=1

           𝜌 = 1,3,5. 
(1) 

where: 

�̅�𝑘 = 𝑒𝑗
2𝜋
3
(𝑘−1),     �̅� = 𝑒𝑗

𝜋
6      𝑘 = 1,2,3. (2) 

and the superscript "𝑆" indicates the stationary reference 

frame. 

It can be easily demonstrated that only three current space 

vectors are necessary and sufficient to satisfy the six degrees 

of freedom of a six-phase PMSM. Typically, the 

mathematical model of the motor is based on 𝑖�̅�1
𝑆  and 𝑖�̅�5

𝑆  

because the common-mode current 𝑖�̅�3
𝑆  is zero due to the 

winding connections. The current vector 𝑖�̅�1
𝑆  is used for the 

motor torque and speed control, and 𝑖�̅�5
𝑆  is generally set to zero 

to reduce the torque ripple and stator Joule losses [28].  

Linear transformation (1) can be applied to the phase 

voltages 𝑣𝐴𝑘 , 𝑣𝐵𝑘  and the fluxes 𝜑𝐴𝑘 , 𝜑𝐵𝑘 . 

The VSD generates a set of independent equations, 

identified by subscript 𝜌 (𝜌 = 1,5 ), which can be written in 

the stationary reference frame as follows: 

 a) 

 b) 

Fig. 2. Magnetic field distribution produced by magnets with radial 

magnetization (a) and parallel magnetization (b). 
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�̅�𝑆𝜌
𝑆 = 𝑅𝑆𝑖�̅�𝜌

𝑆 +
𝑑�̅�𝑆𝜌

𝑆

𝑑𝑡
    (𝜌 = 1,5) (3) 

�̅�𝑆𝜌
𝑆 = 𝐿𝑆𝜌𝑖�̅�𝜌

𝑆 + �̅�𝐸𝜌
𝑆       (𝜌 = 1,5) (4) 

𝑇 = 3 𝑝 ∑ 𝜌 𝑖�̅�𝜌
𝑆 ∙ (𝑗�̅�𝐸𝜌

𝑆 )

𝜌=1,5

       (5) 

where 𝑅𝑆 and 𝐿𝑆𝜌 are the stator resistance and inductance 

respectively, �̅�𝑆𝜌
𝑆  is the stator flux linkage vector, �̅�𝐸𝜌

𝑆  is the 

flux linked to the stator windings generated by the rotor 

magnets, �̅�𝑆𝜌
𝑆  is the stator voltage vector, 𝑖�̅�𝜌

𝑆  is the stator 

current vector and 𝑝 is the number of pole pairs number. 

Finally, the dot operator “·” is defined as the real part of the 

product of the first operand and the complex conjugate of the 

second operand. 

In a rotor field-oriented drive, the control system is 

implemented in the d-q reference frame, whose d-axis has the 

same direction as the excitation field. The current 𝑖𝑆1𝑞 is used 

for torque control, while 𝑖𝑆1𝑑 can reduce the stator flux due to 

the excitation field for field weakening operations.  

Demagnetization in a permanent magnet machine can be 

caused by mechanical stress, overtemperature, or a 

demagnetizing overcurrent. The effect of temperature alone 

causes a uniform and reversible reduction in the magnetic 

properties of rotor magnets until the temperature reaches the 

Curie temperature. A robust diagnostic algorithm must 

distinguish this effect from the irreversible demagnetization 

caused by the magnetic field generated by an overload 

current. 

For example, irreversible demagnetization can be caused 

by the stator current component 𝑖𝑆1𝑑 along the direction of the 

rotor magnetic field. This event may occur when the motor 

operates in the field weakening region, and the magnetic field 

generated by a high negative 𝑖𝑆1𝑑 can symmetrically 

demagnetize the central part of the rotor magnets in all pole 

pairs. The demagnetization caused by an 𝑖𝑆1𝑑 current has a 

significant effect on the motor performance. For this reason, 

it is easy to diagnose. Even the loss of magnetic properties in 

small portions of the central part of the magnet dramatically 

reduces the fundamental component of the rotor magnetic 

field. As a results, monitoring the torque produced or the 

voltage required by the motor is generally sufficient to 

diagnose the central demagnetization of the rotor magnets. 

Typically, the thickness of the magnets is designed to 

withstand the demagnetizing field applied during the flux 

weakening operation. 

Conversely, an intense overload current 𝑖𝑆1𝑞 at a high 

temperature can cause the trailing edge demagnetization of 

the rotor magnets (Fig. 2). This type of fault is more common 

and much more challenging to diagnose due to the non-trivial 

effects it has on the magnetic field distribution in the air gap.  

Short circuit (SC) faults can also produce the 

demagnetization of the rotor magnets. The SC can be caused 

by an insulation fault between two stator phases or within the 

same coil (inter-turn SC). The structure of the stator windings 

and the location of the fault significantly affect the 

characteristics of the demagnetization phenomena. If the 

motor is not properly designed, the simultaneous SC of all six 

motor phases caused by a fault in the power electronics can 

demagnetize the central part of the rotor magnets. However, 

this event is unusual in a multiphase machine because the 

correct sizing of the magnets prevents this type of failure, and 

the simultaneous fault of both inverters in a double three-

phase inverter is rare. Conversely, the temporary overload of 

the motor with a high value of the current  𝑖𝑆1𝑞 is a common 

event. A significant overload may potentially cause a local 

demagnetization in the rotor magnets.  

This article proposes a diagnostic algorithm to detect and 

quantify the rotor demagnetization caused by an overload 

current that generates a magnetic field directed along the q-

axis. 

The trailing-edge demagnetization can be modeled by 

removing a portion of the magnetic material from the edge of 

the rotor magnets, as shown in Fig. 2, where 𝜗𝑅 is an electrical 

angle used as an angular coordinate in a rotor reference frame, 

𝜋 − 𝜆1 − 𝜆2 (0 ≤ 𝜆1 ≤ 𝜋, 0 ≤ 𝜆2 ≤ 𝜋 − 𝜆1 ) is the magnet 

arc 𝜗𝑀 of the surface-mounted permanent magnets, and 𝜆2 −
𝜆1 is the demagnetized angular portion. Under healthy 

conditions, 𝜆1 is equal to 𝜆2, but partial demagnetization 

forces 𝜆1 to increase. 

The physical phenomenon of demagnetization strictly 

depends on the direction of magnetization of the rotor 

magnets, which is typically radial or parallel. These two cases 

are discussed in the following subsection. 

B.   Radial Magnetization of Surface Mounted PMs 

The lines in Fig. 2 (a) represent the magnetic field in the 

airgap generated by radially magnetized magnets. The dashed 

line describes the rotor magnetic field distribution under 

healthy conditions, whereas the solid line represents the effect 

of local demagnetization of a portion of a magnet. The rotor 

field distribution can be described mathematically as follows 

[28]-[29]: 

𝐻𝑅(𝜗𝑅) =

{
 
 

 
 𝐻𝑅,𝑀 −

𝜋

2
+ 𝜆1 < 𝜗𝑅 <

𝜋

2
− 𝜆2

−𝐻𝑅,𝑀
𝜋

2
+ 𝜆1 < 𝜗𝑅 < −

𝜋

2
− 𝜆2

0 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (6) 

When the machine is healthy, 𝜆1 and 𝜆2 are equal. 

 

Fig. 3. Graphical description of |�̅�ℎ
𝑟
| for radially magnetized magnets. 

Magnet arc

[P
U

]

 

Fig. 4. Graphical description of |�̅�ℎ
𝑝
| for parallelly magnetized magnets. 

Magnet arc
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Conversely, after a fault, 𝜆1 and 𝜆2 take different values due 

to the local demagnetization of the edge of the magnets. The 

peak value of the rotor magnetic field is 𝐻𝑅,𝑀, which can be 

easily calculated using Ampère's circuital law and the 

parameters of the magnets. The value of 𝐻𝑅,𝑀 is proportional 

to the magnetic remanence 𝐵𝑅  and depends on the thickness 

𝛿𝑀 of the magnet and the distance 𝛿 between the magnets and 

the stator, as follows:  

𝐻𝑅,𝑀 = 𝐵𝑅 (
𝛿𝑀 

𝜇0 𝛿𝑀  + 𝜇𝑑  𝛿
). (7) 

In (7), 𝜇0 is the permeability of free space and 𝜇𝑑 is the 

differential permeability of the rotor magnets. 

The spatial distribution of the magnetic field in the airgap 

generated by the rotor can be written as a Fourier series as 

follows: 

𝐻𝑅(𝜗𝑅) = ∑ ℜ𝑒[ℎ̅𝑅,ℎ𝑒
−𝑗ℎ𝜗𝑅  ]

+∞

ℎ=1,3,..

. (8) 

The complex number ℎ̅𝑅,ℎ in (8) represents the ℎth spatial 

harmonic component of the rotor magnetic field and can be 

expressed as follows:  

ℎ̅𝑅,ℎ =
2

𝜋
𝐻𝑅,𝑀 𝑓ℎ̅( 𝜆1, 𝜆2) (9) 

where the function 𝑓ℎ̅( 𝜆1, 𝜆2) considers the type of 

magnetization (radial or parallel) and the demagnetization 

angle of the rotor magnets. In the case of radial magnetization 

of the magnets, 𝑓ℎ̅( 𝜆1, 𝜆2) can be expressed as follows: 

𝑓ℎ̅
𝑟( 𝜆1, 𝜆2) =

1

ℎ
(𝑒𝑗ℎ𝜆1 + 𝑒−𝑗ℎ𝜆2)(−1)

ℎ−1
2  (10) 

while the expression of 𝑓ℎ̅( 𝜆1, 𝜆2) for parallel magnetization 

of the rotor is presented in the next section. In both cases, 𝑓ℎ̅ 

is a complex function but, if the origin of the reference frame 

is aligned with the symmetry axis of the rotor magnetic field, 

the imaginary component becomes zero. The graphical 

representation of the magnitude of 𝑓ℎ̅
𝑟 for radial magnetization 

as a function of the magnet arc for a PMSM with two pole 

pairs is shown in Fig. 3. The peak values of |𝑓ℎ̅
𝑟| decrease if 

the harmonic order increases. The trend of the function 𝑓ℎ̅
𝑟 for 

the ℎth harmonic order is monotonic in the range [𝑘𝜋/
ℎ  ; (𝑘 + 1)𝜋/ℎ], 𝑘 ∈ [0,1, … , ℎ − 1].  
 

C.   Parallel Magnetization of Surface Mounted PMs 

The magnetic field distribution produced in case of 

parallel magnetization of PMs, represented by the dashed and 

the solid lines in Fig. 2 (b) for a motor with two pole pairs, 

can be described as follows: 

𝐻𝑅(𝜗𝑅) = 

{
 
 
 

 
 
 𝐻𝑅,𝑀 𝑐𝑜𝑠 (

𝜗𝑅
𝑝
) −

𝜋

2
+ 𝜆1 < 𝜗𝑅 <

𝜋

2
− 𝜆2

𝐻𝑅,𝑀 𝑐𝑜𝑠 (
𝜗𝑅 − (𝑝 − 1)𝜋

𝑝
) −𝜋 < 𝜗𝑅 < −

𝜋

2
− 𝜆2

𝐻𝑅,𝑀 𝑐𝑜𝑠 (
𝜗𝑅 + (𝑝 − 1)𝜋

𝑝
)

𝜋

2
+ 𝜆1 < 𝜗𝑅 < 𝜋

0 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 
(11) 

where 𝐻𝑅,𝑀 is given by (7). The Fourier transform of (11) can 

be expressed by using (8) and (9), where the function 

𝑓ℎ̅( 𝜆1, 𝜆2) in case of parallel magnetization is equal to: 

𝑓̅ℎ
𝑝(𝜆1, 𝜆2) =

𝑝

ℎ2𝑝2 − 1
{A̅2𝑒

𝑗ℎ𝑝γ2 − A̅1𝑒
−𝑗ℎ𝑝γ1} (12) 

and the variables �̅�1, �̅�2, 𝛾1 and 𝛾2 are defined as follows:  

�̅�1 = 𝑗𝑝ℎ cos(𝛾
1
) − sin(𝛾

1
) 

�̅�2 = 𝑗𝑝ℎ cos(𝛾2) + sin(𝛾2) 

𝛾1 =
1

𝑝
(𝜆1 −

𝜋

2
) 

𝛾2 =
1

𝑝
(𝜆2 −

𝜋

2
). 

(13) 

A graphical representation of |�̅�
ℎ

𝑝
(𝜆1, 𝜆2)| is provided in 

Fig. 4 for a healthy machine with 𝑝 = 2.  

 
Fig. 6. Block diagram of the motor control system. 
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Fig. 5. Ratio between the magnitude of the 5th harmonic component 

of the magnetic field in the air gap in case of radial and parallel 

magnetization. 
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The intervals where 𝑓̅ℎ
𝑝
 has a monotonic trend are the same 

ones as 𝑓ℎ̅
𝑟 . 

D.   Comparison between Radial and Parallel 
Magnetization 

As the number of pole pairs increases, the differences 

between the mathematical models of the two types of 

magnetizations tend to decrease. Fig. 5 shows the ratio 

between the amplitude of the 5th harmonic component of the 

magnetic field in the air gap of radially and parallelly 

magnetized magnets for some values of the magnet arc. When 

the number of pole pairs exceeds three, the difference between 

the two magnetization models is less than 10%. If the number 

of pole pairs exceeds 4, the difference is less than 5%. 

Therefore, for motors with parallel magnetization and many 

poles, the permanent magnet magnetic field can be described 

with the radial magnetization model, which ensure accurate 

results with a simpler approach. 

III.   FAULT DETECTION 

In a six-phase PMSM, the current 𝑖�̄�5
𝑆  is not used for torque 

production and is typically zeroed to reduce the stator Joule 

losses and torque ripple [28]. To keep 𝑖�̄�5
𝑆  at zero, the control 

system must generate a voltage vector �̄�𝑆5
𝑆  that compensates 

for the residual back-emf induced in the stator winding by the 

rotation of the rotor magnets. At steady state, the back-emf 

voltage can be written in terms of space vectors as follows: 

�̅�𝑆5
𝑆 =

𝑑�̅�𝐸5
𝑆

𝑑𝑡
= 𝑗𝜔 ∑ ℎ �̅�𝐸,ℎ 𝑒

𝑗ℎ𝜔𝑡  

+∞

ℎ∈{5±12𝑛|𝑛∈𝑁}

  (14) 

�̅�𝐸,ℎ =
2 𝜇0𝑁𝑆𝐿𝜏 𝐻𝑅,𝑀𝐾𝑤,ℎ

𝜋2ℎ2
 𝑓ℎ̅(𝜆1, 𝜆2)   (15) 

where 𝐿 is the active length of the motor, 𝜏 is the pole pitch, 

𝐾𝑤,ℎ is the stator winding factor, 𝑁𝑆 is the number of 

conductors in series per phase, ℎ is the harmonic order, and 𝜔 

is the rotor speed in electrical radians.  

The proposed model assumes that the back-emf induced by 

the rotor harmonic components of order higher than 10 is 

negligible. Under these conditions, �̅�𝑆5 can be written as 

follows: 

�̅�𝑆5
𝑆 = �̅�𝑆5,5

𝑆 + �̅�𝑆5,−7
𝑆

 (16) 

where: 

�̅�𝑆5,5
𝑆 = 𝑗5𝜔 �̅�𝐸,5𝑒

𝑗5𝜔𝑡   (17) 

�̅�𝑆5,−7
𝑆 = −𝑗7𝜔 �̅�𝐸,7𝑒

−𝑗7𝜔𝑡   (18) 

Equation (16) shows that �̅�𝑆5
𝑆  is the sum of the 5th direct 

harmonic component and the 7th inverse harmonic 

component. The partial demagnetization of the rotor can be 

detected by analyzing the back-emf induced in the stator 

windings by the rotor. The demagnetization affects the phase 

and the magnitude of the harmonic components of the induced 

voltage. These effects are strongly dependent on the motor 

geometry and the parameters of the permanent magnets. In 

this paper, the variation in the magnitude of �̅�𝑆5
𝑆  is used as fault 

index. 

A.   Control Scheme 

The block diagram of the control system is shown in Fig. 

6. In the control scheme, 𝜔𝑚,𝑟𝑒𝑓  is the speed command, and 

𝜗 is the rotor position in electrical radians. The rotor speed is 

adjusted by Proportional Integral (PI) regulator (a), while the 

currents 𝑖𝑆1𝑑,𝑟𝑒𝑓  and 𝑖𝑆1𝑞,𝑟𝑒𝑓 are tracked by PI regulators (b) 

and (c). The current 𝑖𝑆1𝑞,𝑟𝑒𝑓 is proportional to the motor 

torque, whereas 𝑖𝑆1𝑑,𝑟𝑒𝑓 is set to zero to comply with the 

Maximum-Torque-Per-Ampere (MTPA) conditions. 

To evaluate the back-emf of the motor, the current 

reference 𝑖𝑆5𝑑,𝑟𝑒𝑓  and 𝑖𝑆5𝑞,𝑟𝑒𝑓 are set to zero. To cancel the 

tracking error of 𝑖�̅�5, PI regulators (d) and (e) are implemented 

in a reference frame rotating at 5, while PI regulators (f) and 

(g) are implemented in a d-q reference frame rotating at -7. 

The tuning of the current and speed regulators is based on the 

pole-zero cancellation by knowing the electrical parameters 

of the motor.  

The voltage outputs of PI regulators (d)-(g) are constant 

quantities in steady-state conditions and provide the voltage 

space vectors �̅�𝑆5,5 and �̅�𝑆5,−7, that can be used as inputs of 

the diagnostic algorithm.  

Finally, the PWM block calculates the gate signals of the 

six-phase inverter. 

B.   Diagnostic Algorithm 

In three-phase PMSMs, the diagnosis of the state of health 

of the rotor magnets is typically based on the estimation of the 

back-emf induced on the stator windings [13]-[14]. These 

methods are usually simple but are affected by the torque 

level. In fact, (3) and (4) should be used to estimate the flux 

due to the rotor magnet �̅�𝐸𝜌
𝑆 . Therefore, the measurement of 

�̅�𝐸1
𝑆  depends on the parameters of the electric motor (stator 

resistance and inductance). Temperature variations and the 

magnetic saturation of the iron core can affect the accuracy of 

the measurement. 

In multiphase machines, a new algorithm can be developed 

which preserves the simplicity of the previous method but 

makes the estimation of the fault more robust by exploiting 

the degrees of freedom available in multiphase drives. 

In general, all the harmonic components of the �̅�𝐸1
𝑆  contain 

information related to the state of the rotor magnets, but the 

harmonic components of �̅�𝑆5
𝑆  are not affected by the stator 

current 𝑖�̅�5
𝑆 , which is set to zero by the control system [30]. 

Therefore, using �̅�𝑆5
𝑆  allows one to estimate the corresponding 

flux �̅�𝐸5
𝑆  independently of the electrical parameters of the 

motor. If 𝑖�̅�5
𝑆  is zero, the machine in the vector subspace 5 

behaves as it is in no-load conditions. 

 
Fig. 8. Effect of the compensation angle. 

 
Fig. 7. Block diagram of the diagnostic algorithm. 
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In the six-phase SMPMSM used for the experimental 

validation in this paper, the magnitude of �̅�𝑆5,5 is higher than 

that of �̅�𝑆5,−7. Therefore, the fifth harmonic component has 

been selected as the input of the diagnostic algorithm to 

maximize the sensitivity and accuracy of the fault diagnosis.  

The proposed algorithm can detect a rotor fault, estimate 

the demagnetization angle, and correct the alignment of the d-

q reference frame. A schematic block diagram of the 

diagnostic algorithm is shown in Fig. 7.  

The fifth harmonic component of the flux generated by the 

rotor magnet can be obtained from (17) as follows: 

 �̅�𝐸,5 = −𝑗
�̄�𝑆5,5
5 𝜔

 (19) 

Under healthy conditions, the reference frame used for the 

control system is aligned with the fundamental harmonic of 

the  �̅�𝐸,1, and  �̅�𝐸,5 turns out to be a real-value quantity whose 

amplitude depends on the arc length 𝜗𝑀 of the magnet, as 

shown in Figs. 3 and 4. 

During partial demagnetization, the symmetry axis of the 

magnets changes, and the control system loses the correct 

field orientation, so that the imaginary part of �̅�𝐸,5 becomes 

different from zero. This misalignment causes a decrease in 

the torque constant and local magnetic saturation of the iron 

core. Therefore, the proposed control algorithm aims to detect 

the demagnetization angle Δ𝜗 of the PMs and preserve the 

post-fault MTPA operation of the motor drive even under 

post-fault conditions. 

As shown in Figs. 3 and 4,  �̅�𝐸,5 is an injective function of 

𝜗𝑀 only within predetermined intervals bounded by cusps. 

The compensation term  �̅�𝐸5,𝑐𝑜𝑚𝑝  allows to maximize the 

convergence range of the diagnostic algorithm.  

The effect of the compensation is shown in Fig. 8. For any 

value 𝜗𝑀,𝑟𝑎𝑡𝑒𝑑 of the magnet arc of the healthy motor, the 

compensation extends the injectivity region of  �̅�𝐸,5 by 

moving the cusp to the boundary of the considered interval. 

In this way, the convergence region of the proposed algorithm 

for the fifth harmonic component is 72° electrical degrees. 

After the compensation, the difference between the 

amplitudes of  �̅�𝐸,5 and  �̅�𝐸5,𝑟𝑒𝑓  is the input of a PI regulator, 

where  �̅�𝐸5,𝑟𝑒𝑓 is the reference value of the magnetic flux 

predicted by the mathematical model of the magnet, which 

can be calculated by using (10), (12), and (15). 

The PI regulator is saturated within the convergence region 

and finds the value of 𝜗𝑀 in steady state conditions that 

ensures the measured flux matches the one predicted by the 

mathematical model. 

An apparent drawback of the developed algorithm is the 

limited extension of the detection zone (Fig. 8). Using the fifth 

harmonic, the maximum electrical demagnetization angle that 

can be detected is 72°. However, if necessary, the proposed 

scheme can be repeated in different convergence intervals to 

estimate even the complete rotor demagnetization (𝜗𝑀 = 0). 

It should be noted, however, that in the case of severe 

demagnetization faults, it may be sufficient to monitor the 

fundamental harmonic component. 

Another important factor that can affect the effectiveness 

of the fault detection is temperature. A change in temperature 

alters the magnetic properties of the magnets with completely 

different consequences. The following section discusses these 

aspects in detail. 

C.   Temperature Effect 

An increase in temperature reduces the remanence of the 

rotor magnets and may interfere with the detection algorithm 

based on back-emf estimation. The temperature distribution 

inside the magnets is generally not uniform for three-phase 

PMSM motors [30] - [32]. The higher harmonic orders of the 

stator magnetic field can induce eddy currents in the rotor 

resulting in uneven temperature distribution in the magnets. 

This phenomenon highly dependent on the waveform of the 

stator magnetic field distribution in the air gap and has 

dramatic impact on the performance of machines with 

concentrated stator windings. Eddy currents can be limited by 

segmenting and laminating the rotor magnets. 

Compared to three-phase machines, multiphase machines 

have new degrees of freedom, which can be used to cancel out 

harmonic components other than the fundamental one. 

Therefore, the magnetic field distribution of the stator is close 

to a perfect sine. In order to evaluate this assumption, some 

thermal tests have been carried out on a couple of six-phase 

PMSMs, whose details are reported in Section IV. The results 

of this test are illustrated in Figs. 9 and 10, which show the 

loci of the back-emf when the motor is driven at constant 

speed at different magnet temperatures. The two motors have 

been heated by a long thermal test and then driven by an 

external motor for back-emf measurement. The distribution of 

the magnetic field at the air gap of the fundamental harmonic 

undergoes a uniform decrease both under the effect of 

temperature and local demagnetization (Fig. 9). Temperature 

uniformly modifies all the harmonic components, and this 

behavior is compatible with a uniform temperature 

distribution inside the magnets. Therefore, if the analysis is 

limited to the first harmonic component, it is difficult to 

distinguish the effect of temperature from that caused by 

irreversible demagnetization. On the other hand, if the 

analysis is extended to subspace 5, the scenario is completely 

different (Fig. 10). The signature of the fault caused by local 

demagnetization of the rotor magnets is completely different 

from that caused by a temperature increase. While 

temperature uniformly reduces the harmonic content of the 

a) b) 

Fig. 10. Experimental waveforms of the back-emfs in subspace 5 at 

different temperatures in healthy conditions (a) and with trailing edge 

demagnetization (b). 

a) b) 

Fig. 9. Experimental waveforms of the back-emfs in subspace 1 at 

different temperatures in healthy conditions (a) and with trailing edge 

demagnetization (b). 
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magnets, the local demagnetization varies the amplitude and 

the phase of all harmonics differently. As predicted by the 

theoretical analysis presented in this paper, some harmonic 

components may increase, and others may decrease. 

The back-emf measurement is sufficient to diagnose the rotor 

demagnetization. However, the direct measurement of motor 

voltages is only sometimes possible. A no-load test should be 

performed with an external motor, and the outputs of six 

voltage probes should be acquired with a suitable acquisition 

system. The proposed method uses the same concept but can 

be applied online without external equipment. 

In the control scheme of Fig. 6, the fifth and seventh 

harmonic components of the back-emf in subspace 𝜌 = 5 are 

counterbalanced by the output of the harmonic PI regulators 

(d) – (g). Thus, the ratio |�̅�5,5|/|�̅�5,−7| is not affected by a 

change in temperature. It changes due to a demagnetization 

fault, whose fundamental characteristic is to modify the 

amplitudes of the magnetic field harmonics, as shown in Figs. 

3 and 4. 

Furthermore, unlike a motor fault, the temperature does not 

misalign the reference frame 𝑑1 − 𝑞1 of the control system. 

As long as  �̅�𝐸,5 is a real quantity and Δ𝜗 is zero, the rotor has 

not undergone a local demagnetization. 

The following equation describes the relationship between 

the remanence and temperature 𝑇: 

 𝐻𝐶𝑖(𝑇) = 𝐻𝐶𝑖(𝑇0)[1 + 𝛽(𝑇 − 𝑇0)] (20) 

where 𝑇0 is the reference temperature, 𝛽 is the temperature 

coefficient, and 𝐻𝐶𝑖(𝑇0) is the intrinsic coercivity at 𝑇0. For 

magnetic materials, 𝛽 is a negative number, so the 

performance of the permanent magnets decreases as the 

temperature increases. For NbFeB magnets, a typical value of 

this coefficient is 𝛽 = −0.007 °𝐾−1. This means that the 

back-emf induced by the rotor on the stator windings 

decreases by 70% as the temperature increases by 100 °C. 

Partial demagnetization of the rotor magnets generally has a 

significant impact on the performance of the magnets. 

Therefore, a temperature variation may slightly reduce the 

accuracy of estimating the demagnetization angle but does not 

affect the fault detection, which is completely independent of 

thermal issues.  

IV.   EXPERIMENTAL RESULTS 

A.   Finite Elements Analysis Results 

To evaluate the theoretical evidence and the assumptions of 

the paper, the behavior of the six-phase machine subjected to 

a demagnetization process has been simulated by finite 

element analysis using the Altair Flux software. The results of 

this analysis are shown in Fig. 11. Fig 11 (a) shows the effects 

of the trailing edge demagnetization due to load overcurrent 

six times the rated current and a temperature of 120 °C. This 

result shows that a current overload at high temperatures is 

sufficient to cause a local demagnetization of the magnets and 

to change the position of the north pole of the rotor magnetic 

field. The demagnetization takes place at the outer edge of the 

magnet, and the portion affected by the demagnetization 

depends on the magnetic field of the stator, which is generated 

by the overload current. The shape of the demagnetization 

edge depends on many motor design parameters, such as the 

number of slots, the slot opening length, the stator winding 

structure, and the rotor position at the time of the fault. 

Therefore, the demagnetization edge is not sharp as simplified 

in this paper, but an equivalent angle can be easily identified 

(Fig 11b). The primary objective of the diagnostic algorithm 

is not to accurately determine the demagnetized portion but 

rather to identify any issues with the rotor and find a 

comparable parameter to adjust the orientation of the 

reference frame used by the control system and restore the 

maximum torque capacity. 

a) b) 

Fig. 11 Results of finite elements analysis. Magnet remanence after 

the demagnetization process (a) and demagnetization angle (b). 

 

Fig. 12. Experimental setup. 

a) b) 

Fig. 13. Photos and design of the healthy (a) and the faulty (b) rotor 

magnets. 
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TABLE I 

PARAMETERS OF SIX-PHASE PMSMS  

𝑅𝑆 = 0.36 Ω 𝐼𝑆,𝑟𝑎𝑡𝑒𝑑 = 10 𝐴  𝑝 =  2 

𝐿𝑆1 =  7.2 𝑚𝐻 𝐿𝑆5  =  0.74 𝑚𝐻 𝜔𝑟𝑎𝑡𝑒𝑑 = 1000 𝑟𝑝𝑚 

Moment of inertia 𝐽𝑀 = 0.028 𝐾𝑔 𝑚
2 

𝑆𝑙𝑜𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 = 48 𝑆𝑡𝑎𝑡𝑜𝑟 𝑤𝑖𝑛𝑑𝑖𝑛𝑔 𝑝𝑖𝑡𝑐ℎ = 15° 

𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑡𝑦𝑝𝑒 

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 
𝑀𝑎𝑔𝑛𝑒𝑡 𝑟𝑎𝑑𝑖𝑎𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

5 𝑚𝑚 

𝐻𝑒𝑎𝑙𝑡ℎ𝑦 𝑚𝑜𝑡𝑜𝑟 𝑚𝑎𝑔𝑛𝑒𝑡 𝑎𝑟𝑐 

 75.5° 
𝐹𝑎𝑢𝑙𝑡𝑦 𝑚𝑜𝑡𝑜𝑟 𝑚𝑎𝑔𝑛𝑒𝑡 𝑎𝑟𝑐 

 65.5° 

TABLE II 

MAGNETIC PROPERTIES OF NDFEBO 

Properties Units min nominal max 
Residual induction 𝐵𝑟 mT 1130 1150 1170 

Coercivity 𝐻𝑐𝐵 kA/m 836 863 891 
Intrinsic coercivity 𝐻𝑐𝐽 kA/m 1353   
Curie temperature 𝑇𝐶 °C  330  

TABLE III 

PARAMETERS OF THE DOUBLE THREE-PHASE INVERTER  

𝐼𝑛𝑓𝑖𝑛𝑒𝑜𝑛 𝐹12 − 25𝑅12𝐾𝑇4𝐺 𝐼𝐺𝐵𝑇 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 

𝐼𝑚𝑎𝑥 = 25 𝐴𝑝𝑒𝑎𝑘  𝐸𝐷𝐶 = 300 𝑉 

𝑆𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 

𝑓𝑆𝑊 = 10 𝑘𝐻𝑧 
𝐷𝑒𝑎𝑑 𝑡𝑖𝑚𝑒 = 2 𝜇𝑠 
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B.   Experimental setup 

The effectiveness of the proposed diagnostic algorithm 

has been experimentally tested on two identical six-phase 

PMSMs, differing only in the extension of the magnet arc 𝜗𝑀   
by 10 mechanical degrees (Figs. 12 and 13) . 

The electrical and geometrical parameters of the two 

machines are listed in Table I, while Table II summarizes the 

main magnetic properties of rotor magnets.  

One of the two motors has a reduced magnetic arc to 

emulate the partial demagnetization due to a current overload. 

For the faulty motor, the polar arc lengths of the rotor magnets 

have been reduced by 20° (electrical degrees) for all motor 

poles. For both motors, the rotor magnets are parallelly 

magnetized to experimentally evaluate the most complex 

situation. 

The control schemes shown in Figs. 6 and 7 have been 

implemented using a rapid prototyping system based on 

dSPACE DS1104. The parameters of the power converter are 

summarized in Table III. 

C.   Experimental tests 

Fig. 14 shows the behavior of the diagnostic algorithm for 

the healthy motor at the rated torque (10 Nm) and speed (1000 

rpm) conditions. The diagnostic algorithm is initially 

disabled, and the initial value of the magnet arc is set to its 

nominal value 𝜗𝑀,𝑟𝑎𝑡𝑒𝑑. After enabling the fault diagnosis, the 

system estimates a value for the magnetic arc equal to the 

nominal value without any visible transient. 

Fig. 15 shows the results of the same test carried out on the 

faulty motor under the same operating conditions. After a 

transient of about 500 ms, the diagnostic algorithm estimates 

a demagnetization angle of about 20 electrical degrees. The 

duration of the diagnostic transient depends on the bandwidth 

of the PI regulator in Fig. 7. The dynamic response of the 

diagnostic system must be calibrated to provide timely fault 

detection while avoiding unnecessary noise or overshoot 

responses. 

Therefore, the algorithm can successfully detect the rotor 

demagnetization. In addition, the proposed solution can 

correct the alignment of the control system reference frame by 

modifying the actual angle 𝜗. The main effect of this 

realignment is a slight reduction in the stator current 𝑖𝑆1𝑞 and 

the amplitude of the required voltage |�̅�𝑆1| (Fig. 16). By 

means of the correction term Δ𝜗 calculated by the diagnostic 

algorithm of Fig. 7, the post-fault operation of the motor is 

still in MTPA conditions, which ensures the minimum stator 

Joule losses and the full exploitation of the DC-link voltage 

of the inverter. 

It is worth noting that the stator copper losses depend 

quadratically on the phase current and even a slight reduction 

by 6% in 𝑖𝑆1𝑞, as shown in Fig. 16, reduces the motor Joule 

losses by about 12%. 

The torque waveform and the rotor speed are unchanged 

during the realignment. 

In order to validate the robustness of the proposed solution, 

the response of the diagnostic algorithm during a speed and 

torque transient for the faulty machine is shown in Fig. 17.  

 
Fig. 14. Experimental results. Enabling transient of the diagnostic 

algorithm for the healthy motor at 10 Nm and 1000 rpm. Estimated 

Magnet arc 𝜗𝑀 (10°/div), rotor speed 𝜔𝑚 (150 rpm/div), 𝑖S1𝑞 (2 A/div), 

and phase current 𝑖𝐵1 (4 A/div). 

 

Fig. 16. Experimental results. Effect of realigning the reference frame 

after the fault detection at 10 Nm and 1000 rpm. Magnet arc 𝜗𝑀 

(10°/div), |�̅�𝑆1| (20 V/div – zoom 2 V/div), 𝑖𝑆1𝑞 (4 A/div – zoom 1 A/div), 

and phase current 𝑖𝐵1 (4 A/div). 

Algorithm enabled

CH1 1A/div

Algorithm enabled

 
Fig. 15. Experimental results. Enabling transient of the diagnostic 

algorithm for the faulty motor at 10 Nm and 1000 rpm. Estimated 

magnet arc 𝜗𝑀 (10°/div), rotor speed 𝜔𝑚 (150 rpm/div), 𝑖S1𝑞 (2 A/div), 

and phase current 𝑖𝐵1 (4 A/div). 

 

Fig. 17. Experimental results. Response of diagnostic algorithm during 

a torque and speed transient Estimated magnet arc 𝜗𝑀 (10°/div), rotor 

speed 𝜔𝑚 (150 rpm/div), 𝑖S1𝑞 (1 A/div), and phase current 𝑖𝐵1 (2 A/div). 

Algorithm enabled
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Although the speed changes from 300 rpm to 1000 rpm and 

the presence of a torque transient as shown by 𝑖𝑆1𝑞, the 

demagnetization angle remains almost unchanged. This 

experimental result proves that the proposed solution can 

detect demagnetization regardless of the operating conditions. 

Obviously, below a certain speed threshold, it is no longer 

possible to detect demagnetization by (17). This speed was 

experimentally determined to be 150 rpm for the six-phase 

PMSM under test. 

V.   CONCLUSION 

This paper proposes a mathematical model of the magnetic 

field in the airgap that can be adapted to different types of 

magnetizations. This model has been used to estimate the 

length of the rotor magnets and to evaluate the state of health 

of a six-phase PMSM.  

The proposed algorithm can estimate the portion of the 

magnets lost during a demagnetization fault due to stator 

overcurrents.  

The paper presents a complete control scheme that exploits 

the additional degrees of freedom of a six-phase PMSM. The 

diagnostic algorithm is based on the analysis of the back-emf 

waveform. In multiphase machines, unlike three-phase 

motors, it is possible to estimate some harmonic components 

of the voltage induced in the stator windings by setting the 

current space vector 𝑖�̅�5
𝑆  to zero. This makes it possible to 

extract information about the health state of the magnets 

independently of the electrical parameters of the motor. 

Furthermore, the developed solution can correct the angular 

position of the field-oriented reference frame to maximize the 

torque capability and the efficiency of the motor even after the 

demagnetization fault. 

The experimental results carried out on two six-phase 

SMPMSMs, which are structurally identical but differ in the 

size of the rotor magnets, were presented. They confirm that 

the demagnetization angle can be estimated independently of 

the motor operating conditions. The method is suitable for on-

line monitoring of the permanent magnet health.  
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