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ABSTRACT 

Modeling, Analysis and Control of a Variable Flux Machine  

 

Bigyan Basnet, Ph.D. 

Concordia University, 2021 
 

 

Electric motors are the key elements in electric propulsion systems. The performance of 

Electric vehicles (EVs) significantly depends on the electric motors. Permanent magnet 

synchronous machines (PMSMs) with rare-earth magnets are widely used in EV applications 

because they fulfill most requirements of EV motors. However, low efficiency at high speed, 

limited resources and fluctuating prices of rare-earth permanent magnets (PMs) have forced 

industries to develop alternatives to rare-earth machine technologies. Recently, Variable-

Flux PMSMs (VF-PMSMs) also known as memory motors have been introduced to 

overcome the drawbacks of PMSMs. This thesis focuses on the modeling, analysis and 

control of the Aluminum-Nickel-Cobalt (AlNiCo) magnet-based VF-PMSMs.  

This thesis presents the effect of different magnetization pulse widths and methods on 

the magnetization level, back-EMF and no-load losses of the VF-PMSM. The injection of 

the magnetization or de-magnetization current pulse will change the magnet flux linkage and 

back-EMF harmonics.  An adaptive nonlinear filter is used to estimate the back-EMF during 

the motoring mode. The harmonics present in the machine back-EMF due to different 

magnetization and de-magnetization current pulse widths and magnetization methods are 

analyzed. Besides, the quality of the back-EMF for different speeds and machine no-load 

losses are presented for different magnetization states (MSs). 

During de-magnetization and re-magnetization, a 𝑑 − 𝑎𝑥𝑖𝑠 current pulse is injected to 

change the MS. However, the injected 𝑑 − 𝑎𝑥𝑖𝑠 current abruptly changes the magnet flux 

linkage changing the magnet torque as well as reluctance torque and results in a pulsating 

torque. To solve this pulsating torque issue, a 𝑞 − 𝑎𝑥𝑖𝑠 current reference during the re-

magnetization is determined by two different methods: voltage limit method and load torque 

method. The derived 𝑞 − 𝑎𝑥𝑖𝑠 current reduces the torque pulsation during the re-

magnetization.  
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A closed-loop current controller-based parameter measurement of VF-PMSMs for 

different MSs is presented. Automated machine parameters such as flux linkage, inductance 

and resistance are generated in real-time by the real-time processor. 

A co-simulation-based VF-PMSM drive system and loss analysis due to pulse-width 

modulation (PWM) inverter drive is presented. An integrative simulation approach gives 

higher fidelity results since it includes magnetic saturation (inductance nonlinearities), 

machine geometry (torque ripple and spatial harmonics) effects. Besides, the comparative 

effect of the sinusoidal current and PWM  inverter fed VF-PMSM’s losses have been studied. 

The co-simulation results are validated with the conventional simulation (𝑑𝑞 −mathematical 

model) model, finite element model and experimental results. 
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Chapter 1. Introduction 

1.1 Research Background 

Electric motors are the key elements in electric propulsion systems. The performance of 

Hybrid electric vehicles (HEVs) or pure electric vehicles (EVs) can be significantly 

improved by relevant improvements in electric motors. High torque, high power density, 

high starting torque, high efficiency over a wide range of speed (3-4 per unit speed), 

intermittent overload capability for short durations are the major requirements of EV’s 

electrical machines [1], [2], [3]. 

With the progress in materials, power electronics, and control drive technologies various 

electric motors have been developed over the past few decades. The permanent magnet 

synchronous motors (PMSMs) and induction motors (IMs) are currently the two most 

dominant motors in EVs/HEVs [4]. IMs are widely used in EVs/HEVs, especially in early 

designs due to the robust structure, relatively low cost, well-established manufacturing 

techniques, comparatively good efficiency and peak torque capability, and good dynamic 

performance which can be achieved by vector control or direct torque control. However, IMs 

have a narrow constant power speed range (2-3 per unit speed), lower efficiency compared 

to PMSM due to the inherent rotor loss and lower power factor [5]. 

Although the synchronous reluctance motors (SynRMs) are robust and have relatively 

lower cost, their use in EVs/HEVs is still immature due to poor torque and overloading 

capabilities, low power factor, and high torque ripple which results in higher noise and 

vibration [4]. 

Rare earth PMSMs have been widely utilized in EV applications thanks to their high 

torque densities, high efficiencies, and wide constant power region [6], [7]. PMSMs are 

operated at high speed using continuous flux weakening current [8], [9]. However, the 

continual flux weakening current increases ohmic and core losses and reduces efficiency in 

the flux weakening region. Besides, limited flux weakening capability, fluctuating price, and 

limited resources of rare-earth permanent magnets (PMs) have forced industries to develop 

alternatives to rare-earth machine technologies.  
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Ferrite magnets are inexpensive; however, a reduction of the torque component is 

unavoidable when ferrite PMs are adopted since its residual flux density is one-third of that 

of the NdFeB magnet [10]. Although low coercive field (LCF) magnets, like Alnico [11] 

provide comparable magnet flux density to rare earth PM used in PMSMs, they are rarely 

employed in the present machines because the magnets are often easily demagnetized by the 

stator field. If PMSMs with AlNiCo are designed with controllable de-magnetization, they 

will provide equivalent torque densities compared to rare-earth PMSMs [12], [13], [14]. 

1.2 Variable-flux Machines 

Variable-flux PMSMs (VF-PMSMs) also named as VFMs or memory motors have 

gained popularity and were developed by Ostovic [15], [16]. The major benefits of VF-

PMSMs over the rare earth PMSMs are achieving a wide torque-speed envelope with 

minimum energy losses caused by field weakening and achieving a similar performance with 

reduced rare earth material. The VF-PMSMs can dynamically change the intensity of 

magnetization and memorize the flux density level in the rotor magnets, and therefore is 

referred to as Memory Motors [16]. Recent studies have introduced the VF-PMSMs as a 

strong rival to the PMSMs for applications including electrified transportation [17], [18], 

[19]. Besides, the high Curie temperature of LCF magnets allows VF-PMSMs to be used in 

harsh environments. Therefore VF-PMSMs could be a potential choice where extended 

speed range, as well as high operating temperature, are required [20], [21], [22], [23].  

Generally, the existing VF-PMSMs can be divided into AC- magnetized types [24], 

[11], [15], [17], [25], [26] and DC-magnetized types [27], [28], [29] based on the current 

pulse pattern. The AC-magnetized VF-PMSMs employ stator armature winding to produce 

a 𝑑 − 𝑎𝑥𝑖𝑠 current pulse using vector control. The benefits of using armature windings are 

simple structures similar to the conventional PM machines, as well as fewer circuit 

components and cost. However, the drawbacks are high requirements on the armature 

winding and inverter rating [30]. If the relatively weak LCF magnets are solely employed, 

the torque densities are lower than the counterparts equipped with rare earth PMSMs. 

Therefore, hybrid topologies incorporating rare-earth PM and LCF magnet are utilized for 

high speed, high torque applications [31], [32]. The hybrid variable flux topologies can be 
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divided into series and parallel. The overall categorization of the existing VF-PMSMs is 

illustrated in Fig.1-1.  

In this thesis, a tangentially magnetized single PM variable flux machine is considered. 

The VF-PMSMs can be magnetized and demagnetized to the specified magnetization state 

(MS) by supplying a current pulse. This eliminates the requirement for continuous flux 

weakening current in the high-speed region, which results in higher efficiency than PMSMs 

[25], [33].  

A high starting torque as well as a wide speed range is achieved with different MSs. 

Moreover, the pulse current duration of a few milliseconds (ms) dissipates negligible losses 

compared to the flux weakening of conventional PMSMs. 

The VF-PMSM designed as a traction machine achieves 18% (city drive) to 35% 

(highway drive) loss reduction compared to interior PMSMs [34]. This makes the VF-

PMSMs an attractive option for the motor drive system in electric vehicle applications [35], 

[36]. 

 

Fig.1-1 Categorization of variable flux memory machines [20]. 
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1.3 Recent Advances in Variable Flux Machines 

In the last decade, VF-PMSMs have experienced rapid technical advancements and 

received growing research interests from research scholars and EV manufacturers worldwide 

[30]. The motivation behind the VF-PMSM research interest is the possibility to combine 

the high torque density of conventional rare-earth PM machines with variable PM flux 

characteristics for manipulating losses. The MS can be “memorized” by a specific current 

pulse, allowing field weakening (FW) control current to be greatly reduced and the 

corresponding losses minimized. Also, since the back EMF can be controlled due to the 

variable flux property, the inverter failure under high-speed operation can be well prevented 

[30]. 

New VF-PMSM topologies and related control strategies are emerging. Various novel 

VF-PMSMs are published with particular reference to their topologies, characteristics, the 

working principle, and related control techniques. To overcome the drawbacks in the existing 

VF-PMSMs, some new designs are introduced for performance improvement.  

1.3.1 Single PM VF-PMSM 

For the conventional VF-PMSMs design with 𝐿𝑞>𝐿𝑑, it is difficult to avoid 

unintentional de-magnetization. Thus, the PM flux linkage cannot be fully utilized. In order 

to fully use the magnet flux, flux intensified VF-PMSMs are proposed [24], [12], [37]. 

Fig.1-2 shows a VF-PMSM with a single LCF magnet material. This type of machine is 

tangentially magnetized. The flux intensified VF-PMSMs are designed to have a wider 

torque-speed envelope while reducing the losses especially resulting from high speed field 

weakening operation. The flux-concentrated flux intensified VF-PMSM design with a 

reduced magnetizing current is proposed in [38].  

Precise MS control is a critical issue and various control schemes are proposed [39], 

[40], [41]. To obtain the variation laws of MS quickly and precisely, a 3-D neural-network 

hysteresis model of AlNiCo is proposed [40]. Reference [41] proposes a MS estimation 

control scheme by estimating the initial rotor position. A closed-loop MS control method to 
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enable reliable loss minimization control of VF-PMSMs is proposed [42]. The MS is 

estimated at every sample instant and is used as feedback for the closed-loop control.  

Control and the MS change is implemented at zero speed, zero load condition by using 

a voltage disturbance state filter to correct the estimates from a flux observer to avoid the 

pulsating torque during MS change [43]. The pulsating torque ripple is minimized. However, 

this work does not investigate the voltage limitations and the MS manipulation is established 

only at low speeds. The MS is a percentage of the magnet flux linkage to the total magnet 

flux linkage that could be produced. The MS should be properly selected according to 

different working conditions, for instance, high MS at high torque requirement and low MS 

at high speed requirement [24].  

The artificial neural network-based MTPA control scheme is implemented for the 

spoke-type flux intensified VF-PMSM in [12]. With this control method, the control effort 

 

Fig.1-2 Cross-section of a VF-PMSM with single PM material [3].  
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is significantly simplified by reducing the effect of the inductance nonlinearity under MS 

control. 

 

Fig.1-3 (a) Cross-section of a VF-PMSM with Parallel hybrid PM material [43].  

 

Fig.1-4 (a) Cross-section of a VF-PMSM with Series hybrid PM material [44].  
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1.3.2 Hybrid PM VF-PMSM 

The unintentional de-magnetization of the LCF PM occurs especially under loaded 

conditions due to the cross-coupling effect. Therefore, various improved hybrid-PM 

structures have been proposed and investigated. 

1.3.2.1 Parallel PM- Hybrid VF-PMSM 

In the parallel PM- hybrid VF-PMSM, the main flux through the air gap is the sum of 

two parallel branches i.e., the sum of constant flux and variable flux. This kind of topologies 

is investigated in [26], [44]. It is observed that the cross-coupling between the two magnets 

is high and the LCF PMs tend to get demagnetized by the adjacent high coercive force PM 

thus making the operating point of the VPMs very unstable. 

1.3.2.2 Series PM- Hybrid VF-PMSM 

In a series hybrid arrangement, the constant flux always assists the variable flux thereby 

stabilizing the operating point of the VPM [45], [46]. The complicated rotor flux barriers are 

avoided in series hybrid VF-PMSM since the LCF working point is inherently stable due to 

the assistance of constant flux PM. Thus, series PM- Hybrid VF-PMSM can handle high 

armature and high electrical loading.  

1.4 Inverted Saliency VF-PMSM 

Regular PMSMs can withstand the unintentional magnet de-magnetizing effect by the 

armature current because of the high coercivity of the rare-earth magnet. However, the 

armature de-magnetizing field can cause problems for AlNiCo-based VF-PMSMs because 

of the low coercivity of AlNiCo magnets. A tangential magnetization method can overcome 

the armature de-magnetizing effect [47]. Fig.1-5 and Fig.1-6 show the rotor topology and 

the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 flux path. In this design, two sets of barriers are curved to prevent the 𝑞 −

𝑎𝑥𝑖𝑠 flux from going through the magnet. The top barrier on the magnet minimizes the 
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rotating flux in that area. The 𝑑 − 𝑎𝑥𝑖𝑠 flux line passes through the magnet uniformly while 

the 𝑞 − 𝑎𝑥𝑖𝑠 flux passes along the magnet face instead of going through the magnets as in 

conventional radial designs. This avoids unintentional de-magnetization by the armature 

current and facilitates uniform magnetization and de-magnetization.  

d-axis

Magnet

q-axis

q-axis flux

d-axis flux

 

Fig.1-5 Illustration of the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 flux paths for tangential magnetization.  

 

 

q-axis

d-axis

Flux barrier

Magnet

Coil

 

Fig.1-6  FEA simulated 𝑞 − 𝑎𝑥𝑖𝑠 flux density vector plot in the variable flux machine. 
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This allows the de-magnetization possible just by using the short duration 𝑑 −

𝑎𝑥𝑖𝑠 current pulse. The air gap length is non-uniform to prevent the magnet from 

unintentional de-magnetization by the armature reaction. Fig.1-7 shows the rotor topology 

of the prototyped VF-PMSM [11]. 

1.4.1 VF-PMSM Magnetization state 

The dynamics of magnetization and de-magnetization obtained from the finite element 

analysis (FEA) software are shown in Fig.1-8. Initially, the machine is running at rated speed 

with no load and is at 100% MS. At time 0.02 s, the VF-PMSM is demagnetized supplying 

a de-magnetization current pulse. The de-magnetization pulse exposes the magnet to an 

external magnetic field. Once the de-magnetization pulse is removed, the magnet flux 

linkage is nearly 0 Wb. Similarly, the re-magnetization pulse is supplied at 0.06 s to extend 

the magnet flux linkage. In this fashion, the MS of the VF-PMSM can be changed to the 

specified value by an external magnetic field.   

The LCF of the AlNiCo 9 magnet shows a unique feature of magnetization state control 

in the VF-PMSM.  Fig.1-9 shows the B-H loop of the AlNiCo 9 magnet for 100% MS and 

i
ii

 

Fig.1-7 (a) Prototyped rotor, i- AlNiCo magnets. ii- Rotor lamination.  
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50% MS in the 1 𝑠𝑡  and 2 𝑛𝑑 quadrants. Initially, the magnet is operating at point 𝑐. A de-

De-magnetization 

Pulse

Re-magnetization 

Pulse

Flux after 

de-magnetization
 Initial flux

Flux after 

re-magnetization

 

Fig.1-8. FEA simulated three-phase current and magnet flux linkage when de-magnetizing 

and re-magnetizing pulses are applied. 
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Fig.1-9. B-H loop of AlNiCo 9 for 1 𝑠𝑡  and 2 𝑛𝑑 quadrants. 
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magnetization force of 𝐻𝑑𝑒𝑚𝑎𝑔 is applied and the operating point is shifted to point 𝑑. 

However, once the de-magnetization force is released the magnet recoils along a new 

magnetization curve parallel to the original B-H curve. The magnet operating point because 

of the de-magnetization pulse will be point 𝑒 instead of point 𝑑. This behavior of the magnet 

can be observed in the FEA simulated de-magnetization or re-magnetization process shown 

 

MS1

MS2

MS3
 

Fig.1-10. Flux distribution of the VF-PMSM  at different MSs. 
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in Fig.1-8. After the pulse is removed, the magnet flux linkage recoils to the new 

magnetization level.  

The flux distributions of the VF-PMSM at different MSs (100%, 70% and 50%) are 

shown in Fig.1-10. Since the magnet flux density decreases with the decrease in the MS, the 

torque also decreases.   

Fig.1-11 shows the comparison between the experimentally obtained and FEA obtained 

relationship between the rotor flux linkage and de-magnetization and re-magnetization 

current for the prototyped machine. Because of the LCF magnet, a small change in current 

can change the MS significantly [48], [49]. It can be seen that the negative 10.8 A 𝑑 − 𝑎𝑥𝑖𝑠 

current pulse exposes the magnet to a 100% de-magnetization state. However, the re-

 
(a) 

 
(b) 

Fig.1-11. (a) de-magnetization curve (b) re-magnetization curve of the VF-PMSM. 
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magnetization current requirement is much higher than the de-magnetization current. It is 

found that 2.8 per unit current is required to expose the magnet to 100% MS. 

 

(a) 

 

(b) 

Fig.1-12. Efficiency map for different MSs (a) 100% MS (b) 50% MS. 
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Fig.1-12 shows the efficiency map for different MSs. As the MS decreases, the 

maximum efficiency shifts to a higher speed region. Besides, the base speed is also extended 

as the MS decreases.  

1.4.2 Temperature Effects on AlNiCo magnets 

Alnico magnets offer outstanding temperature stability. The output performance from 

AlNiCo magnets varies the least with temperature changes, making it an ideal choice for 

temperature-sensitive applications.  

The loss through high temperature in Alnico may only be up to 5% but very high 

temperatures (over 530 ℃ ) may start to permanently alter the metallurgical structure which 

would cause a significant permanent and irreversible drop in output. 

Most magnets perform better when the temperature drops. That’s because the atoms that 

comprise magnets vibrate more slowly and less randomly when cold. The result is a better 

alignment of the atoms that generate the magnetic field, boosting its strength [50]. For 

AlNiCo magnets, -75 ℃ is regarded as a reasonably acceptable lower temperature although 

irreversible losses of around 10% are reported at -190 ℃.However, the actual losses are a 

function of the magnet geometry, total magnetic circuit and the BH curve shape [51]. This 

makes the AlNiCo based EV a preferable option for cold weather.  

1.4.3 Design Specifications and Dimensions 

All the simulations, FEA analysis and experiments throughout this thesis are performed 

in a single VF-PMSM designed by M. Ibrahim [11].  

The designed VF-PMSM is a 6-pole, 27-slot machine. The general dimensions are given in 

Table 1-1.  
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1.5  Minimum Inverter Rating 

Usually, the magnetizing pulse current required to magnetize the magnet 100% is larger 

than the machine-rated current. The inverter rating should be high enough to handle the surge 

current even though the pulse current is of a few milliseconds. This leads to an oversized 

inverter. Thus, minimum inverter sizing as small as possible and large enough to magnetize 

the machine at no-load and full load must be determined. 

The VFM used in this study has a current rating of 10A and requires 2.1 p.u. current for 

a minimum of 10 ms to achieve 100% MS. To find the minimum inverter rating to supply 

sufficient magnetization, industrial 3-phase inverter packs (Semikron SKiiP 04AC066V1 

and Semikron SKiiP 14NAB066V1) are considered. Generally, the industrial inverter can 

endure a surge current of twice the nominal current for 1 ms. The surge current varies 

depending upon the inverter’s heat sink and external cooling. However, the device’s safe 

operating area and transient thermal impedance must be considered for a duration other than 

1ms. The conduction and switching loss (loss due to device switching for t=10 ms) is 

calculated.  

Two cases have been considered to study the inverter sizing for VFM: magnetizing 

current only and magnetizing current at full load. In the first case, only the magnetizing 

current (30 A) is considered. In the second case, the motor current and the magnetizing 

current (33 A) are considered. Considering the worst case, a 30 A pulse for 10 ms will raise 

Table 1-1     The VF-PMSM dimensions 

 

Magnet length 14.2 mm 

Magnet thickness 7 mm 

Rotor outer radius 54.5 mm 

Air gap length 0.4 mm-0.75 mm 

Rotor inner radius 53.75 mm-54.1 mm 

Stack length 120 mm 
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the device junction temperature by 25℃. This is within the maximum junction temperature 

limit of 150°C for the Semikron SKiiP 14NAB066V1 and limit of 150℃  for the Semikron 

SKiiP 04AC066V1. This shows that the IGBT inverter of rating 21 A at T_s=70°C and peak 

current of 40 A for 1ms can fully magnetize the VFM, while IGBT inverter of rating 25 A 

at T_s=70°C and peak current of 40 A for 1ms can fully magnetize the VFM when the motor 

is running at full load. 

Thus, an inverter with 2.1 times the rated machine current will be able to provide the 

magnetization current and an inverter with 2.5 times the rated machine current will be able 

to provide the magnetization current when the motor is running at full load. However, since 

the magnetization current amplitude and width vary depending on the design, this current 

rating is not true for all VFMs. 

1.6 Objectives 

 

The objectives of this thesis are: 

• To study the effect of different magnetization pulse widths and methods on the 

magnetization level, back-EMF and no-load losses of the VF-PMSM. 

• To study the quality of the back-EMF for different speeds and different MSs.  

• To study the machine no-load losses due to different magnetizing current pulse 

widths for different MSs. 

• To study the effect of de-magnetization and re-magnetization pulse on the machine 

torque.  

• To develop an algorithm to minimize the pulsating torque during the magnetization 

process.  

• To investigate the parameter variation of VF-PMSM for different MSs.  

• To develop a drive system for VF-PMSM in a co-simulation platform and to study 

the effect of the PWM inverter on machine losses. 
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1.7 Limitations 

The limitations of the thesis are: 

• A lookup table-based method is used to estimate the MS due to the unavailability 

of flux transducers and the difficulty associated with their placement inside the 

motor due to the limited space.   

• Due to the unavailability of a high bandwidth torque transducer, it is difficult to 

observe the pulsating effect in the experiment.   

• DC bus voltage available in battery-powered EVs is limited. However, a constant 

400V DC bus is considered during the experiment to reduce the pulsating torque.  

1.8 Thesis Outline 

This thesis proceeds as follows. 

Chapter 2: This chapter presents the operating point trajectory for different MSs. The 

VF-PMSM drive system that can estimate the back-EMF during the motoring mode has been 

explained. An adaptive nonlinear filter has been adopted to extract the desired harmonics 

from the distorted back-EMF signal. The operating principle of the VF-PMSM and the effect 

of different MSs on the rotor speed has been explained by the experimental results. The 

process of achieving the desired MS has been explained. The minimum magnetizing pulse 

width to magnetize the VF-PMSM 100% is experimentally determined. The machine no-

load losses are discussed for different magnetization pulse widths and speeds. 

Chapter 3: This chapter presents an algorithm to reduce the torque pulsation in VF-

PMSM during the magnetization process. Since the magnitude of the magnetizing current 

can be much higher than the machine rated current, an undesired torque is produced if the 𝑖𝑞 

current is kept constant during the MS change. To achieve smooth torque performance 

during the MS change, the 𝑞 − 𝑎𝑥𝑖𝑠 current reference during the re-magnetization period is 

determined by two different methods: the voltage limit method and the load torque method. 

Chapter 4: For accurate control and efficiency optimization, an accurate estimation/ 

measurement of the machine parameters is inevitable. The VF-PMSMs have different MSs 
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and thus the parameter estimation/measurement is of prime importance for proper control. 

A current control-based method is used to measure flux linkage, inductance and resistance 

for the VF-PMSM at different MSs. Automated real-time parameter measurements are 

performed without requiring offline post-processing.   

Chapter 5: This chapter presents an electric vehicle motor drive system and loss 

analysis due to pulse-width modulation (PWM) inverter drive for a VF-PMSM using a co-

simulation platform. A pair of software tools: finite element method (FEM) based software, 

which allows computing the electromagnetic behavior and MATLAB, which allows the 

dynamic simulation of the control circuit and power converters are coupled to develop the 

VF-PMSM drive. Such an integrative simulation approach gives higher fidelity results since 

it includes magnetic saturation (inductance nonlinearities), machine geometry (torque ripple 

and spatial harmonics) effects. Besides, the comparative effect of the sinusoidal current and 

PWM  inverter fed VF-PMSM’s losses have been studied. The PWM inverter superimposes 

carrier harmonics in the basic current waveform and applies a high-frequency magnetic field 

to the motor. As a result, the iron loss is generated in the rotor and stator of the motor. Since 

an additional loss due to the PWM inverter has to be considered in high-efficiency motors 

in the design phase, the impact of different switching frequencies on motor loss, terminal 

current and torque ripple are investigated. The co-simulation results are validated with 

conventional simulation (𝑑𝑞-mathematical model), FEM and experimental results. 

Chapter 6: This chapter presents the thesis conclusions and future works. 

1.9 Contributions 

The achieved contributions in this Ph.D. work are as follows. 

In chapter 2, an adaptive nonlinear filter has been adopted to estimate the back-EMF 

during the motoring mode. The effect of different magnetization pulse widths and 

magnetization methods on the back-EMF is analyzed for different MSs. The effect of 

different MSs on the rotor speed has been explained by the experimental results. This work 

was presented at the 45th Annual Conference of the IEEE Industrial Electronics Society, 
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Lisbon, Portugal. The extended version of the paper was published in IEEE Transactions on 

Industrial Electronics. 

B. Basnet, A. M. Aljehaimi and P. Pillay, "Effect of Magnetization Pulse Width on the 

Back EMF of a Variable Flux Machine and on Inverter Sizing," IECON 2019 - 45th 

Annual Conference of the IEEE Industrial Electronics Society, Lisbon, Portugal, 2019, 

pp. 1028-1033, doi: 10.1109/IECON.2019.8927414. 

B. Basnet, A. M. Aljehaimi and P. Pillay, "Back EMF Analysis of a Variable Flux 

Machine for Different Magnetization States," in IEEE Transactions on Industrial 

Electronics, Sept 2020, doi: 10.1109/TIE.2020.3026281. 

In chapter 3, an algorithm to reduce the torque pulsation during the VF-PMSM 

magnetization is proposed. To achieve smooth torque performance during the MS change, 

the 𝑞 − 𝑎𝑥𝑖𝑠 current reference is controlled. This research work has been submitted to the 

IEEE Journal of Emerging and Selected Topics in Power Electronics.  

B. Basnet and P. Pillay, "Torque Pulsation Reduction During Magnetization in Variable 

Flux Machines,” IEEE Journal of Emerging and Selected Topics in Power Electronics 

(Under review). 

In chapter 4, a current control-based method is presented to measure flux linkage, 

inductance and resistance for the VF-PMSM at different MSs. The automated machine 

parameters are generated in real-time without requiring offline post-processing. The research 

work has been submitted to the 13th annual IEEE Energy Conversion Congress and 

Exposition (ECCE 2019) and is waiting for the reviewers’ decision.  

B. Basnet and P. Pillay, " Automatic Flux Linkage and Inductance measurement for a 

Variable Flux Machine at the Different Magnetization States,” IEEE Energy Conversion 

Conference & Congress (ECCE), Vancouver, Canada, 2021.  

In chapter 5, the VF-PMSM drive system in the co-simulation platform is presented. 

The effect of sinusoidal current and PWM inverter-fed VF-PMSM’s losses have been 

studied. This work was presented at the 2020 IEEE Transportation Electrification 
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Conference & Expo, Chicago, IL, USA. The extended version of the paper is ready to submit 

in IEEE Transactions on Transportation Electrification.  

B. Basnet and P. Pillay, "Co-simulation Based Electric Vehicle Drive for a Variable 

Flux Machine," 2020 IEEE Transportation Electrification Conference & Expo (ITEC), 

Chicago, IL, USA, 2020, pp. 1133-1138, doi: 10.1109/ITEC48692.2020.9161605. 

B. Basnet and P. Pillay, " Co-simulation Based Electric Vehicle Drive and PWM Loss 

Analysis for a Variable Flux-Permanent Magnet Synchronous Machine,” IEEE 

Transactions on Transportation Electrification (Prepared for submission). 
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Chapter 2. Effect of Pulse Widths and Magnetization Methods on 

the Back-EMF And Loss of a VFM 

2.1 Introduction 

The back electromotive force (EMF) waveform is an important characteristic of 

electrical machines [52]. Machine designers always pay attention to this, as non-sinusoidal 

back-EMF waveforms may introduce torque ripple, harmonic currents and increase inverter 

capacity [53], [54]. Intensive study on the back-EMF analysis has been performed for 

different motors such as PMSMs [55], [56], [57], [58], and PM BLDC motors [59], [60].  

Meanwhile, some VF-PMSMs have a non-uniform air gap to reduce unintentional de-

magnetization by armature reaction and to reduce the magnetizing current. This special 

design will induce spatial harmonics in the machine back-EMF [61]. Moreover, a sudden 

magnetization current pulse of magnitude 1 p.u. to 3 p.u. will introduce additional harmonics 

in the back-EMF at different magnetization levels.  

In this chapter, the operating point trajectory for the VF-PMSM is presented for different 

MSs. The drive system that can estimate the back-EMF during the motoring mode has been 

explained. An adaptive nonlinear filter has been adopted to extract the desired harmonics 

from the distorted back-EMF signal. The operating principle of the VF-PMSM and the effect 

of different MSs on the rotor speed has been explained by experimental results. The VF-

PMSM open-circuit voltage is presented when running as a generator and has been compared 

with the estimated back-EMF when running as a motor for various magnetization levels. The 

precise MS control is a critical issue. Thus, the process of achieving the desired MS is 

explained. Besides, the quality of the back-EMF and corresponding harmonics spectrum 

when magnetized by different pulse widths methods are presented. The minimum 

magnetizing pulse width to magnetize the VF-PMSM 100% is experimentally determined. 

During the machine design process, it is very important to analyze the losses. Thus, the 

machine no-load core loss; separating hysteresis and eddy current losses are discussed for 

different magnetization pulse widths and speeds. Different possible magnetization methods 

and their effects on the back-EMF are explained.  
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2.2 Characteristics of the VF-PMSM 

The VF-PMSM dynamics are given as:  

 
[
𝑣𝑑
𝑣𝑞
] = [

𝑅𝑠 0
0 𝑅𝑠

] [
𝑖𝑑
𝑖𝑞
] + [

0 −𝜔𝐿𝑞
𝜔𝐿𝑑 0

] [
𝑖𝑑
𝑖𝑞
] + 𝜔 [

0
𝜆𝑚(𝑖𝑑)

] 
(2-1) 

Neglecting the ohmic voltage drops and assuming the steady-state condition,  

 
𝑣𝑑 = -𝜔𝐿𝑞𝑖𝑞 

𝑣𝑞 =  𝜔𝐿𝑑𝑖𝑑 +   𝜔𝜆𝑚(𝑖𝑑) 

 

(2-2) 

The inverter has to deliver the continuous rated motor current 𝑖𝑠. The terminal voltage 

limit, 𝑣𝑠 is decided by the maximum available voltage from the inverter.  Therefore, the 

voltage limit and the current limit are given as  

 

𝑣𝑑
2 + 𝑣𝑞

2  ≤  𝑣𝑠
2 

𝑖𝑑
2 + 𝑖𝑞

2 ≤ 𝑖𝑠
2 

 

(2-3) 

The voltage ellipse is given by [62], [63]. 

 

(𝜔𝐿𝑞𝑖𝑞)
2
+ (𝜔𝐿𝑑𝑖𝑑 +   𝜔𝜆𝑚(𝑖𝑑))

2
= 𝑣𝑠

2 (2-4) 

For the given 𝑖𝑑, the corresponding 𝑖𝑞 is plotted to generate the voltage ellipse. Equation 

(2-4) generates a voltage ellipse in a 𝑑𝑞 plane for any speed. A family of progressively 

smaller ellipses is produced with an increase in speed.   

The operating trajectory for the VF-PMSM in the (𝑖𝑑, 𝑖𝑞) plane is shown in Fig.2-1. A 

comparison has been made with the same rating, design, and saliency ratio PMSM motor. 

The operating point trajectories for the PMSM and VF-PMSM as the speed increases are 

0acd and 0abe respectively. A maximum torque per ampere (MTPA) trajectory for both 

motors is the same. However, beyond the rated speed and in the 2𝑛𝑑 quadrant, the rare-earth 

magnet needs a higher magnetic force than the AlNiCo magnet for the same level of magnet 

de-magnetization. As seen in Fig.2-1, a higher amount of de-magnetizing current (point d) 



23 

 

is required for the PMSM while a lower amount of de-magnetizing current (point e) is 

required for the VF-PMSM to reach the maximum speed. Fig.2-2 shows the simulated 

operating point trajectory for the VF-PMSM at different MSs. It is seen that the MTPA 

changes with change in magnet MSs. However, the voltage limits in Fig.2-1 and Fig.2-2 for 

the VF-PMSM are semi-ellipses because of the nonlinear relationship of the magnet flux 

linkage with the 𝑑 − 𝑎𝑥𝑖𝑠 current. Such a nonlinear relation does not exist in normal PMSMs 

with the rare-earth permanent magnet.  
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Fig.2-1. Simulated operating point trajectory for VF-PMSM and PMSM. 
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Fig.2-2. Simulated VF-PMSM voltage limit curves at MTPA for different MSs. 
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2.3 VF-PMSM Drive 

Fig.2-3 shows the block diagram of the VF-PMSM drive system. A vector control 

strategy is used to control the speed and the magnet flux. The VF-PMSM has a different de-

magnetizing and re-magnetizing current requirement for different MSs. As a result, 

magnetization and de-magnetization control should be included in the standard vector 

control for the PMSM. The vector control operation is constrained by the current and voltage 

limit that can be supplied by the inverter. When the inverter runs out of voltage, there are 

two possible ways to reduce the back-EMF. Either by field weakening control or by the 

magnetization or de-magnetization pulse command [64], [65], [66]. The current pulse 

method is implemented in this chapter to control the MS. The current pulses are manually 

controlled based on speed and load requirements by Mag/Demag pulse command block. The 
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Fig.2-3.  Block diagram of the VF-PMSM drive system. 
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magnet flux can be reduced by injecting a de-magnetization current pulse. Similarly, when 

high torque is required a magnetization current pulse is injected.  

The field weakening control block continuously injects the negative 𝑑 − 𝑎𝑥𝑖𝑠 current 

[67]. It does not rely on the parameters of the machine but depends on the voltage limit from 

the inverter. A current limiter is kept at the output of the field weakening controller to limit 

the maximum negative current that can be allowed to the machine. The voltage compensation 

block compensates for the voltage generated by the 𝑑𝑞-current controller.  

The VF-PMSMs are often demagnetized or remagnetized online at the desired MS 

depending on the driving requirements. However, when the machine is running, the MS 

cannot be measured and thus has to be estimated. Precise information of the MS is necessary 

to determine the current to be injected. If the rotor magnet flux is known, the MS can be 

calculated as (2-14). Several publications have been proposed to estimate the rotor flux for 

VF-PMSMs and PMSMs [68], [69]. Magnet flux estimation using the back-EMF estimation 

is one of many approaches. However, some VF-PMSMs rotors are specially designed with 

uneven air-gap lengths to prevent magnet de-magnetization by the load current and to reduce 

magnetization current. Thus, harmonics are present in the machine back-EMF and results in 

non-sinusoidal back-EMF and vary with different MSs.  

During the motoring mode, the back-EMF can be calculated by sensing the terminal 

phase voltage as  

 𝑏𝑎𝑐𝑘 𝐸𝑀𝐹 =  𝑣(𝑡) −  𝑖(𝑡) ∗ 𝑅 (2-5) 

However, the exact back-EMF is difficult to calculate because switching harmonics and 

device noise are added, resulting in the addition of undesired harmonics. Thus, a proper 

back-EMF estimation is required to estimate the MS during the motoring mode. 

2.4 Adaptive Nonlinear Filter 

In order to estimate the harmonics in the back-EMF, an adaptive nonlinear filter is 

adopted [70].  
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A distorted back-EMF signal 𝜇(𝑡) consists of both desirable sinusoidal components and 

some undesirable components.  

 𝜇(𝑡) =  𝑦ℎ(𝑡) +  𝑒(𝑡) (2-6) 

where 𝑒(𝑡) is the error (switching harmonics and noise) and  𝑦ℎ(𝑡) is the desired components 

of interest and is given as 

 

 𝑦ℎ(𝑡) = 𝐴ℎ𝑠𝑖𝑛(𝑤ℎ𝑡 +  𝛿ℎ),   

ℎ =  1,3,5,7,15,17,19,35,37 

(2-7) 

Here, 𝐴ℎ, 𝑤ℎ, and 𝛿ℎ are amplitude, frequency, and phase, respectively. All harmonics, 

ℎ, given in (2-7), are the desirable harmonics and this information is taken upfront from an 

offline test. The offline test means running the machine as a generator and analyzing the 

harmonics present in the machine phase back-EMF.  

The gradient descent method minimizes the least square error between the input,  𝜇(𝑡) 

and the desired sinusoidal output, 𝑦ℎ(𝑡). The cost function is given as 

 𝐹 (𝑡, 𝜃ℎ) = [𝜇(𝑡) − 𝑦ℎ (𝑡, 𝜃ℎ)]
2/2 = [𝛥 𝑒(𝑡, 𝜃ℎ)]

2/2 (2-8) 

where 𝜃ℎ is the vector of parameters used to define the output signal and is given as  𝜃ℎ =

[𝐴ℎ, 𝑤ℎ, 𝛿ℎ].  

The gradient-descent method adjusts the unknown parameter, 𝜃 such that the cost 

function, 𝐹 tends to its minimum point. The parameter vector 𝜃ℎ(𝑡) is estimated using the 

gradient descent method as  

 𝑑𝜃ℎ(𝑡)

𝑑𝑡
= −𝜇

𝜕[𝐹(𝑡, 𝜃ℎ)]

𝜕𝜃ℎ(𝑡)
 

(2-9) 

𝜇 is a positive diagonal matrix and controls the algorithm convergence speed and 

stability of the algorithm. A set of differential equations is obtained following the steps 

outlined in (2-9). Using vector parameters, the following equations are derived   
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 𝐴ℎ˙(𝑡)  =  𝜇1𝑒(𝑡)𝑠𝑖𝑛𝜑ℎ(𝑡) (2-10) 

 𝑤ℎ˙(𝑡)  =  𝜇2𝑒(𝑡) 𝐴ℎ(𝑡)𝑐𝑜𝑠𝜑ℎ(𝑡) (2-11) 

 𝜑ℎ˙(𝑡) =  𝜇3𝑒(𝑡) 𝐴ℎ(𝑡)𝑐𝑜𝑠𝜑ℎ(𝑡) + 𝑤ℎ(𝑡) (2-12) 

where 𝜑ℎ = 𝑤ℎ𝑡 +  𝛿ℎ, is the total phase. The dot on top of the parameters means 

differentiation with respect to time. Equations (2-10) - (2-12) form the main unit of the filter. 

𝜇 is the step size of the gradient descent method that governs the convergence speed to 

the solution of the equations (2-10) - (2-12). A small step size results in low steady-state 

error but very slow convergence speed to the solution. On the other hand, a large step size 

leads to a quick response with a higher steady-state error. A trade-off, therefore, exists 

between the transient convergence speed and the steady-state accuracy.  

𝜇1 is the most sensitive step size in the algorithm and controls the speed of the filter’s 

transient amplitude variations. Small values for 𝜇1 results in very slow convergence, while, 
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Fig.2-4. Block diagram of the adaptive nonlinear filter. 
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larger values cause a high steady-state error. 𝜇2 and 𝜇3 control the speed of the filter’s 

transient frequency variations.  

The structure of the filter is shown in Fig.2-4. A block (inside red solid line) is 

constructed for each harmonic. Each block gives the amplitude, frequency, and phase of the 

harmonic order. This filter is then used in an online drive system to estimate the phase back-

EMF 

2.5 Back-EMF Analysis 

The experimental setup is shown in Fig.2-5. The VF-PMSM is driven by a space vector 

pulse width modulation controlled two-level inverter.  The inverter switching frequency is 5 

kHz. The rotor position is given by a 12-bit optical encoder that is mounted on the machine 

shaft. An OPAL-RT is used for real-time control. The VF-PMSM is mounted with a DC 

dynamometer. The dynamometer has two important roles. 

1. To know what order harmonics are present in the VF-PMSM back-EMF. The back-EMF 

is measured when the VF-PMSM is run as a generator, mounted to a dynamometer.  

 

Fig.2-5. Experimental setup. 
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2. The MS can be calculated from the back-EMF using (2-13) and (2-14) which require the 

VF-PMSM to run as a generator.  

To calculate the MS of the VF-PMSM experimentally, a lookup table is developed 

between the no-load flux linkage and current pulse. The back-EMF of the VF-PMSM is 

employed to estimate the flux linkage as 

 
𝜆 =

√2𝑉𝑛,𝑝
𝑤𝑒

= 
√2𝑉𝑛,𝑝

2𝜋𝑃
𝑤𝑚
60

  
(2-13) 

Then, the MS is calculated as 

 𝑀𝑆% = 
𝜆

𝜆𝑓
∗ 100 (2-14) 

where 𝜆𝑓 is the flux linkage of the fully magnetized VF-PMSM. 

Table 2-1 shows the experimentally calculated MS using (2-14). As the back-EMF 

decreases, the flux linkage also decreases resulting in a lower MS. For similar speed, the 

back-EMF reduces from 33.07 V to 19.82 V when the MS reduces from 96% to 48%. The 

reduction in the magnet flux linkage will reduce the torque output. Thus, above the base 

speed, the magnet flux linkage decreases nonlinearly.  

The dynamics of de-magnetization and re-magnetization are shown in Fig.2-6. Initially, 

the machine is running at medium speed and is at 100% MS. However, as the speed increases 

Table 2-1     Measured speed, phase voltage, flux linkage and MS for the VF-PMSM. 

Speed 

[rpm] 

Phase voltage 

[V] 

Flux linkage 

[Wb] 

MS [%] 

351.65 33.07 0.5 96.19 

313.37 30.94 0.44 84.64 

345.39 30.34 0.39 75.02 

359.32 19.82 0.24 47.88 
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and exceeds the rated/ base speed, the terminal voltage tends to violate the dc-link voltage 

limits. Thus, a de-magnetization current pulse is introduced. At low speed, the magnet is 

remagnetized to increase the magnet flux. Usually, the magnetization current is much higher 

than the de-magnetization current. In these ways the machine can be 

magnetized/demagnetized online at the desired MS depending on the driving requirements. 

During the experiment, the MS of the VF-PMSM can be changed by the Mag/Demag pulse 

command block shown in Fig.2-3.  

The zoomed view during the de-magnetization process is shown in Fig.2-7. Rotor angle, 

𝑑 − 𝑎𝑥𝑖𝑠 current, 𝑞 − 𝑎𝑥𝑖𝑠 current and estimated back-EMF are shown. During the de-

magnetization, the 𝑞 − 𝑎𝑥𝑖𝑠 current rises to maintain the speed reference. Moreover, due to 

the de-magnetizing pulse, the MS decreases, and thus the magnitude of the back-EMF also 

 

Fig.2-6. Operating principle of the VF-PMSM.  
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decreases. However, it is observed that the rotor position is not affected by the de-

magnetization and re-magnetization pulse at the running condition.  

 

Fig.2-7. Zoomed view showing the de-magnetization of the VF-PMSM.  
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The effect of change in MS on the rotor speed is shown in Fig.2-8.  The results are 

90% MS 75% MS

 
(a) 

75% MS 60% MS

 
Fig.2-8. Effect of different MSs on the rotor speed. 
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shown for three different magnetization levels. It is observed that the change in MS will not 

 

Fig.2-9. Each harmonic component extracted using the adaptive nonlinear filter for 600 

rpm at 100% MS. 
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have a significant effect on the rotor speed. However, a little speed oscillation is observed 

for a very short time during the MS change. 

Fig.2-9  shows the estimated back-EMF harmonic components when the motor is 

running at 600 rpm and is at 100% MS. The phase voltage is measured using the OPAL-RT 

voltage sensor (OP5511) at 50 kHz sampling frequency when the motor is running. The 

fundamental, 3𝑟𝑑 , 7𝑡ℎ, 13𝑡ℎ , 15𝑡ℎ order harmonics waveforms are shown. The total back-

EMF is generated by the sum of all the desired harmonics. 

Fig.2-10 shows one electric cycle of the measured back-EMF at rated speed and its 

harmonic components for different MSs.  The open-circuit voltage is measured when the 
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Fig.2-10. Measured one electric cycle at 1200rpm for different MSs (a) Harmonic spectrum. (b) back-

EMF waveform. 
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VF-PMSM is running as a generator at a sampling time of 2e-6s. The differential probe 

(700924) with 100 MHz bandwidth is connected with Yokogawa (SL1000). Harmonic order 

like 3,5,7,15,17,19,35,37 are present. The magnitude of the 3𝑟𝑑   and 17𝑡ℎorder harmonics 

are high. Although similar harmonics are present, the harmonic magnitudes change with the 

change in the MS. The 3𝑟𝑑 order harmonic decreases with a rise in MS and vice versa for 

17𝑡ℎ order harmonics.  It’s seen that the higher the MS the lower the total harmonic distortion 

(THD).  

The THD is given as  

 

𝑇𝐻𝐷 = 100 ∗
√∑ 𝑣ℎ,𝑟𝑚𝑠

2𝑁
ℎ=2

𝑣1,𝑟𝑚𝑠
 

 

(2-15) 

Although similar order harmonics are present for all the MS, the fundamental decreases 

with a decrease in the MS. Moreover, the increase in 3𝑟𝑑 order harmonic is much higher as 

the MS is decreased. Thus, the THD increases with a decrease in the MS.  

Fig.2-11 shows the normalized electric cycle estimated back-EMF (black) and measured 

open-circuit voltage (red) for 600 rpm 50% MS. In order to compare with an open-circuit 

voltage of the machine, the VF-PMSM (without changing the MS) was run as a generator. 

Fig.2-11 verifies that the adaptive nonlinear filter can track and extract the required harmonic 

components from the distorted signal.  

 

Fig.2-11. One electric cycle of estimated back-EMF (black) and measured open-circuit voltage (red) at 

600rpm 50% MS.  
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2.5.1 Different pulse widths 

The de-magnetization and re-magnetization process is explained in Fig.2-12. First, the 

VF-PMSM is mounted with a DC dynamometer. Since magnet flux is calculated from the 

phase back-EMF when the VF-PMSM is run as a generator, mounting to a dynamometer is 

important. Before magnetizing to the required MS, the magnet is completely demagnetized. 

Motor drive ON

Align the magnet in d-axis 

Supply demagnetizing current

Run the VFM as generator and check the 

magnet flux linkage

 =0

Supply the controlled remagnetizing current

Check the MS &   

Is 

required MS 

achieved

Analyze the back EMF

Yes

No

No

Yes

 
 

Fig.2-12. Flowchart of the magnetizing process. 
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Verification is done by checking the magnet flux when the VF-PMSM is run as a generator 

as per  (2-13). If the magnet is not completely demagnetized, the steps are followed again by 

completely de-magnetizing the magnet. After de-magnetization, the required current pulse 

is supplied to reach the desired MS. The MS verifications are again done by running the VF-

PMSM as a generator. Then the back-EMF is analyzed when the magnet is magnetized with 

different pulse widths. 

The VF-PMSM can be magnetized with different magnetization pulse widths and 

methods. However, minimum pulse widths to 100% magnetize the machine has to be 

determined to calculate the optimum inverter rating. The machine MS depends on 

magnetization pulse amplitude, duration, and available DC bus voltage. The DC bus (400 

V) is fixed during the experiment since the DC bus is limited in practical applications. 

The back-EMF comparison for various pulse widths varying from 10-50 ms is 

conducted. Fig.2-13 shows the normalized estimated back-EMF waveforms for various 

pulse widths when the motor is running at half the rated speed and is at 50% MS. The back-

EMF waveforms are very close for all current pulse widths above 10 ms. However, it is seen 

that the magnet is not 100% magnetized with a pulse width of less than 10 ms. Thus, the 

minimum current pulse required to fully magnetize the machine was 30A, for 10 ms. 

 

Fig.2-13. One electric cycle of back-EMF for different magnetization pulse widths (600rpm for 

50% MS). 
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The harmonic spectrum of the back-EMF from the experiment and FEA are shown in 

Fig.2-10(a) and Fig.2-14, respectively. Although the same order harmonics are present, 

harmonic magnitudes are different. This is because the prototyped VF-PMSM has lower 

slotting effects (tooth harmonics) compared to the FEA design. The higher magnitude in the 

17𝑡ℎ  and 19𝑡ℎ order harmonics in the FEA design is due to the higher slotting effect. The 

slot harmonics depend on the magnitude of the air gap flux. It is seen that the coil flux linkage 

in FEA is 0.56 weber compared to 0.52 weber in the prototyped machine. The coil flux 

linkage is the product of the number of turns and flux. Since the number of turns is the same, 

flux is higher for FEA resulting in higher slot harmonics. 

Harmonics order due to slotting are given by  

 𝑇𝑜𝑜𝑡ℎ ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐𝑠 = 3𝑛𝑞 ± 1 (2-16) 

where 𝑛 is an integer and 𝑞 is the number of slots per pole per phase. As per (2-16), the 

17𝑡ℎ  and 19𝑡ℎ are the dominating harmonics apart from spatial harmonics (harmonics 

introduced because of the spatial distribution of flux density) for 27 slots 6 poles machine. 

In Fig.2-14, the tooth harmonic magnitude decreases with an increase in the magnetization 

 

 

Fig.2-14. Harmonics spectrum of FEA generated back-EMF for different magnetization pulse 

widths at rated speed.  
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pulse width. The back-EMF THD decreases to 3.32% from 3.42% for 100 ms and 1 ms, 

respectively. However, the quality of back-EMF is not only the design consideration factor, 

but losses due to longer pulse width also have to be considered. Fig.2-15 shows the harmonic 

spectrum of FEA generated back-EMF when magnetized by 10 ms for different speeds. As 

the speed decreases the back-EMF quality decreases. A significant increase in the slotting 

effect is observed as the speed decreases that the back-EMF THD increases from 3.35% to 

4.8%.  

To study the effect of pulse duration in the magnet, the air gap flux density has to be 

analyzed. The air gap flux density waveforms for different magnetization pulse widths are 

shown in Fig.2-16. It is seen that the air gap flux density THD decreases with an increase in 

pulse width. A 10 ms pulse width has 22.5% THD while 100 ms has 22.2% THD. The flux 

density vector in the magnet also changes with change in the magnetizing current pulse. It is 

seen that the magnet flux density is more uniform when magnetized by higher pulse widths.  

 

Fig.2-15. Harmonics spectrum of FEA generated back-EMF when magnetized by 10 ms for 

different speeds. 
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2.5.2 Different Magnetization Methods 

An intensive study on back-EMF harmonics is performed with different magnetization 

methods. The VF-PMSM can be magnetized or demagnetized in three different operating 

conditions: standstill, running and locked rotor conditions.  

Standstill and running magnetization methods are performed when the motor drive is 

online. An online drive means the magnetizing current pulse is supplied through a controlled 

inverter. The rotor position must be known while magnetizing/de-magnetizing online, and 

the 𝑑 − 𝑎𝑥𝑖𝑠 current has to be injected in the rotor 𝑑 − 𝑎𝑥𝑖𝑠. In the standstill magnetization 

method, a current pulse is supplied through the drive to the motor terminal at zero rotor 

speed. In the running magnetization method, the 𝑑 − 𝑎𝑥𝑖𝑠 current pulse is supplied when 

the motor is running, regardless of the rotor speed. This is a good approach to magnetize or 

demagnetize the VF-PMSM in terms of application, such as an electric vehicle since it 

provides the flexibility to vary the motor MS regardless of the speed.  

The locked rotor method is a DC method. In this method, before supplying the 𝑑 − 𝑎𝑥𝑖𝑠 

current pulse, the rotor is locked in the 𝑑 − 𝑎𝑥𝑖𝑠. Injecting a positive current pulse to motor 

phase A with shorted phases B and C will lock the rotor at the 𝑑 − 𝑎𝑥𝑖𝑠. This can be a 

 

Fig.2-16. One electric cycle of air gap magnetic flux density for different magnetization pulse widths. 
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redundant process because each time the rotor should be locked and unlocked to check the 

motor MS.  

Table 2-2 shows the harmonic spectrum for different magnetization methods when 

magnetized by a 25ms pulse width.  Although other harmonic orders are also affected by 

magnetization methods, only the 3𝑟𝑑 and 17𝑡ℎ order harmonics are mentioned. The 3𝑟𝑑 and 

17𝑡ℎ order harmonics magnitude is less in the locked rotor method resulting in a lower back-

EMF THD.  

2.6 Losses in the machine 

Loss measurement is an important factor in a machine design process [71], [72]. The 

dissipated energy by the magnetizing pulse current depends on the current pulse width, i.e, 

35 J for 10 ms and 175 J for 50 ms. Thus, the magnetizing pulse width must be as low as 

possible in terms of Joule loss.  

Apart from the copper loss, core loss is an important factor in the high-efficiency motor 

design. If the core loss is high, the temperature rises and there is a higher probability that the 

material will lose its property. If an accurate prediction of core loss is done for different 

magnetizing pulse widths, then a model with a reduced magnetizing pulse width can be 

modeled.  

 

Table 2-2     Estimated back EMF harmonic spectrum for different magnetization methods 

 

 

 
Running Locked Standstill 

Fundamental Frequency 

(Hz) 
30.03 29.29 29.9 

Fundamental Amplitude 

(V) 
48.22 49.22 48.77 

3rd % of 

fundamental 

magnitude 

5.68% 4.44% 5.55% 

17th 1.59% 1.5% 1.84% 
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The motor core loss calculation in the adopted FEA software is based on calculating the 

machine core losses using curve fitting techniques that utilize core loss data provided by 

steel manufacturers under sinusoidal excitations. Fig.2-17 (a) shows the FEA no-load 

machine losses for different speeds at 100% MS. The core loss is shown when the machine 

is magnetized by a 10 ms pulse width. The hysteresis and eddy current losses are separated. 

It is seen that the losses increase as the rotor speed increases. At higher speeds, the iron loss 

increases rapidly, as eddy current loss is proportional to the square of frequency and 

hysteresis loss is proportional to frequency. The core loss obtained from the FEA has been 

compared with that obtained from the experiment. The core loss results obtained from the 

measurement and FEA are in good correlation. The difference can be attributed to the change 

 
(a) 

 
 (b) 

Fig.2-17. No-load machine losses (a) for different speeds at 100% MS. (b) for different 

magnetization pulse widths at the rated speed. 
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of the magnetic properties of the VF-PMSM steel core during the manufacturing process and 

errors in the measurement.  

Fig.2-17 (b) shows the iron loss for different magnetization pulse widths at the rated 

speed. With the increase in the pulse width, there is an increase in the loss.  

Fig.2-18 shows the hysteresis loss for different magnetization pulse widths and MSs 

(100%, 75%, and 50%) at the rated speed. It is seen that the hysteresis loss increases linearly 

with the rotor speed. The higher the magnetizing pulse width and speed, the higher the 

hysteresis loss. 

2.7 Summary 

The VF-PMSM used has a non-uniform air gap to avoid unintentional de-magnetization 

by armature reaction and to reduce magnetizing current. This special design introduces 

spatial harmonics in the machine back-EMF. A nonlinear adaptive filter that can extract time 

and frequency varying sinusoidal signals from a nonstationary waveform is used to estimate 

the back-EMF during the motoring mode. The effect of different magnetizing pulse widths 

on the machine back-EMF and no-load losses are analyzed. The higher the pulse width, the 

higher the losses but the back-EMF quality is improved. Although the locked rotor 

magnetizing process is redundant, lower THD in the back-EMF is observed than other 

 

Fig.2-18. Hysteresis loss for different magnetization pulse widths and MSs. 
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magnetizing methods. The minimum magnetizing pulse width to magnetize the VF-PMSM 

100% is experimentally determined to be 10 ms with a fixed DC bus of 400 V.  
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Chapter 3. Torque Pulsation Reduction During Magnetization  

3.1 Introduction 

Torque pulsation is a serious issue from the motor drive perspective and has to be 

minimized. During the de-magnetization and re-magnetization process, a 𝑑 − 𝑎𝑥𝑖𝑠 current 

pulse is injected into the machine to change the MS. Since the magnitude of the magnetizing 

current can be much higher than the machine rated current, an undesired torque is produced 

if the 𝑖𝑞 current is kept constant during the MS change [43]. Thus, during the MS change, 

the magnet torque, as well as reluctance torque, varies which produces a pulsating torque. 

The pulsating torque is more severe in inverted-saliency (𝐿𝑑 > 𝐿𝑞) type VF-PMSMs since 

a +ve  𝑖𝑑 current will produce higher reluctance torque as well as higher magnet torque.  

In chapter 2, the VF PMSM back EMF estimation during the motoring mode is 

presented. The effect of back EMF harmonics can be used to study the torque ripple. 

However, in this chapter, pulsating torque due to the magnetization pulse is discussed.   

To avoid the pulsating torque, MS control has been implemented on no-load and zero-

speed conditions. Smooth torque control during the MS change under nonzero speed and the 

loaded condition is presented [43]. However, the proposed method based on the voltage 

disturbance state filter and observer-based current decoupling method is complex.  

In this chapter, the pulsating torque issue during the magnetization of an inverted 

saliency VF-PMSM is investigated. To achieve smooth torque performance during the MS 

change, the 𝑞 − 𝑎𝑥𝑖𝑠 current reference during re-magnetization is determined by two 

different methods: the voltage limit method and the load torque method. The derived 𝑞 −

𝑎𝑥𝑖𝑠 current reduces the torque pulsation during re-magnetization. 

3.2 Problem Illustration  

Fig.3-1 shows the torque-speed and power-speed curves for 100% MS and 50% MS. It 

can be seen that the torque is reduced to 0.6 p.u. when the magnet is demagnetized to 50% 

MS. Similarly, the power is also reduced with a reduction in the MS. Although the torque-
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speed curve follows the same pattern for different MSs, the base speed at which the 

maximum torque is achieved is extended for lower MS.  

Fig.3-2 shows the voltage limit curves for different speeds. As the speed increases, the 

voltage limit ellipse shrinks. Theoretically, the maximum speed is achieved when the 𝑞 −

𝑎𝑥𝑖𝑠 current is zero.  

100% MS

50% MS

 

Fig.3-1. Torque-speed and power-speed curve for different MSs. 
 

id

MTPA at 

100% MS
Voltage limits iq

Current limit

o

 

Fig.3-2. Voltage limit curves for different speeds. 
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Fig.3-3 shows the simulation results during the MS control for nonzero speed and loaded 

conditions. Initially, the motor is running at 600 rpm, 100% MS with 6 𝑁.𝑚 of load torque. 

 

Fig.3-3. De-magnetization and re-magnetization during the loaded condition. Illustration of 

the pulsating torque during MS change.  
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A de-magnetization pulse of 8 A and a re-magnetization pulse of 15 A are injected at 0.5 s 

and 1 s, respectively. These de-magnetization and re-magnetization pulses will change the 

magnet flux linkage based on the amplitude of the current pulse. Since the magnet flux 

linkage is decreased at 0.5 s, the 𝑞 − 𝑎𝑥𝑖𝑠 current increases to generate the same torque.  

However, the injected 𝑑 − 𝑎𝑥𝑖𝑠 current abruptly changes the magnet torque as well as 

reluctance torque and results in a pulsating torque.  

The VF-PMSM used in this study is designed with positive saliency, 𝐿𝑑 > 𝐿𝑞 [11]. This 

allows the maximum torque to be obtained with a magnetizing 𝑑 − 𝑎𝑥𝑖𝑠 current component 

that stabilizes the low-coercive field magnets at high torque conditions. The torque is defined 

as 

 
𝑇 =

3𝑃

2
[𝑖𝑞 𝜆𝑚(𝑖𝑑) + (𝐿𝑑 − 𝐿𝑞) 𝑖𝑑𝑖𝑞] 

(3-1) 

The torque depends on the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 armature currents and 𝜆𝑚. Since 𝜆𝑚 is a function 

of 𝑖𝑑, both the magnet torque as well as reluctance torque are changed with the MS change, 

resulting in pulsating torque. The 𝑑 − 𝑎𝑥𝑖𝑠 current needed to demagnetize and remagnetize 

the magnets are shown in Fig.3-4. The de-magnetizing current is within the machine-rated 

current while the amount of 𝑑 − 𝑎𝑥𝑖𝑠 current to magnetize the magnet is much higher than 

the machine-rated current. Due to this higher re-magnetizing current, higher pulsating torque 

is seen during the magnetization in Fig.3-3. 

Therefore, pulsating torque is inevitable during the MS change in a VF-PMSM if the 

𝑞 − 𝑎𝑥𝑖𝑠 current is not controlled. The magnitude of the pulsating torque depends on the 

injected 𝑑 − 𝑎𝑥𝑖𝑠 current amplitude to change the MS and its corresponding effect on the 

magnet flux linkage. Hence, the objective is to mitigate the pulsating torque during the 

change in the magnetization state.  
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3.3 Proposed Torque Pulsation Reduction Methods 

Usually, the 𝑞 − 𝑎𝑥𝑖𝑠 current reference is determined by the speed error (𝜔∗ − 𝜔) 

through the proportional-integral (PI) controller. However, during the MS control, both the 

magnet torque and reluctance torque change resulting in speed oscillations. The speed 

oscillation depends on the injected 𝑑 − 𝑎𝑥𝑖𝑠 current amplitude. Thus, if the same 𝑞 − 𝑎𝑥𝑖𝑠 

current is taken as a reference to generate the 𝑞 − 𝑎𝑥𝑖𝑠 voltage, the pulsating torque will be 

high.   

Two different 𝑞 − 𝑎𝑥𝑖𝑠 current control methods are proposed.  

3.3.1 Voltage Limit - Method I 

The dynamics of a VF-PMSM is given by  

 

Fig.3-4. Magnetic flux density versus 𝑑 − 𝑎𝑥𝑖𝑠 current (p.u.). (a) De-magnetization curve. (b) Re-

magnetization curve. 
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𝑣𝑑 = 𝑅𝑠𝑖𝑑 + 𝐿𝑑

𝑑𝑖𝑑
𝑑𝑡

− 𝜔𝑒𝐿𝑞𝑖𝑞 

𝑣𝑞 = 𝑅𝑠𝑖𝑞 + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡
+ 𝜔𝑒𝐿𝑑𝑖𝑑 + 𝜔𝑒𝜆𝑚(𝑖𝑑). 

 

(3-2) 

Assuming the steady-state condition,  

 𝑣𝑑 = 𝑅𝑠𝑖𝑑 − 𝜔𝑒𝐿𝑞𝑖𝑞  

𝑣𝑞 = 𝑅𝑠𝑖𝑞 + 𝜔𝑒𝐿𝑑𝑖𝑑 + 𝜔𝑒𝜆𝑚(𝑖𝑑). 

(3-3) 

The vector sum of the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 voltage has to be less or equal to the maximum 

available voltage from the inverter [63]. The voltage limit is given as  

  

𝑣𝑑
2 + 𝑣𝑞

2  ≤  𝑣𝑠
2. 

 

(3-4) 

Solving the voltage limit equation for 𝑖𝑞 gives  

 (𝑅𝑠𝑖𝑑 −𝜔𝑒𝐿𝑞𝑖𝑞)
2 + (𝑅𝑠𝑖𝑞 + 𝜔𝑒𝐿𝑑𝑖𝑑 + 𝜔𝑒𝜆𝑚(𝑖𝑑))

2 = 𝑣𝑠
2. (3-5) 

 

i.e. 

𝑖𝑞
2(𝑅𝑠

2 + 𝜔𝑒
2𝐿𝑞

2) + 𝑖𝑞[2𝑅𝑠𝜔𝑒((𝐿𝑑𝑖𝑑 + 𝜆𝑚(𝑖𝑑) − 𝐿𝑞𝑖𝑑)]

= − [(𝜔𝑒(𝐿𝑑𝑖𝑑 + 𝜆𝑚(𝑖𝑑)))
2

+ 𝑅𝑠
2𝑖𝑑

2 − 𝑣𝑠
2]. 

 

(3-6) 

The solution of the quadratic equation is given as 

 

𝑖𝑞 = 𝑅𝑠𝜔𝑒((𝐿𝑑𝑖𝑑 + 𝜆𝑚(𝑖𝑑) − 𝐿𝑞𝑖𝑑) +

                    

√(𝑅𝑠𝜔𝑒(𝐿𝑑𝑖𝑑+𝜆𝑚(𝑖𝑑)−𝐿𝑞𝑖𝑑)
2
−(𝑅𝑠

2+𝜔𝑒2𝐿𝑞
2)((𝜔𝑒(𝐿𝑑𝑖𝑑+𝜆𝑚(𝑖𝑑)))

2
+𝑅𝑠

2𝑖𝑑
2−𝑣𝑠

2) 

(𝑅𝑠
2+𝜔𝑒2𝐿𝑞

2)
   

 

(3-7) 

Fig.3-5 shows the block diagram of the VF-PMSM drive system. A vector control 

strategy is used to control the speed and the magnet flux linkage. The magnetization and de-

magnetization current control is included in the standard vector control for the PMSM drive. 

The current pulses are manually controlled based on speed and load requirements by the 

Mag/Demag pulse command block. The 𝑞 − 𝑎𝑥𝑖𝑠 current control unit during the MS control 
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is highlighted by the red-dashed rectangle. The 𝑞 − 𝑎𝑥𝑖𝑠 current control unit is a relay-based 

circuit, which can detect the de-magnetizing or re-magnetizing pulse by the Mag/Demag 

pulse command block. 

Hence, once the magnetizing or de-magnetizing pulse is detected, the 𝑞 − 𝑎𝑥𝑖𝑠 current 

determined by equation (3-7) is given as the 𝑞 − 𝑎𝑥𝑖𝑠 current reference. The Mag/Demag 

pulse detector block has the following characteristics. 

 

 𝑦 = 𝑓(𝑥) =  {

1 , 𝑓𝑜𝑟 𝑥 < −1 (𝐷𝑒𝑚𝑎𝑔)

0,                    𝑓𝑜𝑟 − 1 ≤ 𝑥 ≤ 1

1,                  𝑓𝑜𝑟 𝑥 > 1 (𝑀𝑎𝑔)
 

 

(3-8) 
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Fig.3-5. Block diagram of the drive system. 
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The output from equation (3-8) is multiplied by the 𝑖𝑞 solution determined by (3-7). If 

the Mag/Demag pulse command block is active, 𝑖𝑞 is determined by the voltage limit method 

else by the speed error PI controller. The final  𝑞 − 𝑎𝑥𝑖𝑠 current reference that determines 

the 𝑞 − 𝑎𝑥𝑖𝑠 voltage, 𝑖  𝑞_𝑓𝑖𝑛𝑎𝑙
∗  is given by:  

 

 
𝑖  𝑞_𝑓𝑖𝑛𝑎𝑙
∗  =  {

𝑖  𝑞_𝑚𝑎𝑔
∗ , 𝑓𝑜𝑟 𝑥 ≠ 0 

𝑖  𝑞_𝑤
∗ ,         𝑓𝑜𝑟 𝑥 = 0      

 
(3-9) 

Fig.3-6 shows the pulse detection and 𝑖  𝑞_𝑓𝑖𝑛𝑎𝑙
∗  generation results. First, the de-

magnetization and re-magnetization signals are detected. The  𝑞 − 𝑎𝑥𝑖𝑠 current calculated 

by equation (3-7) is determined. A control block given by equation (3-9) will select the 𝑞 −

𝑎𝑥𝑖𝑠 current either from the speed error PI controller or from the voltage limit method.  

Fig.3-7 shows the simulated results for the same operating conditions as in Fig.3-3. The 

proposed method has a swift change in the 𝑞 − 𝑎𝑥𝑖𝑠 current for both de-magnetization and 

re-magnetization. Since the de-magnetization current pulse amplitude is lower than the 

machine-rated current, a lower pulsating torque is observed. However, the proposed method 

produces higher pulsating torque during the de-magnetization process. Thus, in further 

studies, the proposed method is only implemented for the re-magnetization process.  

3.3.2 Load Torque - Method II 

As given by equation (3-1), the electromagnetic torque depends on 𝑖𝑑,  𝑖𝑞 and 𝜆𝑚. For a 

given magnetizing or de-magnetizing current the corresponding 𝜆𝑚 can be calculated. Then 

the corresponding 𝑖𝑞 can be determined from the torque equation. If the change in the speed 

is ignored then the torque is given as  

 𝑇𝑒 = 𝑇𝑙𝑜𝑎𝑑 + 𝐵𝜔 (3-10) 

Using, (3-1) in (3-10), 𝑖𝑞 can be calculated as 
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𝑖𝑞 = 

𝑇𝑙𝑜𝑎𝑑  + 𝐵𝜔

3𝑃
2 [𝜆𝑚(𝑖𝑑) + (𝐿𝑑 − 𝐿𝑞) 𝑖𝑑]

 
(3-11) 

As given by equation (3-9), 𝑖  𝑞_𝑓𝑖𝑛𝑎𝑙
∗  is generated only during the MS change. The overall 

combined equation is given as  

 

Fig.3-6. De-magnetization and re-magnetization detection and the corresponding final 𝑞 − 𝑎𝑥𝑖𝑠 
current generation process. 
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𝑖  𝑞_𝑓𝑖𝑛𝑎𝑙
∗  =  

{
 

 
𝑖  𝑞_𝑚𝑎𝑔   
∗ (3-7) , 𝑓𝑜𝑟 𝑥 ≠ 0(𝑀𝑒𝑡ℎ𝑜𝑑 𝐼)  

𝑖  𝑞_𝑤
∗ ,       𝑓𝑜𝑟 𝑥 = 0 (𝑁𝑜𝑟𝑚𝑎𝑙)    

𝑖  𝑞_𝑚𝑎𝑔
∗   (3-11), 𝑓𝑜𝑟 𝑥 ≠ 0 (𝑀𝑒𝑡ℎ𝑜𝑑 𝐼𝐼) 

  

 

 

(3-12) 

In order to compare the results, all three methods given by equation (3-12) are plotted 

together in Fig.3-8. The motor speed drops with the de-magnetizing pulse while it increases 

with the re-magnetizing pulse in the method where  𝑖𝑞 is controlled by the speed error PI 

controller. For the proposed methods, since the 𝑖𝑞 current is controlled based on the speed, 

magnet flux linkage and torque, lower oscillations are observed in the speed.  

 

 

Fig.3-7. De-magnetization and re-magnetization during the loaded condition. (a) Illustration of 

the pulsating torque during MS change for different methods. (b) zoomed view during MS 

change for torque. 
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Fig.3-8 (b) shows the zoomed view of 𝑖𝑞 and torque for the magnetization period. With 

the correction in the 𝑞 − 𝑎𝑥𝑖𝑠 current reference, lower pulsating torque is observed. The 

torque response shows that method II, based on load torque produces lower pulsating torque 

during the magnetization process. 

 

Fig.3-8. De-magnetization and re-magnetization during the loaded condition. (a) Illustration of 

the pulsating torque during magnetization for different methods. (b) zoomed view during 

magnetizing pulse for 𝑖𝑞 and torque. 
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3.4 Experimental Verification 

Fig.3-9 shows the VF-PMSM machine test setup. The test bench includes a direct 

current (DC) dynamometer, torque and speed transducers, a real-time simulator and sensors, 

a voltage source inverter (VSI), a position encoder, and a data acquisition unit.  

The VF-PMSM is coupled to a dc dynamometer through a torque transducer. The dc 

dynamometer is controlled by a DCS800-DC drive. The VF-PMSM is driven by a two-level 

VSI. The inverter switching frequency is 5 kHz. The rotor position is given by a 12-bit 

optical encoder that is mounted on the machine shaft. An OPAL-RT controller is used for 

real-time control.  

During the experiment, first, the VF-PMSM speed is controlled by a VSI as shown in 

Fig.3-5. Then, the DC dynamometer is controlled in the torque control mode, to produce the 

required load torque for the VF-PMSM. Once the VF-PMSM is running at the loaded 

condition, the de-magnetizing and re-magnetizing pulses of 10 ms pulse width are injected 

 

 

Fig.3-9. VF-PMSM test setup. (1) VF-PMSM; (2) Transducers; (3) Dynamometer; (4) Real-time 

simulator and sensors; (5) Encoder; (6) DC supply; (7) Data acquisition. 



57 

 

manually in the VF-PMSM. In this study, we are not concerned about pulse width but only 

on the magnitude of the re-magnetizing pulse. 

Fig.3-10 shows the experimental results during the MS change at nonzero and loaded 

conditions. Initially, the motor is running at 300 rpm, 95% MS with 3 N.m of load torque. A 

de-magnetization pulse of 5 A and a re-magnetization pulse of 15 A are applied at 10.8 s and 

 

 

Fig.3-10. De-magnetization and re-magnetization during the loaded condition. Illustration of 

the pulsating torque during MS change. 
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24.6 s, respectively. These de-magnetization and re-magnetization pulses change the magnet 

MS. Since the magnet MS varies with the 𝑑 − 𝑎𝑥𝑖𝑠 current, the magnet torque as well as 

reluctance torque change, which results in pulsating torque. Since the load torque is applied 

by the dynamometer, torque is seen negatively in Fig.3-10. 

The torque response for different re-magnetizing methods is shown in Fig.3-11.  Since 

the de-magnetizing and re-magnetizing pulse are manually injected, the time step is not the 

same for different methods. The re-magnetizing pulse is applied at 23 s, 24.6 s, and 24.7 s 

for method I, method II and normal method, respectively. Similar pulsating torque is 

observed during the de-magnetization for all methods since the proposed algorithm is only 

implemented during the re-magnetization period. For the same amount of re-magnetizing 

current, method II, based on the load torque generates lower pulsating torque.  

 

 

Fig.3-11. Illustration of the pulsating torque during magnetization for different methods. 
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3.5 Summary 

During the de-magnetization and re-magnetization process, a 𝑑 − 𝑎𝑥𝑖𝑠 pulse is injected 

into the VF-PMSM to change the MS. However, apart from the change in the magnet flux 

linkage, the magnet torque, as well as the reluctance torque abruptly change. This change in 

machine torque produces the pulsating torque. This pulsating torque is created when the 

magnet is demagnetized or remagnetized at nonzero and loaded conditions. Moreover, the 

pulsating torque is more severe during re-magnetization because of the higher amplitude of 

the re-magnetizing current. To solve this problem, the 𝑞 − 𝑎𝑥𝑖𝑠 current reference during the 

magnetization period is determined by two different methods: the voltage limit method and 

the load torque method. The derived 𝑞 − 𝑎𝑥𝑖𝑠 current reduces the torque pulsation during 

the re-magnetization process at nonzero speed and loaded conditions. 
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Chapter 4. Automatic Flux Linkage and Inductance Measurement 

at the Different Magnetization States 

4.1 Introduction 

An accurate estimation/ measurement of machine parameters is required for high-

performance trajectory tracking controller [73], [74], [75]. The machine's performance in 

terms of power and torque depends on the inductance, flux linkage, stator resistance, rotor 

position, etc.  For accurate control and efficiency optimization, saturation and cross 

magnetization should be considered [76], [77], [78], [79] [80], [81].  

Several methods have been proposed to measure the parameters of PMSMs [82], [83], 

[84] and synchronous reluctance machines [85], [86], [87]. The 𝑑𝑞 − 𝑎𝑥𝑒𝑠 flux linkage and 

inductance identification methods can be broadly classified into rotational tests and standstill 

tests. The rotational test methods can be further classified into the constant speed method 

and dynamic testing method. Although the rotational test method gives highly accurate 

results, it requires a full dynamometer setup and cannot be used to measure the position-

dependent flux linkages.  

The DC standstill test and AC standstill test are the most popular parameter 

measurement methods. In the DC standstill method, the machine is locked at the axis on 

which the measurement is to be performed and requires post-processing from the recorded 

data. In the AC standstill method, an AC voltage is applied at the axis on which the 

inductance is to be measured. However, the VF-PMSMs are demagnetized with a negative 

𝑑 − 𝑎𝑥𝑖𝑠 current. Thus, the AC standstill method cannot be justified for VF-PMSMs.  

In the standstill method, a pulsed voltage to the machine is applied in open-loop to 

measure the flux-linkage [87], [88]. These methods require post-processing of a huge 

dataset. A current control-based parameter identification using the standstill method is 

presented in [89]. A current pulse is applied in closed-loop to obtain the machine resistance 

and inductance in two steps. However, this method cannot be used to generate the machine 
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parameters in real-time since it requires the controller parameters tuning for each operating 

point.   

In this chapter, a current control-based method proposed in [86] is used to measure flux 

linkage, inductance and resistance for the VF-PMSM at different MSs. Automated real-time 

parameter measurements are performed without requiring offline post-processing.  This 

method utilizes the vector-controlled VF-PMSM drive to measure parameters that remove 

the requirement of locking the rotor at different axes.  

4.2 Inductance variation in VF-PMSM  

VF-PMSMs have one more dimension for MS control: magnet flux linkage. The magnet 

flux in the VF-PMSMs is changed based on the MS. This leads to a non-linear change in 

machine inductances for different operating conditions [88], [90]. The change in the VF-

PMSM 𝑑 − 𝑎𝑥𝑖𝑠 inductance is shown in Fig.4-1.  

 

Fig.4-1. FEA generated 𝑑 − 𝑎𝑥𝑖𝑠 inductance. 
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The variation of the 𝑑 − 𝑎𝑥𝑖𝑠 inductance and 𝑞 − 𝑎𝑥𝑖𝑠 inductance for different MSs are 

shown in Fig.4-2 for a tangentially magnetized 5 hp VF-PMSM. Thus, 𝑑𝑞 − 𝑎𝑥𝑒𝑠 

inductances and flux linkage measurements are of prime importance for high-performance 

control.   

The equations describing the dynamics of the VF-PMSM are given in (3-2) and can be 

rewritten as follows: 

 

 

 

[
𝑣𝑑
𝑣𝑞
] = 𝑅𝑠 [

𝑖𝑑
𝑖𝑞
] + 𝑝 [

𝜆𝑑
𝜆𝑞
] + 𝜔 [

−𝜆𝑞
𝜆𝑑

] 
(4-1) 

The 𝑑𝑞 − 𝑎𝑥𝑒𝑠 flux linkage are given as 

 

(a) 
 

 

(b) 

 

Fig.4-2. FEA generated 𝑑𝑞 − 𝑎𝑥𝑒𝑠 inductance variations for different MSs. 
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During the locked rotor test, the rotor speed is zero and (4-1) is reduced to   

In the existing voltage pulse-based standstill tests, a voltage pulse is supplied in either 

of the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 to measure the corresponding 𝑎𝑥𝑖𝑠 inductance [82], [87], [88]. To measure 

the 𝑑 − 𝑎𝑥𝑖𝑠 parameters, arbitrary 𝑣𝑑 and 𝑣𝑞 = 0 are given. However, the actual 𝑣𝑞 at the 

machine terminal is not zero due to the nonlinear effect of the voltage source inverter. 

Moreover, since the voltage pulse is applied to excite the motor, the response of the machine 

depends on the electrical time constant. Thus, this method will have lower accuracy for a 

lower electrical time constant machine.  Since the lower time constant machine requires a 

higher sampling frequency, the data processing becomes challenging due to the processor 

sampling time limit.  

To overcome these problems, a closed-loop current control-based parameter 

measurement method is implemented using the real-time system. In this method, a pulsed 

current reference is applied in either of the axes and a constant current is applied to the other 

axis. Since both currents are controlled, the machine parameters can be computed at any 

arbitrary operating point in the 𝑖d𝑖𝑞 plane.  

 Fig.4-3 shows the block diagram of the VF-PMSM drive system to measure the 𝑞 −

𝑎𝑥𝑖𝑠 flux linkage and inductance. The rotor is locked and a pulse 𝑞 − 𝑎𝑥𝑖𝑠 current is injected 

to measure the 𝑞 − 𝑎𝑥𝑖𝑠 parameters. A different range of constant 𝑑 − 𝑎𝑥𝑖𝑠 current is also 

supplied to check the parameter variation due to the cross-coupling effect. A three-phase 

VSI is used to supply the desired voltages in PWM form. The controller controlling the fixed 

current is made much faster compared to the controller controlling the pulsed current to keep 

the fixed current constant.  

 

 

𝜆𝑑 = 𝐿𝑑𝑖𝑑 + 𝜆𝑚(𝑖𝑑) 
𝜆𝑞 = 𝐿𝑞𝑖𝑞 

(4-2) 

 

 

𝑣𝑑 = 𝑅𝑠𝑖𝑑 + 𝑝𝜆𝑑 

𝑣𝑞 =  𝑅𝑠𝑖𝑞 + 𝑝𝜆𝑞 

(4-3) 
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If the ratio of 𝐾𝑖 to 𝐾𝑝 is less than the natural frequency of the system in the PI controller, 

it causes overshoot in the system even though the closed-loop poles are critically damped. 

Thus, pseudo-derivative feedback (PDF) current controllers are used to control the currents. 

The main reason for choosing a PDF controller is its ability to achieve a critically damped 

response to several first-order systems [86], [91], [92]. The PDF controller can achieve a 

critically damped response for different step changes in the reference input.  

 A Magnetizing/De-magnetizing pulse command block is included in the VF-PMSM 

drive system as shown in Fig.4-3. This block allows changes in the MSs. The magnetizing 

or de-magnetizing current pulses are manually supplied by this block. Thus, flux linkage and 

inductance maps can be generated for different MSs without disconnecting the system.   

The current and voltage responses at the machine terminals are measured. The measured 

current and voltage are used in (4-4) and (4-5) to compute the VF-PMSM flux linkage. The 

expressions for the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 flux linkage are given as  

 

 

 
𝜆𝑑 = ∫ 𝑣𝑑(𝑡) − 𝑅𝑠

𝑡

0

∫ 𝑖𝑑 (𝑡)
𝑡

0

 
(4-4) 

 

 
𝜆𝑞 = ∫ 𝑣𝑞(𝑡) − 𝑅𝑠

𝑡

0

∫ 𝑖𝑞 (𝑡)
𝑡

0

 
(4-5) 
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Fig.4-3. VF-PMSM 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage and 𝑞 − 𝑎𝑥𝑖𝑠 inductance measurement system. 
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The stator resistance, 𝑅𝑠 is calculated as a ratio of the average steady-state voltage to 

the average steady-state current during each pulse. However, it is assumed to remain constant 

during the integration period.  

The inductances are calculated from the calculated flux linkage and currents. The 

expressions for the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 inductance are given as  

 

 𝐿𝑑 = 𝜆𝑑/𝑖𝑑  (4-6) 

 𝐿𝑞 = 𝜆𝑞/𝑖𝑞  (4-7) 

 

2

1

3

 

Fig.4-4. VF-PMSM test setup. (1) VF-PMSM (2) Real-time simulator (3) Rotor 

lock mechanism. 
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4.3 Experimental Setup And Results  

The experimental setup is shown in Fig.4-4. The VSI switching frequency is 5 kHz. An 

OPAL-RT (OP5142) is used for real-time control. The rotor is locked using a mechanical 

clamp. The DC voltage is kept constant throughout the experiment. The dynamometer has 

no important role in the experiment. The machine is coupled with the dynamometer just to 

have a rigid locking mechanism. 

 

Fig.4-5. 𝑣𝑑 response when a pulse 𝑖𝑑  and fixed 𝑖𝑞   are applied.  
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Fig.4-5 and Fig.4-6 show the response of the VF-PMSM when a reference pulse current 

of 𝑖𝑑 = 9𝐴 and 𝑖𝑞 = 3 𝐴 are applied. The voltage and current response for 𝑑𝑞 − 𝑎𝑥𝑒𝑠 are 

shown. It can be seen that the currents are controlled with little oscillation in the 𝑞 − 𝑎𝑥𝑖𝑠 

for the 𝑑 − 𝑎𝑥𝑖𝑠 pulse reference. The steady-state resistance is calculated from the steady-

state voltage and current. Change in the rotor position due to the pulse current is minimal.   

 

 

 

 

 
 

Fig.4-6. Resistance, 𝑣𝑞, and postion  response when a pulse 𝑖𝑑  and fixed 𝑖𝑞   are 

applied. 
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Fig.4-7 shows the procedure to measure the 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage and inductance as a 

function of the 𝑞 − 𝑎𝑥𝑖𝑠 pulse current for different fixed 𝑑 − 𝑎𝑥𝑖𝑠 currents. Two current 

pulses are supplied for each operating condition for higher accuracy. The final flux linkage 

(a)

(b)

(c)

(d)
 

Fig.4-7. Procedure to measure the 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage and inductance by applying 

the 𝑞 − 𝑎𝑥𝑖𝑠 pulse current for different fixed 𝑑 − 𝑎𝑥𝑖𝑠 currents. 
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and inductances are the average of two pulses at that particular operating point. Since the 

calculations (4-4) - (4-7) are performed in real-time; flux linkage, inductance and steady-

state resistance maps can be generated at any given operating point.  

(a)

(b)

(c)

(d)  

Fig.4-8. Procedure to measure the 𝑑 − 𝑎𝑥𝑖𝑠 flux linkage and inductance by applying the 𝑑 −

𝑎𝑥𝑖𝑠 pulse current for different fixed 𝑞 − 𝑎𝑥𝑖𝑠 currents. 
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Fig.4-8 shows the procedure to measure the 𝑑 − 𝑎𝑥𝑖𝑠 flux linkage and inductance as a 

function of the 𝑑 − 𝑎𝑥𝑖𝑠 pulse current for different fixed 𝑞 − 𝑎𝑥𝑖𝑠 currents. Two current 

pulses are supplied for each operating condition for higher accuracy. The final flux linkage 

and inductances are the average of two pulses at that particular operating point.  

Fig.4-9 shows the measured 𝑑 − 𝑎𝑥𝑖𝑠 flux linkage at 75% magnetization level. The 𝑑 −

𝑎𝑥𝑖𝑠 flux linkage is shown as a function of 𝑞 − 𝑎𝑥𝑖𝑠 current at different values of 𝑑 − 𝑎𝑥𝑖𝑠 

current.  

Fig.4-10 shows the 𝑑 − 𝑎𝑥𝑖𝑠 inductance as a function of  𝑑 − 𝑎𝑥𝑖𝑠 current at 75 % MS. 

It is seen that the inductance increases to 4 A and starts decreasing. This effect is developed 

as a result of the machine geometry and permeability of the M19G19 steel.  

 

 
𝐿 =

𝑁2𝜇0𝜇𝑟𝐴

𝑙
 

(4-8) 

 

 

 

Fig.4-9. 𝑑 − 𝑎𝑥𝑖𝑠 flux linkage at 75% MS.  
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 In (4-8) and (4-9), area 𝐴, the number of turns 𝑁2 and magnetic path 𝑙 are constant. 

Thus, 𝑑 − 𝑎𝑥𝑖𝑠 inductance follows the steel permeability curve.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ℛ = 
𝑙

𝜇0𝜇𝑟𝐴
 (4-9) 

 

Fig.4-10. 𝑑 − 𝑎𝑥𝑖𝑠 inductance as a function of  𝑑 − 𝑎𝑥𝑖𝑠 current. 

 

 

Fig.4-11.  𝑞 − 𝑎𝑥𝑖𝑠 inductance as a function of 𝑞 − 𝑎𝑥𝑖𝑠 current. 

 

 

0

20

40

60

80

0 2 4 6 8 10 12 14

L
d

 [
m

H
]

Id [A] 

FEA 75% MS

Measured 75% MS

30

40

50

60

70

0 2 4 6 8 10 12 14

L
q

 [
m

H
]

Iq [A] 

FEA

Measured



72 

 

The prototyped VF-PMSM is tangentially magnetized and air barriers are carved to 

prevent the magnet de-magnetization by the 𝑞 − 𝑎𝑥𝑖𝑠 current. Hence, the 𝑞 − 𝑎𝑥𝑖𝑠 flux path 

saturates with increased current and the reluctance path increases. This effect can be seen in 

Fig.4-11. A comparison has been made between the FEA and experimental results for both 

𝑑𝑞 − 𝑎𝑥𝑒𝑠 inductance. An error of 2.9 mH in 𝑞 − 𝑎𝑥𝑖𝑠 inductance and error of 1.4 mH in 

𝑑 − 𝑎𝑥𝑖𝑠 inductance is observed. 

Fig.4-12 shows the experimental results for the 𝑑 − 𝑎𝑥𝑖𝑠 flux linkage and inductance as 

a function of 𝑑 − 𝑎𝑥𝑖𝑠 current for different fixed 𝑞 − 𝑎𝑥𝑖𝑠 currents at 100 % MS. The 𝑑 −

 

(a) 

 

(b) 

Fig.4-12. (a) 𝑑 − 𝑎𝑥𝑖𝑠 flux linkage, (b)  𝑑 − 𝑎𝑥𝑖𝑠 inductance for different fixed 𝑞 − 𝑎𝑥𝑖𝑠 

current at 100 % MS. 
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𝑎𝑥𝑖𝑠 flux linkage increases linearly with an increase in the 𝑑 − 𝑎𝑥𝑖𝑠 current. A similar 

response is observed in the 𝑑 − 𝑎𝑥𝑖𝑠 flux linkage when different constant 𝑞 − 𝑎𝑥𝑖𝑠 currents 

are applied.  The magnitude of flux linkage decreases with an increase in the constant 𝑞 −

𝑎𝑥𝑖𝑠 current. The 𝑑 − 𝑎𝑥𝑖𝑠 inductances as a function of 𝑑 − 𝑎𝑥𝑖𝑠 current are plotted in 

Fig.4-12  (b) for different constant 𝑞 − 𝑎𝑥𝑖𝑠 currents. Similar waveforms are observed but 

with reduced magnitude with a higher constant 𝑞 − 𝑎𝑥𝑖𝑠 current.  

 

(a) 

 

(b) 

Fig.4-13. (a) 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage, (b)  𝑞 − 𝑎𝑥𝑖𝑠 inductance for different fixed 𝑑 −

𝑎𝑥𝑖𝑠 current at 100 % MS. 
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Fig.4-13 shows the experimental results for the 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage and inductance as 

a function of 𝑞 − 𝑎𝑥𝑖𝑠 current for different constant 𝑑 − 𝑎𝑥𝑖𝑠 currents. It is observed that 

the 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage increases linearly with an increase in the 𝑞 − 𝑎𝑥𝑖𝑠 current. Similar 

response is observed in the 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage when different constant 𝑑 − 𝑎𝑥𝑖𝑠 currents 

are supplied.  However, the magnitude of flux linkage decreases with an increase in the 

constant 𝑑 − 𝑎𝑥𝑖𝑠 current.  

Fig.4-14 shows the results for 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage and inductance as a function of 

negative 𝑞 − 𝑎𝑥𝑖𝑠 current for different fixed 𝑑 − 𝑎𝑥𝑖𝑠 currents. A good correlation is 

observed between the experimental and FEA results. The 𝑞 − 𝑎𝑥𝑖𝑠 flux linkage for different 

 

(a) 

 

(b) 

Fig.4-14. (a) 𝑞 − 𝑎𝑥𝑖𝑠 inductance (b)  𝑞 − 𝑎𝑥𝑖𝑠 flux linkage as a function of negative 

𝑞 − 𝑎𝑥𝑖𝑠 current at 100 % MS. 
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negative 𝑑 − 𝑎𝑥𝑖𝑠 currents are plotted in Fig.4-14 (b). The 𝑑 − 𝑎𝑥𝑖𝑠 inductance and flux 

linkage as a function of negative 𝑑 − 𝑎𝑥𝑖𝑠 current cannot be measured in a VF-PMSM. This 

is due to the VF-PMSM de-magnetization by the negative 𝑑 − 𝑎𝑥𝑖𝑠 current. For the 

prototyped machine the demagnetizing current requirement is lower than the machine rated 

current and the MS change is significant just with a small negative 𝑑 − 𝑎𝑥𝑖𝑠 current. Thus, 

the same MS cannot be maintained for 𝑑 − 𝑎𝑥𝑖𝑠 parameter measurement as a function of 

negative 𝑑 − 𝑎𝑥𝑖𝑠 current.   

4.4 Summary 

The accurate measurement of machine parameters is of prime importance in VF-PMSM 

drive systems since the machine inductances and flux linkage varies for different MSs. The 

closed-loop current controller-based flux linkage, inductance and resistance measurements 

for different MS are conducted. The machine voltage and current response are measured and 

are processed in real-time. Thus, automated machine parameters without changing the 

hardware setup are generated in real-time for any given operating condition irrespective of 

the MS. The experimental results are compared with the finite-element analysis results and 

show a good correlation.  
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Chapter 5. Co-simulation Based Electric Vehicle Drive and PWM 

Loss Analysis  

5.1 Introduction 

Innovative research papers on the design and performance optimization of VF-PMSMs 

are reported in the literature every year and more novel topologies will continue to emerge 

[30]. With the rapid development in new motor topologies and control techniques, validating 

and testing motor drive system have become important in the design and engineering process 

[93]. However, physically prototyping the design and testing is a time-consuming process 

[94]. Thus, a realistic simulation technique is needed to validate the design performance 

without prototyping the design [95].   

Finite element method (FEM) based software provides accurate steady-state results. 

However, they have limitations in dynamic performance studies. A motor drive system 

consists of three main parts: motor, power converter, and control. Usually, these parts are 

designed separately in different software environments.  

Conventionally, a mathematical motor model is developed within the control circuit 

software during the simulation of the drive system, since the designed motor and the control 

circuits are not in the same software environment. The mathematical motor model may use 

idealized parameters. However, the motor model with ideal parameters has some major 

drawbacks: the inductance non-linearities due to magnetic saturation, torque ripple due to 

motor geometry and spatial harmonics effects are not considered. Consequently, reliable 

steady and dynamic responses are not achieved. Thus, the conventional simulation approach 

results in inadequate accuracy [96], [97].  

With the advancement in FEM-based software tools, the designs can be dynamically 

linked with the external drive circuit simulator. The FEM model directly coupled with 

control simulators in a common co-simulation platform will give higher accuracy results 

than the conventional simulation approach [98], [99]. Based on published literature, FEA 

software such as JMAG [100], [101] ANSYS Maxwell [102], Cedrat Flux [103] and 
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AMESim [104] allows co-simulation with external control software such as MATLAB-

Simulink, PSpice and PSIM.  

Most motor drive applications are fed by a three-phase PWM inverter to control the 

current phase and amplitude according to the load and speed requirements. However, the 

PWM is controlled by a carrier frequency which superimposes carrier harmonics in the basic 

current waveform. This applies a high-frequency magnetic field to the motor. As a result, 

high-frequency harmonics are added in the armature currents [105], [106], [107].  The 

dominant switching harmonics occur at integer multiples of the switching frequency. These 

harmonics not only cause eddy current loss in the rotor and stator of the motor but also 

generate torque ripple [108]. The impact of carrier harmonics in motor’s operation is vital 

due to the additional losses in PMs, windings, and iron laminations caused by eddy currents. 

Hence, an intensive study on the motor losses due to the PWM inverter is necessary.   

A comprehensive analysis of PWM power losses in PMSMs with a wide range of PWM 

switching frequencies has been investigated in [109], [110], [111]. Increasing the PWM 

frequency helps to suppress the torque ripple in PMSMs. A proper selection of the switching 

frequency can reduce the magnetic noise due to the PWM inverter [112]. The electric 

machines inevitably experience a higher iron loss due to the presence of PWM-induced 

current ripple compared to ideal sinusoidal excitation conditions, accounting for as much as 

20%–30% of the total iron loss [113]. Thus, to accurately predict and mitigate these losses 

during the machine design stage, accurate prediction of the PWM-induced current ripple is 

important. 

The objective of this chapter is to develop a vehicle drive system for the VF-PMSM 

using a co-simulation platform. Basic ways and steps on coupling the JMAG (FEM software) 

and MATLAB-Simulink (circuit simulator) are presented.   Besides, the comparative effect 

of the sinusoidal current fed and PWM inverter fed VF-PMSM losses have been studied. 

The integrative simulation approach determines the motor losses due to the PWM inverter 

drive system and optimum switching frequency for lower armature current and torque ripple.  
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5.2 Co-simulation and the VF-PMSM Drive  

5.2.1 Co-simulation 

Conventionally, during the simulation of the motor drive system, the motor 

mathematical equations are modeled within the circuit simulator. The mathematical 

equations of the VF-PMSM in the 𝑑𝑞-synchronous rotating reference frame are given as  

where 𝑣𝑑, 𝑣𝑞 and 𝑖𝑑, 𝑖𝑞 are 𝑑𝑞 −  𝑎𝑥𝑒𝑠 armature voltage and current components, 

respectively. 𝐿𝑑, 𝐿𝑞 are 𝑑𝑞 − 𝑎𝑥𝑒𝑠 inductance components. 𝜔𝑒 is the rotor electrical angular 

velocity and 𝜆𝑚(𝑖𝑑) is the rotor flux linkage that is a function of the 𝑑 − 𝑎𝑥𝑖𝑠 current. The 

mathematical equations in (5-1) ignore motor geometry and spatial harmonics effects. 𝜆𝑑 , 𝜆𝑞 

are the 𝑑𝑞 − 𝑎𝑥𝑒𝑠 flux linkage and are given as 

Comparison of the back EMF waveforms obtained from the 𝑑𝑞-mathematical model 

(black), FEA (blue) and experimentally measured (red) are shown in Fig.5-1. The back EMF 

is shown when the VF-PMSM is running at 1200 rpm and is at 100% MS. The back EMF 

obtained from the FEM and experiment have harmonics. In contrast, the back EMF obtained 

from the mathematical model simulation is sinusoidal because it ignores the machine 

saturation, geometry and spatial harmonics. As a result, the simulation results obtained from 

the mathematical model will be less accurate than the experimental and FEM results.  

Thus, to reduce the errors between the simulation and experimental results, a higher 

fidelity simulation method called co-simulation is introduced. The co-simulation is the 

integration and simulation of multiple models, simulated within their own simulation 

environments, and are communicating at fixed time steps. Integration of an external drive 

 

 
[
𝑣𝑑
𝑣𝑞
] = 𝑅𝑠 [

𝑖𝑑
𝑖𝑞
] + 𝑝 [

𝜆𝑑
𝜆𝑞
] + 𝜔𝑒 [

−𝜆𝑞
𝜆𝑑

] 
(5-1) 

 

 

𝜆𝑑 = 𝐿𝑑𝑖𝑑 + 𝜆𝑚(𝑖𝑑) 

𝜆𝑞 = 𝐿𝑞𝑖𝑞 

(5-2) 
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system coupled with the FEM model provides a more realistic analysis and control. In this 

chapter, the power converters and control circuits are designed in MATLAB-Simulink 

whereas the VF-PMSM is designed in JMAG Designer.  

Although the FEM software tool can provide steady-state results for one driving 

condition, a motor drive system has to be developed to consider both steady-state and 

transient state performance. Thus, the control circuit required to develop the motor drive 

system is done in MATLAB-Simulink. Fig.5-2 shows the data flow between the FEM model 

and circuit simulator that are communicating at the same sampling time. The VF-PMSM is 

coupled with the MATLAB-Simulink via an S-function block created by the JMAG, JSOL 

Corporation [114]. A closed-loop system is created between two software tools. The FEM 

gives the actual motor currents, electromagnetic torque and other motor parameters which 

are the inputs to the control simulator. Whereas, the control circuit determines the torque 

angle, and de-magnetization or re-magnetization current based on the reference speed and 

load torque. The torque angle input to the FEM model is calculated as 

 

 
𝑇𝑒 = 𝑇𝑙 + 𝐵𝜔𝑒 + J

𝑑𝜔𝑒
𝑑𝑡

 
(5-3) 

 

Fig.5-1. Measured and simulated back EMF at 1200 rpm. 
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where 𝐽 is the moment of inertia and 𝐵 is the friction constant, respectively. Solving (5-3), 

the torque angle is calculated as  

Similarly, rotor angle can be calculated using mechanical speed (𝜔𝑚) and is given as 

𝜔𝑒 = 𝑃𝜔𝑚, where 𝑃 is the number of poles pair.  

5.2.2 Coupling Methods  

JMAG and MATLAB-Simulink can be coupled in two different ways:  

5.2.2.1 RT table 

It is a behavior table that contains numerical information over a specified range of 

utilization. The mesh results are stored in RT blocks (lookup tables) for the given current 

and current angle range. The mesh data includes the machine saturation, geometry and 

spatial harmonics. The mesh generating process could be longer depending on the user-

defined range. However, one-time generated mesh data can be used to analyze the response 

for all MSs by simply de-magnetizing and re-magnetizing the motor. Since it is separate  

 

 
∬

𝑑𝜔𝑒
𝑑𝑡

= 𝜃 
(5-4) 
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Fig.5-2. Data-flow between two software tools. 
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from FEA analysis and only has numerical data, the co-simulation response is fast. However, 

results might not be as accurate as direct linking because the behavior table provided by this 

method is calculated by quasi-static calculations and no transient effects are included. 

5.2.2.2 Direct link 

In this method,  the JMAG designer is directly linked with the MATLAB-Simulink. 

This method gives accurate results for both steady-state and dynamic states. The main 

advantage of direct simulation over the RT table is that the calculations are fully transient. 

However, the co-simulation time is longer. This is because for every step of control analysis 

the FEA calculation has to be performed.  

Both RT table and direct link co-simulation methods give high fidelity results since they 

are based on actual simulation results, not just formulas. e.g. slotting effect, nonlinear 

behavior of inductance and torque ripple are included. 

5.2.2.3 VF-PMSM drives 

 The VF-PMSM vector controlled drive system in a co-simulation platform is shown in 

Fig.5-3. The VF-PMSM speed, torque and MS are controlled in a closed-loop system. The 
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Fig.5-3. Block diagram of the VF-PMSM  drive system. 
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speed is controlled using a PI controller whereas the MS is manually controlled using the 

de-magnetization and re-magnetization current pulses based on speed and load requirements. 

Usually, the MS is reduced by injecting a de-magnetization current pulse when the inverter 

runs out of voltage. Similarly, the MS is increased by injecting a re-magnetization current 

pulse when high torque is required. The 𝑑 − 𝑎𝑥𝑖𝑠 and 𝑞 − 𝑎𝑥𝑖𝑠 current references are 

determined from the speed error and MS requirement, respectively. The control circuit 

determines the input voltage into the VF-PMSM from the error between the actual current 

flowing in the VF-PMSM and the current determined by the control circuit.  

During co-simulation, in the FEM model, a controlled three-phase voltage is applied to 

the motor FEM coil. Current determined by the coil impedance and flux flows through the 

motor. The VF-PMSM inductance and flux-linkage change depending on the current value. 

For different current values, VF-PMSM parameters are changed because of magnetic 

saturation and motor geometry. Electromagnetic torque is produced when the current flows 

through the VF-PMSM coil. Using the generated electromagnetic torque and load torque, 

the VF-PMSM actual speed and torque angle are determined. Then, the actual motor speed 

and currents from the FEM model are given to the control unit. Thus, a complete data flow 

occurs in a closed-loop system between the FEM model and control circuit. Because of this 

communication, all parameters, including current and voltage in the control unit account for 

the spatial magnetic saturation and slotting effect.  

5.2.2.4 Magnet flux linkage estimation 

The co-simulation based drive systems have been studied mostly in PMSMs and IMs 

where the magnet flux linkage (𝜆𝑚) is a constant value unless the field weakening algorithm 

back-EMF

Magnetization 

state

d-axis 

current

FEA Simulation

Tm λm

Tm

λM(id)

Matlab

 

Fig.5-4. Magnet flux linkage estimation process 
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is applied. However, 𝜆𝑚 in the VF-PMSM varies with changes in the MSs. The S-function 

block which links the FEM and MATLAB does not include the variable 𝜆𝑚 signal output 

but includes the magnet temperature (𝑇𝑚) input. Thus, to consider different MSs, a 

𝜆𝑚 estimation technique is developed. First, the FEM simulation is carried to develop a 

relationship between 𝑇𝑚 and the machine back EMF. With an increase in the magnet 

temperature, the back EMF decreases. Then, 𝜆𝑚 is calculated from the speed and back EMF. 

Similarly, FEM simulation is carried out to develop a relationship between the de-

magnetization and re-magnetization current and corresponding back EMF. The back-EMF 

due to different 𝑇𝑚 and de-magnetization and re-magnetization currents are compared to 

generate 𝑇𝑚  vs. 𝜆𝑚(𝑖𝑑) a lookup table in MATLAB as shown in Fig.5-4.  

Demagnetization Pulse Load increased

 

Fig.5-5. Co-simulation results for the direct link method. 
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5.3 Results and Discussion 

Fig.5-5 shows the co-simulation results using the direct method. Stator current, torque 

and 𝑑 − 𝑎𝑥𝑖𝑠 current are shown when the motor is running at rated speed with a load of 5 

N.m. At 0.2 sec a de-magnetization current pulse is applied. The load is increased to 10 N.m 

at 0.255 sec. In the direct link co-simulation method, the FEA calculation needs to be 

performed for every step of circuit/control analysis. Thus, this results in a very long co-

simulation time. With the system configuration of 16 GB RAM, i7-6700 CPU @3.40GHz 

processor,  it took 47 hours to simulate the VF-PMSM model for 0.5 sec.  

 

Fig.5-6. Simulation results showing the VF-PMSM working principle using the RT 

table based co-simulation. 
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Fig.5-6 presents the operating principle of the VF-PMSM co-simulation using the RT 

table method. Initially, the VF-PMSM  is running at 900 rpm and is at 100% MS. The speed 

is increased to 1800 rpm by a ramp speed command at 1 sec. However, as the speed increases 

above the base speed, the terminal voltage tends to exceed the machine voltage limit. Thus, 

a de-magnetization current pulse is supplied at the rated speed. A de-magnetization current 

pulse of 8A decreases the MS to 37%. The decrease in MS  allows the machine to run safely 

at a higher speed.  

The zoomed co-simulation results during the de-magnetization pulse are shown in 

Fig.5-7. The de-magnetization pulse shows a small effect on the machine speed but once the 

pulse is removed the machine speed follows the reference command. Similarly, the VF-

 

Fig.5-7. Zoomed simulation results during de-magnetization based on co-simulation. 
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PMSM can be re-magnetized to the desired MS by the 𝑑 − 𝑎𝑥𝑖𝑠 current pulse depending on 

the driving requirements.  

Fig.5-8 shows the comparison between the 𝑑𝑞-mathematical model (dotted blue) and co-

simulation (solid black) results. The VF-PMSM is driven at a constant speed of 600 rpm at 

100% MS. At 2 sec the initial load torque of 1 N.m is increased to 10 N.m. The response of 

speed, torque, and 𝑞 − 𝑎𝑥𝑖𝑠 current are shown. The zoomed results during the steady-state 

between 3.4 sec to 3.44 sec are also shown in Fig.5-9. Due to the machine geometry and 

spatial harmonic effects, a higher ripple is observed in speed, torque and current in the co-

simulation results.  

 

 

 

Mathematical 

model

Co-simulation

 

Fig.5-8. Simulation results showing the comparison between the 𝑑𝑞-mathematical 

model (blue) and co-simulation (black). 
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Fig.5-10 shows the dynamic state results comparison between the experimental and co-

simulation results. It also describes the working principles of VF-PMSMs during transients 

explaining how the current pulse can change the MS. It is observed that the speed and current 

have a higher ripple than the co-simulation. This is due to the nonideal sensors and power 

electronics devices in addition to the machine vibration and its effect on the optical encoder. 

However, the magnet flux linkage in the experiment has an abrupt response. This is because 

a lookup table based method is used to determine the 𝜆𝑚 in the experiment due to the 

unavailability of flux transducers and difficulty in placement inside the motor due to limited 

space. Thus, a lookup table is made based on the de-magnetization and re- magnetization 

current and MS. The no-load flux linkage can be estimated from the measured open-circuit 

voltage (𝑉𝑝) as  
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Fig.5-9. Zoomed simulation results showing the comparison between the 𝑑𝑞-

mathematical model (blue) and co-simulation (black). 
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Fig.5-11 shows the comparison of torque waveforms between co-simulation and 

experiment for 100% MS and 75% MS. Similar torque waveforms are achieved between the 

co-simulation and experiment. A smooth torque waveform is seen in the experimental result 

because of the filter used in the torque transducer unit.   

 

 

 

 
𝜆𝑚 =

√2𝑉𝑝

𝜔𝑒
 

(5-5) 

 

Fig.5-10. Comparison between the experimental and co-simulation results. 
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(b) 

Fig.5-11. Comparison of torque waveforms for different MSs (a) Experiment (b) 

co-simulation. 
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5.4 Iron Loss Analysis 

The vector controlled drive using a PWM control technique is a widely accepted control 

method for the synchronous motor drive system. The PWM-controlled drive system allows 

controlling the current phase and amplitude according to the load and speed requirements. 

However, PWM is controlled by a carrier frequency which superimposes carrier harmonic 

in the basic current waveform. This applies a high-frequency magnetic field to the motor. As 

a result, an additional iron loss is generated in the rotor and stator of the motor.  Thus, an 

intensive study on the motor losses due to the PWM inverter is necessary.   

Fig.5-12 shows the steps to measure the motor’s PWM losses. A transient magnetic field 

analysis model (torque model) is created in FEM software allowing external circuit control. 

A direct link is created and simulated by linking the torque model and the circuit simulator. 

Time history data of the magnetic analysis is stored and imported into the torque model. 

Then, the iron loss analysis model is created for the torque model and loss results are 

obtained.  

Create torque 

analysis model and 

allow external  

control
direct link control using 

PWM inverter drive 

Run and confirm the 

torque analysis result

Create a circuit and 

control model 

Create an iron loss 

analysis model

Run the iron loss 

analysis

Check the results

JMAG 
MATLAB-Simulink

 
 

Fig.5-12. Steps to measure the motor’s PWM losses. 
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Table 5-1 shows the comparison of the iron loss, hysteresis loss and eddy current loss 

when the VF-PMSM is driven by a sinusoidal current and PWM inverter at 1100 rpm and 

producing 1 N.m torque. The iron loss increases both in the rotor core and the stator core 

when the VF-PMSM is run using a 5 kHz inverter. It is observed that the hysteresis loss is 

not affected while the eddy current loss significantly increased when the VF-PMSM is run 

by the PWM inverter.  

The eddy current loss density distribution of the VF-PMSM rotor core has been shown 

in Fig.5-13. The eddy current loss is concentrated most in the 𝑞 − 𝑎𝑥𝑖𝑠 flux path and the loss 

intensity is much higher when the VF-PMSM is run by a PWM inverter.   

The impact of carrier harmonics in the motor’s operation is vital due to the considerable 

additional losses caused by eddy currents. Fig.5-14 shows the comparison of rotor eddy 

current loss frequency component when the VF-PMSM  is driven by a sinusoidal current and 

PWM inverter at 5 kHz. The fundamental component is almost the same for both SINE and 

PWM inverter-fed VF-PMSM. The fundament frequency is 55 Hz for the stator core and 

495 for the rotor core. The rotor core fundamental frequency is determined from the VF-

PMSM  geometry and calculated as the cross of slot harmonics (lowest frequency for a rotor) 

and the rotational speed.  

 

Table 5-1     Loss analysis results 

  

Rotor core Stator core 

SINE 

current drive 

PWM 

drive 

SINE current 

drive 
PWM drive 

Iron 0.78 W 6.93 W 14.34 W 18.97 W 

Hysteresis 0.22 W 0.49 W 10.22 W 10.99 W 

Eddy 0.56 W 6.43 W 4.12 W 7.98 W 
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Fig.5-15 shows the comparison of stator eddy current loss frequency component when 

the VF-PMSM  is driven by a sinusoidal current and PWM inverter at 5 kHz.It is observed 

that additional losses are generated when the VF-PMSM  is run by the PWM inverter. The 

 

SIN

PWMPWM

 

Fig.5-14. Rotor eddy current loss frequency component. 

 

SIN

PWM
 

Fig.5-13. Eddy current loss density distribution of the rotor core. 
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harmonics are observed at integer multiples of the PWM switching frequency and is given 

by 

where 𝑛 and 𝑚 are integers. If 𝑛 is odd, 𝑚 is 2 and if 𝑛 is even, 𝑚 is 1. 

Table 5-2 shows the comparison results of the iron loss due to SINE current and PWM 

inverter drive for different speeds. With the increase in the frequency, iron loss also 

increases. The iron loss due to the PWM inverter increases by 74.4% at 900 rpm and 71.13% 

at 1100rpm compared to the SIN current drive.  

With different switching frequencies, the harmonics change in the current and thus, the 

iron loss also varies. Table 5-3 shows the iron loss analysis results for different switching 

frequencies. By increasing the switching frequency, the current will have a lower harmonic 

distortion factor due to the higher reactance of the motor for the carrier frequencies. Thus, 

the lower harmonic flux density is distributed in the motor with a higher switching 

frequency.  

 

 

𝑓 = 𝑛𝑆𝐹 ±𝑚 (5-6) 

SIN

PWMPWMPWM

 

Fig.5-15. Stator eddy current loss frequency component. 
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Fig.5-16 shows the comparison between co-simulation (red) and FEM (black) results. In 

the co-simulation results, ripples are present in the speed waveform. The magnitudes of the 

switching frequency components generated by the inverter are lower in the current than they 

are in the voltage waveforms due to the low pass characteristic of an electric machine. 

However, the spatial harmonics are generated inside the machine and are therefore stronger 

in the current than they are in the voltage waveforms. Thus, harmonics are present in the 

current waveform during co-simulation. The torque waveforms show a good correlation 

between the FEM and co-simulation results. 

Torque ripple results in periodic oscillations in the speed response, which reduces the 

accuracy of the control system [115], [116]. The torque ripple is mainly affected by current 

Table 5-2      Loss analysis results for different speeds. 

Speed [RPM] Current 

[A] 

Iron loss [W] 

SINE current drive PWM drive 

1100 2.86 15.13 25.90 

900 2.5 11.59 20.22 

700 2.06 80.09 16.19 

500 1.9 5.26 10.58 

300 1.65 2.70 6.9 

 

 

Table 5-3      Loss analysis results for different switching frequencies. 

Switching 

Frequency [kHz] 

Frequency 

[Hz] 

Iron loss 

[W] 

THD 

[%] 

2.5 30.3 20.86 3.36 

5 30.69 19.64 2.87 

7.5 30.67 18.94 2.85 
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harmonics which produce torque harmonics. The higher THD in the armature current 

significantly increases the magnetic saturation in the stator, enhancing the torque ripple. 

Thus, by increasing the switching frequency, torque ripple is reduced.  

Fig.5-17 shows the comparison between co-simulation and FEA for torque when the motor is 

running at 525 rpm and 5N.m torque. The torque waveform during the co-simulation has more ripple 

than the FEA-generated torque waveform.    

Fig.5-18 and Fig.5-19 show the current and torque waveforms for different switching 

frequencies. The current THD is 3.36% at 2.5 kHz and  2.85% at 7.5kHz. The torque ripple 

of 30.68% is reduced to 26.94% by increasing the switching frequency from 2.5 kHz to 

7.5kHz.   

Increasing the carrier frequency reduces the motor’s PWM losses but the inverter loss 

increases. To determine the power loss of the inverter, conduction and switching losses in 

 

Co-simulation 

FEA

 

Fig.5-16. Comparison between co-simulation and FEA for speed, current and torque 

waveform when the motor is running at 525 rpm and 5N.m torque.   
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the inverter have to be considered. Thus, for the best drive performance, both the motor’s 

PWM losses and inverter losses have to be considered to determine the optimum switching 

frequency in terms of both efficiency and torque ripple.  

5.5 Summary  

This chapter presents an electric vehicle motor drive system and loss analysis due to 

pulse-width modulation (PWM) inverter drive for a variable flux-permanent magnet 

synchronous machine (VF-PMSM) using a co-simulation platform. A pair of software tools: 

finite element method (FEM) based software, which allows computing the electromagnetic 

behavior and MATLAB, which allows the dynamic simulation of the control circuit and 

power converters are coupled to develop the VF-PMSM drive. Such an integrative 

simulation approach gives higher fidelity results since it includes magnetic saturation 

(inductance nonlinearities), machine geometry (torque ripple and spatial harmonics) effects. 

FEA

Co-simulation 

 

Fig.5-17. Comparison between co-simulation and FEA for torque when the motor is 

running at 525 rpm and 5N.m torque.   
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A comparison between sinusoidal current and PWM inverter-fed VF-PMSM’s losses have 

been studied. The PWM inverter superimposes carrier harmonics in the basic current 

waveform and applies a high-frequency magnetic field to the motor. As a result, iron losses 

are generated in the rotor and stator of the motor. Since an additional loss due to the PWM 

inverter has to be considered in high-efficiency motors in the design phase, the impact of 

different switching frequencies in motor loss, terminal current and torque ripple are 

investigated. The co-simulation results are validated with conventional simulation (𝑑𝑞-

 

Fig.5-18. The current waveform for different switching frequencies. 

 

2.5 kHz

7.5 kHz

 

Fig.5-19. Torque waveform for different switching frequencies. 
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mathematical model), FEM and experimental results, illustrating that the higher the 

switching frequency the lower the motor loss and torque ripple. 
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Chapter 6. Conclusions and Future Works 

6.1 Conclusions 

In chapter 1, the requirements of an electric motor for traction applications are explained. 

The advantages and disadvantages of PMSMs are presented. The introduction of VF-PMSMs 

and how they can overcome the drawbacks of PMSMs are explained. The magnetization state 

change in a LCF magnet due to magnetization and de-magnetization pulses is presented. The 

prototyped machine specifications and dimensions used for the simulation, FEM analysis and 

experiment are presented. The objectives of this research work were presented which is to 

model, analyze and control the VF-PMSM.   

In chapter 2, the effect of different magnetizing pulse widths on the machine back-EMF 

and no-load losses are analyzed. A nonlinear adaptive filter that can extract time and frequency 

varying sinusoidal signals from a nonstationary waveform is used to estimate the back-EMF 

during the motoring mode. It is observed that the higher the pulse width, the higher the losses 

but the back-EMF quality is improved. Although the locked rotor magnetizing process is 

redundant, lower THD in back-EMF is observed than other magnetizing methods. It is seen that 

the minimum magnetizing pulse width to magnetize the VF-PMSM 100% is experimentally 

determined to be 10 ms with a fixed DC bus of 400 V. 

In chapter 3, the effect of the de-magnetization and re-magnetization pulse on the torque 

is analyzed. The 𝑑 − 𝑎𝑥𝑖𝑠 pulse used to change the MS abruptly changes the magnet flux 

linkage changing the magnet torque, as well as the reluctance torque. Thus, a pulsating torque 

is created. Since the remagnetizing current amplitude is much higher than the de-magnetization 

current, pulsating torque is severe during re-magnetization. The 𝑞 − 𝑎𝑥𝑖𝑠 current reference 

determined by the voltage limit method and the load torque method reduces the pulsating effect 

during re-magnetization.  

In chapter 4, the closed-loop current controller-based parameter measurement for 

different MSs are conducted. The machine voltage and current response are measured and are 

processed in real-time to measure the flux linkage, inductance and resistance for different MSs. 

Automatic machine parameter maps are generated in real-time for different MSs without 
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changing hardware setup. Experimental results are compared with the finite-element analysis 

results and show a good correlation.  

In chapter 5, a realistic simulation approach using the co-simulation platform for an 

electric motor drive system is presented. This integrated simulation approach will be useful to 

test the dynamic behavior and loss analysis of any electrified transportation by coupling the 

FEM model with a control/circuit simulator. The FEM-based VF-PMSM co-simulation drive 

system gives higher fidelity results than the conventional simulation approach since they use 

the actual FEA model, which includes the inductance non-linearities, magnetic saturation and 

spatial harmonic effects. The inverter-fed VF-PMSM drive system superimposes carrier 

harmonics in the basic current waveform and applies a high-frequency magnetic field to the 

motor which significantly increases the iron loss in the motor. The iron loss due to the PWM 

inverter increased by 74.4% at 900 rpm compared to the SINE current drive. The increase in 

the iron loss is dominated by the eddy current loss due to the high-frequency magnetic field. 

The impact of different switching frequencies in motor loss, armature current and torque ripple 

are investigated. The results show that the higher the switching frequency the lower the motor 

loss and torque ripple. 

6.2 Future Works 

1. Model an AlNiCo-based VF-PMSM with a lower magnetizing current than the 

machine-rated current.  

2. Study the torque ripple and cogging torque considering the back EMF harmonics.  

3. Develop a more precise MS estimator without requiring coupling with a 

dynamometer.  

4. Develop a more effective algorithm to control the torque pulsation during the MS 

change.   
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Appendix 

Table 0-1.  Variable-flux IPMSM parameters 

 

Number of poles 6 

Number of slots 27 

Magnet material AlNiCo 9 

magnet remnant flux density (T) 1.08 

Rated current (A) 10 

Rated torque (N.m) 36.8 

Rated speed (rpm) 1200 

Resistance at ambient temperature (Ω) 1.3 

𝑑 and 𝑞 − 𝑎𝑥𝑖𝑠 inductance at rated current (mH) 52 & 36 

 

 

 


