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Abstract-- This paper analyzed and compared the complex 

permeance model (CPM) and nonlinear analytical model (NAM) 

for surface-mounted permanent magnet (SPM) motor using 

voltage source inverter (VSI). For linear CPM, the slotting effect 

is represented using the improved complex permeance function 

that describes the real slot shape rather than infinitely deep slot. 

NAM is extended from CPM and it replaces the magnetic potential 

drop of stator iron by the equivalent virtual current in the slot-

opening and tooth-tip to account for nonlinearity effect. The 

nonlinear inductance of SPM motor including the main phase 

inductance, slot leakage inductance, tooth-tip leakage inductance, 

and end winding leakage inductance is calculated using the frozen 

permeability method, which is the key to solve the electric circuit 

with VSI. The instantaneous back-EMF is calculated from the 

nonlinear back-EMF coefficient and the back-EMF neglecting 

iron nonlinearity. The electromagnetic torque obtained from 

motor model is used in the mechanical model and then the 

rotational speed and rotor position are obtained for the electric 

circuit model. Hence, the iterative solving process for the motor 

system is established to calculate the transient performance of 

SPM motor using VSI. Compared with CPM, NAM can greatly 

improve the calculation accuracy, which is also validated by both 

FEM and experiment. Besides, the proposed NAM is 

computationally efficient, which is useful for both motor design 

and motor control. 

 
Index Terms—analytical model, voltage source inverter, iron 

nonlinearity, complex permeance model. 

 

I. INTRODUCTION 

ERMANENT magnet (PM) motors have drawn great 

attention due to the high efficiency and simple structure. 

For the PMSM, both design method and control strategy 

play an important part in improving the electromagnetic 

performance to the greatest extend. However, most researches 

focus on the motor design or motor control separately to reduce 

the computational time and therefore the motor systems will 

lose some advantage in the real applications. Thus, 

cosimulation receive massive attention for the whole system 

design [1]-[16].     
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For analyzing the PM motor with external circuit, the 

nonlinear winding inductance and back-EMF should be 

extracted from the motor model first. There are three methods 

to build the motor model: numerical method, circuit-based 

method, and analytical method. For the numerical method, 

finite-element model (FEM) can accurately consider the 

nonlinearity and complex geometry of the PM motors and it is 

capable to predict the electromagnetic performance of most PM 

motors accurately. The cosimulation combining FEM software 

with circuit simulation software was proposed for linear 

induction motor [2], synchronous reluctance motor [3], 

brushless direct-current (BLDC) motor [4]-[5], doubly salient 

PM motor [6], PM synchronous motor [7]-[8], etc. Although the 

FEM coupled with external circuit can be instantaneously 

solved in the cosimulation, its high prediction accuracy will 

accompany with large computational burden, making it 

unpractical for motor optimization. To overcome this 

disadvantage, offline calculation of FEM is often performed to 

establish the nonlinear motor model in the electric circuit 

simulation. The electromagnetic features of the motor are 

extracted from FEM results and they are represented using the 

looking up table [9]-[11] or nonlinear function [12]-[16]. Hence, 

only little computational resource is required for analyzing the 

transient characteristic of the motor coupled with electric circuit. 

However, the motor models from offline FEM calculation are 

still different from the real-time characteristic of real motors.   

For the circuit-based method, magnetic circuit model (MCM) 

is proposed to analyze the nonlinearity of electric motors but its 

accuracy and computational speed is significantly influenced by 

the size of magnetic circuit matrix [17]-[18]. Fleming et al. 

provided a novel MCM for switched reluctance motor in the 

real-time emulation [19]. Fukuoka et al. introduced reluctance 

network for planetary-type magnetic gear and then performed 

transient analyses at different loads [20]. Cao et al. optimized 

the SPM motor with equivalent magnetic network with high 

accuracy [21]. Mine et al. presented two simple techniques to 

speed up the solving process for magnetic reluctance in the 

induction machines and obtained their transient behavior with 

high accuracy [22]. Hence, the MCM (including reluctance 

network) can be a good substitute for FEM in the transient 
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analysis of PM motors. Nevertheless, MCM shows poor 

performance to predict magnetic field with complex flux path, 

which leads to either low accuracy or huge computation.  

The linear analytical model can only present the linear 

electromagnetic performance of PM motors [23]-[24]. It can be 

used to analyze the torque ripple of BLDC motors coupled with 

external circuit [25]. Xuan et al. proposed the winding function 

to obtain the inductance of fractional slot PM motors and then 

analyzed the three-phase short circuit current [26]. However, 

these analytical models are not suitable for cosimulation since 

they cannot improve the calculation accuracy due to their linear 

property. To solve this problem, the nonlinear analytical models 

were proposed in [27]-[31] and the equivalent current was 

introduced to represent iron nonlinearity. However, these 

models have been verified using current source at steady-state 

condition and there is lack of research about the nonlinear 

analytical models with voltage source inverter.  

This paper investigates a nonlinear analytical model (NAM) 

for predicting the transient performance of SPM motor using 

voltage source inverter (VSI). The back-EMF, inductance, and 

torque considering both slotting effect and nonlinearity effect 

are extracted from the NAM using the nonlinearity factor. 

Coupled with electric circuit model and mechanical model, the 

transient performance of SPM motor using VSI considering 

PWM effect can be obtained with great calculation accuracy 

and high calculation efficiency. The differences between CPM 

and NAM are compared and investigated to show the 

improvement for motor control simulation, where the constant 

and linear parameters are usually preferred to represent the 

nonlinear motor and therefore introduce large errors. Finally, 

FEM cosimulation and experiment are carried out to verify the 

proposed model.  

The paper is structured as follows: Section I summarizes the 

recent research about the motor model which requires high 

calculation accuracy and high calculation efficiency. Under the 

circumstance, the nonlinear analytical model can be the perfect 

candidate for analyzing the transient performance of SPM 

motor using VSI. In Section II, the NAM which combined 

MCM and CPM is proposed to predict the magnetic field 

distribution of SPM motor. Then, the electric circuit model 

transforms the magnetic field from NAM into the circuit 

component to obtain the next phase current. The mechanical 

model is used to calculate the next rotor position based on the 

predicted torque using NAM. Their coupling is essential to 

obtain the transient performance of SPM motor. Section III 

analyzed the transient performance of a 15-slot/4-pole 

prototype motor at constant speed and at constant torque using 

CPM, NAM, FEM and experiment. They all verifies the high 

calculation accuracy and efficiency of NAM. Finally, the 

conclusion is draw in Section IV.   

II. ANALYTICAL MODEL WITH VOLTAGE SOURCE INVERTER 

The analytical model with voltage inverter consists of three 

parts: magnetic model, electric circuit model, and mechanical 

model. In the motor model, iron nonlinearity is represented by 

the equivalent current in the slot-opening and tooth-tip. Hence, 

the analytical air-gap field of SPM motor can be directly 

obtained. In the electric circuit model, the VSI with 

semiconductor devices is modelled according to the circuit 

theory while the nonlinear winding inductance and back-EMF 

is derived from the air-gap field of SPM motors. In the 

mechanical model, the motion state is obtained using the 

predicted torque from the nonlinear analytical model. By 

manipulating these mathematical models, the performance of 

SPM motor will be iteratively obtained considering the 

nonlinearity effect and the influence of VSI.  

A.  Magnetic Model of SPM motor 

To model the iron nonlinearity and slotting effect, the NAM 

combining MCM with CPM is proposed to calculate magnetic 

field of the whole motor. Fig. 1 gives the overall model to 

represent the SPM motor. The stator iron and slot region are 

replaced by the magnetic reluctance while the air-gap field is 

represented using the air-gap flux source. The rotor position 

only affects the value of air-gap flux source while the 

connection of magnetic reluctance in the MCM stays 

unchanged. The rotor permeability is assumed infinite because 

the rotor iron of SPM motor is usually thick enough to make the 

rotor flux density away from the saturation level for better 

performance [27]-[30].  

A:  φtooth_1

 
Fig. 1. The overall magnetic model for a three-slot SPM motor 

using NAM.  

Based on Kirchhoff’s laws, the mathematic solution of the 

MCM for SPM motor is represented as [28] 

 ( ) 0f = − − =T
V AΛA V AΛE AΦ   (1) 

where A, Λ, V, and E are the matrixes of the incidence, branch 

permeance, node magnetic potential, and branch MMF, 

respectively. Φ is the air-gap flux matrix, where Φ= [φsk, φtk, 

φs(k+1), φt(k+1) …]. The calculation flowchart of MCM is given in 

Fig. 2.  



 

Form the magnetic 

circuit from Fig. 1 and 

calculate A

Calculate A and E from 

motor geometry and 

winding current

Calculate Φ from the 

analytical model (CPM) 

Solving MCM using (1) 
based on Newton-
Raphson method

 
Fig. 2. The flowchart of calculating MCM. 

In order to obtain the air-gap flux, the analytical model of 

slotted air-gap field is proposed using the improved complex 

permeance model rather than subdomain model to consider 

slotting effect and reduce the computational burden. Comparing 

with the subdomain model, the improved complex permeance 

model based on the conformal transformation can account for 

arbitrary groove type and tooth-tip with high accuracy. The 

complex permeance function is extracted from only one-slot 

region, which can reduce the calculation time while keeping the 

same high accuracy, as shown in the blue region of Fig. 3(a).    

 
(a1) Slotted S domain       (a2) Slotless S domain 

              
(b1) Slotted Z domain       (b2) Slotless Z domain 
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(c1) Slotted W domain      (c2) Slotless W domain 

 

(d1) Slotted  domain        (d2) Slotless  domain 

Fig. 3 The conformal transformations based on one-slot region. 

Three conformal transformations are used to calculate the 

complex permeance function for both slotted and slotless air-

gap region [32] 
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where A0, wk, k, and C0 are the Schwarz-Christoffel (SC) 

parameters and can be obtained from SC transformation. Qs is 

the slot number.  

As both slotted and slotless air-gap region will mapping to 

the same annulus in the  domain of Fig. 3(d1)-(d2) using the 

same conformal transformations of (3)-(5), the improved 

complex permeance function which represents the relationship 

between slotted and slotless air-gap can be expressed as 

 _ _
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Thus, the radial and tangential component of slotted air-gap 

field can be obtained by  

 ( ) ( )r a mr cr sk b m c sk

k k

B = B + B i B + B i  
   

+   
   

    (7) 
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where Bmr, Bmα, Bcr, and Bcα are the radial and tangential 

component of slotless air-gap field produced by the PMs and 

the equivalent current including winding current and iron 

nonlinearity, respectively [28]. The equivalent current isk is 

calculated using 

 ( 1)( )sk k ki V V+= − −   (9) 

where Vk and V(k +1) are the adjacent magnetic potential.  

Then, the air-gap flux source in Fig. 1, which is similar to 

the voltage controlled current source, is calculated by the 

integral of the air-gap flux density 
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where lef is the active length of the motor. The calculation 

flowchart of the analytical model is given in Fig. 4. Finally, by 

solving (1) with the given rotor position and winding current, 

the magnetic field of SPM motor is obtained, which is essential 

to solve the electric circuit model and the mechanical model.  

Calculate the slotless air-gap 

field produced by PMs and 

the equivalent current

Calculate the complex permeance function using (2)-(6)

Calculate the slotted air-gap field using (7)-(8)

NAM CPM

Calculate the equivalent 

current isk using (9)

Calculate the winding current 

according to winding layout

Calculate the slotless air-gap 

field produced by PMs and 

the winding current

 
Fig. 4. The flowchart of calculating the air-gap field. 

B.  Electric Circuit Model 

The electric circuit model is divided into two parts to obtain 

the transient performance of SPM motor, the control strategy 

and electric circuit. The control strategy, such as field-oriented 

control or direct torque control, gives the signal to the power 

semiconductor device in the voltage source inverter and 

therefore the winding current is produced in the electric circuit 

to drive the motor. In one switching cycle of power device, the 

output voltage is a PWM waveform generated by control 



 

strategy and it is expressed in the Fourier form. 
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where mp, fs and up0 are the duty cycle, frequency and voltage 

value of PWM. sk represents the phase shift of the switching-

on status.  

In the electric circuit, the nonlinear inductance matrix LABC, 

nonlinear back-EMF matrix EABC, and resistance matrix RABC 

are used to represent the three-phase voltage UABC of SPM 

motor.  
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It is noted that the calculation of inductance is not given in 

[27]-[30] and the back-EMF cannot be separated from the 

induced voltage. If the total induced voltage is used to solve the 

electric circuit model instead of the nonlinear inductance and 

back-EMF, huge numerical errors will occur due to the iterative 

calculation of MCM in the magnetic model. Hence, this paper 

proposes a novel method to calculate the nonlinear inductance 

and back-EMF simultaneously based on the frozen permeability 

method. The phase flux linkages ψph is calculated as 

 ( )_ _

1

+ph c tooth i slot i

i

N


  
=

=    (13) 

where Nc is the number of turns in the coil. ph∈[A,B,C]. tooth_i 

and slot_i are the air-gap flux flowing from tooth and slot based 

on NAM, as shown in Fig. 1. They are obtained from the flux 

distribution in the magnetic circuit according to the solution of 

Equation (1). Then, based on the winding layout of SPM motor, 

the phase flux linkage is extracted from the slot flux and air-gap 

flux for phase A, B, and C, as illustrated in Fig. 1. The 

corresponding induced voltage is the derivative of phase flux 

linkages. The calculation flowchart is shown in Fig. 5.  

Calculate the magnetic field of SPM motor using NAM

Keep the iron permeability unchanged

The PMs is removed. 

Calculate the air-gap field of 

SPM motor using NAM.

Calculate corresponding flux 
linkage using (13) considering 

iron nonlinearity

The winding current is removed. 

Calculate the air-gap field of 

SPM motor using NAM.

Calculate on-load PM flux 
linkage using (13) considering 

iron nonlinearity

Calculate the phase inductance 
 

Fig. 5. The flowchart of frozen permeability method. 

For the inductance calculation, the iron permeability is 

obtained from the magnetic model from (1) firstly and keeps 

unchanged at the same time. Then the air-gap flux produced by 

the equivalent current including winding current and iron 

nonlinearity is calculated using   

 ( ) ( )r a cr sk b c sk

k k

B = B i B i +    (14) 

Therefore, the corresponding inductance Lph_m is obtained by  
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where iph_w is the winding current. Ψph_m is the corresponding 

phase flux linkages When the winding current is set as 1A to 

the magnetic model with unchanged iron permeability, Lph_m 

can be obtained. Similarly, the mutual inductance can be 

calculated using (15). 

The tooth-tip leakage inductance Lttl is calculated using the 

leakage flux flowing in the air gap outside the slot-opening. 

When neglecting nonlinearity, it is expressed as [34] 
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where  is the air-gap length and b0 is the width of slot-opening. 

g’ represents average value of phase shift k between different 

phase current in the kth slot, which is expressed as [34] 
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where q is the number of slots per pole per phase. k = 60° if the 

coils in the kth slot belong to different phases or k = 0° if the 

coils in the kth slot belong to the same phase.  

The nonlinearity factor for tooth-tip leakage flux cL is 

defined as 
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where both Lph_m and Lph_inf are calculated using (15) and their 

air-gap field is obtained using NAM and CPM neglecting PMs, 

respectively. Then, the phase flux linkage produced by the 

winding current can be predicted according to the winding 

layout and the corresponding inductance can be obtained, as 

shown in Fig. 5. 

For the end winding leakage inductance Lew, it is difficult to 

give an accurate analytical expression due to the complex 

geometry of end windings and the mutual influence of three-

phase current. Hence, the empirical permeance factors are 

employed to determine the end winding leakage inductance, 

which is described in [34]. Thus, the total winding inductance 

can be obtained by 

 
ph ph L ttl ewL L c L L= + +   (19) 

For the calculation of back-EMF considering nonlinearity 

effect, a nonlinear back-EMF coefficient cemf is introduced to 

eliminate the numerical errors from the derivative of flux 

linkage to time   
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where ph_emf and ph_inf are the on-load PM flux linkage for 

SPM motor from the NAM and CPM, respectively. Both of 

them are calculated when neglecting winding current. Then the 



 

phase flux linkage produced by the PMs only can be predicted 

according to the winding layout for ph_inf. As for ph_emf, the 

air-gap field produced by the PMs and the equivalent 

nonlinearity current is calculated according to Fig. 1, when the 

iron permeability stays finite and unchanged to account for iron 

nonlinearity using the frozen permeability method. The 

calculation flowchart is shown in Fig. 5. It is noted that the 

proposed coefficients cL and cemf are also promising for other 

types of motors such as IPM motors and vernier PM motors, 

which will be investigated in the future. The criterion of back-

EMF is obtained from the derivative of the open-circuit flux 

linkage to time   
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where wr is the rotational angular speed. p is the pole pairs. pk 

and ek are the kth harmonic amplitude and phase of flux linkage 

in one phase. Hence, the back-EMF under on-load condition 

considering nonlinearity effect is calculated by 
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For the electric circuit of conventional inverter in Fig. 6(a), 

the general circuit equation for three phase of SPM motor can 

be obtained according to Kirchhoff law.    
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where sA, sB and sC represent the switching status of three phase 

fully controlled bridge. sA, sB, sC∈ [-1,0,1]. The analytical 

solution of phase current can be obtained as  
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where ph∈[A,B,C]. 

 
Fig. 6. The electric circuit and control strategy of the BLDC 

motor system. 

For BLDC SPM motor, the trapezoidal control technique is 

used to produce constant torque, Fig. 6. In fact, the control 

strategy including hysteresis control or PI control has already 

been widely used in the industrial application for BLDC motor 

system, which can be directly utilized with NAM. To focus on 

the effectiveness of the proposed model, the control strategy is 

simplified, in which the duty cycle of PWM is set as constant.     

In the electric circuit, there are two general states: one is two-

phase-current mode at steady-state condition and the other is 

three-phase-current mode at commutation condition. When the 

current is only in phase A and C at steady-state condition, the 

corresponding value of phase A in (24) can be obtained as  
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where itA0 is the initial current of phase A.  
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When there is commutation from phase B to phase C at 

commutation condition, the corresponding winding current in 

(24) can be obtained as  
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where itB0 is the initial current of phase B.  

A

A

A

L

R
 = .  

B

B

B

L

R
 = .  

3 A C A B C Bz R R R R R R= + + . 

 
T

Akc Aks Bkc Bksi i i i=
k

I . 

( )

( )

( )

B r B C r C

B B r C C r

A A r A C A C r

A r A A C r A C

L kpw R L kpw R

R L kpw R L kpw

R L kpw R R L L kpw

L pw k R L L kpw R R

− 
 

− −
 =
 + +
 

− + − +  

k
Z  

T

3 cos( ) sin( ) cos( ) sin( )
6 6

r emf A ek ek ek ekkpw c
 

    
 

= + + 
 

k
U  

It is noted that the similar expression of other phase current 

under either steady-state condition or commutation condition 

can be accordingly obtained using (23)-(24). It is important to 

choose the proper time interval for obtaining the accurate 

winding current in the calculation, as the rotor speed is regard 

as constant during the time interval.   

C.  Mechanical Model 

According to Maxwell tensor theory, the torque calculation 

of the SPM motor is expressed as  
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Based on the rotational equation, the mechanical model is 

expressed as 

 0 +e load rT T J Bw− =   (28) 

where   represents the angular acceleration. Tload represents the 

load torque. B is the coefficient of viscosity. Hence, the rotor 

speed and position can be numerically obtained. Accordingly, 

the drive signal of VSI in the external electric circuit is 

determined to solve the phase current.    

In order to simplify the mutual influence between the torque 

and current in the external circuit, the torque coefficient ct 

which represents nonlinearity effect on the torque value is 

introduced to replace the complicated torque equation (27) 
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where Te_non is obtained using NAM considering nonlinearity 

effect and Te_inf is predicted using CPM neglecting iron 

nonlinearity. It is note that the torque coefficient ct will be 

redetermined at the beginning of every time interval and stays 

unchanged during the corresponding time interval to calculate 

the next rotor position for both magnetic model and electric 

circuit model. 

D.  Solving Process 

As shown in Fig. 7, the solving process of NAM combines 

magnetic model, electric circuit model, and mechanical model 

in series to obtain the winding current. There are two iterative 

loops in the solving process. The outer loop obtains three phase 

current in electric circuit model and determined the rotor 

position in the mechanical model while the inner loop gives the 

air-gap flux flowing to the stator of the SPM motor considering 

nonlinearity effect. As for CPM, the linear analytical model is 

used to directly obtain the phase inductance and therefore only 

one solving loop is used for predicting the circuit current and 

torque. Compared with the FEM cosimulation, the NAM 

significantly decreases its calculation in the magnetic model 

due to the reduced node in the MCM and the simplified air-gap 

field model using CPM. Besides, as the iron nonlinearity is 

represented by equivalent nonlinearity current, the NAM will 

achieve higher accuracy of motor performance than CPM.  
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Fig. 7. The flowchart of calculating the NAM and CPM. 

III. FE CALCULATION AND EXPERIMENT VALIDATION 

A 15-slot/4-pole SPM motor was built to verify the proposed 

models under VSI, as shown in Fig. 8. The motor was driven by 

VSI using trapezoidal control technique in Fig. 9. Its main 

parameters are given in TABLE I. In the three-phase full-bridge 

inverter of Fig. 3, DC voltage supply is 20V. The typical 

forward voltage of the IGBT is 1.5V from the datasheet.  

   
       (a)                                    (b)   

Fig. 8. The 15-slot/4-pole SPM motor: (a) FE model and (b) 

prototype machine. 

 
Fig. 9. The experimental setup of SPM motor. 

TABLE I 

THE MAIN PARAMETERS OF PROTOTYPE SPM MOTOR 

Parameter Value 

Stator outer length 

Stator outer radius 

Slot-opening 

Tooth body width 

Magnet thickness 

Pole-arc to pole-pitch ratio 

86mm 

48mm 

1.5mm 

5mm 

3mm 

1 



 

Rotor outer radius 

Shaft radius 

Active length 

Number of parallel branches 

20mm 

8mm 

55mm 

11 

To analytically calculate the transient characteristic of SPM 

motor, the open-circuit back-EMF is required to obtain the on-

load nonlinear back-EMF while reducing the errors of 

numerical calculation. Fig. 10 gives the waveforms of back-

EMF using CPM, NAM, FEM, and from experiment. It can be 

seen that both CPM and linear FEM calculation predict slightly 

higher fundamental harmonic back-EMF than NAM and 

nonlinear FEM results, which shows that NAM has higher 

accuracy than CPM.    

 
Fig. 10. The comparison of back-EMF waveforms using HFM, 

CPM, and FEM and from experiment at 1000rpm. 

When the SPM motor is operated at the constant speed of 

800rpm with duty cycle of 0.8 and switching frequency (fs) of 

1kHz in the external circuit using trapezoidal control technique, 

its transient characteristic can be obtained using CPM, NAM, 

and FEM to investigate the influence of VSI on the motor 

performance. Fig. 11 illustrates that the NAM prediction of 

current waveform agrees well with FEM calculation but CPM 

underestimates the current value at constant speed. The larger 

errors of CPM prediction come from the overestimated back-

EMF amplitude and inductance using CPM due to neglecting 

the nonlinearity effect of SPM motor compared with NAM and 

FEM at the same rotational speed. Therefore, the induced 

voltage of SPM motor predicted using CPM is larger than that 

using NAM or FEM. With the same phase resistance and 

voltage source inverter, CPM will underestimate the current 

value. Similar observation can be found in the torque waveform 

of Fig. 12. As for the line voltage waveform of Fig. 13, both 

CPM and NAM has high accuracy, which means that the iron 

nonlinearity has small influence on the on-load back-EMF. 

 
Fig. 11 The current waveform of SPM motor at 800rpm. 

 
Fig. 12 The torque waveform of SPM motor at 800rpm. 

 
Fig. 13 The line voltage of SPM motor at 800rpm. 

Then, the SPM motor is operated at constant torque from 

stationary condition. The external circuit is driven according to 

the rotor position from hall sensor with duty cycle of 0.8 and 

switching frequency (fs) of 10kHz. From the comparison of 

phase inductance in Fig. 14, NAM prediction is closer to FEM 

results than CPM in both self-inductance and mutual-

inductance, which improves the accuracy of the proposed 

model for transient analysis. The start-up speed of Fig. 15 

shows that the NAM can accurately follow the speed of FEM 

calculation while CPM has static error at constant torque of 

1N∙m due to the large errors of back-EMF and inductance. In 

Fig. 16, both CPM and NAM can accurately predict the initial 

voltage amplitude, but CPM shows low accuracy in predicting 

the phase and frequency of voltage. In Figs. 17-18, the predicted 

current and torque using NAM agree well with FEM results. As 

for CPM, large errors are observed in the phase and frequency 

for both current and torque at start-up.  

 
Fig. 14 The phase inductance of SPM motor at start-up with 

duty cycle of 0.8 and constant torque of 1N∙m. 
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Fig. 15. The start-up speed of SPM motor with duty cycle of 

0.8 and constant torque of 1N∙m.  

 
Fig. 16. The line voltage waveform of SPM motor at start-up 

with duty cycle of 0.8 and constant torque of 1N∙m.  

 
Fig. 17. The current waveform of SPM motor at start-up with 

duty cycle of 0.8 and constant torque of 1N∙m. 

 
Fig. 18. The torque waveform of SPM motor at start-up with 

duty cycle of 0.8 and constant torque of 1N∙m. 

When the SPM motor reached steady state at duty cycle of 

0.8 and constant torque of 1N∙m, the harmonic line voltage and 

current waveform are predicted using CPM, NAM, and FEM. 

Their accuracy is validated by experimental results, as shown 

in Figs. 19-20. It can be seen that NAM and FEM can predict 

more accurate voltage and current than CPM predictions. In Fig. 

21, CPM has similar torque value to FEM result but 

underestimates the torque frequency while NAM agrees well 

with FEM result. Figs. 22-23 show the variation of steady speed 

of SPM motor to the DC voltage and duty cycle at constant 

torque of 1N∙m and switching frequency of 10kHz. Comparing 

with experimental results, both NAM and FEM shows great 

accuracy for predicting the steady speed using VSI. The motor 

speed has negligible influence on the prediction accuracy of the 

proposed model.  

 
Fig. 19. The steady state of induced voltage waveform in the 

SPM motor with duty cycle of 0.8 and constant torque of 1N∙m. 

 
Fig. 20. The steady state of current waveform in the SPM motor 

with duty cycle of 0.8 and constant torque of 1N∙m. 
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Fig. 21. The steady state of torque waveform in the SPM motor 

with duty cycle of 0.8 and constant torque of 1N∙m. 

 
Fig. 22. The variation of steady speed to DC voltage for SPM 

motor with duty cycle of 0.8 and constant torque of 1N∙m. 

 
Fig. 23. The variation of steady speed to DC voltage for SPM 

motor with DC voltage of 40V and constant torque of 1N∙m.  

As for the calculation resource, the main simulation 

parameters are listed in TABLE II to make a fair comparison. 

The FEM is running in the Ansys Maxwell platform while CPM 

and NAM are executed in MATLAB. The total mesh node 

using FEM is significantly larger than the magnetic circuit node 

of NAM, which reflects the computational complexity in 

solving the magnetic model. The calculation time of CPM, 

NAM, and FEM is given in TABLE III. It can be seen that FEM 

consumes the largest calculation resource to predict transient 

characteristic of SPM motor at either constant speed or constant 

torque condition while CPM takes the least computational time 

under the same work condition. Since the calculation of 

magnetic reluctance or finite element consumes most of the 

solving time, the node number is the key factor to affect 

calculation time. The NAM can save nearly 1/20 computational 

time of FEM while keeping high accuracy. Besides, the increase 

of carrier frequency will directly raise the computational burden, 

as shown in TABLE III. To guarantee the same calculation 

accuracy, it is required to give the shorter time interval and 

increase the calculation step in the analytical models, therefore 

leading to consuming longer calculation time. Thus, the 

proposed NAM will show significant advantage over FEM in 

calculation efficiency, since high switching frequency is always 

preferred in the advanced motor system.  

TABLE II 

SIMULATION PARAMETERS FOR SPM MOTOR 

Model 
Air-gap tangential 

segment* 

Total 

Node  

Simulation 

time 

CPM 

360 

0 

120ms NAM 255 

FEM 12134 

*The division of the circular air-gap path to show flux density distribution 

TABLE III 

SOLVING TIME OF CPM, NAM AND FEM FOR SPM MOTOR  

Mode    

Model 

Constant speed 

(fs=1kHz) 

Constant torque 

(fs=10kHz) 

CPM 254s 1643s 

NAM 449s 2334s 

FEM 10588s 478583s 

IV.  CONCLUSION 

This paper proposed the CPM and NAM to account for 

slotting effect for the transient analysis of SPM motor using 

VSI and therefore investigated the effectiveness of analytical 

models coupled with external circuit. In NAM, the nonlinear 

phase inductance and back-EMF can be obtained analytically to 

replace the SPM motor in the drive circuit. To solve the NAM, 

two iterative loops are required to combine the magnetic model 

with electric circuit model and mechanical model. Hence, the 

transient performance of the SPM motor can be obtained using 

VSI. Compared with CPM, NAM has high accuracy to predict 

the electromagnetic performance of SPM motor at constant 

speed or constant torque in the motor system. Besides, it saves 

more than 95% of computational time using FEM.  
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