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Abstract— This paper presents the cross saturation effect on a 

specially designed spoke type permanent magnet synchronous 

motor (PMSM) for the sensorless vector control. The cross 

saturation effect becomes very important where the sensorless 

control algorithm is used. Accurate flux linkage modeling is 

required to obtain a satisfactory position estimation and 

eventually minimum induced torque error. The magnetic 

saturation is the most impacting parameters affecting the 

position error. Since the Ld and Lq inductance difference is 

generally less than 5% in the spoke type PMSM, the accurate 

estimation of the cross saturation is critical for the sensorless 

vector control.  In this paper, the designed PMSM has the Ld and 

Lq difference in 15% level even for the overload capacity. So it is 

even possible to operate the motor in the transient modes with 

the overload capacity by estimating right cross saturation effect 

with certain time limits. The mapping of the inductances and 

efficiency are obtained by using Finite element method and 

presented in the paper. Some experimental results are also given 

such as efficiency and power-speed variation at the constant 

torque.  

 

Index Terms—Permanent magnet synchronous motor, finite 

element method, cross saturation effect, d-q inductances, 

sensorless vector control.   

I. INTRODUCTION 

HE rapid developments in magnetic materials used in the 

production of electric motors has led to the development 

of special electric motors such as brushless DC, permanent 

magnet synchronous motors with the electronic commutation. 

Reaching high speeds in the electronic components used in 

motor drive systems and the cost reduction in the 

manufacturing are also supporting this development. It is very 

critical to find the most suitable motor and drive system in 

terms of the design and control algorithm for the application. 

Permanent magnet synchronous motors (PMSM) can be used 

widely in the systems from low to medium power because of 

their high efficiency, high torque/inertia ratio, high reliability 

and high dynamic performance features. The efficient motor 

design was the main focus on the early literature [1]. How 

ever the control algorithms become more important in the 

recent publication. Generally, ac variable-speed drive of a 

permanent magnet synchronous motor needs a position sensor 

for the commutation and also current control.  
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Position sensor brings some disadvantages such as increased 

drive cost, reduced mechanical robustness of the overall 

system, etc. [2]. Sensorless control solutions have been studied 

since the beginning of 80s to cope with these drawbacks [3-6]. 

There are two methodologies in the literature: one is based on 

the back-EMF and the other is based on the position 

dependency of the winding. In low speed applications extra 

high frequency signal should be injected to estimate the rotor 

flux position. The significant saliency between Ld and Lq 

becomes critical. Interior PM synchronous motors are 

naturally suitable for the sensorless control because of their 

saliency. Rahideh et.al. succeeded the high performance direct 

torque control of PMSM by using fuzzy logic and genetic 

algorithms in 2007 [7]. Novak et al. used the field oriented 

control with the flux weakening in 2008 [8].  PMSM with 

sensorless control requires to take into account the cross 

saturation carefully. The cross saturation was studied by 

different researchers. Fuchs et al. pointed the constraints of the 

model d, q in the case of turbo alternators in 1973 [9]. The 

similar study was performed on the salient pole synchronous 

motor and the limitation of classical linear uncoupled model 

compared to experimental results was shown [10]. Especially 

the experimental validation of the saturation and cross 

coupling are studied in some literature [11–14]. This paper 

presents the analysis of a spoke type PMSM motor with its 

cross saturation inductances and performance calculations. It 

is also shown that the motor can be operated with the accurate 

positioning at under and overload conditions by using the 

sensorless control without any problem.  

II. CROSS SATURATION OF PMSM 

 

PMSM motor control systems generally have two-axis 

model, direct-axis (d-axis) and quadrature-axis (q- axis). 

Moreover these two-axis inductances, Ld and Lq directly 

affects the performance of the motor, such as output torque. 

Therefore, the analysis of these inductances is very critical for 

the dynamic characteristics of the motor. These d- and q-axes 

inductances are not constant. They are changing under 

different operating conditions non-linearly because of the 

varying current phase and magnitude and changing reluctance 

due to the saturation of the magnetic material [14]. This issue 

becomes more important especially for the dynamics model 

of the highly saturated PMSMs [12]-[14]. The cross 

saturation is taken in to account in the flux models where the 

models are linear or non-linear. The nonlinear flux linkage 

equations for a saturated interior type PMSM are given as 
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follows [15]:                                                          

            
                                       (1) 

                                                                

where d and q are the total flux linkages in d and q axes 

respecitvely. d, PM and q, PM are the permanent magnet 

flux linkages in d and q axes. The electromagnetic torque 

equations in synchronous machines is defined as in Eq(2) 

                                                                               

                                               (2)  

                            

After substituting the non-linear flux linkage equqtions into 

Eq(1), the torque equation becomes: 

 

                                                 

                                (3)                                              

 

There are five terms in Eq.3. First and second terms 

represent the permanent magnet components. Third 

term is the reluctance torque term. Fourt and fifth terms 

are the cross saturation terms. The stator voltages of the 

PMSM can be given in dq-reference frame as follows: 

 

                                        (4) 

 

 
 

Steady state voltage equations at  speed, E back 

electromotive force (EMF) with the assumption of  

negligibly small q, PM are given in Eq(5) 

 

 

            

                                  (5)                       

 

The cross saturation terms can be approximated by 

using numerical equations as follows 

 

             

                                      
                                   (6)   

 

 

                            

III. MODELLING OF PMSM 

A. Specifications of the PMSM  

 

The test PMSM motor is a special designed and optimized 

motor which has an efficiency class IE5. The motor  has 1.1 

kilowatts, 10 Poles, 12 stators slots, ferrite permanent 

magnets, 3.5 Nm, 3000 min-1 rated values (500-4000 min-1 

without flux weakening and 6000 min-1 with the flux 

weakening). The needle winding is used for the stator. The 

motor layout is given in Fig.1. in two and three dimensions. 

 
Fig.1. 1.1 kW PMSM motor view. 

 

B. Numerical Modeling of PMSM 

A commercial software (EMAG FEM) which based on 

Finite Element Method is used for the numerical 

simulations. The motor half geometry with the equi flux 

lines are given in Fig.2.  

 

 
 

Fig.2. PMSM FEM Model (half of the motor).  

 

The motor is simulated at very low speed to see the 

reluctance effect as known as the cogging torque. The 

cogging torque is shown for the half of the motor in Fig.3.  

 

 
Fig.3. Cogging torque of the PMSM 
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The peak to peak value of the cogging torque is 14 mNm. 

Saliency of the motor is about 1.2 for this sensorless vector 

control algorithm. The motor has the cogging torque less 

than 1% of the rated torque. The simulated output torque 

profile is given in Fig. 4. Torque ripple is less than 10% of 

the rated torque. 
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Fig.4. Output torque of the PMSM 

 

The first model would be the no-load operation to calculation 

of d-axis flux linkage. Later different loading conditions will 

be applied to obtain d and q axes flux linkages. The flux 

density distributions for the different loadings are given in Fig. 

5. 

 

 
                         (a)                                                        (b)                                       

 
                         (c)                                                      (d) 

Fig.5. The flux density distribution   (a) No-load at 3000 min-1    (b) q-axis 
align, Iq = 2.5A, Id = 0A, 3000 min-1     (c) d-axis align, Iq = 0A, Id = 2.5A,  

3000 min-1 (d) d-axis align, Iq = 1.8A,  Id = 1.8A, 6000 min-1 

 

Fig.6a gives the d-axis inductance (Ld) variation due to the 

Id/IN and Iq/IN while Fig.6b shows the d-axis flux linkage 

variation respect to the Id/IN and Iq/IN for peak IN= 3.5 A.  The 

differential inductance method is used to define the inductance 

values especially in the saturation region. Fig.7a and 7b 

present the similar variations for the q-axis inductance and 

flux linkage respectively for peak IN= 3.5 A.  Fig.8a shows Ldq 

cross saturation inductance which is calculated by using 

Equation 5. Ldq is calculated by taking the differential d axis 

flux change ( d) respect to q axis current (Iq) while keeping the 

d-axis current (Id) constant.  

 

 

(a) 

 
(b) 

Fig.6.(a) Ld “d” axis inductance vs Id and Iq currents (b) Flux linkage of 
“d”axis vs Id and Iq   currents  

 

 
(a) 

 
(b) 

 
Fig.7.(a) Lq “q” axis inductance vs Id and Iq currents (b) Flux linkage of 

“q”axis vs Id and Iq  currents     
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Similarly, Lqd cross saturation inductance is also calculated 

by using Eq.6 and drawn as given in Fig.8b. Lqd is calculated 

by taking the differential q axis flux change ( q) respect to d 

axis current (Id) while keeping the q-axis current (Iq) constant. 

 

   (a) 

   (b) 
Fig.8.(a) Ldq cross saturation inductance (b) Lqd cross saturation inductance  

 
(a) 

 
(b) 

Fig.9.(a) Lq “q” axis inductance vs Id current and rotor position (Iq=IN, 
peak=3.5 A)     (b) Ld “d” axis inductance vs Iq current and rotor position 

(Id=IN, peak=3.5 A)   
 

The efficiency maps of the motor for the power vs. speed and 

torque vs. speed are given in Fig.10 and Fig.11. Some results 

can be derived from these inductance and flux linkage profiles: 

Id current has low effect on “q” axis inductance. Iq current has 

high effect on “d” axis inductance for high current. The motor 

performs over 90% efficiency in the 1500-4000 min-1 speed 

range. The back EMF results of FEM and test are given in Fig. 

13 to verify the modeling consistency. The relative erros is less 

than 1%. Total harmonic distortion is also calculated as less 

than 1%. For rated performance Id=0 and doesn’t affect “q” 

axis flux. For rated performance Id0 and also doesn’t affect 

“q” axis flux. It doesn’t have effect on “d” axis flux, up to rated 

Iq. For start-up with high torque, high Iq current affects the 

control. Saturation effect on Lqq is 12 % up to the rated current. 

Saturation effect on Lqq is 33 % up to four times of the rated 

current. Saturated saliency is about Ld/Lq= 1.17 up to rated 

current. Saturated saliency is about Ld/Lq= 1.20 up to the four 

times of the rated current. 

 

Fig. 10. Efficiency map of the PMSM (power vs. speed) 

 
Fig. 11. Efficiency map of the PMSM (torque vs. speed) 

IV. EXPERIMENTAL SETUP OF PMSM  

The prototyped PMSM motor and its test setup are given in 

respectively Fig. 12 and Fig.13. YASKAWA brand driver are 

used for the vector control. The driver is a commercial type 

which can be used to drive any type of the motor such as 

inductance, synchronous reluctance, etc. MAGTROL type 

hysteresis brake dynamometer is used to load the motor.  

 

 

         Fig.12. Manufactured PMSM  
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Fig.13. PMSM Experimental Setup 

The Back-EMF variation of the motor for the test and 

simulation results is given in Fig.13.  
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Fig.14. Back-EMF of the PMSM 
 

The output power variation with the speed at constant torque 

from the test results is presented in Fig.14. The variation is 

linear as expected. There is no field weakening in that region. 

The efficiency with speed from the test results is shown in 

Fig.16.  

 
             Fig.15.The output power vs. speed at the constant torque                                              

 

 
Fig.16. Efficiency vs. speed for the PMSM 

Maximum current limit is chosen according to the 

demagnetization and winding heating. Steady state thermal 

analysis is used for continuous running region.  

V. CONCLUSIONS 

The paper presents the analysis of a special designed spoke 

type PMSM motor with the sensorless control for the 

industrial applications. Saturation of inductances is so 

important for the sensorless vector control, especially for low 

speed high torque region. The dynamic and not accurate 

response in positioning of the Spoke type PMSM with 

sensorless control because of its low saliency ratio becomes a 

critical drawback. The result of the motor for a full-speed 

range is given in Fig.17.  

 

 
Fig.17. Torque vs. speed profile for full speed-range of the PMSM 

 

The motor overcomes this drawback even in overloading 

conditions. Three times of the rated torque and four times of 

the rated current are achieved with control strategy including 

compensation of the cross-saturation effect.  
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