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Abstract: The paper deals with suitable permanent magnet synchronous motors for electric traction 

drives, especially usable in electric vehicles. The main request is field-weakening possibility due to 

a converter voltage limitation. Therefore it is important to find the influence of parameters on the 

motor properties. Then a suitable combination of motor parameters can be determined. Synchro-

nous motors are described by electrical and mechanical equations in direct-quadrature (d-q) refer-

ence frame. A whole problem is solved by computer simulations. 
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1. INTRODUCTION 

DC (Direct Current) motors were mainly used for electric traction drives due to simple control, in 

the past. Control of an AC (Alternating Current) brushless machine was difficult. Nowadays, usage 

of AC motors is simple, thanks to active power converters. Especially a synchronous motor with 

permanent magnets rotor (PMSM) and an asynchronous motor with squirrel cage rotor are often 

used. Both types have advantages and disadvantages. Specific application requirements determine 

which type of AC motor is chosen. Both types of motors can be used for a FW (field-weakening), 

but FW control of PMSM is easier. When voltage is maximal, the FW is used for increasing a mo-

tor speed (by decreasing direct current).  

2. SYNCHRONOUS MOTORS 

At beginning, a fundamental description and types of PMSM are mentioned, and then FW depend-

ence on parameters can be shown. 

2.1. MATHEMATICAL DESCRIPTION OF SYNCHRONOUS MOTOR 

The mathematical model in d-q reference frame is often used for a synchronous motor description, 

which is tightly fixed with the rotor, as in [1] . Generally, synchronous motor equations are 
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where flux linkages ψd and ψq are dependent on currents id and iq and considerate cross-coupling 

saturation. The stator resistance Rs depends on winding temperature-rise τ , pp is the pole pairs of 

rotor, J is the moment of inertia, ωe is the electrical angular velocity, Te is the electromagnetic 

torque, TL is the load torque, vd and vq are components of the stator voltage vector. Above d-q volt-

ages and currents are components of the voltage Vs and the current Is vector 
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which have to satisfy conditions |IS| ≤ IMAX and |VS| ≤ VMAX. Flux linkages in equations (1) to (4) 

are 
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specifically for PMSM motors, where Ld and Lq are d-q inductances, ψm(id,iq)  is PM flux linkage 

and Im is PM “fictive” current (Im= ψm/ Ld), which is created for expression of PM FW under con-

sideration in [2]. 

2.2. PMSM PARAMETERS 

Static and dynamic properties are given by parameters of PMSM. Parameters are shown in equa-

tions above, but only some parameters (especially their ratio) are important for FW like d-axis in-

ductance Ld, q-axis inductance Lq and PM flux linkage ψm (for FW stator resistance Rs only changes 

voltage drop level). Some parameters are dependent on magnetic circuit saturation. Parameters are 

considered constant (it is sufficient in this case). 

Parameters and values are expressed in per unit system (for better comparison). 

2.3. TYPES OF PMSM 

Synchronous motors can be divided to motors with same d-q inductances Ld=Lq (smooth rotor) and 

to motors with different d-q inductances Ld>Lq or Ld<Lq (salient pole rotor), as shown on figure 1. 
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Figure 1: Differences between motor types of PMSM [3] 

The suitable motor type for FW is determined from equation (4) with (7) and (8) 

      e p q d d q m q d d q m

3

2
T p i i L L i i L L        (9) 



where differences between motor types are cleared. A suitable motor type for FW is motor with 

Ld<Lq, because at decreasing id is needed smaller iq. The paper is focused on PMSM with Ld<Lq. 

3. PARAMETERS VARIATION OF PMSM 

How parameters affect FW is shown below. The torque is one of important values and from equa-

tion (9) is clear dependence on parameters. 
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Figure 2: Dependences of quadrature current on direct current, inductances Ratio and PM flux 

linkage for different torques 

The dependence of q-current on d-current for specific torque with PM flux-linkage and ratio of in-

ductances variations is shown on figure 2. In this case, speed was constant. 

For FW is seen, that for same torque is needed less current with increasing inductances ratio and 

PM flux-linkage. But on the other way, less current means higher stator voltage, as seen on figure 

3, where is shown the dependence of stator voltage on d-current for specific torque with PM flux-

linkage and ratio of inductances variations. 

Generally, smaller stator current is suitable due to voltage drop on stator resistance, but high volt-

age level is not suitable for converter. Therefore, the MTPA (Maximum Torque Per Ampere) algo-

rithm is used in many cases and field weakening algorithm is used for increasing speed with volt-

age condition |VS| ≤ VMAX. 
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Figure 3: Dependences of stator voltage on direct current, inductances ratio and PM flux linkage 

for different torques 

3.1. SPEED RANGE AND MECHANICAL POWER 

Variation of PM flux linkage is important for speed range too (not only for torque). From known 

equation 
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where Ui is the induced voltage, C is the motor constant, Φ is the magnetic flux, US is the stator 

voltage vector magnitude and ψS is the stator flux linkage vector magnitude. From equations (10) is 

clear, that if  ψs = 0, then speed range can be “infinite“. There are three options, the motors with Im 

> IMAX, Im = IMAX and Im < IMAX. For the maximum speed range and the highest possible torque is 

suitable the motor with Im = IMAX. The motor with Im > IMAX cannot achieve infinite speed point. 

The all is seen on Figure 4. 
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Figure 4: Speed range by PM flux linkage 

From figure 5 is cleared, that for mechanical power is important saliency ratio and PM flux-

linkage. 

Motors with high PM flux linkage and saliency ratio have higher torque, but speed range is much 

smaller and power rapidly decreasing. 



 

Figure 4: Power versus speed characteristic as a function of the saliency ratio and normalized 

magnet flux linkage [2] 

4. CONCLUSION 

The design of synchronous motor for FW is dependent on specific requirements. There is not uni-

versal solution. Motors with Ld<Lq are suitable. For electric traction is need to know maximal speed 

and minimal power at this speed. Then the maximal torque can be determined by PM flux linkage 

value and saliency ratio value. Losses are increasing at FW. 
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