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Abstract —It's difficult to get the steady parameters of 
permanent magnet synchronous motor (PMSM), for its 
complicated magnetic circuit and heavy saturation. It is 
common to assume for the current Xd and Xq test of PMSM 
based on phasor diagram method that the EMF induced by 
permanent magnet only has quad-axis component and is 
constant despite of the different saturation level, which does 
not comply with the actual situation. This paper proposed an 
improved parameter calculation method, which researched 
the phenomenon due to cross-saturation effect which direct-
axis magnetic field generates not only quad-axis EMF but also 
direct-axis EMF. Then, the paper improved the traditional 
phasor diagrams and got the new Xd and Xq. calculation 
method. There is considerably large difference between the 
calculation result and the normal test result using constant 
Epm. The new method is significant to exactly calculate the 
saturated parameters of PMSM taking the variation of 
magnet circuit saturation level and cross-saturation effect into 
account. 

I. INTRODUCTION 

The precise knowledge of parameters is very necessary 
for the correct performance calculation and motor-driven 
control of permanent magnet synchronous motor (PMSM). 
The magnetic circuit analysis approach to getting the 
parameters cannot meet the requirements, for the magnet 
circuit of PMSM is more complex [1], especially for line-
start PMSM with starting squirrel cage bars in rotor. 

In recent years, the finite element method (FEM) has 
been widely used to calculate the steady-state parameter of 
PMSM. The methods of magnetic energy storage and 
separately applied direct quad-axis current based on phasor 
diagram have been already studied to get the steady-state 
parameter by using FEM [2]-[7]. But these methods take 
less the effect of cross-saturation into account [3]. 

Therefore, this paper presents an improved steady-
parameter calculation method based on phasor diagram 
taking into account of effects of cross-saturation and 
difference leakage reactance. 

II. CALCULATION TOOL: T-S FEM 

The FEM based on the Maxwell equations has been 
used in many commercial software. In this paper, we will 
use a self-developed time-stepping FEM (T-S FEM) 
program, in which we can easily define the excitation, save 
the instantaneous values of any intermediate variables 
while calculating the field distribution, such as voltage and 
current, speed and torque, permeability of every element, 
etc. 

III. TRADITIONAL PHASOR DIAGRAM METHOD 

Load phasor diagram method is a reliable method to 
calculate the steady-state parameters of PMSM [7]-[9].  

To calculate Xq and Xd in a given work condition, it 
is necessary to get the resistance R1 of stator winding, 
phasors of U, I and E0. The prototype was tested on a test 
platform which was shown in Fig. 1. The structure 
parameters of the prototype were ignored in this digest. 

 
Fig 1. LSPMSM multi-function test platform. 

Firstly, the PMSM is driven by the DC motor to the 
synchronous speed as a no-load generator. A high-speed 
data acquisition system is used to record the waveform of 
EMF Epm in PMSM and the rotor position pulse, which is 
one pulse per revolution. Then, the PMSM operates as a 
motor, ensuring that the rotating direction is as the same as 
former. The PMSM is loaded and the waveforms of supply 
voltage and rotor position pulse are recorded synchronously. 

Using the rotor position pulse signals as sign, the phase 
that the supply voltage waveform is ahead of EMF 
waveform is the power angle. 

Then, the parameters of Xd and Xq can be calculated 
according to the traditional phasor diagram. A series of Xd 
and Xq with load are shown in Fig. 2. 
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Fig. 2 T-FEM calculated and Measured Xd Xq Compare 

It is shown from Fig. 2 that the test and the calculated 
results match well especially while the motor operating 
with heavy loads. Surely, in the slight load conditions, the 
difference of Xq is larger, which may be due to the 
singularity of some equations to calculate the parameters. 
The results indicate that the calculation method is reliable. 

IV. IMPROVED PHASOR DIAGRAM METHOD 

In the tradition phasor diagram, it's assumed that the 
EMF due to permanent magnet (PM) only has quad-axis 
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component and keeps constant. The saturation effect is 
ignored. 

The EMF induced by PM in load conditions is 
specifically calculated in this paper. Due to the saturation of 
magnetic circuit, the magnetic field solution is a nonlinear 
iterative process. After the completion of the calculation of 
load field at each step, the permeability of every finite 
element keeps unchanged, and the excitation is changed as 
PM independently. The PM magnetic field can be 
calculated. The time derivative of the stator winding cross-
linked flux is the actual Epm. 

It must be stressed that the saturation state under 
which the Epm by PM only is calculated is as the same as 
that the motor operating with load. Due to the cross-
saturation effect, although the direction of PM MMF is on 
direct axis, the EMF by PM is not exactly coaxial with 
quad-axis, the Epm exists d- and q- axis component, viz. 
EpmQ and EpmD. As shown in Fig. 3. 
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Fig. 3 Relationship of EMFs, Voltage 

Consequently, the traditional phasor diagram should 
be improved as Fig. 4. 
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Fig 4.  Phasor  diagram of PMSM 

The parameters of Xd and Xq can be calculated 
according to the phasor diagram shown in Fig. 4. A series 
of Xd and Xq with varying load can be calculated with the 
above steps, as shown in Fig. 5. 
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Fig. 5  Calculated Xd and Xq versus load. 

The calculated parameters taking cross-saturation effect 
into account are the Xd and Xq considering the condition 
that the direct axis magnetic field induces d-axis and q-axis 
EMF. Obviously, the result is different after taking the 
cross-saturation effect into account. It is also proved that 
ignoring the cross-saturation effect will introduces a large 
calculation or measurement error. 

V. CONCLUSION 

This paper researched how to calculate the steady-state 
parameter of PMSM taking the cross-saturation effect into 
account. Firstly, the T-S FEM was used to simulate the 
measurement proceeding. The calculate result matched the 
test result well. Secondly, the paper studied the existence of 
cross-saturation effect, and identified the shortage of the 
traditional phasor diagram method. Then the parameter 
calculation method based on improved phasor diagram was 
proposed. The method is a good reflex of the actual cross-
saturation effect. Then we calculated a series of saturated 
parameters Xd and Xq with the load varying. 

Note that: this paper has 6 figures and 13 references, 
including 7 of references are from the IEEE Transactions 
on Magnetics.  
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