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Abstract 

 

One of the generator types used in generation electrical energy is permanent magnet synchronous 

generator (PMSG). In this study, a surface mounted permanent magnet synchronous machine with a 1.5 

kW inner rotor was used as a reference generator. The finite element analysis of this generator was 

conducted via commercial finite element analysis (FEA) software. As a result, phase current and voltages 

waveforms were measured at a rated load. The characteristics of the PMSG under loaded and unloaded 

working conditions were examined through the measurements on the experimental setup designed in 

Electrical Machines Laboratory at the Faculty of Engineering of Manisa Celal Bayar University. The 

values obtained from the open-circuit tests were compared with the simulation and manufacturer's catalog 

data. This paper also contrasted line voltages measured and simulated at 450 rpm as rated speed. 

 

Keywords: Finite elements method, PMSG, surface mounted PMSG. 

 

1. Introduction 

 

Permanent magnet synchronous machines (PMSM) that 

contain magnets in the rotor are smaller in volume, 

lighter in weight and have less copper losses, higher 

power density, and higher efficiency compared to 

conventional electrical machines [1,2]. Permanent 

magnet synchronous machines are used as both a motor 

and a generator in areas such as automotive, space 

technologies, computer hardware, medical electronics, 

military applications, robotics, and wind energy 

systems. Permanent magnet synchronous generators are 

one of the generator types utilized in converting 

mechanical energy into electrical energy in wind energy 

systems. 

 

Electromagnetic analysis of direct-drive permanent 

magnet synchronous generators can be conducted via 

finite element method (FEM) and their design can be 

improved [1, 3, 4]. The auxiliary tooth structure 

indicated for the stator structure of PMSGs can reduce 

short circuit current, cogging torque, and torque ripple 

[5]. Additionally, the computational and experimental 

performance findings of PMSG can be compared [6]. 

Design improvements were made to increase the torque 

capacity of PMSG and close values were obtained as a 

result of comparison between FEM and analytical  

 

results [7-10]. The effects of magnet type on PMSG 

performance were examined in [11-13]. Measurements 

were made on the experimental setup and the design 

parameters were compared for the cases in which 

different magnets were used [11]. Since the amount of 

magnet to be used in PMSG is an important factor on 

the cost of the machine, design studies were carried out 

to reduce the amount of magnet used in the rotor and 

improve the output power [14-17]. PMSGs are 

classified as radial or axial depending on the path 

followed by the magnetic flux. In the hybrid design 

where radial and axial parts are used together, the power 

density value is increased 9.4 times [18]. The 

performance of PMSGs can also be examined over the 

number of phases. The output parameters of the PMSG 

designed as five phases were compared by using 

analytical calculation, FEM, and experimental 

measurement results. In addition, the study indicated 

that torque ripples decreases if a PMSG is designed as a 

five-phase process [19, 20]. And experimental setups 

and performance tests required for real-time 

measurements of PMSGs were provided in the study 

[21- 23]. A short-circuit fault is a serious safety threat to 

generators. In terms of reliability, the short-circuit 

current should be limited to a certain range [24-26]. In 

order for the generators to be more resistant to failure, 

studies have been carried out on the winding structure 
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[27-29]. Cooling methods are also important in terms of 

design for the effective and safe operation of magnets 

[30].  

 

In this study, magnetic and electrical analyzes of the 

PMSG used as a reference were conducted through 

commercial FEA software. The real-time performance 

of the generator driven by an induction motor was 

measured designing an experimental setup. No-load and 

loaded measurements were made for the reference 

generator and the induction motor which is rotated by 

AC motor driver at variable speed. For transient 

measurements of the generator, National Instrument 

(NI) data collecting modules and LabVIEW
TM

 software 

were employed. 

 

The following is a summary of how this paper is 

organized. Nameplate of the reference generator, values 

of the design parameters, magnetic and electrical results 

of the finite element analysis are presented in Section 2 

and 3. Section 4 describes the experimental set-up along 

with the results. Section 5 reviews the comparisons 

between the nameplate values and the results obtained 

by the finite element approach and experiments. 

Discussion and the concluding points are summarized in 

Section 6 and Section 7.  

 

2. Reference Permanent Magnet Synchronous 

Generator 

 

A radial flux surface mounted PMSG with an inner 

rotor is utilized in this study. Table 1 lists the reference 

generator's catalog information while Table 2 provides 

the values related to the design parameters. The model 

of the reference generator is shown in Figure 1. 

 

Table 1. Nameplate values of the reference generator. 

Parameters
 

Values 

Rated output power 1500 W 

Rated rotational speed 450 rpm 

Required torque at rated power 35 Nm 

Magnet material NdFeB 

Starting torque < 0.7 Nm 

Weight 16.9 kg 

Rotor inertia 0.011 kgm 

Insulation H class 

 

Table 2. Design specification of reference generator. 

Parameters
 

Values 

Number of slot 72 

Number of poles 16 

Stator outer diameter 221.5 mm 

Rotor outer diameter 157.5 mm 

Air gap distance 1 mm 

Pole arc ratio % 84.774 

Magnet thickness 5.32 mm 

Offset distance 0 mm 

 

3. Finite Element Analysis of the Reference 

Generator 

 

The finite element method is a useful, low-cost and 

numerical method that can be used in the analysis of 

electrical machines based on the solution of differential 

equations [31]. In order for the method to give more 

accurate results, it is important that the machine parts 

are meshed in an appropriate number and the time step 

is selected with the appropriate value [32]. PMSG was 

analyzed with FEA software based on finite element 

method which were created approximately 250000 finite 

elements mesh and the time step is chosen 0.5 ms. 

The graph of the phase currents and voltages of PMSG 

obtained from the two-dimensional analysis of FEA 

software are respectively presented in Figures 2 and 3. 

As a result of the analysis, the phase current and voltage 

of PMSG were obtained as 14.5 A and 37.7 V at a rated 

load. These values correspond to an active power value 

of approximately 500 W per phase at a power factor of 

0.9. 

 

 
(a) 

 

 
(b) 

 

Figure 1. (a) Stator and (b) rotor of the reference 

generator. 
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Figure 2. Phase current waveform at rated load 

 

 
Figure 3. Phase voltages waveform at rated load 

 

The magnetic flux density distributions of PMSG 

operating at no-load and rated load are provided 

respectively in Figures 4 and 5. According to the results 

of the no-load operating condition, the magnetic flux 

density in the stator yoke is about 1.2 T, 1.4 T in the 

stator teeth and 0.7 T in the rotor yoke. According to the 

results of full-load operating condition, the magnetic 

flux density in the stator yoke is approximately 1.25 T, 

1.5 T in the stator teeth, and around 1 T in the rotor 

yoke.  

 

4. Experimental Results 

 

An experimental set-up was developed in the Electrical 

Machines Laboratory at the Faculty of Engineering of 

Manisa Celal Bayar University to measure the PMSG, 

which was utilized as a reference. The paper focuses on 

the characteristics of the PMSG under loaded and 

unloaded working conditions by examining the 

measurements. Figure-6 shows the experimental set-up 

of the reference PMSG consisting of an AC motor 

driver, an induction motor with 4 poles and 1.1 kW 

power, a load, energy analyzers, and an oscilloscope. 

 

Cogging torque, induced voltage, THD and core losses 

can be examined with the no-load operation tests. The 

measurements made under the no-load operating 

conditions of the PMSG revealed that there are different 

induced voltages at variable speed in the stator 

windings. Since there is no current in the stator 

windings in this experiment, the open circuit voltage 

depends only on the rotation speed. Open circuit voltage 

values of the PMSG were obtained between 45V and 

75V at speed which are between 300 rpm and 750 rpm. 

Figure 7 displays the result graphic of the no-load test 

and this graph shows the operational mode of the 

generator in case of a possible failure. 

 

Due to the reverse magnetic field occurring in the short 

circuit fault in the PMSG stator windings, 

demagnetization may occur on the magnets and this can 

be damage to the machine. In the short circuit 

experiment, the current values depending on the speed 

were measured as shown in Figure-8. In the experiment, 

the highest short circuit current was approximately 5.5 

A at 31 rpm. The saturation level of the machine can be 

determined with the graph obtained from the short 

circuit test.  

 

 
 

Figure 4. Magnetic flux density distribution at no load 

condition 

 

 
 

Figure 5. Magnetic flux density distribution at rated 

load condition 

 

During the load operation tests, current, voltage and 

speed parameters were analyzed while the load values 

were taken into account. Figure 9 provides the voltage 

graph indicating the currents at different speeds. Due to 

the experimental setup, it is seen that the V-I 

characteristic behaves as a constant voltage-current 
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since the generator cannot be loaded sufficiently. The 

data obtained from this test are used for system design 

with voltage control in small power wind turbine 

systems with direct battery connection. 

 

The line voltage graph depending on the speed at 

different ohmic loads can be seen in Figure 10. This 

graph indicates that for the same loading condition, the 

value of the line voltage increases as the speed 

increases. 

The change in generator output current and speed under 

constant load was also investigated in the experiment. 

As seen in Figure 11, the change is linear. The slope of 

the line, on the other hand, increases as the amount of 

steady load increases. In small power wind turbine 

applications connected to the battery system through the 

rectifier, the input current must be within a certain range 

in order to extend the life of the battery which charged 

with a constant voltage. By using the data of the speed-

current test, this current value can be commented on.  

 

 
 

Figure 6. Experimental set-up  

 

 
 

Figure 7. Experimental results of the induced voltage at 

no load condition.  

 

 
 

Figure 8. Short circuit experimental results. 
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Figure 9. Voltage graph depending on the load current 

at different speed. 

 

 
 

Figure 10. Voltage graph depending on the speed at 

different loads. 
 

 
 

Figure 11. Load current graph depending on the speed 

at different loads. 
 

In this study, a conductor and a coil are placed to the 

winding structure of the reference generator for 

measurement purposes. The graph of the induced 

voltage in a conductor and a coil in the no-load 

operation test is given in Figure 12. These data can be 

used to test the reliability of the results obtained from 

software using the finite element method. The value 

obtained in the experiments was measured about 10 

percent lower than the value obtained in the software. 

 
 

Figure 12. The induced voltage in a conductor and coil.  

 

The experiment setup in Figure 6 was also used for the 

sudden load operation. Data acquisition modules of 

National Instruments (NI) company were utilized for 

measurements, as previously reported. Voltage and 

current signals were measured with NI 9242 and NI 

9246 modules, respectively. These signals were 

transferred to the computer through LabVIEW
TM

 

software.  

 

Figure 13 lists the curves of the current signals related 

to the sudden load operation performed with the 

reference PMSG rotating at 450 rpm while the curves 

related to the voltage signals is provided in Figure 14. 

When all load groups were turned on at the 77th 

millisecond of the experiment, the current values rapidly 

increased, while the voltage value decreased. As can be 

observed, the voltage dropped by roughly 4.11 percent 

when the load was activated. According to this result, it 

is seen that the reliability coefficient of the generator is 

high in sudden load changes. 

 

 
 

Figure 13. The sudden load operation current waveform 
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Figure 14. The sudden load operation voltage 

waveform 

 

5. Comparison Between FEA, Nameplate and 

Experiments  

 

The comparison of open circuit values which were 

obtained from the manufacturer's catalog of the 

reference generator, from experiments and simulations 

is shown in Figure 15. The difference between curves is 

most likely due to the difference in magnet strength of 

the real and simulated generators. 

 

In Figure 16, the line voltage curve acquired from the 

measurements conducted in the PMSG rotated at 450 

rpm in no-load operating conditions was compared to 

the curve obtained from simulation results. As can be 

seen in Figure 16, there is a difference of approximately 

17.7% in the maximum values of the voltage between 

the simulation and test results. It is seen that the 

experimentally obtained values are lower than the data 

provided by the FEA software under ideal conditions. 

 

 
 

Figure 15. Simulated, experimental and catalog 

waveform of no-load phase voltage.  

 

  
 

Figure 16. Simulated and experimental waveform of 

no-load phase voltages 

 

6. Discussion 

 

As a result of the finite element analysis of the reference 

generator conducted via the Maxwell 2D software, 

phase current at rated load was found as 14.5 A and 

phase voltage was 37.7 V. In the magnetic analysis 

carried out through FEA software, it is seen that the 

magnetic flux density values in different parts of the 

machine remained within acceptable limits for both no-

load and loaded operating conditions. In the no-load 

experiment which was done for certain speeds between 

300 rpm and 750 rpm, the induced voltage in the phase 

windings was measured between 45 V and 75 V. 

Current value was measured as 5.5 A at 30 rpm in the 

short circuit test. The behavior of the reference 

generator under different load and speed conditions was 

investigated in the load experiments. The software 

values achieved under no-load operating conditions are 

higher than the experiment results and catalog data. The 

test results were found to be generally lower than the 

catalog data. The voltage value specified in the catalog 

for the no-load operation at nominal speed is 9.38% 

lower than the value obtained in the simulation and 

11.19% higher than the value obtained in the 

experiment. 

 

7. Conclusion  

 

Surface mounted PMSGs provide significant 

advantages, especially in direct-drive variable-speed 

turbines (such as wind turbines, mini hydroelectric 

power plant turbines). With the elimination of the 

multilayer gearbox, crucial technical benefits such as 

higher reliability, longer life, lower weight are achieved. 

They do, however, they also contain important 

limitations which are electromagnetic, thermal and 

cooling that limit their development at high power. In 

this study, the performance of a small powerful 

generator manufactured for vertical axis wind turbines 

was analyzed and compared in terms of simulation, 

experiment, and catalog information. In general, it was 
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confirmed that actual operating conditions provide 

lower performance outputs compared to simulation 

values. The thermal effects generated by the heating of 

the winding and surface magnets under real operating 

conditions, as well as extra losses in the mechanical 

connection, were determined to be the reason of this 

disparity. According to the results, it can be said that 

PMSGs produce very stable outputs against sudden load 

changes and voltage ripples remain at an acceptable 

level. The specific contribution of this study is to 

measure the induced voltages in a conductor and coil 

which placed in the winding structure of an existing 

PMSG and compare these values with the results 

obtained in the FEM software. The fact that the values 

obtained from the software and the values obtained in 

the experiments were similar, proved the reliability of 

the analyzes to be made with the software before the 

PMSGs were produced. The benefits of various control 

strategies for increasing the output power of the 

reference generator will be examined in a subsequent 

study. 
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