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Abstract — Cogging torque is an effect to be considered in the 

design and optimization process of Permanent Magnet Machines 

(PMM). Many simulation methods have been proposed. Verifica-

tion of provided results require measurements of the cogging 

torque. Measuring it is, though, no easy task. Existing measure-

ment setups often do not decouple the influence of the drive and 

the measured PMM. Hence, we propose a simple yet accurate test 

bench design for the measurement of cogging torque. The studied 

PMM is simulated using the Finite Element Method (FEM), and 

the results are compared. 

 
Index Terms — cogging torque, measurement, FEM, perma-

nent-magnets machines.  

I. INTRODUCTION 

ANY studies have been presented concerning the 

minimization of cogging torque in Permanent Magnet 

Machines (PMM) [1-4]. This states the high relevance of the 

cogging problematic in top quality PM-servo drives with high 

precision positioning ability and for standard mass produced 

PMMs as well. Therefore, the determination and estimation of 

the peak-to-peak cogging torque and the cogging harmonics 

are of high interest. Both, simulation and measurement allow 

for the analysis of the cogging torque. Simulation methods, i.e. 

the Finite Element Method (FEM), are well known and easy to 

apply [5,6]. Hence, the focus lies on the development of a pre-

cise but simple measurement setup allowing for accurate cog-

ging torque analysis. 

Various test-bench setups have been presented or are sold 

commercially. Nevertheless, there is at least one disadvantage 

to these. The setup presented in [8] consists of the PMM, a 

torque transducer and a hydraulic motor as drive. This con-

figuration promises a very high accuracy of the rotor move-

ment. There is no cogging or torque ripple in the hydraulic 

drive. Nevertheless, the setup works without any offset, so that 

the measurement is performed in a close range around the zero 

value. Next to this small disadvantage there is the cost aspect. 

The hydraulic drive is rather expensive and not easy to handle. 

Another setup, similar to the one presented in this paper, al-

lows for accurate performance but also includes the problem of 
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measuring around “0” [9]. A third alignment is very simple 

and rather inaccurate. The cogging is measured by weights 

being adjusted for each of the cogging positions [10]. There 

are a lot of unknown errors in this measurement setup. 

 

II. MEASUREMENT SETUP 

The measurement setup is shown in Fig. 1. The PMM is 

mounted onto a flange and is connected with two flexible cou-

plings to the torque transducer, a gear, and a stepper motor. 

Between the first coupling and the PMM there is a disc which 

holds a spindle with a weight.  

The weight is used as offset torque. This way the measure-

ment is performed in the range of about 1 Nm. The weight 

weighs 2 kg and the disc has a radius of 5 cm. The offset al-

lows for the torque transducer to measure in its optimum scale 

range. The transducer’s maximum torque is 2 Nm. The signal 

from the transducer is fed into a measurement control unit 

(MGC) which allows for digital signal processing, e.g. 

dSPACE [11]. The stepper motor driving the whole setup is 

controlled by two voltage sources. The resolution of the step-

per motor can be switched from 1/1, 1/2, 1/4 to 1/8. By addi-

tionally varying the voltage from 0 – 8 V the speed can be 

adjusted from 0 to 64 rpm with a transmission ratio of the gear 

of 1/400. This high ratio avoids a measurable impact of the 

stepper motor’s torque ripple to the cogging torque of the 

PMM. The harmonics of the stepper motor are very high and 

are filtered from the signal digitally by the software. Fig. 2 

summarizes the setup schematically. 

Due to the offset weight the average value of the measure-

ment differ with the direction of rotation. Fig. 3 shows exem-

plarily the results for one PMM. It can be seen, that the friction 

is measured as well. The deviation of the average values of 

both measurements equals twice the friction of the entire setup. 

While the weight is spun upwards the friction works against 

the torque of the stepper motor. When the weight is moving 

downwards the friction works in the same direction. Fig. 4 

shows the cleared cogging torque signal without friction and 

offset. The difference of the resulting time-dependent cogging-

torque stems from the rotational direction of the stepper motor. 
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III. MEASUREMENT RESULTS 

The measurement setup is tested with two different servo 

drives. Both are permanent-magnets synchronous machines. 

The setup allows for three complete rotor revolutions. This 

depends on the height of the test bench, since the cord of the 

weight is lowered until the weight touches the floor. For both 

PMMs the cogging torque is measured at 1 rpm in both direc-

tions of the weight. As studies have shown the selected speed 

of the stepper motor leads to accurate results, and an accept-

able duration of 3 min of each of the measurements with an 

easy handling. Therefore, four different measurements are per-

formed. 

Two different cogging-torque analysis-criteria are usually 

applied: 

1. the harmonic analysis of the cogging-torque, and 

2. the peak-to-peak value of the cogging torque. 

Both analysis criteria afford one complete rotor revolution. 

At first the spectra of the four cogging torque behaviours are 

analysed in Fig. 5 and 6. For both machines the harmonics are 

nearly independent of the rotational direction of the stepper 

 
 

Fig. 2. Scheme of the measurement setup. 

 
 

Fig. 1. Picture of the measurement setup in the lab. 
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motor and match very well. Due to the different designs of 

both PMMs the occurring harmonics differ. For PMM A the 

dominant harmonic is order number 60. PMM B shows major 

mode number 24. 

The peak-to-peak values of the cogging torque are shown in 

Fig. 7. It can be stated, that for each of the PMM the results 

are mostly independent of the rotational direction. PMM B has 

a lower cogging torque (-19.95 %). 

The measurement setup has beend used to compare the cog-

ging torque behaviour of the two PMMs, regarding them as 

“black boxes”, since no construction data was available. 

Hence, no simulation could be performed, since the stator 

lamination design is unknown, as well as the rotor lamination 

and size and placement of the permanent magnets. Neverthe-

less, the measurement already allows to state a difference be-

tween the two machines, which could be used as a benchmark 

for applications where low cogging torque is a requirement. 

Next, a different PMM (PMM C) was measured. For this 

machine, detailed drawings were available. Therefore, the 

measurements will be compared to simulated results. The ma-

chine is measured with the same measurement setup. 

Again, a speed of 1 rpm is chosen, and the upward and 

downward movement of the counterweight is measured (result-

ing in clockwise and counter-clockwise rotation of the ma-

chine). Fig. 8 shows the measured torque values. It must be 

noted, that the curves are phase-shifted against each other, 

since the exact starting angle of the machine is not recorded 

and varies between measurements. But this has no effect on the 

determination of the peak-to-peak value or the spectrum analy-

sis of the cogging torque. 

 
 

Fig. 3. Cogging torque results for both directions of stepper motor. 

 
 

Fig. 4. Cogging torque results without offset and friction. 

 
 

Fig. 5. Spectrum of the cogging torque for studied PMM A. 

 
 

Fig. 6. Spectrum of the cogging torque for studied PMM B. 

 
 

Fig. 7. Peak-to-peak cogging-torque values. 
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After determining the friction of the machine, it can be 

eliminated from the measured values, resulting in the time-

dependent cogging torque shown in Fig. 9, which will serve as 

the starting point for the FFT analysis. 

The FFT is performed, resulting in the spectrum depicted in 

Fig. 10. The most relevant order appearing in the spectrum is 

the 18
th

, which is in good agreement with the results expected 

from an analytical analysis. 18 is the least common multiple of 

the number of slots (18) and the number of rotor poles (6) (see 

next section). The 36
th

 order is also clearly visible. Lower or-

ders appear as well, due to asymmetries in the construction. 

IV. SIMULATION RESULTS 

The electromagnetic simulation is applied to verify both the 

measurement setup and the FE-model. The solver tool used is 

iMOOSE [7] which has been developed at the Institute of 

Electrical Machines at RWTH Aachen University in the past 

few years. The PMM C is used for the simulation. It consists 

of NS = 18 stator teeth and 2p = 6 rotor poles. The lamination 

 
 

Fig. 12. Flux-density distribution for a single simulation time step. 

 
 

Fig. 8. Cogging torque measured in both directions for the PMM C 

 
 

Fig. 9. Cogging torque for PMM C with friction eliminated. 

 
 

Fig. 10. Measured spectrum of the cogging torque of PMM C. 

 
 

Fig. 11. Lamination of the studied PMM. 
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is shown in Fig. 11. The permanent magnets are surface 

mounted, positioned asymmetrically, and shaped. The 2-

dimensional FE-model is generated using ANSYS [12]. It con-

sists of about 40.000 triangular elements and 20.000 nodes. As 

studies have shown, this mesh density suites the task of calcu-

lating such small values of cogging torque. For the simulation 

a static solver is applied taking rotational movement of the 

rotor into consideration [7]. The stepping angle between two 

simulation time steps is ∆α = 1°. For each of the 360 simula-

tion time steps the flux density distribution is provided (Fig. 

12). 

Due to the high magnetization of the magnets (remanence 

BR = 1.23 T) the flux density reaches significant saturation 

values in six of the stator teeth for the depicted rotor position. 

The mounting kerfs on the outer circumference of the stator 

are distributed asymmetrically. This results in a slightly asym-

metric flux distribution in rotor and stator. Due to this asym-

metry cogging torque will appear. Depending on the position 

of the rotor this cogging torque increases significantly. 

From the flux-density distribution of each simulation time 

step the cogging torque is calculated. Fig. 13 shows the result-

ing time depending cogging-torque behaviour. The peak-to-

peak value of the cogging torque is ∆T = 9.3 mNm. This states 

that the studied PMM has been designed very accurately.  

When simulating the cogging torque, some considerations 

have to be taken into account. The torque in the simulation is 

calculated using the Maxwell’s stress tensor: 

,d
0

∫Γ Γ⋅⋅⋅= tr

m BBr
l

T
µ

 

where Br and Bt are the radial and tangential component of the 

flux density, Γ a closed surface around the rotor and lm the 

length of the machine. According to [13], the accuracy of 

torque calculations with Maxwell’s stress tensor depends basi-

cally on two factors. First, the discretization density must be 

sufficiently small to be able to resolve the smallest frequency, 

and yield an accurate solution with a small error. Second, the 

integration contour position has to be chosen carefully. The 

air-gap is divided in three layers, which correspond to the sta-

tor air-gap, the rotor air-gap and the central air-gap. It is 

known, that the proximity of the integration contour to the 

steel can lead to significant errors in the torque calculation. 

Thus, the central air-gap is chosen to include the integration 

contour. Nevertheless, significant differences in the torque 

computation occur if the contour is located close to the border 

of the air-gap layer. Fig. 14 shows the torque evaluation in 

different positions in the air-gap. The curve in the center of the 

results is also the one in the center position in the air-gap. The 

two positions which are closer to the stator lamination (higher 

values of r) show a very large content of higher harmonics. 

Nevertheless, this is not covered by the theory. Thus, the level 

of confidence of these results is lower. Even comparing the 

measurement and the simulation for the position in the middle 

of the air-gap, the content of higher orders is larger in the 

simulation (see next section). Using the positions closer to the 

stator, an even higher discrepancy would be obtained. The 

positions closer to the rotor magnets (smaller values for r in 

Fig. 14) show clearly the influence of the irregular air-gap 

 
 

Fig. 15. Spectrum of  the cogging-torque harmonics of the FE-model. 

 
 

Fig. 13. Time dependent cogging-torque behaviour of the FE-model. 

 
 

Fig. 14. Time dependent cogging-torque behaviour of the FE-model. 
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width due to the form of the permanent magnets (see also Fig. 

11), and are thus discarded as well. As a result, it can be 

stated, that a position in the centre of the air-gap should be 

chosen to evaluate Maxwell’s stress tensor. Furthermore, more 

refined techniques for precise torque estimation could be used 

in the future [14].  

The simulation time step is directly linked to the rotational 

angle of the rotor. By transforming the cogging torque depend-

ing on the angle t he cogging torque is analysed in space do-

main. Fig. 15 shows the resulting spectrum. As can be ob-

served, the spectrum includes a larger number of higher har-

monics than the measured spectrum. This can be due to a 

number of reasons, discussed in the following section. 

V. DISCUSSION 

The comparison of the measured and simulated results is 

depicted in Fig. 16 for the time domain and Fig. 17 for the 

spectrum (limited to orders up to 40). A reasonably good 

agreement can be noted. Though, the simulation results are 

likely to have some room for improvement, especially in the 

mapping of the higher frequent components. The presence of 

these higher frequency components can be due to numerical 

instabilities. Nevertheless, the absence of these components in 

the measured values can also be due to mechanical damping in 

the measurement setup. The 18
th

 and 36
th

 order are in very 

good agreement in the simulation and in the measurement. 

These are also the orders with the maximum value expected by 

the theory, as explained in the previous section.  

VI. CONCLUSIONS 

A setup for an accurate cogging torque behaviour assess-

ment through measurements and simulation has been pre-

sented. The measured results, in the time and frequency do-

main, have been compared to simulated results. A good 

agreement is achieved. The measurement procedure has 

proven to be an easy and not too expensive, yet accurate way 

of measuring cogging torques. The simulation results are ex-

pected to reach a yet higher accuracy in the near future, by 

improving the torque calculation further and modelling of 

more relevant machine details. The applied method allows for 

an improved design process of PMMs analyzing the cogging 

torque very easily and accurately. 
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Fig. 17. Comparison of the spectra of measured and simulated cogging 

torque. 

 
 

Fig. 16. Comparison of measured an d simulated results in the time domain. 


