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ABSTRACT 

This study reports a novel strategy for minimizing torque ripple in a radial flux inset permanent 

magnet (RFIPM) generator by using a geometric modification of the magnet poles. We simulate 

the design of three different types of edge-rounded magnet (ERM) poles using finite element 

method magnetics (FEMM) software for a 16 poles and 24 slots RFIPM generator. We found 

that the edge-rounding of magnet poles significantly lowered the torque ripple of the generator 

with a reduction of about 74% (torque ripple of 7.76%). In addition, the modified RFIPM 

generator exhibited enhanced flux density uniformity in the air-gap of the generator (up to ~ 

48.8%), leading to a smoother line of flux density. 
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1. INTRODUCTION 

Permanent magnets have been widely used in electrical machines, such as motors and 

generators, since they improve the efficiency and reliability of the machines due to the absence 

of excitation losses (Yicheng et al., 2005; Gieras, 2010). Moreover, electrical machines using 

permanent magnets such as direct-drive permanent magnet machines have other advantages 

compared to gear box-based machines, including higher reliability and efficiency, less 

maintenance, less noise and as low weight (Meier, 2008). One of the main challenges in 

designing a permanent magnet-based generator is the torque quality. Torque distortion such as 

cogging torque and torque ripple may cause a magnetic vibration and noise. This distortion may 

be transmitted directly to the load and drive shaft, degrading the lifetime of the electric 

machines (Islam et al., 2009). Torque ripple is mostly caused by the non-homogeneous 

distribution of flux density in the air-gap of the generator due to the interaction of the current 

fundamental harmonic and the EMF harmonics (Gasc et al., 2003). 

Several studies have been devoted to overcome the aforementioned problems. In general, there 

are two approaches for reducing torque ripple. The first strategy is to improve the magnetic 

design of the electric machines by changing the geometry of the stator and rotor poles. The 

other one is to use the electronic control technique, which is based on control parameters such 

as supply voltage, turn-on and turn-off angles, and current level (Husain, 2002, Sunan et al., 

2010). Compared to the latter technique, the former method is more desirable because it may 

effectively reduce torque ripple, whereas the electronic control technique requires a precise 

real-time excitation current, according to the real-time computations. In addition, real-time 
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computation is very sensitive in terms of the reliability and accuracy of the sensors used in the 

control system (Weizhong et al., 2011). 

Ahsanullah et al. proposed a method for optimization for the reduction torque ripple and 

cogging torque by changing the magnet arcs and choosing an optimum flux barrier in the 

interior permanent magnet machine using two-dimensional finite element analysis (Ahsanullah 

et al., 2013). Using this method, they successfully decreased the cogging torque to be less than 

1%. Another approach involved using  a multilayer structure for stator windings and changing 

the rotor geometry (Alberti et al., 2014). The authors reported a torque ripple lower than 1.5% 

at full load. An asymmetric flux barrier and asymmetric lamination method was proposed by 

Ki-Chan Kim to reduce torque ripple and cogging torque (Ki-Chan, 2014). Their effort resulted 

in an asymmetric barrier in a permanent magnet rotor without permanent magnet skew. A 

similar approach by Dajaku and Gerling reduced torque ripple through a new stator design with 

right- and left-shifted slot openings to minimize the cogging torque (Dajaku & Gerling, 2014). 

Upadhayay and Rajagopal used the magnet pole shaping technique for torque ripple reduction 

on a 12 poles and 18 slots surface mounted permanent magnet brushless DC motor (Upadhayay 

& Rajagopal, 2013). The performance parameters were computed and analyzed by two-

dimensional finite element analysis. Gyeong-Chan et al. proposed a design of pole arc and 

permanent magnet structure to reduce cogging torque and torque ripple for an outer rotor radial 

flux surface mounted permanent magnet generator (Gyeong-Chan et al., 2014). Nur and Haroen 

investigated the influence of a magnet pole slot of 6 poles and 18 slots of an inset permanent 

magnet synchronous machine on cogging torque. They found that slotting the edge of the 

magnet reduced the cogging torque effectively (Nur & Haroen, 2014). Recently, our group 

successfully simulated the combination of ERM and stator teeth notch techniques with optimum 

parameters and found that the torque ripple was significantly reduced up to 80% (Handini et al. 

2016). 

In this paper, we investigate the effect of edge-rounding of permanent magnet poles on torque 

ripple reduction of a 16 poles and 24 slots radial flux inset permanent magnet (RFIPM) 

generator. We simulated the system using FEMM software and found the proposed method 

effectively decreases the torque ripple and improves the uniformity of electromagnetic flux 

density. 
 

2. TORQUE RIPPLE 

The electromagnetic torque of electric machines has two main torque components, and is 

expressed as (Gieras, 2010): 
 

)(TT)(T r0                                                        (1) 
 

where T0 is a constant or average component and Tr(α) is a periodic component, which is a 

function of time or angle α. The periodic component causes the torque pulsation called torque 

ripple. Torque ripple is given by (Gieras, 2010): 
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and Tp is the period of the torque waveform. 

 

3. EXPERIMENTAL DETAILS 

We are interested in a RFIPM generator with 16 poles and 24 slots because this typical 

generator is mainly used for a low-speed wind power system. In this study, we designed three 

different models of edge-rounded magnet (ERM) poles. Figure 1 shows the cross-section view 

of the basic model and the respective developed ERM model of the RFIPM generator. The main 

parameters are presented in Table 1.   
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Figure 1 Cross-sectional view of RFIPM generator for (a) basic model; 

(b) ERM 1; (c) ERM 2; (d) ERM 3 

 

Table 1 Parameters of RFIPM generator 

Parameters Symbols Value Unit 

(1) (2) (3) (4) 

Number of slots Qs 24 - 

Number of poles p 16 - 

Stator outer radii rso 102 mm 

Stator inner radii rsi 71 mm 

Rotor outer radii rro 70 mm 

Rotor inner radii rri 65 mm 

Magnet pole thickness lpm 5 mm 

Air gap length g 1 mm 

Pole arc/pitch ratio α 0.80 - 

 

Since the geometric modification of magnet poles does not change their thickness and width, 

the cross-section area of the ERM models are slightly smaller than that of the basic model 

owing to the removal of the magnet material. This phenomenon causes a higher air gap volume 

in the ERM models compared to their basic counterpart. The cutting residue in the ERM poles 

 (mm2) is identified by blue color in Figure 2.  
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Figure 2 Cross section area of magnet cut 

 

The cross-section area of magnet cut is obtained using the following equation: 
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where rro is the rotor outer radii of an RFIPM generator (mm) and x is the length of the magnet 

cut (mm). Using Equation 4, we can find the three ERM models’ cross-section area (Amagnet) by 

the following equation: 
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and the cross-section area of the air gap (Agap) is given by: 

 

 )( 22
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where p is the numbers of poles, α is the pole arc/pitch ratio, rsi is the stator inner radii (mm) 

and rri is the rotor inner radii (mm) of RFIPM. From this equation, we can calculate the volume 

of the magnet pole and air-gap as well, as shown in Table 2.  

 

Table 2 Calculated volume of 1 magnet pole and air-gap in generator 

Parameters Symbols 
Basic 

model 
ERM 1 ERM 2 ERM 3 Unit 

Volume of 1 magnet pole Amagnet 8,058 8,009 7,861 7,612 mm3 

Air gap volume Agap 33,665 34,447 36,815 40,804 mm3 

 

4. RESULTS AND DISCUSSION 

In this paper, we simulate an RFIPM generator with the basic model and three types of magnet 

shapes (ERM 1, ERM 2, and ERM 3) using FEMM 4.2. During the simulation, the rotor 

position is gradually turned for every 1° starting from 0° to 45°. The torque ripple obtained by 

simulation is plotted in Figure 3. The maximum torque ripples for the basic model, ERM 1, 

ERM 2, and ERM 3 are 69.7, 66.6, 62.3, and 66.7 Nm, respectively. Figure 4 shows the values 

of the torque ripple RFIPM generator calculated using Equation 2. We found that the developed 

ERM models exhibited a lower torque ripple than that of the basic one. The lowest torque ripple 

was achieved by ERM 2 (7.76%), followed by ERM 1 (21.68%), ERM 3 (22.30%), and the 

basic model (29.87%).  
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It is interesting to compare our results with those of other studies available in the literature. 

Although the systems in these studies differ with respect to the employed methods, the value of 

torque ripple produced by our design is lower than those achieved by Ki-Chan Kim (9.33%), 

Upadhayay and Rajagopal (16.89%), Jiang et al. (9.6%), and Baek et al. (9.96%) (Ki-Chan, 

2014, Upadhayay and Rajagopal, 2013, Jiang et al., 2014, Baek et al., 2014). Our result is still 

slightly higher than that reported by Gyeong-Chan et al. (4.3%), Kyung-Sik et al. (2.16%), and 

Daohan et al. (2.73%) (Gyeong-Chan et al., 2014, Kyung-Sik et al., 2014, Daohan et al., 2013). 

Nevertheless, the low torque ripple obtained by Daohan et al. was worsened with unbalanced 

magnetic pull due to the asymmetric distribution of the magnets (Daohan et al., 2013). 
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Figure 3 Electromagnetic torque of RFIPM generator for basic shape and proposed models 

 

 

Figure 4 Comparison of torque ripple of basic model and ERM poles of RFIPM generator 

 

The distribution of magnetic flux density in the air-gap for the basic model and proposed 

models is presented in Figure 5. The lines of flux density are circulated in the air-gap from the 

magnets to the stator teeth and eventually returned back to the magnets. In order to distinguish 

the phenomena in the RFIPM during the operation, we indicate the flux ripples using red circles 

in Figure 5. As can be seen, for the basic model, the flux line is much more distorted compared 

with the ERM models. Among the proposed models, ERM 2 exhibits the smoothest flux line, 

followed by ERM 1 and ERM 3. This result is in good agreement with the torque ripple 

reduction presented in Figure 6. With respect to the basic model, the torque ripple reduction of 

ERM 2, ERM 1, and ERM 3 was 74.02%, 27.42%, and 25.34%. We also correlated the 

reduction in magnet volume and the increment of the air-gap volume. Although the increasing 

values of those parameters tended to decrease the torque ripple, we found that the parameter 

values should be optimized. 
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Flux density uniformity (BUNI) is closely related to the torque ripple and is expressed as: 
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where Bmax, Bmin, and Bav are the maximum, minimum, and average electromagnetic flux 

values, respectively. A lower BUNI is desired, representing a small deviation among the 

electromagnetic flux. In contrast, higher BUNI indicates a high difference between Bmax and 

Bmin, which should be avoided. 

Figure 7 shows the uniformity of electromagnetic flux density, computed using Equation 7. The 

best flux density uniformity was achieved by ERM 2 (48.8%), followed by ERM 1, ERM 3 and 

basic model. These results are in good agreement with the torque ripple explained in the 

previous section.  

 

 

                    

 

 

                     

Figure 5 The contour map of flux density of RFIPM generator simulated by FEMM 4.2, (a) basic model; 

(b) ERM 1; (c) ERM 2; (d) ERM 3 
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Figure 6 Comparison of torque ripple and magnet volume reduction and the increases in the air gap 

volume 

 

 

Figure 7 Comparison of flux density uniformity in air-gap 

 

Torque generation has been fundamentally described by Maxwell’s stress tensor, which 

illustrates well the fundamental principle of torque generation. This method is expressed as 

follows: 
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where l is the length, Bn and Btan denote the radial and tangential flux densities in the elements 

of surface S and formed between radii rro and rsi, and dS is the surface of one element. 

According to Equation 8, we conclude that the electromagnetic torque is significantly affected 

by the geometry of both the rotor and stator as well as the flux density of the generator. In our 

approach, the rro of ERM was slightly decreased because of the cutting/material removal of the 

permanent magnets. Consequently, rsi – rro would be larger, leading to a lower torque T. 

Moreover, the non-homogenous profiles of flux density over the surface in the air-gap of the 
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RFIPM generator may deteriorate the torque distribution. These phenomena are well-matched 

with the results simulated by FEMM 4.2. 
 

5. CONCLUSION 

This study investigated the effects of edge-rounded magnet poles on the torque ripple 

reduction and flux density uniformity in an RFIPM generator. Using FEMM 4.2, we 

simulated the electromagnetic torque of three different magnet shapes with edge-rounding 

techniques. We found that ERM 2 showed the lowest torque ripple (7.76%), the smoothest 

flux line, and the best flux density uniformity (48.8%). These phenomena were closely 

correlated with the optimized volume of the air-gap and the magnet volume, leading to better 

performance of the RFIPM generator. 
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