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ABSTRACT

Recently permanent magnet synchronous motors (PMSMs) have been used in many
traction applications. Although they have many advantages about energy saving, power-
torque density and efficiency, main disadvantage of these motor type is torque ripples. In
general, there are two ways for reducing the torque ripples. These methods are motor core
magnetic design method and current control method. In this study, slitted stator core teeth
geometry has used for reducing the torque ripple. One of the basic missions of slitted cores
is generating the useful reluctance torque and helping the more symmetrical distribution
of the flux density on magnetic cores of the motor. In this study, an outer rotor PMSM has
been used for required performance comparisons. There have been two numerical models
created for the performance analysis of outer rotor PMSM. Primarily, a classical analytical
outer rotor PMSM model has been created and dynamical analysis of this model has been
operated with Finite Element Analysis simulation programme. Afterwards, another FEA
performance analysis for same physical and electrical featured but slitted stator core
numerical model of outer rotor PMSM has been achieved. Magnetic flux density
distributions, torque ripple values and other performance values of each prototype motor
have been given in study. When the obtained performance values evaluated, torque ripple
value of slitted core PMSM has been %6 less than traditional outer rotor PMSM, besides it
has been shown that, mean torque value of slitted core PMSM is 3 Nm bigger than classical
outer rotor PMSM.

Daimi Miknatishh Senkron Motorlarda Moment
Salinimlarini Azaltmak Icin Yeni Bir Yontem: Slitli
Stator Yapisi

0Z

Son zamanlarda sabit miknatish senkron motorlar (SMSM’ler) bir¢ok elektrikle tahrik
uygulamasinda kullanilmaktadir. Enerji tasarrufu, giig, moment yogunlugu ve verimlilik
acisindan bircok avantajlari olmasina ragmen, bu motor tiplerinin ana dezavantaji
moment dalgalanmalaridir. Genel olarak, moment dalgalanmalarini azaltmanin iki yolu
vardir. Bu ydntemler, motor niivesi manyetik tasarim yontemi ve akim kontrol
yontemidir. Bu calismada, moment dalgalanmasini azaltmak i¢in yarikl stator niivesi dis
geometrisi kullanilmistir. Dilimlenmis stator niivesinin temel gérevlerinden biri, yararl
reliiktans momentini iretmek ve aki yogunlugunun motorun manyetik niiveleri iizerinde
daha simetrik dagilimma yardimci olmaktir. Bu c¢alismada, gerekli performans
karsilastirmalar1 i¢in bir dis rotorlu SMSM kullanilmistir. Dis rotorlu SMSM'nin
performans analizi icin olusturulmus iki sayisal model vardir. Oncelikle klasik bir analitik
dis rotor SMSM modeli olusturulmus ve bu modelin dinamik analizi Sonlu elemanlar
analizi (SEA) yapan simiilasyon programi ile calistirilmistir. Daha sonra, dis rotorlu
SMSM'nin ayni fiziksel ve elektriksel 6zellikli ancak yarikli stator niivesi niimerik modeli
icin baska bir SEA performans analizi gerceklestirilmistir. Calismada her bir prototip
motora ait manyetik aki yogunluk dagilimlari, moment dalgalanma degerleri ve diger
performans degerleri verilmistir. Elde edilen performans degerleri degerlendirildiginde,
yarikli niiveye sahip SMSM'nin moment dalgalanma degeri, geleneksel dis rotorlu
SMSM'ye gore %6 daha az olmus, ayrica yarikli niiveli SMSM'nin ortalama moment
degerinin klasik dis rotorlu PMSM'ye gore 3 Nm daha biiyiik oldugu gorilmistir.
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1. Introduction

PMSMs are used in many industrial applications in order to their compact structure [1], high torque
density, high airgap flux density, high acceleration specs and their good power/weight specs with
regard to other electric motors used in industry [2]. Today in order to evolution of hard magnetic
materials and improvements on electric motor manufacturing aspects in industry, PMSMs are used on
the structures of hybrid electric vehicles, electric vehicles and fuel cell electric vehicle technology [3].
Besides, PMSMs are also used in high performance positioning systems that used on CNCs [4]. Although
the advantages, PMSMs have some disadvantages. The most important disadvantages are their torque
ripple and cogging torque effects. Especially, these effects are unwanted situations on sensitive control
applications. Though, they can cause the acoustic noise and resonances on mechanical components of
the traction systems [5].

There are two methods in order to get a better torque profile (in order to decrease the cogging torque
effect) on PMSMs. One is about designing the PMSM. This method contains lots of applications. Suitable
installing the stator windings, assigning the suitable magnet-pole embrace ratios, using the suitable
skewed stator lamination packaging and shifting the magnet pole [2] positions are some of the cogging
torque minimization techniques. Main disadvantage of these techniques is implementation cost [6].
Second method is well power electronic control techniques. These control techniques are implemented
on PMSMs easily and cheaply but, the shaft torque is never best [4].

Yan et all. have suggested an adjustable dynamical programme (ADP) for minimizing the cogging
torque ripples. An optimal controller, dynamical programming theory and strategical iteration
methods are used for achieving the minimum mean torque error value. It has showed that better torque
ripple performance and shorter dynamical adjusting time on steady state condition of ADP [7].

Tao et all. have suggested a new IARC controller for current controllers in order to minimize the torque
ripples on PMSM traction systems. IARC has been suggested with forecasting of back EMF harmonics
and a practical torque production model. Also, it has been designed with current loop model in order
to minimize the torque ripple [8].

Hwang et all. have studied on an application that minimize the mechanical ripple and noise. Application
consisted on a notched rotor design. A comparable electromagnetic design has been achieved with
similar dimensional rotor and stator structures of different motor models. The difference is notched
rotor structure that provides the appropriate ripple and noise value [9].

Hasanien has suggested a digital observer controller for minimum torque ripple value on PMSMs.
Suggested controller has achieved dynamical response on rated operation with interrupted load
conditions [10]. Flieller et. all have suggested an artificial intelligence method to minimize the torque
ripples for trapezoidal back EMF PMSMs. It has suggested that control schemes in order to produce
optimal stator currents for better electromagnetic torque value (or speed) and minimum ohmic losses.
It has been showed that the validity of Al method from appropriate simulation and experimental results
that obtained motor prototype [11].

Ilka et al. applied the Non-Dominant Sequence Genetic Algorithm-II (NSGA-II) method, which is a multi-
objective optimization method, to obtain the optimum design of a surface-mounted Permanent Magnet
Synchronous Motor in order to reduce the cogging torque without changing the output torque.
According to the simulation results, they show that the cogging moment is significantly reduced while
the output torque has a slight decrease compared to the nominal value [12].

Ali et al. examined the effects of curvature of permanent magnets and the design factors of the slot
opening to minimize the value of the cogging torque in a high-power permanent magnet synchronous
motor. The obtained results show the effect of applying the slot opening and a significant reduction in
the knocking torque due to the curvature of the permanent magnets [13].

Duan et al. revealed the change in magnetic material performance with temperature for PMSM and
analyzed the effect of eccentric magnetic pole structure on the cogging torque at different temperatures
[14].
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In their study, Abbaszadeh and Maroufian modeled a permanent magnet synchronous motor using the
Magnetic Equivalent Circuit method and calculated values such as magnetic flux density and magnetic
field density. The output torque produced was calculated using the Maxwell Stress Tensor method.
Also, a new method of cogging torque minimization based on torque fluctuation from an auxiliary
winding is proposed. According to the results obtained, they showed a significant reduction in the
amplitude of the torque ripple [15].

In their study, Yu et al. developed a method to optimize the torque performance of the SPMSM in order
to ensure that the proposed motor is not smaller than the average torque of the reference motor and
to reduce the cogging torque value. In this method, they tried to obtain a new design by using the
structural parameters of the engine using the Response Surface Methodology (RSM) and Non-
Dominated Sorting Genetic Algorithm-II (NSGA-II) methods [16].

A new method has been suggested for minimizing the cogging torque value on PMSMs in this study. In
this method, slits have been implemented on PMSM stator teeth. Main purpose of this implementation,
occurring an extra reluctance in airgap region of the motor and providing the penetration of the smooth
flux outer surface region of stator core. In order to correct implemention of the slits on teeth, slit widths
have been chosen 0.1 mm and slit heights have been chosen sum of the height of stator teeth and
magnet height. Compared flux density distributions, torque ripples, mean torque values have been
given in fourth chapter that have been obtained reference and slitted PMSM models.

2. Design of Outer Rotor PMSM

Designing of the high efficient and high energy density PMSM traction motors that used in industrial
applications is a preferred method. Generally, PMSMs are manufactured with the magnet poles on the
rotors. For this purpose, total ohmic losses are comparable less than conventional synchronous motors.
Though, PMSMs are high efficient electrical motors that used on industry.

Main dimensions of PMSMs are specified with analytical equations with respect to their mechanical
shaft power. Basic analytical modelling principle of specifying the dimensions is specifying the total
volume of the motor and derivation of the stator and rotor dimensions from total volume value.

Equation (1) specifies the basic apparent power of an electrical machine. "Kw" is the winding
distribution coefficient, “B” is the flux density distribution, “ac” is the electrical loading value, “D” is the
stator diameter, “L” is the length of stator core and the “n” rated speed of the motor. Also, it can be
calculated that the total volume (D2L) of outer rotor Hub PMSM.

S=111K, m®BacD?Ln 1072 kVA (@)

It has to be calculated the stator per pole flux value for in order to calculate the conductor number per
slot (2). After this calculation, in order to specify the stator per phase turn number, stator slot-pole
numbers can be used (3). Using these parameters, number of conductors per slot can be specified.
Calculating the flux per pole value, “B” magnetic loading, “Y” pole pitch and “L” stator core length
parameters are used.

®m =BYL 2
In order to calculate the number of turns per phase “Npn” (3), the parameters “Epn” (back EMF value of

per phase), "Kw" (the winding distribution coefficient), “f’ (grid frequency) and “@,,” (flux per pole) are
used.

_ Epn
Npn = 444Ky, O (3)

According to the mechanical power spec of system that is driven by an outer rotor hub PMSM, electrical
and physical parameters of a 2 kW Hub PMSM have been given in Table1l.
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Table 1. Electrical and physical parameters of a 2 kVA Hub PMSM

Parameter Value  Unit
Output Power (S) 2 kw
Reference Speed (n) 700 rpm
Stator Slot Number 24 slot
Motor Pole Number 22 pole
Winding Dist. Coeff. (K,,) 0.95 ---
Stator Diameter 238 mm
Stator Core Length 100 mm
Machine Length (L) 309 mm
Flux per pole (9,,) 39 mWb
Number of Turns per Phase (Nj,) 40 turn
Number of conductors per slot 10 ---

3. Slits Effects on Electrical Motors

According to machine type, main torque ripple components are cogging torque ripple and torque ripple
on PMSMs has been given in Figure 1.

Electromagnetic Torque

PM Torque (Tpm) Reluctance Torque (Tgg)

Cogging Torque Torque Ripple Torque Ripple
(TPM,Cogg) (TPM,Ripple) (TREL,Ripple)

Figure 1. Torque ripple components of PMSMs [5]

For the salient rotor topologies like reluctance motors, interior magnet PMSMs, PM assisted
synchronous reluctance motors, additional torque ripples can be occurred from the interaction
between the stator flux and the rotor reluctance harmonics. These harmonics, as shown in Figure 1,
can be caused by magnets or by changing the air gap magnetic resistance value. However, in Permanent
magnet or magnet assisted motors, the cogging torque that occurs when a magnet pole passes through
a stator slot region can also produce torque ripple.

Cogging Torque is the result of the interaction between the magnet pole area and the reluctance
variations of rotor position. It is independent from stator current. PM torque ripple is the result of the
interaction between the high degree harmonics of magnet pole fluxes and stator flux.

In recent years, slitted core structures are frequently used on designing of electrical machines. Slit
dimensions that used on several designs show different values. Additionally, it can be seen that slits
are used on the stator cores or rotor cores or both for several electrical machine designs. Main purpose
of the usage of the slits is smooth flux distribution on laminations or cores. It helps to decrease the
leakage fluxes and helps the increase of useful flux that circulates in the core. There are many studies
on this purpose in the literature.

Klima et. all have studied for increasing the performance of an induction motor in order to open the
slits on induction motor’s rotor core. It has been helped the decrease the additional rotor losses, torque
ripple and undesirable magnetic forces. They have suggested that decreasing the rotor eddy current
losses in order to use the slit number between 25 and 30. In terms of torque ripple, it can be chosen
odd slit numbers like 27, 29 or 31 etc. From looking point of magnetic force, similarly it can be chosen
odd slit numbers [17].

Nerg et. all have studied on a solid rotor induction motor. They have opened slits on solid rotor. They
have examined on torque ripple and unbalanced magnetic interaction effect between stator and rotor
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cores. They have showed that, odd number of rotor slits have effected on less torque ripple. Also, they
have showed that the effect of loading on unbalanced magnetic interaction amplitude and odd slit
number [18].

Yetgin and Turan have studied on 56 different 3 kW induction motor models and, they have showed
that usage of optimal slit width and length from these models. According to this study, it has been
showed to improve the maximum efficiency, optimum slit width can be chosen 0.1 mm and the
optimum slit height can be chosen about core teeth height. For optimal dimensions of slits, they have
showed that the increase on motor efficiency about 1.86 percent [19].

Viorel et. all have used slits for improving the synchronous reluctance motor performance [20]. Chan
and Hamid have made an analogous study on switched reluctance motor structure. Results had
indicated that a flattop current waveform and higher power could be achieved without an increase in
peak current magnitude [21].

Li et. all have studied for decreasing the armature reaction of a hybrid excited machine implemented
slits on rotor core. They have showed that the application help for decrease the eddy currents [22].

Slit widths and heights have an important effect on motor performance [23]. Geometrical aspects can
be showed on Figure 2 [24].

TTooth
—n
dsiit e

e 5Tooth

Figure 2. Establishing the slits on the core

According to Figure 2, there are two important equations to determine the rotor tooth pitch.

n.D
Ttooth = Qr (4)
Ttaoth = 5tootb + 5511'1‘ (5)

Here, Q: is the number of rotor slots, D: is the diameter of the rotor, Twotn is the tooth pitch, Stwow is the
tooth width, 8siis the slit width, and dsit is the slit depth.

4. Simulation Study and Results

A prototype electric car traction motor has been designed and simulated in this study. Main purpose of
this study, minimization of torque ripples and increasing the mean shaft torque of the PMSM motor. A
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24 slot 22 pole PMSM hub motor is designed for prototype electric car traction system. Mean weight of
the prototype electric car is about two hundred kilograms. Mean speed of the car is 50 kilometers per
hour. For 16 inches tyre hubcap diameter, mean speed of the tyres are about 700 rpm. In these
conditions, mean shaft power is about 2000 Watts for 100 V, 30 Ah battery supply.

To simulate the traction motor performance, a finite element method simulation programme is used
[25]. A transient simulation is conducted for observing the torque ripples of the classical Hub PMSM
and slitted stator Hub PMSM. Similarly, another observation is achieved on two of the models that have
different shaft torques.

Figure 3 shows the two types of stator cores. First stator core is classical Hub PMSM and second stator
core is the slitted stator core Hub PMSM of prototype electric car. Third equipment is the PM steel rotor
core of the prototype electric car Hub PMSM. Dimensions of the stator cores of two types are same.

3

C
o 00 womm & 0 200 trm)

Figure 3. Two types of stator cores: Classical stator Hub PMSM (1), Slitted stator core Hub PMSM (2), PM steel rotor core of the
prototype electric car Hub PMSM (3)

One rotor core and magnet poles has been used with the two of the stator cores. Same laminated
material has been used on two of the stator cores. From the winding topology perspective, same
concentrated winding topology has been used for two types of the stator cores. Figure 4 shows the
mutual concentrated winding topology and mutual magnet poles of the two types of PMSMs. Similar
conductor material and diameter have been used for winding structures.

0 100 200 (mm)

Figure 4. Mutual concentrated winding topology and mutual magnet poles of the two types of PMSMs
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Transient dynamical analysis has been conducted for conventional Hub PMSM and slitted stator Hub
PMSM and performance observation has been achieved on solutions of the transient analysis. Figure 5
shows the comparison between the different operation times of conventional Hub PMSM. First sample
shows the flux density distribution of conventional Hub PMSM at starting up (0t second). Second
sample shows the flux density distribution of conventional Hub PMSM at steady state condition (40t
milliseconds). Flux density distributions show the saturated regions of stator cores upper areas of the
teeth. There is no dangerous flux distribution at start-up time and steady state time zone.
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Figure 5. Comparison flux density distributions between the different operation times (1): Start-up position, (2): Steady state
position of conventional PMSM

Figure 6 shows the comparison between the different operation times of slitted stator Hub PMSM. First
sample shows the flux density distribution of slitted stator Hub PMSM at starting up (0t second).
Second sample shows the flux density distribution of slitted stator Hub PMSM at steady state condition
(40th milliseconds). Flux density distributions show the saturated regions of stator cores upper areas
of the teeth. There is no dangerous flux distribution at start-up time and steady state time zone.
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Figure 6. Comparison flux density distributions between the different operation times (1): Start-up position, (2): Steady state
position of slitted stator PMSM

Finally, Figure 7 (a) shows torque and torque ripple performance for conventional Hub PMSM. Also
Figure 7 (a) shows the starting up operation of conventional Hub PMSM. Figure 7 (b) shows the starting
up operation of slitted stator Hub PMSM. When a comparison is made for two of the graphs,
conventional Hub PMSM is operated with a 31 Nm average shaft torque value and about 33 percent
torque ripple value. Although, slitted stator Hub PMSM is operated with a 34 Nm average shaft torque
value and about 27 percent torque ripple value. Slitted stator Hub PMSM has showed better output
shaft torque and torque ripple value with respect to conventional Hub PMSM.
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Figure 7. (a) Steady state torque and torque ripple performance and of conventional PMSM (b) Steady state torque and torque
ripple performance and of slitted PMSM

In terms of the feasibility of the idea, a comparison can also be made between phase currents.
Accordingly, the phase currents of classical and slitted PMSMs are compared in Figure 8 (a) and (b).
The torque performance values in Figure 8 were obtained at the maximum phase current value of 42 A
in the stable region.
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Figure 8. (a) Steady state phase currents performance of conventional PMSM (b) Steady state phase currents performance of
slitted PMSM

When a detailed examination is made on the current graphs, it is seen that the phase currents of both
models reach a maximum value of 42 A in the steady state region. Thus, it is seen that the current values
obtained in the steady-state condition for the classical Hub PMSM and the slitted Hub PMSM are almost
the same. From this point of view, it is seen that both the average torque value increased and the torque
ripple value decreased with the proposed method without changing the current value per phase in the
motor.

5. Conclusions

Slitted motor designs have been applied in many different types of motors such as solid rotor induction
motor, induction motor, synchronous reluctance motor, hybrid excited machine in recent years. In this
study, the slitted structure was applied to the PMSM motor.

A prototype electric car traction motor has been designed and simulated in this study. Main purpose of
this study, minimization of torque ripples and increasing the mean shaft torque of the PMSM motor. A
new method has been suggested for minimizing the cogging torque value on PMSMs in this study. In
this method, slits have been implemented on PMSM stator teeth. Main purpose of this implementation,
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occurring an extra reluctance in airgap region of the motor and providing the penetration of the smooth
flux outer surface region of stator core.

In order to correct implementation of the slits on teeth, slit widths have been chosen 0.1 mm and slit
heights have been chosen sum of the height of stator teeth and magnet height. According to this study,
conventional and slitted stator core structures have been examined. It has been showed that, 6 percent
better output torque ripple and 3 Nm extra output shaft torque achieved for slitted stator structure
with respect to conventional stator structure of Hub PMSM.
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