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AbstratIn this thesis a new type of boat motor is designed. The onept of the motoris to plae the propeller inside the rotor, i.e. the motor is loated aroundthe propeller. Di�erent options for motor type were onsidered. The �nalhoie beame the permanent magnet brushless DC motor. Di�erent designparameters, number of slots, number of poles and more were onsidered aswell as design options like sensor types. Magneti material was evaluatedwith experiments in salt water environments. A program was written tomake analytial alulations in Matlab. Finite element method was alsodone and program written to study the results.Keywords: brushless, boat motor, magnets, salt water, sensors
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Chapter 1IntrodutionThe aim of this thesis is to design a new type of eletri boat motor. Theidea is to make the motor and propeller to one ompat unit. The propelleris plaed inside the rotor. The rotor-propeller part is hold in plae by a lowfrition material and lubriated by water. That gives a very ompat designwith very good ooling, sine water �ows between the rotor and stator. Thepower to the motor is supplied by batteries inside the boat. Also the ontroleletronis will be loated inside the boat.Figure 1.1 shows an intended mounting on a boat. The �gure is a ross-setion from one side to the other of a boat at the point where the motor ismounted. It is mounted near the aft of the boat as ordinary propellers. In�gure 1.2 the same mounting an be studying through an aft to fore ross-setion. The stator part of the motor is mounted on a piee that an moveinside a retangular tunnel. During sailing or otherwise when the motoris not needed it an be lifted up in the retangular tunnel, to lower theboats frition against the water. Ideally the motor is lifted above waterlevel inside the tunnel to keep the motor out of the water to stay in betterondition. To steer the boat the axis the motor is attahed to is rotatedby a steering motor. The ability to rotate the motor-propeller part givesthe boat very good steering performane. The boat an rotate around itsown axis. The eletri motor together with the easily implemented steeringequipment makes the boat easy to set up for automati ontrol at see andable or wireless ontrol for use in harbors.The spei� motor design in this thesis is intended to be mounted on thebak of a 5 meters sailboat of a type alled Stortriss. That way no hole in thebottom of the boat has to be made for testing of the new motor design. To beable to power a propeller suited for that boat type, the motor should be ableto produe a torque of 20 Nm at 1000 rpm. The inside rotor diameter shouldbe 18 m to �t the propeller. There are no other dimensional restritions so4



Figure 1.1: Cross-setion of boat to see motor plaement

Figure 1.2: Cross-setion of boat to see motor plaementthe other dimensions an be hosen dependent of eletrial and magnetiallyonsiderations only. When the voltage rating for the motor is to be hosenthe fat that the motor will be powered by batteries have to be taken intoaount.Another very interesting appliation of this type of motor is bow thrusters.A bow thruster of today an by seen in �gure 1.3. A bow thruster is apropeller mounted in a pipe that goes through the front of a boat from oneside to the other. The purpose of a bow thruster is to move water from oneside to the other, in the front of the boat to make the front move sideways5



Figure 1.3: Design of bow thrusters todayin order to be able to maneuver with better preision. As an be seen in the�gure the urrent design is to mount the propeller on a 90 degree gear andthe eletri motor is mounted above the pipe. The motor an take up a lotof spae.A simpli�ed design example of the new type an be seen in �gure 1.4. Asan be seen the new design saves a lot of spae.

Figure 1.4: Design of bow thrusters with the new motor design
6



Chapter 2Load harateristisThe motor in this thesis is designed for a type of sailing boat alled Stortriss.A piture of that boat type an be seen in �gure 2.1. It is about 5 meterslong and weights 600 kg. Small boats are ategorized in two main types. The

Figure 2.1: Stortrisstwo types are alled displaement and planing. The planing design is used7



for fast boats. The idea is to use high power motors and a �at bottom of theboat to make the boat go up from the water to derease the resistane [1℄.Sine this motor is intended for a sailing boat, it falls under the displae-ment ategory. There are three main soures of fores the motor have tooverome. They are skin frition, form drag and wave drag. The skin fri-tion is the frition between the water and the hull. Form drag is the foreneeded to move the water apart to make room for the boat in the water.The wave drag is the fore that is lost then the boat makes waves[2℄. Thewave drag is small for speeds under the so alled hull speed. The hull speedis alulated by[1℄:
S = 1.34

√

Lf (2.1)Where Lf is the length of the boat at the waterline in feet and S is the hullspeed in knots. With the length in meters, and S still in knots:
S = 2.4

√
L (2.2)For a Stortriss:

S = 2.4
√

4.7m = 5.2knots (2.3)For speeds above the hull speed a small inrease in speed require a verybig inrease in motor power. The fore depends of the sixths power of thespeed[2℄. For an eletri motor design the maximum speed should be belowthe hull speed in order to save battery power. In addition to the motors powerrequirements dependenies of the speed of the boat, experienes also showsthat the power requirements also depends heavily of the headwind speed (thewind speed faing the boat). When the wind speed in opposite diretion ofthe boat is low, the boat an easily be powered by hand by rowing. On theother hand, at high head wind speeds, a 2 horsepower gasoline engine anonly make the boat go very slowly forward. The power for the eletri motorhas been hosen to 2000 watts. That should be su�ient for powering theboat even at high headwind speeds. In most ases when driving the boat,the expeted power need is however muh below this maximum value.
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Chapter 3Motor type seletionSine there will be water between the stator and rotor the motor type must beone without brushes. Three types of motors were onsidered, the indutionmotor, the swithed relutane motor and the brushless DC motor.3.1 Indution motorsThree phase indution motors are the most ommon in industry appliations.Most of them are made to operate diretly on the standard power net. Thethree phases are onneted to oils in the stator. The windings are designedin order to produe a rotating magneti �eld around the stator. This rotating�eld indues urrents in the rotor windings, whih are losed iruits. Sinethe stator �eld is rotating, a relative movement is obtained between the stator�led and the rotor oils that ondut the urrent. From that relative momentof the onduting oils in the stator �led a torque is produed.If no load is attahed to the motor the rotor will rotate with the samespeed as the rotating magneti �eld in the stator. When the load is inreasedthe rotor will slow down. That makes more rotor winding pass by the stators�eld per time unit. That will in turn inrease the urrent. Higher urrent inthe rotor oils means higher torque. A drawbak with the indution motorompared to the brushless DC motor is that there are losses in the rotorwindings. These losses are atually needed for the motor to give torque[5℄. Another drawbak is that the motor needs three phase sinewaves inopposite to the brushless DC motor that only requires retangular waves.This will inrease the omplexity of the ontrol eletronis and may inreasethe swithing losses in the power omponents.
9



3.2 Swithed relutane motorsSwithed relutane motors have a stator with oils. The rotor is made ofiron and doesn't have any oils nor magnets. The rotor have however slotsand teeth. When two oils on opposite side of the stator are exited, the rotorwants to align rotor poles in a way so the magneti �ux have as muh ironas possible on the way to the other exited pole. The torque obtained duringthe alignment is alled relutane torque. The design of swithed relutanemotors is simple and robust in the sense that no magnets nor windings areneeded in the rotor and only oils in the stator. The absene of magnets inthe motor and the absene of windings in the rotor make the material ostlow and the manufaturing ost low [7℄. One drawbak is that this type ofmotor is relatively new and the design proedure is omplex [3℄. Anotherdrawbak that makes it a bad hoie in this design is that the air-gap haveto be very small, about 0.2 mm [4℄. That preision is di�ult to obtain in adesign like this.3.3 Brushless permanent magnet DC motorsThe brushless permanent magnet DC motor is basially an ordinary brushpermanent magnet DC motor that have been turned inside out. That meansthat the stator magnets in an ordinary brush permanent magnet motor havebeen put in the rotor and the windings in an ordinary permanent magnetsrotor have been put in the stator. That is the basi rotor-stator design. Thebrushless part of the name omes from that the brushes have been removedin the design and replaed by sensors and an eletroni ontrol iruit. Thesensors detet where the rotor is loated relative to the stator and ontrollogi ontrols the urrents to the stator windings so the orret windings areexited depending of the rotors position. The urrents to the stator that theontroller produe have retangular waveforms.Brushless permanent magnet DC motors have basially the same har-ateristis as their brushed friends but problems assoiated with mehanialommutations through brushes is removed. The drawbaks with brushlesspermanent magnet DC motors ompared to indution motors is the need forsensors that makes the motor more mehanial sensitive and higher ost dueto the permanent magnets.
10



3.4 Motor type hosenFrom the disussions above the motor type hosen for this design was brush-less permanent magnet motor. Is was hosen over indution motor mostly forthe brushless motors higher e�ieny that is a key issue in a battery powereddesign.
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Chapter 4Motor ontrolBrushless DC motors needs ommutation iruits in order to work. Themagneti �eld in the stator have to rotate at the same speed as the rotor.Otherwise the rotor will stall and no torque is produed. In order to get thestator �eld to follow the rotor the ommutation logi have to know where therotor is. This is done with sensors or by analyzing the bak EMF. When theontroller know where the rotor is loated, the ontroller an apply urrentin the orret phases.The ommutation logis only mission is to make sure the stator �eldfollows the rotor movement. In other words, the �elds speed isn't used toontrol the speed of the motor, like it is in for example stepper motors. Themotors speed depends only of the magnitude of the urrent in the stator, inthe same way a brush DC motors speed depends of the urrent in the rotor.The ommutator logi only does what the brushes does in a brush DC motor.The brushless DC motor and the attahed ommutator logi together atsas a brush DC motor and the same power ontrol by hanging the urrentapply.In addition to make the ommutation iruits to get the stator �eld followthe rotor, the ontrol iruits should also make sure the urrent don't riseover the maximum allowed value.In addition to this low level ontrol there an be a higher level ontrollogi. The higher level ontrol logi may ontrol the motor to run at a ertainspeed or with a ertain torque. That type of ontrol is not needed here. Thenormal way for a human to ontrol a boat motor is by ontrolling the powersupplied to the motor. For a ombustion engine that is done by ontrollingthe fuel supply. For a ombustion engine boat as well as for an eletri motorboat the resulting speed or torque doesn't need to be aurate and onstant.If the speed derease as a result of for example an inreased head wind speedthe driver an adjust for that by inrease the power supplied to the motor.12



4.1 Power eletronisThe power eletroni base omponents for a three phase motor drive onsistof a bridge with six transistors and six freewheeling diodes. At every momenturrent goes from one phase on the ontrollers output terminals, to the motorand bak to the ontroller in another phase. The remaining phase don't arryany urrent at that moment. During a 360o eletrial interval eah phaseonduts positive urrent for 120o, no urrent for 60o, negative for 120o andno urrent again for an interval of 60o. As mentioned in the beginning of thishapter, brushless permanent motors speed is ontrolled by adjusting theurrent to the oils in the stator. This is done in the transistor-diode-bridgeby pulse width modulation(PWM).The urrent goes at every moment through one transistor in the ontroller,through one phase of the motor, bak in another phase, and through anothertransistor of the ontroller. That means that the urrent always goes throughtwo transistors. That brings up an issue of whih transistor should be usedfor the PWM.One strategy is to make the transistor for the phase that arries thepositive urrent, i.e. the upper transistor, doing the PWM. The transistor forthe phase that is arrying the orresponding negative urrent is ondutingfor the hole 120o period without doing any PWM.This strategy is however not optimal when taking the losses in the tran-sistors in aount. There are two types of losses to study, onduting lossesand swithing losses.With onduting losses means the losses when a transistor onduts, i.e.
v · i there i is the urrent through the transistor and v is the voltage dropover the transistor due to the internal resistane. i is usually big sine it isthe total urrent through the motor. v is small sine the internal resistanein the transistor is small.The other type of losses, the swithing losses are due to the fat that theurrent through and the voltage over the transistor doesn't hange momen-tarily then the transistor swithes form o� to on or from on to o�. During thehange there will be a short moment when there are quite a big voltage overand quite a big urrent through the transistor. The produt of this urrentand voltage gives the swithing losses.In the strategy desribed above where one transistor does the PWM andone transistor onduts throughout the hole period, the onduting transistoronly have onduting losses. The onduting transistor have swithing lossesfor a short moment in the beginning of the period when it starts to ondutand in the end of the period when it stops to ondut. That is howevernegligible sine it only happen twie for eah period. On the other hand, the13



PWM transistor will have less onduting losses but instead muh swithinglosses sine it is swithing on and o� throughout the hole period.To make the transistors share the two types of losses equal, eah transistorats as a PWM during the �rst 60o of it's onduting period. After that, ithanges to onduting mode. That way the two types of losses will be equallydistributed between the transistor pairs.4.2 Position sensorsAs stated before brushless permanent magnet motors needs to know in whihangle the rotor is in order to apply urrent in the orret windings. Thereare a ouple of di�erent types of sensors that an be used to detet wherethe rotor is. Common types of sensors are [6℄:
• Optial sensors
• Relutane sensors
• Capaitane sensors
• Hall e�et sensors (Magneti �eld)
• Bak emf sensors (Sensor less)4.2.1 Optial sensorsOptial sensors onsist of a dis attahed to the rotor with a speial pattern.The dis rotates between a light soure and a light sensor whih detetsthe pattern. The pattern an be made in di�erent ways depending of theinformation needed. The simplest possible dis is one that only gives om-mutation information. A dis an have higher resolution if speed informationat low speeds is needed. The most advaned design, is one with an absolutedis pattern, i.e. a pattern that gives information not only on where rotormagnets are loated and the speed but also the exat position of the rotor.The additional speed and position information are useful in high preisionlosed loop ontrol system. For a boat motor drive only the ommutationinformation is needed.The advantage with optial sensors in addition to the ability to give a lotof information as stated above is that the signals is very abrupt. The signalfrom the optial sensors goes form o� to on very sharply.Disadvantages with this type of sensors are that the light soures may failand that a lean environment is needed. The need for a lean environment14



makes optial sensors a bad hoie for this boat motor design. It's very likelythat unlean water makes the sensor fail. Unlean water makes a diretobstale for the light and my also make the dis dirty.4.2.2 Relutane sensorsRelutane sensors onsist of a wheel mounted on the rotor. The wheel haveteeth with slots between. On the stationary part of the motor is mountedoils with approximately the same diameter as the teeth on the the wheel.Through eah oil is an iron ore. One end of the iron ore faes the rotatingwheel and the other end is onneted to a magnet. Depending on if a toothor a slot of the wheel is under the iron ore the magneti �eld through theiron ore will be di�erent. This di�erene an be measured with the oil andfrom that position information an be obtained.One advantage with relutane sensors is robust design. Disadvantagesare need for signal proessing in form of retifying, �ltering and triggeringdue to the gradually swithing signal. In this design it's also a drawbak thatthe rotor wheel will be very big sine it need to have the same diameter asthe rotor.4.2.3 Capaitane sensorsCapaitane sensors have a wheel mounted on the rotor and sensors on thestationary part as the relutane sensor have. However instead of measuringan indued urrent, rotor position is obtained by measuring the apaitane.The measured signal needs to be ampli�ed a lot.4.2.4 Hall e�et sensorsHall e�et sensors use hall swithes that are semiondutors that opens orloses depending of the magnitude of the magneti �eld they are plaed in.These hall swithes are plaed on the stationary part of the motor. They haveto be plaed arefully in order to not be disturbed by the stator �eld. Thehall swithes an detet the rotor magnets diretly or magnets plaed on therotor only to be used as sensor magnets. Usually hall swithes semiondutorsontain iruits that produe a standard digital TTL signal, that swithes onand o� for ertain threshold values of the magneti �eld. A TTL signal is adigital signal with well de�ned voltage levels for indiating logial 0 and 1.Advantages with Hall e�et sensors are high auray and simple design.
15



4.2.5 Bak emf sensorsBak emf sensors use the bak emf in the stator windings generated by therotor magnets. Both the bak emf generated in the phase urrently not in use(see setion 4.1) in a three phase motor and the bak emf in the two phases inuse. Sine no additional mehanial parts are added to the motor, this sensortype is also alled sensor less. Beause no additional mehanial omponentsare needed there are nothing that an break. One drawbak with bak emfsensors is that noise in the phases due to the the swithing eletronis aninterfere with the sensor logi and result in bad position sensing. Anotherdrawbak is that the bak emf is very small at low speed so no positionsensing is possible.4.2.6 Sensor seletionBased on the advantages and disadvantages disussed above for di�erentsensor types in this design hall e�et sensors are hosen. These sensor willsense the rotor magnets diretly. A thin layer of plasti an be added if thehall e�et sensors need to be shielded for water.
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Chapter 5Design onstantsIn this hapter some design onstants that is important in the design will bedisussed.5.1 Number of phasesMotors torque ripple dereases as the number of phases inreases. The ma-terials in the ondutors are more utilized as the number of phases inreases.A detail view of the torque and ondutor utilization as funtion of numberof phases an be seen in [8, page 3.5℄. The drawbak with an inreasingnumber of phases is that more transistors and sensors are needed to generatethe urrent to the motor. In addition more wires are needed between thepower eletronis and the motor. For example, a two phase motor, needsonly two power swithes and only one hall swith ompared to a three phasemotor that needs 3 sensors and 6 transistors. However in a two phase motorthe torque an be zero at some positions and speial arrangement have tobe done in order to get the motor rotate in the desired diretion. The twophase design is therefore only used in light-duty designs that have to be veryost e�etive, small fans for example. The most ommon trade o� and theone that is done in this design is to use three phases.5.2 Number of magnet polesOne advantage of having many magnet poles is that the torque the motorprodue is diretly proportional to the number of magnet poles. An inreasednumber of magnet poles implies shorter pole pith sine more magnets haveto �t in the same area of the rotor and therefore are loser together, thismeans shorter end-turns whih leads to lower resistive power losses due to17



lower resistane, [9, page 97℄. Additional bene�ts of an inreased number ofmagnets poles are that for a doubling of the number of magnets, the rotorbak iron and stator yokes thikness an be divided by two [8, page 3.6℄. It isdesirable to keep these thikness small in order to minimizing the area faingto water and in turn lower the water resistane.One disadvantage with many magnet poles is that the �ux leakage in-reases sine there are more magnet ends [9, page 98℄.Another important thing to study when hoosing the number of magnetpoles is the impat of the number of magnets pole on the relationship betweenthe mehanial speed and the eletrial speed. With eletrial speeds meanshow fast the ontroller have to swith between the phases to the motor. Itan be seen in the following equation that the ommutation frequeny isproportional to the number of magnets poles for a given mehanial speed:
ωe =

Nm

2
ωm (5.1)Where ωe is the eletrial frequeny, ωm mehanial frequeny, Nm the num-ber of magnet poles. In other words, an inreased number of magnet polesrequires an inreased eletrial frequeny for a given mehanial speed. Aninreased eletrial frequeny have a ouple of drawbaks in terms of powerloss. This beause a higher eletrial frequeny implies bigger losses in theswithing eletronis and ore losses in the motor irons sine the �ux al-ternates diretion at the same frequeny as the ommutation. The equationabove gives that for permanent brushless motor design in general the numberof magnet poles should be inversely proportional to the maximum speed ofrotation. The mehanial speed on this motor should be 1000 rpm. The ele-trial frequeny have been hosen to 100 Hz at nominal mehanial speed.A test with 50 Hz was done, but gave a substantial inrease of the bakirons. With 100 Hz eletrial frequeny the number of magnet poles will bealulated to:

Nm = 2
ωe

ωm

= 2
2π100

1000/60 · 2π = 12 (5.2)5.3 Number of slots per pole per phaseThe hoie of the number of slots per pole per phase Nspp an a�et themotor harateristis in a ouple of ways. If the number of slots per pole perphase is hosen to a non integer value the ogging torque is usually lower.Cogging torque (relutane torque) is an undesired torque, that omes fromthe e�et that the rotor magnets wants to align to the stator so they are aslose to as muh stator iron as possible. A non integer value of Nspp will18



anel the ogging torque of eah end of the magnets so the total oggingtorque is lower.An advantage with a Nspp bigger than 1 is that the bak emf will be moresinusoidal and smooth [9, page 112℄.Having a higher Nspp has the disadvantage that the utilization of slotspae usually is lower if there are many small slots ompared to few biggerslots. In addition many slots onsumes more work to wind [9, page 112℄.Two number of slots per pole per phase was studied. The �rst was Nspp =
1 whih gives a stator with 36 slots. The other design was Nspp = 0.75 whihimplies 27 slots. The winding approah for these setups will be presented insetion 7.2. A omparison of the amplitude of the torque for the two setupswere made. The result an be seen in �gure 5.1. As an be seen the torquefor the Nspp = 0.75 (27 slots) was lower than for the Nspp = 1 (36 slots).The torque ripple an be studied in �gure 5.2. The torque ripple for the twodesigns where almost the same, therefore was Nspp = 1 (36 slots) hosen forthe design.
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Figure 5.1: Comparison of the torque amplitude for a 36 slots design and a27 slots design 19
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Figure 5.2: Comparison of the torque ripple for a 36 slots design and a 27slots design
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Chapter 6Permanent magnetsPermanent magnets are fabriated by applying a high �eld to the material.Before the �eld is applied the material is unmagnetized, so the proess startin the origin in �gure 6.1. When the high �eld is applied the operating pointmoves along the line from origin up to the right. When the �eld is removedthe operating point takes another way bak. The way is illustrated with theupper urve in the same �gure. As an be seen the other way don't end upin origin, meaning that there will be a remaining magnetization.If no material are onneting the two poles of a permanent magnet (openiruit), the �ux density B will be zero, (no urrent). The orresponding�eld intensity is denoted Hc. (Open iruit voltage). That point is markedin �gure 6.1 at (−µ0Hc, 0).On the other hand, if the two poles of the magnet is onneted with anin�nitely permeable material (zero resistane) H beomes zero (no voltagebeause of short iruit). The orresponding B is denoted Br in the �gure.This is the short iruit B and that is the highest B the magnet an provide.During operation the permeane in the magneti iruit onneting thepoles is somewhere between zero and in�nity. This impliate that the magnetwill work between the points (0, Br) and (−µ0Hc, 0). These points are usuallyonneted with a straight line having the slope µRµ0. µR is alled reoilpermeability and is usually between 1.0 and 1.1. Near the (−µ0Hc, 0) pointthe line tend to bend sharply downward. If the magnet is fored to workbeyond this point it will irreversibly derease it's magnetization. To desribewhere the magnet is working a oe�ient have been de�ned. It is alledpermanene oe�ient, PC and is de�ned as the absolute value of the slopeof a line from the working point to origin. The operating point in motors isusually hosen so the PC is of 4 or more [9, page 34℄. It an be shown thatfor a permanent magnet in series with an air gap, the permeane oe�ient21



Figure 6.1: B-H urve for a permanent magnet. (u0H = µ0H , -u0H =
−µ0Hc, Br = Br)beomes [9, page 38℄:

Pc =
lm

gCφ

(6.1)where Cφ is the �ux onentration fator, lm is the length of the magnet andg is the length of the air gap. The �ux onentration is obtained by thedesign of the iron onneting the magnet with the air gap and the fator isalulated by:
Cφ =

Am

Ag

(6.2)where Am is the magnet area faing the iron and Ag is the area of the ironfaing the air gap.A ommonly used measure of magnet apaity is the BHmaxproduct (urrenttimes voltage). It is the maximum produt of B and H along the BH-urve.6.1 Magnet materialsThere are a ouple of di�erent magneti material on the market with di�erentproperties regarding magneti performane, temperature dependene, prie,22



mehanial strength and oxidation. Temperature dependene is not expetedto be an issue in this design due to the good ooling e�et of the surroundingwater. Mehanial strength is not a problem sine a frame will hold theonstrution together. Oxidation is however an important issue in this design.There are four major types of magnets on the market:
• Alnio
• Ferrites
• Samarium-obalt
• NeodymiumAlnio (Al-Ni-Co) have low magneti performane but have good me-hanial harateristis and they are heat resistant. They are used in motorsworking in a hot environment.Ferrites (BaFe2O3 or SrFe2Or3) are the heapest material and the mostommonly used in motor onstrutions.Samarium-obalt (SmCo5 or Sm2Co17) have better heat Resistane andmagneti values then Ferrites. The drawbak is that they are expensive andtherefore only used in high performane motors.Neodymium (NdFe14B) is the newest permanent magnet material andthe one with the highest magneti values. The working temperature shouldhowever not exeed 80C0, the prie is a lot higher ompared to Ferrites andthey are orrosion sensitive.6.2 Investigation of ferrite's oxidation proper-tiesSine the motor will operate under water the oxidation properties of themagneti material is interesting. The oxidation properties of ferrites, theheapest type of material was tested. The test was done by plaing a sampleof the material at the Swedish west oast for half a year. The sample washanged in a string just at the surfae of the sea. The string was in turnattahed to a iron beam a bit above the sample. Sine the sample was justat the sea surfae it was in a very orrosive environment sine it was exposedto both salt water and air depending on the sea level at the moment and thewhether in general. When the testing period had passed and the sample waspiked up, it looked as an be seen in �gure 6.2. At a �rst look it seemedlike there had been some orrosion. After the �rst inspetion the sample was23



leaned with fresh water. After leaning the sample looked as in �gure 6.3.The stu� that looked like orrosion was easily removed with water. The ruston the sample must have ome from the iron beam above. To summarize,the experiment gave the result that ferrite magnets an be plaed in veryorrosion intensive environment without being a�eted.

Figure 6.2: Corrosion sample diretly from test6.3 Choose of Magneti materialFerrites was hosen as magnet material. Neodymium was onerned sine theworking temperature is expeted to be below 80C0 however the smaller di-mension of magnets it gives don't make up for the higher prie. The orrosionsensibility was also a big drawbak in this design. The type of ferrite hosenwas Y28 with Br = 370− 400mT and Reoil permeability muw = 1.05− 1.3.The mean of the intervals was used during the simulations.
24



Figure 6.3: Corrosion sample after leaning
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Chapter 7WindingsFirst, a desription of how the torque is produed from the interation ofwindings and magnets. A simple setup is provided in �gure 7.1. At the topof the �gure a magnet and a retangular oil layout is presented. The �rstmagnet from left have a S-pole faing the oil. The seond a N-pole andso on. This layout of magnets with alternating polarity follows to the leftand right of the �gure. The magnets are plaed on a line instead of a irle.In addition return paths for the magneti �eld are assumed to exist. Thisis for simplifying the understanding of the diagram but it illustrates in fatmagnets on a irular motor.The �rst diagram under the magnet-oil-layout is the �ux density, (B)for the magnets. For the N-pole-magnet it's Bmax and for the magnet witha faing S-pole it's −Bmax. Next diagram illustrates the �ux-linkage, (Ψ).The �ux-linkage is obtained by multiplying the �ux, (φ) through the oil bythe number of turns of the oil, there the �ux is given by B through the oiltimes the inside area of the oil:
Ψ = BAcoilNcoil = (φcoilNcoil) (7.1)The diagram shows the �ux-linkage as the enter of the oil moves from left toright over the three magnets. When the oils enter is at the middle of the N-pole-magnet, as is the ase in the �gure, the maximum �ux linkage, (FLmax)is obtained. Here all the �ux from the N-pole-magnet goes through the oil.When the oils enter is at the middle of a S-pole-magnet the �ux-linkagereah it's maximum negative value i.e. the same amplitude as the maximumbut with opposite sign, sine the �ux is negative for a S-pole-magnet. Whenthe oils enter is over the joint of a N and a S-pole magnet the �ux linkageis zero sine the �ux from the two magnets anel eah other. Next diagramshows the bak-EMF, (e). It is obtained by the Faraday's law, whih states26
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θ (for all x−axes above)Figure 7.1: Waveforms from basi retangular oil/magnet interation whenthe oil at the top moves from one side to the other. More magnets followsto the left and right of the �gure. (FL = Ψ)that the bak-EMF equals the hanges of the �ux-linkage. In math:
e =

dΨ

dt
(7.2)Sine it is assumed that the layout illustrates a irular motor, the time tabove is not pratial in the alulations. Instead t is replaed by use of themahines rotating speed, ωm:

e =
dΨ

dt
=

dΨ

dθ

dθ

dt
= ωm

dΨ

dθ
(7.3)The bak-EMF is plotted in the third diagram. It have a onstant positivevalue during the onstant inrease of the �ux linkage. The onstant dereaseof the �ux linkage gives a onstant negative value of the bak-EMF.To produe torque, urrent is applied to the oil with the same polarityas the urrent bak-EMF of the oil. The result is that a power of i · e isprodued by the oil. The torque an be derived from the expression:

Tω = ei (7.4)27



assuming no losses. The bak-EMF is hanging sign from time to anotherbut the torque is in the same diretion all the time by hanging the diretionof the urrent, whenever the bak-EMF hange sign. The urrent and theresulting torque is plotted in diagram four and �ve.7.1 Winding approahThere are a lot of ways a motor an be wounded. One systemati algorithmwill be presented here [8, page 3.39℄. It will produe a double-layer winding.A double-layer winding is a winding where two oils goes in to every slot. The�rst oil starts by onvention in slot zero or one. Slot one will be used here.Next, the maximum oil span will be alulated. This alulation gives themaximum oil span for this algorithm. However sometimes it an be betterto hoose a smaller oil span. That is alled short-pithing or hording.Advantages with a oil-span less than the maximum is that it produe lessharmonis and that the end-windings will be shorter. Shorter end-windingsredue the resistane losses. The disadvantages is an inreased number ofturns. The maximum oil span is given by:
σmax = NLI

(

Nslots

2p

)

=
[

NLI

(

18

2 · 4

)

= 2
] (7.5)The variables in the above equation are illustrated in �gure 7.2. The numbersin the equation above between the sign �[� and �]� are also from the examplesetup in �gure 7.2. σmax is the maximum distane in units of slots, from theslot where a oil starts and to the slot where a oil ends. In other wordsthe end-turns have to ross over σmax number of stator teeth. In the �gurethe �rst oil is assumed to start in slot 1 so the σmax in the �gure, showsbetween whih slots the �rst oil is loated. NLI above is a funtion givingNext Lowest Integer, Nslots is the total number of slots and p is the numberof rotor pole-pairs implying that 2p is the number of rotor poles (=numberof magnets). Also Nslots and p is illustrated in the �gure. Two things areknown now. The �rst oil starts in slot one. It ends in the slot σmax slotsaway, or less away if a shorter than maximum slot-pith has been hosen.The next thing to obtain is where the next oil should start. The variable

SF gives how many slots forward from the previous oils end-slot the nextoil should start. Also SF is illustrated in 7.2. It is alulated by:
SF =

{

Nss − σmax, if ǫ ≤ 0.5
σmax + 1, if ǫ > 0.5

(7.6)
ǫ and Nss will be explained, ǫ �rst: If the number of slots divided by thenumber of poles in equation 7.5 for σmax is an integer, the design is alled an28



Figure 7.2: Illustration of some variables for the winding approah. (o_max= σmax)integral-slot design. If the division doesn't end up with an integer the designis alled fration-slot. In the ase of fration-slot the result from the divisionan be written as:
Nslots

2p
= σmax + ǫ =

[

2 + 0.25
] (7.7)where ǫ is the remainder (zero for an integral slot design). The numbers inthe equation above between the sign �[� and �]� refers to the example in �gure7.2. The ǫ in this equation deides whih ase should be used in equation7.6. Now to the other variable, Nss in 7.6. To understand Nss we �rst haveto de�ne a term alled setion. During the proess of designing the windingsthe stator is thought of as being divided in setors. Eah setor ontain Snumber of slots. It is given by:

S = HCF (Cph, p) =
[

HCF (6, 4) = 2
] (7.8)

29



where HCF is the Highest Common Fator, p is the number of pole-pairs and
Cph is the number of oils per phase:

Cph =
Nslots

Nph

=
[18

3
= 6

] (7.9)where Nph is the number of phases. If Cph and p don't have any biggerommon fator than 1, the number of setions is 1. The variable Nss is thenumber of slots in eah setor. It is therefore given by:
Nss =

Nslots

S
=

[18

2
= 9

] (7.10)Also this variable is illustrated in �gure 7.2.The number of slots forward, SF is now ompletely given by equation 7.6.In other words, now the start of the seond oil is known. In the example itbeomes SF = NSS − σmax = 9 − 2 = 7The polarity of the oils are altered for every oil. For example the returnslot of the seond oil will be in slot −σmax slots from the seonds oil's startslot. −σmax is inserted in the �gure to illustrate this. Before proeeding, theplaement of the two �rst oils will be summarized:First oilStart slot: The �rst oil starts by onvention in slot 1.End slot: The �rst oil ends in slot σmax from the start slot. In theexample: 1 + σmax = 1 + 2 = 3Seond oilStart slot: The seond oil starts in the �rst oil's end-slot plus SF .With the �rst oil's end-slot from the previous alulation we get:
3 + SF = 3 + 7 = 10End slot: The end slot is obtained by subtrating σmax from the oilsstart slot. σmax is subtrated instead of added sine the oilsshould have alternating polarity. For the example: 10 − σmax =
10 − 2 = 8Now when the two �rst oils has been summarized lets treat the third oil.The third oil starts SF slots from the seond oil's end-slot, exatly like theseond oil started SF slots from the �rst oil's end-slot. That implies for theexample that the third oil should start at 8+SF = 8+7 = 15. The third oil'send-slot will be σmax slots from it's start-slot, i.e. 15 + σmax = 15 + 2 = 17.30



It is hopefully lear now, that a oil's start-slot is obtained by going
SF from previous oil's end-slot. The oil's end-slot is obtained by goingalternating forward or bakwards σmax slots from the oil's start-slot.This proess will ontinue until the �rst sequene is done. The �rst se-quene onsist of the number of oils in the �rst setor for one phase:

Cseq =
Cph

S
=

[6

2
= 3

] (7.11)It is alled sequene sine the oils don't have to be in the same setor, even ifthe number of oils in one sequene equals the number of oils in one setor.In the example the number of oils in one sequene is 3 as an be seen above.The third oil is therefore in �rst sequene but sine the oil is in slots 15and 17 it is not in the �rst setor.If the number of setions S is one,equation 7.11 gives that Cseq = Cph,whih means that all the oils is in one sequene. In that ase the windingfor phase 1 is done then the �rst sequene is done.Otherwise the remaining sequenes have to be done. The seond sequeneis done by opying the oils in the �rst sequene NSS oils forward. Theseond sequene will in turn be opied NSS oils forward to make the thirdsequene. This ontinues until all Cph oils are plaed in the stator. In theexample we have alulated the slots for the �rst 3 oil that �lls the �rstsequene. Sine the number of oils for eah phase Cph are 6 there are 3remaining oils that all goes into the seond sequene. The oil in the seondsequene in the example will now be alulated by adding NSS to the �rstoil's slots:First oil in seond sequeneStart slot: 1 + NSS = 1 + 9 = 10End slot: 3 + NSS = 3 + 9 = 12Seond oil in seond sequeneStart slot: 10 + NSS = 10 + 9 = 19 = 1 (slot 19 equals slot 1)End slot: 8 + NSS = 8 + 9 = 17Third oil in seond sequeneStart slot: 15 + NSS = 15 + 9 = 24 = 6 (slot 24 equals slot 6)End slot: 17 + NSS = 17 + 9 = 26 = 8 (slot 26 equals slot 8)31



Remaining phasesThe desribed proedure is for the �rst phase. The other phases have thesame layout by shifted forward. The amount of slots eah phase are shiftedrelative to the previous is given by the phase o�set variable:
Offset =

2

3

Nslots

2p
+ k

Nslots

p
, k = 0, 1, 2 (7.12)Where the �rst k giving an integer o�set should be used.7.2 Windings for the motorTwo winding designs was analyzed. One for a 12 poles, 36 slots motor layoutand one for a 12 poles, 27 slots layout. The seond is a frational slot andwas studied in order to see if the ogging torque was lower.7.2.1 Winding for 12 poles, 36 slotsThe �rst winding is for a design with 12 poles (6 pole pairs) and 36 slots. Sinenumber of slots per pole per phase is an integer 36/12/3 = 1, the design is anintegral slot winding. As mentioned earlier the desribed winding proedurewill produe a double layer winding so this winding will be a double layer.The �rst variable to alulate is the maximum oil span:

σmax = NLI

(

Nslots

2p

)

= NLI

(

36

2 · 6

)

= 3 (7.13)In this design the oil span has been hosen to the maximum possible aord-ing to the equation above. If a smaller than maximum oil span had beenhosen, for example the next lower, 2, then the oil span would have beenless than 2/3 of the distane between two magnet enters. That an be seenby looking at �gure 7.3. So small oil spans are usually not used.With a oil span of 3, the �rst oil will start in slot 1 and end in slot
1 + 3 = 4. This �rst oil an be seen in �gure 7.3. In the �gure slot 1 isfound to the right just above the enter of the motor. The arrow on the oilindiates the polarity. Next thing to alulate is ǫ to deide whih ase touse in equation 7.6:

Nslots

2p
=

36

12
= σmax + ǫ = 3 + 0 (7.14)Sine the remainder ǫ is zero, the �rst ase in equation 7.6 should be used.The number of slots per setion, NSS therefore have to be alulated. To do32



that, the number of oils per phase and the number of setions have to bealulated �rst. Number of oils per phase:
Cph =

Nslots

Nph

=
36

3
= 12 (7.15)Number of setions:

S = HFC(Cph, p) = HFC(12, 6) = 6 (7.16)Number of slots per setion:
NSS =

Nslots

S
=

36

6
= 6 (7.17)The number of slots forward to the next oil, SF , is then obtained from:

SF = NSS − σmax = 6 − 3 = 3 (7.18)From that, it is known that the seond oil will start in the �rst oil's end-slotplus 3 i.e. 4 + 3 = 7. Sine the polarity has to be alternated for eah oil,the end slot will be 7−3 = 4. Where the −3 is −σmax. This oil an be seenin �gure 7.3. Note that the polarity arrow is in opposite diretion omparedto the �rst oil. Before ontinuing with more oils, it is best to alulate thenumber of oils in one sequene:
Cseq =

Cph

S
=

12

6
= 2 (7.19)Sine the number of oils per sequene is 2, the �rst sequene is done. Thesubsequent sequenes are obtained by opying the previous sequene NSS = 6slots forward. The seond sequene's �rst oil, therefore starts in the �rstsequene �rst oils start-slot plus NSS , i.e. 1+6 = 7. The seond sequene isidenti�ed by double arrows on the oils in �gure 7.3. Subsequent sequenesare identi�ed with a number of arrows equal to the sequene number.The winding for phase two and three equals the �rst one but with ano�set to the previous by:

Offset =
2

3

Nslots

2p
+ k

Nslots

p
=

2 · 36

3 · 2 · 6 = 2 (7.20)where k in equation 7.12 is 0. The �rst oil in phase 1 started in slot 1 andended in slot 4. With the above o�set, that means that the �rst oil in phase 2will start in slot 1+offset = 1+2 = 3 and end in slot 4+offset = 4+2 = 6.The third phase oils is obtained by adding the o�set to the seond phase33



oils. Sine the �rst oil in phase two starts in slot 3 and ends in slot 6, the�rst oil in phase three will start in slot 3 + offset = 3 + 2 = 5 and end inslot 6 + offset = 6 + 2 = 8.The omplete winding for phase one is shown in �gure 7.3 but the twoothers are omitted for larity.

Figure 7.3: Winding for 36 slots, 12 poles, arrow diretion shows polarity,number of arrows equals sequene7.2.2 Winding for 12 poles, 27 slotsThe windings for a 12 poles, 27 slots on�guration is obtained like previouslydesribed. First the maximum oil span:
σmax = NLI

(

Nslots

2p

)

= NLI

(

27

2 · 6

)

= 2 (7.21)34



With a maximum oil span of two, the �rst oil starts in slot 1 and ends inslot 1 + 2 = 3. This �rst oil an be seen in �gure 7.4. As before slot one isto the right and the �rst one totally above the enter of the motor.
Nslots

2p
=

27

12
= σmax + ǫ = 2 + 0.25 (7.22)In this ase ǫ beomes 0.25. It is nonzero sine this is a frational slot design.But sine it is still less then 0.5 the �rst ase in equation 7.6 will still beused. Some variables to be alulated before the slot forward parameter anbe alulated: Number of oils per phase:

Cph =
Nslots

Nph

=
27

3
= 9 (7.23)Number of setions:

S = HFC(Cph, p) = HFC(9, 6) = 3 (7.24)Number of slots per setion:
NSS =

Nslots

S
=

27

3
= 9 (7.25)And now the number of slots forward to next oil is given by:

SF = NSS − σmax = 9 − 2 = 7 (7.26)A SF of 7 means that the seond oil will start in slot 3 + 7 = 10 where 3 isthe �rst oil's end slot. The end slot will be 10−2 = 8 as the seond oil haveopposite polarity. The third oil will start in the seond oil's end slot plus
SF i.e. 8+7 = 15 and end in the start slot plus σmax, i.e. 15+σmax = 15+2.The number of oils in eah sequene are:

Cseq =
Cph

S
=

9

3
= 3 (7.27)So there are three sequenes eah displaed NSS = 9 slots from eah other.The whole winding for phase one inluding all tree sequenes are displayedin �gure 7.4. The number of arrows on the oils in the �gure indiates thesequene number.The o�set for the other phases are:

Offset =
2

3

Nslots

2p
+ k

Nslots

p
=

2 · 27

3 · 2 · 6 + 1 · 27

6
= 6 (7.28)where the lowest k to get a integer o�set is 1.35



Figure 7.4: Winding for 27 slots, 12 poles, arrow diretion shows polarity,number of arrows equals sequene7.2.3 Comparison of 36 slots and 27 slotsComparison of the 36 slots design to the 27 slots design is done in setion5.3.
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Chapter 8CalulationsThe behavior of an eletri mahine depends of the distribution of the mag-neti �eld. To know how the �eld is distributed around the motor, methodslike the �nite element method an be used. After a �nite element methodalulation, the �eld is known to magnitude and diretion everywhere in themotor. The drawbak with the �nite element method is that it is di�ultto know how di�erent parameters depends of eah other. For example howa hange of the thikness of one part of the motor a�ets the thikness ofanother part. Beause of that, analytial alulations is used in the designproess to get a better feeling for how the mahines behavior depends upondi�erent design parameters. A ommon method is the magneti iruit anal-ysis, where the diretion of the �eld is assumed to be known. From that it ispossible to develop a model of the same kind that is used in eletri iruitanalysis.The magneti �eld is desribed by two quantities. Flux density B and �eldintensity H. To have a feeling for these quantities simpli�es the understandingof eletri mahines.
• The �ux density B, is the amount of magneti �eld �ow per areathrough a material. The unit for B is Tesla, T
• The �eld intensity H, is the resulting hanges in the intensity of themagneti �eld due to the interation of B with the material it goesthrough. The unit for H is Amperes per meter.The relation between B and H in linear materials is B = µH . Where µ isa onstant alled permeability. This relation is usually used as an approxi-mation for materials in eletri motors even if the true relation is a lot moreompliated. 37



8.1 Magneti iruit formulationThe magneti iruit analysis reminds of the use of Ohm's law in eletriiruits. To obtain the basi magneti iruit equation two quantities haveto be introdued. One is the total �ux through a surfae. This total �ux φis obtained in an intuitive way by multiply the �ux density B, with the totalarea A:
φ = BA (8.1)This is like obtaining the total eletri urrent through a material by multi-plying the urrent density with the area. The other quantity, magnetomotivefore (mmf), F is obtained in a similar manner. It's obtained by multiplythe �eld intensity H with the length l of the material, (in the diretion per-pendiular to the area):
F = Hl (8.2)This orresponds to obtaining the voltage drop over a material in theeletri iruit theory by multiplying the eletri �eld (V/m) by the pathlength.The �rst of these two equations is solved for B and the seond one for H .The expressions for B and H are put in to the expression:
B = µH (8.3)After some rearrangement the fundamental equation for magneti iruits isobtained:

φ = PF

[Wb] = [Wb/A][A]
(8.4)where

P =
µA

l
(8.5)P is alled the permeane of the material identi�ed by the area A, length land permeability µ. The �ux φ grows as P grows for a given F . This anbe ompared to ohm's law:

I = GV =
1

R
V (8.6)(I urrent, V voltage, R resistane, G ondutane) Where the urrent, Igrows as the ondutane, G grows (or R derease) for a given voltage V .It's however an important di�erene between the magneti iruit law andOhm's law. Ohm's law gives how muh power that will be dissipated inthe material. In the magneti iruit equivalent no power will be dissipated38



instead the power will be stored magnetially in the material. A more detailstudy of P gives: The �ux φ for a given magnetomotive fore F grows with µand A and derease for an inrease of l. The inverse of P is alled relutane:
R ≡ 1

P
(8.7)The basi theory of magneti iruits is now introdued. In the subsequenttext, magneti iruit models for the di�erent parts of a brushless permanentmotor will be explained.8.2 Ciruit modelsIn this setion magneti iruit models for the parts in the motor will bepresented [9, page 34℄.8.2.1 Coil iruit modelA oil is represented in a magneti iruit with a �eld soure (ompare witha voltage soure in an eletri iruit), see �gure 8.1. The magnetomotivefore for the �eld soure is given by:

Fc = NI (8.8)where I is the urrent through the oil and N the number of turns. In additionto this, the oils ore is represented as a permeane in series with the �eldsoure aording to:
Pc =

µA

l
(8.9)That permeane an also be seen in the �gure.

Figure 8.1: Magneti iruit model for a oil with ore. (F = Fc, P = Pc)39



8.2.2 Magneti iruit model for permanent magnetAs mentioned before the magnet is working on a line between (0, Br) and
(−µ0Hc, 0). This line an be desribed by:

Bm = Br + µRµ0Hm (8.10)Where Bm and Hm are the urrent magneti �ux intensity and magneti �eldwhih depends on the permeane between the magnet poles. This equationan be rewritten in a form like the basi magneti iruit equation. Bymultiplying with the magnets ross-setional area, Am, we obtain:
φm = BrAm + µRµ0AmHm (8.11)The �rst term on the right hand side is onstant and de�ned as φr. Theseond term is rewritten with use of equation 8.2 (F = Hl) and the de�nitionpermeane of, 8.5, (P = µA/l). The equation beomes:

φm = φr + PmFm (8.12)where
Pm =

µRµ0Am

lm
(8.13)A permanent magnet an be seen as a �ux soure in parallel with a perme-ane. See �gure 8.2. If no �ux is leaving the magnet all φr goes through thepermeane Pm whih results in a magnetomotive fore Fm. This is the openiruit magnetomotive fore.Leakage �uxThe permanent magnets iruit model have now been disussed. Anotherissue, important when magnets are mounted on a rotor, will also be disussedin this setion about permanent magnet iruit models. In a brushless motorthe magnet is in priniple mounted as in �gure 8.3. In the �gure the main�ux path is illustrated by the outer losed line with arrows. The �ux pathstarts in one magnet. From where is goes over the air gap into the stator. Inthe stator it pass through one oil into the stator bak iron and through thestator bak iron, through another oil and out in the air gap. From the airgap it goes into another magnet and then through the rotor bak iron bakto the �rst magnet. All this �ux is useful sine it goes through the oils.There is however another �ux path that the �ux an take. That one isillustrated with the inner line with arrows. The �ux that goes out of the �rstmagnet lose to the other magnet an instead of going into the stator, go40



Figure 8.2: Magneti iruit model for a permanent magnet. (om = φm, Fm= Fm, or = φr, Pm = Pm )

Figure 8.3: Main �ux path and �ux leakage path.diretly to the other magnet. This �ux doesn't go through the oils in thestator and is therefore of no use. It is alled leakage �ux. How big this �uxwill be depends on the permeane of the path for the �ux linkage in the airgap, sine the air part of the path is the most limiting for the �ux.The permeane of this path an be alulated by alulating the sum ofin�nitely small piees of the path. Aording to �gure 8.4, eah of thesesmall piees have an area of Ldx, there L is the length of the motor in axialdiretion. The length of one piee is, �rst ar πx/2, the straight part τf and41



the last ar πx/2. In total τfπx. The permeane an be obtained by usingthe ordinary permeane formula and integrate over all these small piees:
Pml =

µ0A

l
=

∫ g

0

µ0(Ldx)

τf + xπ
=

τfµ0L

πτf

[

ln(1 +
xπ

τf

)

]g

0

=
µ0L

π
ln

(

1 +
gπ

τf

) (8.14)

Figure 8.4: Dimension used to alulate the leakage permeane. tm=τm, tf= τf and tp = τp8.2.3 Air gap iruit modelIn this design there are no air gaps, only water gaps. However the magnetiproperties of water is very lose to that of air, so the water gap will be treatedas an ordinary air gap. An air gap is modeled as a pure permeane (omparewith a resistane in an eletri iruit). A straightforward approah to modelthe air gap in a motor with slots, is to model the airspae as a retangularparallelepiped (box) and use the ordinary permeane formula P = µA/l.This gives however not an aurate value sine the �ux don't go only in astraight line between the iron ores. The path the �eld takes is illustrated in�gure 8.5. Most of the �eld goes straight over the air gap but there are alsofringing �ux that goes beside the main path. This �ux goes from the uppermaterial in the �gure and in to the tooth a bit down as indiated by the arshaped line. To alulate the permeane for the �ux on one side of the tooth,42



Figure 8.5: Magneti iruit model for an air gap with slots. (ws=ωs, Ts =
τs )the ar shaped area an be divided in in�nitesimal small piee, as indiatedby the dx in the �gure and use the ordinary formula P = µA/l. The areafor eah in�nitesimal piee equals the length L of the motor times dx. Thelength of the ar is given by xπ/2 and the length of the straight part by g.The total length of the in�nitesimal piee is given by the sum of these, i.e.:
xπ/2 + g. The area and total length of the in�nitesimal piee is put into theformula for P and integrated over x to give the total P for the leakage �uxfor one side of the tooth,(See �gure 8.5):
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µ0A
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(8.15)With some math the following is obtained:
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π
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πωs

4g
) (8.16)The permeane due to the �eld that goes straight between the two top andbottom of the �gure an easily be alulated by:

Pstraight =
µ0L(τs − ωs)

g
(8.17)43



where L is the length of the motor, τs the pole-pith and ωs the width of thetooth. The two last variables an be seen in the �gure.The total air gap permeane an be alulated by adding two times thepermeane for the fringing �ux permeane on the side to the permeane forthe straight part. The total permeane then beomes:
Pg = Pstraight + 2Poneside = µ0L[

τs − ωs

g
+

4

π
ln(1 +

πωs

4g
)] (8.18)It is onvenient to treat the slotted air gap as an uniform air gap. Thisan be done by introduing an e�etive air gap saling fator, alled Carteroe�ient. This mean that the slots are removed in the math model and thestator is seen like a �at surfae. The removed slots is ompensated for by abigger air gap. The above expression for Pg (equ 8.18) an be used to obtainthat type of saling fator [9, page 97℄:
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1

1 − ωs

τs
+ 4g

πτs
ln(1 + πωs

4g
)

(8.19)With use of this oe�ient the air gap permeane an easily be alulatedby:
Pg =

µ0A

gkc

(8.20)8.2.4 Magneti iruit model for a brushless motorThe magneti iruit model is plotted in �gure 8.6. The orresponding �uxto the model in the �gure is the main �ux loop in �gure 8.3. Ps and Pr arethe stator and rotor permeane respetively and they are both very high andan therefore be ignored. Pm is the permeane for the magnet as mentionedin the setion for the iruit model for permanent magnet. It's alulatedby applying the ordinary formula for the permeane of a retangular paral-lelepiped (box):
Pm =

µRµ0αmτpL

lm
(8.21)See �gure 8.4 for de�nitions of the variables. αm is de�ned as τm/τp. L isthe length of the motor in axial diretion. In the iruit model Pm/2 is used,this beause only half of the magnet is used in one �ux path, (ompare toan eletri iruit where the ondutane is smaller if you only use half of aondutor).The �ux leakage permeane Pml is alulated as desribed in setion 8.2.2.

τf in the formula in that setion an be expressed in terms of the magnet44



Figure 8.6: Magneti iruit model for a brushless motor. (or = φr, og = φg)width τp, as (1 − αm)τp. Pml then beomes:
Pml =

µ0L

π
ln

(

1 +
gπ

(1 − αm)τp

) (8.22)The only permeane in the �gure that have not been disussed is the airgap permeane, Pg. When a magneti model for the radial motor design isdeveloped, the stator is modeled without slots. The slots omes in to theequation impliitly through the e�etive air gap oe�ient desribed before.The stator an therefore be treated as one big area (τpL). The ordinaryformula for permeane of a box an't be diretly applied to the air gap evenwith the stator as a homogeneous surfae. This beause the area of themagnets faing the air gap (τpαmL) is smaller than the stator area (τpL). Anapproximate value an be obtain using the mean of these two areas:
Ag = L

τp + τpαm

2
=

τpL(1 + αm)

2
(8.23)The air gap permeane then beomes:

Pg =
µ0τp(1 + αm)L

2ge

(8.24)45



Where ge equals gkc where kc is the Carter oe�ient from equation 8.19.In equation 8.19 the side of the air gap opposite to the slotted surfae wasassumed to be an iron ore. In this ase the side opposite to the slotted statoronsist of the magnets. In that ase the atual air gap length g an't be useddiretly to alulate kc sine a magnet doesn't behave like an iron ore. Ithave however been shown [10℄ that the magnets and the atual air gap an beombined to an e�etive air gap when alulating the Carter oe�ient. Theair gap length to be used when alulating the Carter oe�ient is therefore:
gc = g +

lm
µR

(8.25)Where lm is the length of the magnets in radial diretion as shown in �gure8.4. This means that for an ordinary permanent magnet with µR around 1the magnet is treated like air and the air gap is onsidered to go all the wayfrom the stator to the rotor bak iron. (Compare this with eletri steel witha µR on several thousands whih will make the seond term disappear andleave gc = g)In the iruit model Pg/2 is used as only half of the air gap is used in one�ux path.All the permeanes in the iruit model for the motor have now beenstudied. Next step is to simplify the model a bit. The two models that eahrepresent half of a magnet(Pm/2 ombined with φr/2), an be replaed byone model representing the two in series. The two air gap permenaes an inthe same way be ombined to one. Keep in mind that the Ps and Pr alreadyhave been negleted. The iruit model then looks like in �gure 8.7. Theequation for the �ux φg/2 in the air gap loop an when be written as:
φ
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=
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Pg/4+
∼

Pm /4

φr

2
(8.26)There ∼

Pm= Pm + 4Pml is Pm/4 in parallel with Pml. ∼

Pm an be seen as ane�etive magnet permeane where the magnet leakage have been inluded inthe model for the magnet. It's usually onvenient to express ∼

Pm as Pm timesa fator. This an be done by using equation 8.21 for Pm and equation 8.22
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Figure 8.7: Simpli�ed magneti iruit model for a brushless motor. (or =
φr, og = φg)for Pml:
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=
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(8.27)
The total air gap �ux is then:

φg =
1

1+
∼

Pm /Pg

φr (8.28)The iruit model for the motor is now simpli�ed as muh as possible. Nextstep is to insert the previously obtained variables in the above equation. Pgin the above equation is replaed by the expression in equation 8.24, with
ge = gkc. The last expression in equation 8.27 is inserted for ∼

Pm with Pm47



replaed by equation 8.21. We then obtain:
φg =

1

1 + 2µRαmkmlkcg

(1+αm)lm

φr (8.29)The interpretation of this expression an be simpli�ed by some algebraiwork. A �rst triky thing is to see that the �ux onentration fator Cφis hiding in the denominator. The �ux onentration fator is de�ned byequation 6.2 and is given by:
Cφ =

Am

Ag

=
αmτpL

τpL(1 + αm)/2
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(8.30)where Ag omes from equation 8.23. Compare this expression with the de-nominator in the expression for φg and you get:
φg =

1

1 +
µRkmlkcgCφ

lm

φr (8.31)The expression an be simpli�ed even further by omparing the urrent ex-pression with equation 6.1, (Pc = lm/(gCφ)). This gives:
φg =

1

1 + µRkmlkc

Pc

φr (8.32)Sine Br is given by the magnet manufaturer, it's onvenient to use thatinstead of φr. This gives:
Bg =

Cφ

1 + µRkmlkc

Pc

Br (8.33)It's desirable to obtain as big �ux density Bg as possible for a given magnets
Br value. Studying the above equation then gives that Cφ should be as bigas possible. From equation 6.2 we have, Cφ = 2αm/(1 + αm) implying that
αm should be as big as possible, (i.e.1), meaning, not surprisingly that themagnets should over as big portion of the air gap as possible. However
Cφ = lm/(Pcg), meaning that an inrease must imply longer magnets andthat is very undesired in this appliation, or smaller g, or smaller Pc. gshould be kept as small as possible without getting the rotor touhing thestator at any irumstanes. Pc should be small, but in motor design a valuebelow 4 is undesired.Next study the denominator that obviously should be as small as possible.
µR is �xed by the magnet material around 1 and an't be a�eted. kc given48



by equation 8.19, don't vary muh with a�etible variables, the a�etiblepart of the denominator is very small ompared to the 1 in the denominator.Studying equation 8.27 gives that kml is minimized when g/τp is minimized.We always want g to be as small as possible. τp is highly in�uened by basigeometrial variables and the number of magnets poles that may be moreimportant than reduing kml. Another way to minimize kml is to minimize
lm/(αmτp). Usually lm/(αmτp) is kept below 1/4 [9, page 68℄. αm is usuallygiven by other onstraints.The last variable in the denominator is Pc. It should be hosen as big aspossible to maximize Bg for a given Br. A high Pc is good in general for agood magneti performane but on�it with the need for a small Cφ in thenumerator.To summaries, there are a lot of trade-o�s to get a big Bg for a given
Br. To be able to �nd a good optimization, a hange of the variables inequation 8.33 and the variables they depend on, must be weighted with howthey a�et the total expression in the urrent setup.8.3 Torque generation equationsWhen a whole oil with ns turns is aligned to a magnet that gives a �uxof φgm in the air gap, a �ux linkage of nsφgm is obtained. When the rotorrotates to the next magnet that have opposite polarity, the same �ux linkageis obtained but with opposite sign. The �ux linkage then inreases from
−nsφgm to +nsφgm from the middle of that magnet to the middle of thenext. This reates a triangle wave. The distane between a maximum and aminimum of this wave equals the spae between two magnets enters. It isgiven by:

τp =
2Rroπ

Nm

(8.34)where Rro is outer rotor radius, 2 to get the diameter, π to get the irumfer-ene and Nm the number of magnets. Sine the bak-EMF e is proportionalto the derivative of the �ux-linkage aording to equation 7.3, the bak-EMFmust be a square-wave. When the �ux linkage inreases (at a onstant rate),the bak-EMF have a onstant positive value equal to the slope of the �ux-linkage times ωm. When the �ux-linkage derease the bak-EMF is the same,but with opposite sign beause of the negative slope of the �ux-linkage wave.Equation 7.3 express the hange of �ux linkage over a hange in angle ratherthan in hange of distane. The angle between a maximum and a minimum
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of the �ux linkage is:
θp =

2π

Nm

(8.35)The magnitude of the bak-EMF when all oils for one phase (Ncp) are on-neted in series beomes:
|e| = Ncp

nsφgm − (−nsφgm)

θp

ωm = Ncp

2nsφgm

θp

ωm (8.36)It is more onvenient to express the �ux form one magnet, φgm in terms ofthe �ux density Bg. The �ux equals:
φgm = τpαmLBg = θpRroαmLBg (8.37)where αm is the fration of the rotor irumferene overed by magnets.Expression 8.36 then beomes:

|e| = Ncp2nsRroαmLBgωm (8.38)Where Bg is given by equation 8.33. Sine two ondutors are onduting atevery time instane in a three phase motor the line to line voltage magnitudebeomes 2|e| for a wye onneted mahine and |e| for a delta onneted.When the bak-EMF is known it's possible to alulate the torque fromequation 7.4:
T =

2|e|i
ωm

= 2 · Ncp2nsRroαmLBgi (8.39)The 2 is there beause a wye onnetion is assumed. The urrent i is theurrent through the two phases in series urrently onduting. That meansi is also the line urrent.Usually |e| and T is given and we want to alulate the number of turns
ns and the urrent i to obtain the spei�ed |e| and T . ns an be obtained byrearranging equation 8.38:

ns =
|e|

Ncp2RroαmLBgωm

(8.40)This value have to be rounded o� to a integer value. The urrent is thengiven by rearranging equation 8.39 to:
i =

T

2 · Ncp2nsRroαmLBg

(8.41)
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8.3.1 Torque dependene of oil spanIn the previous setion the oil span, i.e. the length of the oil in the diretionof motor irumferene, was equal to the length between the enters of twoadjaent magnets. In �gure 8.8 the oil span has been dereased to 0.75of a magnet length. In this ase the maximum �ux linkage beomes smaller
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θ (for all x−axes above)Figure 8.8: Waveforms from basi retangular oil/magnet interation whenthe oil at the top moves from one side to the other. More magnets followsto the left and right of the �gure. Coil span 0.75 of magnet width. (FL =
Ψ)aording to equation 7.1 sine the area of the oil is smaller. The interestingaspet is however to study the hange of the �ux linkage as the oil movesrelative to the rotor magnets, sine that is what gives the bak-EMF. Whenthe oil ross over from one pole to another the rate of hange of the �uxlinkage will be the same as in the previous example. To understand that,think about two points in time. At the �rst point the oil's middle is justbetween a N-pole and a S-pole magnet. At the seond point the oil havemoved φ in diretion towards the S-pole magnet. This means that the oilarea over the N-pole magnet have dereased by dφL, where L is the length ofthe motor in axial diretion. Axial diretion orresponds to, into the paper51



in �gure 8.8. The same applies for the oil part over the S-pole magnet, butwith opposite sign, i.e. the oil area have inreased by dφL. From equation7.1 it an be seen that the hange of �ux linkage is diretly proportional tothe hange in area. The inrease over the N-pole, dφL and derease over theS-pole dφL only depends of the speed and the axial length of the motor butit doesn't depends of the length of the oil. That is why the hange of �uxlinkage is independent of the oil span.When the oil is entirely over a S-pole magnet, maximum negative �uxlinkage is obtained. When the oil moves in over a N-pole magnet the �uxlinkage inreases with the speed disussed above. In this ase when the oillength is less than the magnet, this inrease ontinues until the bak of theoil reah the juntion of the S-pole and N-pole magnet. From that positionthe oil an move in this ase 0.25 magnet length until the front of the magnetreah the next S-pole. During that movement the �ux through the oil willbe onstant. A onstant �ux linkage implies that the bak-EMF and theprodued torque will be zero.Sine a oil span less then a magnet length implies zero torque for someposition of the oil, other oils in the motor have to be arranged in a way sothe torque is onstant at all times.8.4 Computer aid alulationsTo get the analytial alulations desribed above done, a Matlab programwas written. The ode for the Matlab program is in the appendix. Thisprogram alulates the dimensions of all parts of the motor depending onthe in-parameters. The result is presented numerially and graphially. Thegraphial presentation is done by plotting how the motor looks. This graph-ial presentation makes it easy to quik get an overview, to see if the designlooks reasonable. Otherwise some dimension an be unrealisti and partsmay even ross over eah other. Even the windings are plotted in this �gureto get an overview of the hole motor design. The graphial output from theMatlab program an be seen in �gure 8.9 and a zoomed in view in �gure8.10. In addition the program also generates geometrial data to use in theFEM program.8.4.1 FEM alulationFor the �nite element alulations (FEM) a program alled iMOOSE fromDept. of Eletrial Mahines(IEM) at Aahen University have been used.It is an open soure program for Linux, whih name is short for �innovative52
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Figure 8.9: Output from Matlab programModern-Objet Solving Environment.(It seems like the authors of the pro-gram also likes that the program name relates to the animal moose.) Theprogram is atually a program pakage. There are a ouple of programs inthe pakage that an be used for di�erent types of alulation setups. Thereare 2D and 3D programs and programs for time simulations and so on. Whenthe FEM alulation is done the result an be graphially studied using theprogram trinity inluded in the pakage.There are a ouple of in data �les for the alulation program. One set of�les are the ones desribing the meshed geometry of the motor, i.e. the motorlayout subdivided in many small triangles for the FEM alulation. The mainMatlab ode desribed in the previous setion also generates output to beused in the FEM alulations. The Matlab ode generates a desription ofthe motor geometry in form of an .poly �le, suited for the mesh generation53
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226 8.876760E-02 -5.125000E-02 211 5.000000E-07227 8.055083E-02 -4.650604E-02 100 5.000000E-07228 9.136568E-02 -5.275000E-02 101 2.000000E-07The .poly �le onsist of four parts. The �rst part is a list of all nodes(points) needed to desribe the geometry of the motor.See the lines under3558 in the above listing. All nodes are given a number, the left numberabove and oordinates, the number to the right above. The nodes are onthe border of all parts of the motor. For �exibility the stator is divided insetions onsisting of one shoe eah and the rotor in setions onsisting ofone magnet eah. The nodes are on the border of eah of these setionsand around the border of all di�erent materials inside these setions. Thesetions an be studied in �gure 8.12.The di�erent materials inludes rotor and stator iron, rotor magnets,regions for ondutors and air regions. For simpliity no boundary onditionshave been used around the boundary of the hole design. Instead a layer ofair have been plaed both outside the stator and inside the rotor. Theseair regions makes the magnet �eld derees to zero before the border of thealulation area is reahed. In this approah the magnet �eld an be studiedin the air and not only in the materials.In the next setion of the .poly �le the reated nodes are used to atuallydesribe all material regions geometries. This is done by onneting thereated nodes together. For example assume that there where four nodesreated in the previous setion eah plaed in a orner of a square and withnumber 1 to 4. In order to desribe a square this setion of the �le statesthat node 1 should be onneted to node 2, node 2 to node 3, node 3 tonode 4, and �nally node 4 to node 1. All parts of the motor is desribedin that manner. This onnetion of point are done under the number 6843above, i.e. the �rst line tells that point 361 is onneted to 362. The simpleexample above with points numbered 1..4 desribes a square onsisting ofstraight lines. In ase of the motor all material regions have at least somesides that are ar shaped. To desribe this, many nodes have to be plaedon the border and onneted together to get an good approximation of anar shape. To make a region desription make sense, all border desriptionshave to form a losed region. It's not possible to have a region onsisting ofa square with only three sides even if there are another square next to it. Itshould however be noted that if one square is to be plaed next to anotheronly two new nodes should be reated. The other orners of the square anuse the same nodes as the neighboring square. If instead, new nodes are madeit may be problems with the boundary onditions between the two squares.This fat makes the oding of the Matlab program that makes the .poly �le55



a little bit triky and it's even more triky when the shared boundary is anar, whih is a ommon ase.Next setion of the �le is the hole setion. In this setion a logial holepoint is plaed in the origin of the rotor. If this is not done the hole areainside the rotor will be meshed. Sine this is a very big area onsisting of airit should not be meshed otherwise the number of triangles will inrease verymuh and inrease the alulation time a lot. In the above lusting there isone line with a 1 to tell that there is only one hole. After this line is a linestarting with the hole number 1 and when two 0 to tell the position is origini.e. (0,0).The fourth and last part of the .poly �le de�nes what material the di�erentregions should have. For all regions de�ned in setion two, this is done byspeifying a oordinate within the regions and give this region a materialnumber. This material number is then used in the main on�guration �lefor the alulation program where all di�erent material numbers are givenmaterial-properties de�ned in another set of �les. In addition to speifyingmaterial numbers the last setion an also be used to speify the maximumarea of the FEM mesh triangles allowed in eah region.This .poly �le serves as mentioned before as in data �le to the meshgeneration program. The mesh generation program used is Triangle. It'sa freely available program written by Jonathan Rihard Shewhuk at theComputer Siene Division, University of California at Berkeley. The outdata �les is diretly used by the alulation program.In addition to the .poly-�le desribing the geometry of the motor someother data is generated by Matlab ode. This other data goes to the mainon�guration �le desribing the problem setup, the .PROB-�le. This inludesthe length of the motor, magnet and urrent exitation and a line desribinghow the alulation program should perform the torque alulation.In addition to the data from the Matlab ode there are some other settingsthat have to be set in the main on�guration �le.Results from the FEM alulationThe numerial result of the FEM alulations was the torque. The torquewas 20 Nm this is the desired value. In addition to the numerial result it isinteresting to see the distribution of the magneti �ux density of the motor.The graphial program supplied with the FEM program pakages to plot theresult was a bit triky to get running. Instead of using that, a program waswritten in the open soure alulation program SiLab (www.silab.org), tobe able to view the magneti �ux density graphially. The magneti �uxdensity in in the whole design an be seen in �gure 8.11. A more detailed56



version around one magnet is presented in �gure 8.12. The diretion of the�ux an be seen in �gure 8.13.
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Figure 8.11: Flux density from FEM alulations
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Figure 8.12: Flux density from FEM alulations. Zoomed to a magnetsetion.
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Figure 8.13: Flux diretions from FEM alulations. The olor sale is notvalid.
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Chapter 9Results, onlusionsFrom the initial analysis of the load harateristis, antiipated speed of aStortriss boat with this motor is about 5 knots. Di�erent motor types wereanalyzed with the onlusion that a brushless permanent magnet motor wasthe best hoie for this appliation.This thesis has produed a omplete set of parameters to build a brush-less permanent motor for use for a propeller inside rotor boat motor. Thedimension of the motor was �rst alulated analytially with help of Matlab.The resulting dimension of the motor was put into a �nite element model tomake sure the values from the analytial alulation were orret.An important part of a permanent magnet motor is the position sensor.Di�erent sensor types were onsidered and hall e�et sensors were hosen.In a trade o� between iron ore utilization and ontrol omplexity theoptimal number of phases was onsidered to be three.The number of magnets poles was hosen to 12 based on the desired speedof the motor in relation to an aeptable eletrial ommutation frequeny.For the seletion of the number of slots two ases were evaluated, 27 slotsand 36 slots design. It turned out that 36 slots gave a bit more torque andthe di�erene in ogging torque was small. Therefore a 36 slots stator designwas hosen.For the ombination of poles and slots that was hosen an algorithm wasapplied to obtain windings for the motor.Test was made on ferrite magnet material that showed that it is possibleto use ferrite magnets in salt sea water without oating. That is importantsine that redue the water (air) gap.The main physial harateristis of the designed motor an be seen intable 9.1. The main design onstants an be studied in table 9.2.
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Table 9.1: Important physial harateristisP T U I δ Bg

[W ] [Nm] [V ] [A] [A/mm2] [T ]2000 20 12 167 4.6 0.24Table 9.2: Main design onstantsNr of poles 12Nr of slots 36Nr of turns 3Rotor inner radius 9.3 mRotor outer radius 10.5 mStator inner radius 10.7 mStator outer radius 13 mAxial length 6 m9.1 Future workNext step is to build a prototype. With the prototype the design an betested and to see if it behaves as the alulations predits. An interestingparameter to study on the prototype is the power onsumption during di�er-ent situations, in terms of wind angle on the boat, waves and other fatorsthat have an impat on the power onsumption. From that test an estimationan be done on how far the boat an travel for a given battery apaity. Itis also interesting to measure the e�ieny of the motor itself. It might alsobe interesting to study the performane of the design as a generator whenthere is enough wind.Besides the eletrial harateristis, it is very interesting to study howthis design works from a mehanial point of view. How hard it is to get therotor-propeller part to move inside the stator.
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Appendix AMatlab ode
Listing A.1: MATLAB design onstants%TorqueT = 20 ;%Meanial speed :w_m = 1000 /60∗2∗pi ;% _Number of phases_%Motors torque r ipp le i s dereses as the number of phases inreses . The materials in themotor , magnets , opper iron and so on an be more u t i l i z a t ed as the number ofphases inreses . The drawbak with an inreasing number of phases i s that moretrans i s tors are needed to generate the urrent to the motor . In addit ion more wiresare needed from the power e le t roni and around in the motor . The lowest number ofphases , two needs only two power swithes and only one ha l l swith . However thetorque an be zero at some posit ions and spe ia l ?word? to get the motor rotating ind is i red diret ion . The two phase design is therefor only used in l i g h t−duty deisgnthat have to be very ost e f f e  t i ve , small fans for example . The most ommonly donetradeo f f and the one that i s done in t h i s design i s to use three phese .N_ph = 3 ; % Number of phases%_Magnet poles_%∗The number of magnet poles should be invere ly proportional to the maximum speed ofrotation . ∗Every time the number of magnets poles i s doubled the required thiknesof the rotor yoke or bak−iron inside the magnets i s redued by one ha l f . This i sa lso the true for the s ta tor yoke . The diameter derese therefore then the number ofmagnet poles inreases . I hoose 100 Hz as the e l e  t r i  a l frequeny at nominalmeanial speed . From that , I an get an idea of how many magnets are needed . A t e s twith 50 Hz gives substasional inrease of the bakirons . Higher frequenies giveshigher ore losses due to eddy urrents .f_e = 100;w_e = 2∗pi∗ f_e ;N_m_approx = w_e/w_m∗2; % = 12N_m = 12 ; % Number of magnet poles%disp ( ' ! ! ! ! ! ! ! ! ! ! ! ! N_m')%N_m = 6 % gives a va l id winding aording to algorithm in Hendershot ( but with longendturns )%_Number of s l o t s per pole per phase (N_spp)_%The number of s l o t s per pole per phase i s hoosen to 1 .5 . 1 may seems l i k e a obviushoose . The advatage of 1.5 i s to redue the ogging torque . Cogging torque (re lutae torque ) i s an undisired torque that omes from the e f f e  t that the rotormagnets wants to al ign to the s ta tor so they are lose to as muh s ta tor iron asposs ib l e . A N_spp of 1.5 w i l l anel the ogging torque of eah end of the magnetsso the t o t a l ogging torque i s  lose to zero . Another advantage of a N_spp of 1.5instead of 1 i s that the bak emf w i l l be more s inuso ia l and smooth . Having a higherN_spp has the disadvantage that the ut i laz ion of s l o t spae usa l l y i s lower i tthere are many small s l o t s omared to few bigger s l o t s . In addit ion many s l o t sonsumes more work to wind . ????Chek i f 1.5 i s the best value ????%N_spp = 1.5disp ( ' Test  with N_spp = 1 ! ' )N_spp = 1 63



N_sp = N_spp ∗ N_m; % Number of s l o t s per phaseN_s = N_sp ∗ N_ph % Number of s l o t sN_sm = N_spp ∗ N_ph % Number of s l o t s per pole% _Permanent Magnet properties_% see tex t for expl ination , fer r i t e , Y28% Reoil permeabi l i ty of the material , meanvalue form manufature :mu_R = (1 .05+1 .3 ) /2% Magnet remanene , meanvalue form manufature :B_r=(370 e−3 + 400e−3)/2%−−−−−−−−g = 2E−3; % Air gap (m)B_max = 1 . 5 ; % Maximum s t e e l f l u x density . 1.5 Hendershot , p . 3−24% and indiations form Sura atalogek_st = 0 . 8 ; % Staking fator : ross setion oupied by% magneti material / t o t a l ross setion , 0.5−0.95 ,% te s t with 0.8alpha_sd = 0 .5 % Shoe depth fra t ion (d_1 + d_2)/w_tb%Peak bak emf :E_max = 12 ;%Condutor paking fator : Area oupied by ondutor / t o t a l area . Typial ly k_p isl e s s than 50%. I t an be know only through experiene . My star t ing value i s 0.4k_p = 0 . 4 ;%Maximum al lowable urrent density , J_max. This i s l imited only by how good the ool ingof the motor i s . For opper materials i t ' s something between 4 and 10 MA/m^2. I f J_i s higher than J_max the s l o t area must be inres t . I se t j_max to 10E6 A/m̂ 2sinethe water should be able to ool the motor e f f e  ien t .J_max = 10E6 ;%disp ( 'J_max ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1 ' )%J_max = 10E7; Listing A.2: MATLAB main odelear globallear a l l l fdes ign_onstantsR_so = 12E−2 % Outside s ta tor radiusR_ro = 10.5E−2; % Outside rotor radius (m)l_m = 0.5E−2 % Magnet length in r diret ionL = 2E−2 % Axial length of motoralpha_m = 0.95 % Magnet f ra t ion : Magnet length% / (Magnet length + spae between magnets )w_s = 5E−3; % Slot opening%−−−−−−−−alpha_p = f loor (N_spp) / N_spp %Coil−pole f ra t iontheta_p = 2 ∗ pi /N_m %Angular pole piththeta_s = 2∗pi / N_s %Angluar s l o t piththeta_se = pi/N_sm %Slot pith , e l e  t r i  a l radiansR_si = R_ro + g ; %Inside s ta tor radiustau_p = R_si ∗ theta_p %Pole pithtau_ = alpha_p ∗ tau_p %Coil pithtau_s = R_si ∗ theta_s %Slot pith ar air gap64



w_t = tau_s − w_s %Tooth width at air gapk_d = sin (N_spp∗ theta_se /2) / ( N_spp ∗ sin ( theta_se /2) ) %Distribution fatork_p = alpha_p %Pith fatork_s = 1 − theta_se /(2∗pi ) %Skrew fatorC_phi = 2 ∗ alpha_m / (1 + alpha_m) % Flux onentration fatorP_ = l_m / (g ∗ C_phi) % Permeane oe f f ienti f P_ < 4disp ( '−−−−−−− Warning !  P_ < 4 −−−−−−−−−−−−−−−−−−' )endk_ml = 1+4∗l_m/( pi∗mu_R∗alpha_m∗tau_p )∗ log(1+pi∗g/((1−alpha_m)∗tau_p) ) %Magnet% leakage fatorg_ = g + l_m/mu_R % Effe t ive air gap for Carter oe f f i  ien tk_ = (1−1/( tau_s/w_s∗(5∗g_/w_s+1) ) )^−1 %Carter oe f f i  ien tA_g = tau_p∗L∗(1+alpha_m) /2 %Air gap areaB_g = C_phi/(1+mu_R∗k_∗k_ml/P_)∗B_r %Air gap f l ux densityphi_g = B_g ∗ A_g %Air gap f l u xw_bi = phi_g / (2∗B_max ∗ k_st ∗ L) % Bak iron widthw_tb = 2/N_sm∗w_bi % Tooth widthR_sb = R_so − w_bi % Stator bak iron radiusR_ri = R_ro − l_m − w_bi % Rotor inside radiusw_sb = R_sb∗ theta_s − w_tb % Slot botton widthw_si = (R_si+alpha_sd∗w_tb)∗ theta_s − w_tb % Slot width inside shoesalpha_s = w_si /(w_si+w_tb) % Slot f ra t ion inside shoesd_s = R_sb−R_ro−g % Total s l o t depthd_3 = d_s − alpha_sd∗w_tb % Condutor s l o t depthd_1_plus_d_2 = alpha_sd∗w_tb %Shoe depth , s p l i t between d_1 and d_2%Turns per s l o t :n_s=f loor (E_max / (N_m∗k_d∗k_p∗k_s∗B_g∗L∗R_ro∗N_spp∗w_m) )%Slot urrent :I_s = T / (N_m∗k_d∗k_p∗k_s∗B_g∗L∗R_ro∗N_spp)%Phase urrnet :I_ph = I_s / (N_ph∗n_s)%line type = 'r '% l ea rp lo t%p lo t ( xords(−w_t,w_t,R_si) , yords (0 , 0 ,R_si) , l ine type )%hold on%plo t ( xords(−w_t,−w_t,R_si) , yords (0 , d_1_plus_d_2,R_si) , l ine type )%plo t ( xords ( w_t, w_t,R_si) , yords (0 , d_1_plus_d_2,R_si) , l ine type )%plo t ( xords(−w_t, −w_tb/2 ,R_si) , yords (d_1_plus_d_2, d_1_plus_d_2,R_si) , l ine type )%plo t ( xords ( w_t, w_tb/2 ,R_si) , yords (d_1_plus_d_2, d_1_plus_d_2,R_si) , l ine type )%plo t ( xords(−w_tb/2 , −w_tb/2 ,R_si) , yords (d_1_plus_d_2, d_1_plus_d_2+d_3,R_si) , l ine type)%plo t ( xords ( w_tb/2 , w_tb/2 ,R_si) , yords (d_1_plus_d_2, d_1_plus_d_2+d_3,R_si) , l ine type)%plo t ( xords ( w_tb/2 , w_tb/2+w_sb ,R_si) , yords (d_1_plus_d_2+d_3, d_1_plus_d_2+d_3,R_si), l ine type )disp ( sprintf ( 'To the  .PROB f i l e : ' ) ) ;disp ( sprintf ( ' Devie length      %E ' ,L) ) ;figure (1 )nrofnodes = 0 ;n r o f l i n e s = 0 ;n r o fma t e r i a l r e g i on s = 0 ;global nodes fp ;global l i n e s f p ;nodes fp = fopen ( ' nodes . txt ' , 'w+' ) ;l i n e s f p = fopen ( ' l i n e s . txt ' , 'w+' ) ;ma te r i a l s f p = fopen ( ' ma te r i a l s . txt ' , 'w+' ) ;e x  i t a t i o n f p = fopen ( ' e x  i t a t i o n ' , 'w+' ) ;s ta to rma te r i a l  ode = 10 ;%lowerondutormaterialposode = 11;%upperondutormaterialposode = 12; 65



%lowerondutormaterialnegode = 13;%upperondutormaterialnegode = 14;a i rma te r i a l ode = 100;a i rgapmate r i a l ode = 101;ro to rbak i ronmate r i a l ode = 102;magnetmater ia lbaseode = 200;s l o tma te r i a lb a se  ode = 300;a l t = ' g ' ;hold onaxis equalsave_node20 = NaN;save_node19 = NaN;save_node11 = NaN;save_node12 = NaN;f i r s t_node18 = NaN;f i r s t_node1 = NaN;f i r s t_node2 = NaN;f i r s t_node21 = NaN;%______________________Stator________%20 11−−−−12 19% 16 22% | |% | |% 7−−−−8 15 |% | | | |% | 9−−−−−−−−−−10 |% | |% | |% | |% | 4−−−−−−−−−−3 |% | | | |% 6−−−−5 14 |% | |% | |% 13 17%21 2−−−−−−1 18%sta tor l ine type :s l t = ' r ' ;%ar (0 , 2∗pi , R_so, s l t ) ; % only for p l o t t in g not for meshing ! ! ! ! ! ! ! ! ! ! ! !% air l ine between s ta tor and rotor :%disp ( ' skipping air l ine between s ta tor and rotor : ' )i f 1[ air_nodes_1 , nrofnodes , n r o f l i n e s ℄ = ar_ore (0 ,pi , (R_ro+R_si ) /2 , a l t , NaN, NaN,nro fnodes , n r o f l i n e s ) ;[ air_nodes_2 , nrofnodes , n r o f l i n e s ℄ = ar_ore (pi ,2∗pi , (R_ro+R_si ) /2 , a l t ,air_nodes_1(end , 1 ) , air_nodes_1 (1 ,1 ) , nrofnodes , n r o f l i n e s ) ;air_nodes = [ air_nodes_1 ( 1 :end , : ) ; air_nodes_2 ( 2 : end−1 ,:) ℄ ;urrent_air_node = air_nodes (1 , 1 ) ;endfor s l o t = 0 : (N_s−1)%(All " lower" and "upper" terms re fer to a s l o t plaed at an angle . . .%zero at the unit  i r l e )%Angle base :ab = 2∗pi / N_s ∗ s l o t ;%−−−−−−−−−−−− lower part −−−−−−−%fl oor of s l o t set ion − to s imp l i fy generation of i n f i l e to mesh generator[ node1 , start_node , nrofnodes , n r o f l i n e s ℄ = ra d i a l_ l in e (R_so , R_sb, ab+ −theta_s /2 ,s l t , save_node12 , save_node11 , nrofnodes , n r o f l i n e s ) ;lower_floor_of_slot_setion_end_node = start_node ;66



i f isnan ( f i r s t_node1 )f i r s t_node1 = node1 ;endnode2_x_ord = R_sb∗ os ( ab+ −theta_s /2) ;node2_y_ord = R_sb∗ sin ( ab+ −theta_s /2) ;%inner s ta tor part loated below a l ine from origon through the . . .%end of shoe l ine . The inner s ta tor l ine i s divided in two parts . . .%to s imp l i fy the bulding of the ondutor area .[ node2 , node13 , trash , start_node , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ −theta_s /2 , ab+ −w_t/2 /R_si , R_sb, s l t , start_node , NaN, nro fnodes , n r o f l i n e s ) ;node14 = start_node ;i f isnan ( f i r s t_node2 )f i r s t_node2 = node2 ;end%inner s ta tor part loated above a l ine from origon through the . . .%end of shoe l ine .[ lowerondutorstartnode , trash , trash , start_node , nrofnodes , n r o f l i n e s ℄ = . . .ar ( ab+ −w_t/2 /R_si , ab+ −w_tb/2 /R_sb, R_sb, s l t , start_node , NaN, nro fnodes ,n r o f l i n e s ) ;%" leg ":%R_sb on the fo l l owing l ine should have been R_si+d_1_plus_d_2. . . .%R_si+d_1_plus_d_2 is approximated with R_sb on every plae there . . .%i t i s used to a lu la te the angle orsponding to w_tb/2. This i s . . .%done to get the inner s ta tor l ine f i t exa t ly to the l eg l ine and . . .%the l ine l ine to f i t to the top of the shoe l ine . Otherwise . . .%th i s l in e s end and s ta r t points want be the same point . This an . . .%ause trubb le during the mesh and fem proess .[ t rash , start_node , nrofnodes , n r o f l i n e s ℄ = r ad ia l_ l i ne (R_sb, R_si+d_1_plus_d_2 , ab+
−w_tb/2 /R_sb, s l t , start_node , NaN, nro fnodes , n r o f l i n e s ) ;%top of shoe :%see note above regarding the use of R_sb on the fo l l owing l ine[ t rash , trash , trash , start_node , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ −w_tb/2 /R_sb, ab+

−w_t/2 /(R_si+d_1_plus_d_2) , (R_si+d_1_plus_d_2) , s l t , start_node , NaN,nro fnodes , n r o f l i n e s ) ;lower_top_of_shoe_end_node = start_node ;%end of shoe :[ t rash , start_node , nrofnodes , n r o f l i n e s ℄ = r ad ia l_ l i ne (R_si+d_1_plus_d_2 , R_si , ab+
−w_t/2 /R_si , s l t , start_node , NaN, nro fnodes , n r o f l i n e s ) ;%−−−−−−−−−−−− both lower and upper part −−−−−−%under shoe :[ t rash , trash , trash , start_node , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ −w_t/2 /R_si , ab+w_t/2 /R_si , R_si , s l t , start_node , NaN, nro fnodes , n r o f l i n e s ) ;%−−−−−−−−−−−− upper part −−−−−−−−−%end of shoe :[ t rash , start_node , nrofnodes , n r o f l i n e s ℄ = r ad ia l_ l i ne (R_si , R_si+d_1_plus_d_2 , ab+w_t/2 /R_si , s l t , start_node , NaN, nro fnodes , n r o f l i n e s ) ;%top of shoe :%see note above regarding the use of R_sb on the fo l l owing l ine[ upper_top_of_shoe_start_node , trash , trash , start_node , nrofnodes , n r o f l i n e s ℄ = ar( ab+ w_t/2 /(R_si+d_1_plus_d_2) , ab+ w_tb/2 /R_sb, (R_si+d_1_plus_d_2) , s l t ,start_node , NaN, nro fnodes , n r o f l i n e s ) ;%" leg "%see note above regarding the use of R_sb on the fo l l owing l ine[ t rash , start_node , nrofnodes , n r o f l i n e s ℄ = r ad ia l_ l i ne (R_si+d_1_plus_d_2 , R_sb, ab+w_tb/2 /R_sb, s l t , start_node , NaN, nro fnodes , n r o f l i n e s ) ;%inner s ta tor part loated below a l ine from origon through the . . .%end of shoe l ine . The inner s ta tor l ine i s divided in two parts . . .%to s imp l i fy the bulding of the ondutor area .[ t rash , trash , trash , start_node , nrofnodes , n r o f l i n e s ℄ = . . .ar ( ab+ +w_tb/2 /R_sb, ab+ +w_t/2 /R_si , R_sb, s l t , start_node , NaN, nro fnodes, n r o f l i n e s ) ;upperondutorendnode = start_node ; 67



%inner s ta tor part loated above a l ine from origon through the . . .%end of shoe l ine .i f s l o t == N_s−1 %the l a s t loopend_node = f i r s t_node2 ;else end_node = NaN;end[ node15 , trash , node16 , start_node , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ +w_t/2 /R_si , ab+ +theta_s /2 , R_sb, s l t , start_node , end_node , nrofnodes , n r o f l i n e s ) ;node11 = start_node ;node11_x_ord = R_sb∗os ( ab+ +theta_s /2) ;node11_y_ord = R_sb∗ sin ( ab+ +theta_s /2) ;%top of a s l o t set ion − to s imp l i fy generation of i n f i l e to mesh generatori f s l o t == N_s−1 %the l a s t loopend_node = f i r s t_node1 ;else end_node = NaN;end[ save_node11 , start_node , nrofnodes , n r o f l i n e s ℄ =r ad i a l_ l in e (R_sb, R_so , ab+ +theta_s /2 , s l t , start_node , end_node , nrofnodes , n r o f l i n e s ) ;save_node12=start_node ;%−−−−−−−−−−−− both lower and upper part −−−−−−%Outer s ta tor :[ node12 , node22 , trash , trash , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ +theta_s/2 , ab+ −theta_s /2 , R_so , s l t , start_node , node1 , nrofnodes , n r o f l i n e s ) ;node17 = nrofnodes ;%Lower ondutor :%fp r in t f ( l ines fp , '#Lower ondutor\n ') ;for ondutornode = loweronduto r s ta r tnode+1 : lower_top_of_shoe_end_noden r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , ondutornode−1, ondutornode ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , lower_top_of_shoe_end_node ,l oweronduto r s ta r tnode) ;%Upper ondutor :%fp r in t f ( l ines fp , '#Upper ondutor\n ') ;for ondutornode = upper_top_of_shoe_start_node+1 : upperondutorendnoden r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , ondutornode−1, ondutornode ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , upperondutorendnode ,upper_top_of_shoe_start_node) ;%Air outside s ta tor :a i r_out s ide = 1 . 0 2 ;%fp r in t f ( l ines fp , '#Air outside s ta tor\n ') ;n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node12 , node22 ) ;for node = node22+1 : node17n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , . . .node17 , node1 ) ;i f isnan ( save_node19)nrofnodes = nrofnodes + 1 ;fpr int f ( nodesfp , '%i  %E %E\n ' , nrofnodes , R_so∗ a i r_out s ide∗os ( ab − . . .theta_s /2) , R_so∗ a i r_out s ide∗ sin ( ab − theta_s /2) ) ;node18 = nrofnodes ;else node18 = save_node19 ;endi f isnan ( f i r st_node18 )f i r st_node18 = node18 ;end 68



n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node1 , node18 ) ;i f s l o t == N_s−1 %the l a s t loopend_node = first_node18 ;else end_node = NaN;end[ t rash , trash , trash , node19 , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ . . .
−theta_s /2 ,ab+ +theta_s /2 , R_so∗ air_outs ide , s l t , node18 , end_node , nrofnodes ,n r o f l i n e s ) ;save_node19 = node19 ;n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node19 , node12 ) ;%disp ( ' skipping air inside stator ' ) ;make_air_inside_stator = 1 ;i f make_air_inside_stator%Air inside s ta tora i r_ins ide = 0 . 9 5 ;%fp r in t f ( l ines fp , '#Air inside s ta tor\n ') ;n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , . . .n r o f l in e s , node2 , node13 ) ;for node = node13 + 1 : node14n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , . . .n r o f l in e s , node14 , lower_top_of_shoe_end_node ) ;for node = lower_top_of_shoe_end_node + 1 : upper_top_of_shoe_start_noden r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , . . .n r o f l in e s , upper_top_of_shoe_start_node , node15 ) ;for node = node15 + 1 : node16n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , . . .n r o f l in e s , node16 , node11 ) ;% i f s l o t == N_s−1 %the l a s t loop% node20 = first_node21 ;% e l se% nrofnodes = nrofnodes + 1;% fp r in t f (nodesfp , '%i %E %E\n' , nrofnodes , R_si∗air_inside∗os (ab+ theta_s/2) ,R_si∗air_inside∗ sin (ab+ theta_s/2) ) ;% node20 = nrofnodes ;% end% find node 20 loated on the air between s ta tor and rotor l ine :i f ( s l o t == N_s−1)node20 = first_node21 ;else old_distane = 10^10;d i s tane = 10^10−1;while ( d i s tane < old_distane )o ld_distane = di s tane ;d i s tane = sqrt ( ( air_nodes ( urrent_air_node , 2 ) − node11_x_ord )^2 + ( . . . ;air_nodes ( urrent_air_node , 3 ) − node11_y_ord ) ^2) ;%plot ( [ node11_x_ord air_nodes(urrent_air_node ,2) ℄ , [ node11_y_ordair_nodes(urrent_air_node ,3) ℄ , 'k−')69



i f urrent_air_node == air_nodes (end , 1 )urrent_air_node = air_nodes (1 , 1 ) ;else urrent_air_node = urrent_air_node + 1 ;endendi f urrent_air_node−1 == air_nodes (1 , 1 )node20 = air_nodes (end , 1 ) ;else node20 = urrent_air_node −2;end%plot (air_nodes(node20 ,2) , air_nodes(node20 ,3) , 'ko ' )end%make l ine between node 11 and 20:n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node11 , node20 ) ;%i f isnan (save_node20)%nrofnodes = nrofnodes + 1;%fp r in t f ( nodesfp , '%i %E %E\n ' , nrofnodes , R_si∗air_inside∗os (ab− theta_s/2) ,R_si∗air_inside∗ sin (ab− theta_s/2) ) ;%node21 = nrofnodes ;%e l se%node21 = save_node20 ;%end%i f isnan ( first_node21 )% first_node21 = node21 ;% end% find node 21 loated on the air between s ta tor and rotor l ine :i f isnan ( save_node20)o ld_distane = 10^10;d i s tane = 10^10−1;while ( d i s tane < old_distane )o ld_distane = di s tane ;d i s tane = sqrt ( ( air_nodes ( urrent_air_node , 2 ) − node2_x_ord )^2 + ( . . .air_nodes ( urrent_air_node , 3 ) − node2_y_ord ) ^2) ;i f urrent_air_node == air_nodes (1 , 1 )urrent_air_node = air_nodes (end , 1 ) ;else urrent_air_node = urrent_air_node − 1 ;end%plot ( [ node2_x_ord air_nodes(urrent_air_node ,2) ℄ , [ node2_y_ord air_nodes( urrent_air_node ,3) ℄ , 'k−')endi f urrent_air_node+1 == air_nodes (end , 1 )node21 = air_nodes (1 , 1 ) ;else node21 = urrent_air_node + 2 ;endelse node21 = save_node20 ;endi f isnan ( f i r st_node21 )f i r st_node21 = node21 ;end% make l ine between node 20 and 21 , ( the nodes nummber in air_nodes% is deresing sine we go lokwise )%plo t (air_nodes(node21 ,2) , air_nodes(node21 ,3) , ' ro ' )node = node20−1 ;while ( air_nodes ( node , 1 ) ~= node21 )i f node + 1 > air_nodes (end , 1 )start_node = air_nodes (1 , 1 ) ;else start_node = air_nodes ( node + 1 ,1) ;endn r o f l i n e s = n r o f l i n e s + 1 ; 70



fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , start_node , air_nodes ( node , 1 ) ) ;%disp ( sp r in t f ( '%i %i %i ' , nrof l ines , start_node , . . .%air_nodes(node ,1) ) ) ;i f node == air_nodes (1 , 1 )node = air_nodes (end , 1 ) ;else node = node −1;endendi f node + 1 > air_nodes (end , 1 )start_node = air_nodes (1 , 1 ) ;else start_node = air_nodes ( node + 1 ,1) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , start_node , air_nodes ( node , 1 ) ) ;%line between node 21 and 2:n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node21 , node2 ) ;save_node20 = node20 ;end %skip air inside s ta tor%−−−−−−−−−−−−− Material assignment points −−−−−−−−−−%Stator :n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .(R_so+R_si ) /2 ∗ os ( ab ) , (R_so+R_si ) /2 ∗ sin ( ab ) . . ., s t a to rma te r i a l  ode ) ; %the %E and %E gives x and y ordinats . . .%for a point in the middle of the s ta tor segment%for human ver i fy ing :plot ( (R_so+R_si ) /2 ∗ os ( ab ) , (R_so+R_si ) /2 ∗ sin ( ab ) , ' x ' )% Condutors% i f mod( s lo t ,2) == 0% lowerondutormaterialode = lowerondutormaterialposode ;% upperondutormaterialode = upperondutormaterialposode ;% e l se% lowerondutormaterialode = lowerondutormaterialnegode ;% upperondutormaterialode = upperondutormaterialnegode ;% endi f s l o t == 0loweronduto rmate r ia lode = s lo tma te r i a lba s e ode + (N_s ∗ 2) . . .
− 1 ;upperondutormater ia lode = s lo tma te r i a lba s e ode ;else l oweronduto rmate r ia lode = s lo tma te r i a lba s e ode + ( s l o t ∗ 2) − 1 ;upperondutormater ia lode = s lo tma te r i a lba s e ode + ( s l o t ∗ 2) ;end %Lower ondutor :d i s tane f romor igon = (( R_si+d_1_plus_d_2) + R_sb) /2 ;n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .d i s tane f romor igon ∗ os ( ab −(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) , . . .d i s tane f romor igon ∗ sin ( ab −(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) . . ., l oweronduto rmater ia lode ) ;%for human ver i fy ing :plot ( d i s tane f romor igon ∗ os ( ab −(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) , . . .d i s tane f romor igon ∗ sin ( ab −(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) , ' o ' ) ;%Upper ondutor :n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .d i s tane f romor igon ∗ os ( ab +(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) , . . .d i s tane f romor igon ∗ sin ( ab +(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) . . ., upperondutormater ia lode ) ;%for human ver i fy ing :plot ( d i s tane f romor igon ∗ os ( ab +(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) , . . .d i s tane f romor igon ∗ sin ( ab +(w_tb/2+w_t/2) /2/ d i s tane f romor igon ) , ' o ' ) ;%Air outside s ta tor : 71



n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .(R_so + R_so∗ a i r_out s ide ) /2 ∗os ( ab ) , (R_so + R_so∗ a i r_out s ide ) /2∗ sin ( ab ) ,a i rma te r i a l  od e ) ;plot ( (R_so + R_so∗ a i r_out s ide ) /2∗ os ( ab ) , (R_so + R_so∗ a i r_out s ide ) /2∗ sin ( ab ) , ' o ' ) ;%Air inside stator , i . e . air in the airgap on the s ta tor side of%the airgap a i r l in e . :i f make_air_inside_statorn r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .( (R_ro+R_si ) /2 + R_si ) /2∗ os ( ab ) , ( (R_ro+R_si) /2 + R_si ) /2∗ sin ( ab ) ,a i rma te r i a l  ode ) ;%for human ver i fy ing :%p lo t ( ((R_ro+R_si)/2 + R_si)/2∗os (ab ) , ((R_ro+R_si)/2 + R_si)/2∗ sin (ab ) , 'ok ' ) ;end %air inside s ta tor%disp ( ' pause ' )%pauseend%___________________ Rotor __________________i f 0disp ( '−−−−−−−−−−−−−−−−−− Skipping ro to r  −−−−−−−−−−−−−−−−−−−' )elseurrent_air_node = air_nodes (1 , 1 ) ;%rotor l ine type :r l t = 'b ' ;%rotor l ine type airr l t_a i r = 'y ' ;%Outer l ine of rotor%ar (0 , 2∗pi , R_ro, r l t ) ;%Inner l ine of magnets%ar (0 , 2∗pi , R_ro−l_m, r l t ) ;%Inner l ine of rotor%ar (0 , 2∗pi , R_ri , r l t ) ;%for magnet_pole = 0:(N_m−1)%Angle base :% ab = theta_p ∗ magnet_pole ;%magnet% radial_line (R_ro−l_m, R_ro, ab+ −theta_p/2∗alpha_m , r l t )% radial_line (R_ro−l_m, R_ro, ab+ +theta_p/2∗alpha_m , r l t )%end% r22−−−r12−−−−−r11−−−−−−−−r23% r21 r13 r10 |% | | | |% | | r9 |% | | r5−−−−r6 |% | | r4 r7 |% | | | | |% | A | B | M | A |% | i | a | a | i |% | r |  | g | r |% | | k | n | g |% | | | e | a |% | | i | t | p |% | | r | | |% | | o | | |% | | n | | |% | | | | |% | | r3 r8 |% | | r2−−−−r1 |% | | r18 |% | | | |% r20 r14 r17 |% r19−−−−−r15−−−−−r16−−−−−−r24 72



f i r s t_noder16 = NaN;f i r s t_noder15 = NaN;f i r s t_noder22 = NaN;f i r s t_noder24 = NaN;save_noder11 = NaN;save_noder12 = NaN;save_noder19 = NaN;save_noder23 = NaN;for magnet_pole = 0 : (N_m−1)%Angle base :ab = theta_p ∗ magnet_pole ;%magnet :[ noder1 , noder2 , nrofnodes , n r o f l i n e s ℄= r ad ia l_ l in e (R_ro , R_ro−l_m, ab+ −theta_p/2∗alpha_m, r l t , NaN, NaN , nro fnodes , n r o f l i n e s ) ;[ t rash , noder3 , noder4 , noder5 , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ . . .
−theta_p/2∗alpha_m ,ab+ +theta_p/2∗alpha_m, R_ro−l_m, r l t , noder2 , NaN,nro fnodes , n r o f l i n e s ) ;%%%%%%%%%%%%%%%[trash , noder6℄=radial_line (R_ro−l_m, R_ro, ab+ . . .%%%%%%%%%%%%%%% +theta_p/2∗alpha_m , r l t , noder5 , NaN, nrofnodes , nro f l ines ) ;[ t rash , noder6 , nrofnodes , n r o f l i n e s ℄= r a d ia l_ l ine (R_ro−l_m, R_ro , ab+ . . .+theta_p/2∗alpha_m , r l t , noder5 , NaN, nro fnodes , n r o f l i n e s ) ;[ t rash , noder7 , noder8 , trash , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ . . .+theta_p/2∗alpha_m ,ab+ −theta_p/2∗alpha_m . . ., R_ro , r l t , noder6 , noder1 , nrofnodes , n r o f l i n e s ) ;%fp r in t f ( l ines fp ,'−−− 1 −−−\n ') ;%rotor bak iron :[ noder16 , noder17 , noder18 , trash , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ . . .
−theta_p/2 , ab+ −theta_p/2∗alpha_m , R_ro−l_m, r l t , save_noder11 , noder2 ,nrofnodes , n r o f l i n e s ) ;noder16_x_ord = (R_ro−l_m) ∗ os ( ab+ −theta_p/2) ;noder16_y_ord = (R_ro−l_m) ∗ sin ( ab+ −theta_p/2) ;%fp r in t f ( l ines fp ,'−−− 2 −−−\n ') ;for node = noder2 + 1 : noder5n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endi f magnet_pole == N_m−1end_node = f i r s t_noder16 ;else end_node = NaN;end[ t rash , noder9 , noder10 , noder11 , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ . . .+theta_p/2∗alpha_m ,ab+ +theta_p/2 , R_ro−l_m, r l t , noder5 , end_node , nrofnodes ,n r o f l i n e s ) ;noder11_x_ord = (R_ro−l_m) ∗ os ( ab+ +theta_p/2) ;noder11_y_ord = (R_ro−l_m) ∗ sin ( ab+ +theta_p/2) ;i f magnet_pole == N_m−1end_node = f i r s t_noder15 ;else end_node = NaN;end[ t rash , noder12 , nrofnodes , n r o f l i n e s ℄= r ad ia l_ l in e (R_ro−l_m, R_ri , ab+ . . .+theta_p/2 , r l t , noder11 , end_node , nrofnodes , n r o f l i n e s ) ;[ t rash , noder13 , noder14 , noder15 , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ . . .+theta_p/2 , ab+ −theta_p/2 , R_ri , r l t , noder12 , save_noder12 , nrofnodes ,n r o f l i n e s ) ;[ t rash , trash , nrofnodes , n r o f l i n e s ℄= r ad i a l_ l in e (R_ri , R_ro−l_m, ab+ . . .
−theta_p/2 , r l t , noder15 , noder16 , nrofnodes , n r o f l i n e s ) ;73



% −−− Air inside rotor −−−a i r_ins ide_roto r = 0 .9 7 ;[ t rash , noder22 , nrofnodes , n r o f l i n e s ℄= r ad ia l_ l in e (R_ri , R_ri∗ air_ins ide_rotor , ab+ . . .
−theta_p/2 , r l t_a i r , noder15 , save_noder19 , nrofnodes , n r o f l i n e s ) ;i f magnet_pole == N_m−1end_node = f i r s t_noder22 ;else end_node = NaN;end[ t rash , noder21 , noder20 , noder19 , nrofnodes , n r o f l i n e s ℄ = ar ( ab+ . . .
−theta_p/2 , ab+ +theta_p/2 , R_ri∗ air_ins ide_rotor , r l t_a i r , . . .noder22 , end_node , nrofnodes , n r o f l i n e s ) ;[ t rash , noder12 , nrofnodes , n r o f l i n e s ℄= r ad ia l_ l in e (R_ri∗ air_ins ide_rotor , R_ri , ab+ . . .+theta_p/2 , r l t_a i r , noder19 , noder12 , nrofnodes , n r o f l i n e s ) ;n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder12 , noder13 ) ;for node = noder13 + 1 : noder14n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder14 , noder15 ) ;% −−−−− Air outside rotor −−−−−n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder16 , noder17 ) ;for node = noder17 + 1 : noder2n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder2 , noder1 ) ;n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder1 , noder8 ) ;for node = noder8 − 1 : −1 : noder6n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node+1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder6 , noder5 ) ;for node = noder5 + 1 : noder10n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , node−1, node ) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder10 , noder11 ) ;%−−−% find node 23 loated on the air between s ta tor and rotor l ine :i f (magnet_pole == N_m−1)noder23 = f i r s t_noder24 ;else old_distane = 10^10;d i s tane = 10^10−1;while ( d i s tane < old_distane )o ld_distane = di s tane ;d i s tane = sqrt ( ( air_nodes ( urrent_air_node , 2 ) − noder11_x_ord )^2 + (. . . ;air_nodes ( urrent_air_node , 3 ) − noder11_y_ord ) ^2) ;%plot ( [ noder11_x_ord air_nodes(urrent_air_node ,2) ℄ , [ noder11_y_ordair_nodes(urrent_air_node ,3) ℄ , 'k−')i f urrent_air_node == air_nodes (end , 1 )74



urrent_air_node = air_nodes (1 , 1 ) ;else urrent_air_node = urrent_air_node + 1 ;endendi f urrent_air_node−1 == air_nodes (1 , 1 )noder23 = air_nodes (end , 1 ) ;else noder23 = urrent_air_node −2;end%plot (air_nodes(noder23 ,2) , air_nodes(noder23 ,3) , ' ko ' )end%make l ine between node r11 and r23 :n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder11 , noder23 ) ;%i f isnan (save_node20)%nrofnodes = nrofnodes + 1;%fp r in t f ( nodesfp , '%i %E %E\n ' , nrofnodes , R_si∗air_inside∗os (ab− theta_s/2) ,R_si∗air_inside∗ sin (ab− theta_s/2) ) ;%node21 = nrofnodes ;%e l se%node21 = save_node20 ;%end%i f isnan ( first_node21 )% first_node21 = node21 ;% end% find node 24 loated on the air between s ta tor and rotor l ine :i f isnan ( save_noder23 )o ld_distane = 10^10;d i s tane = 10^10−1;while ( d i s tane < old_distane )o ld_distane = di s tane ;d i s tane = sqrt ( ( air_nodes ( urrent_air_node , 2 ) − noder16_x_ord )^2 + ( . . .air_nodes ( urrent_air_node , 3 ) − noder16_y_ord ) ^2) ;i f urrent_air_node == air_nodes (1 , 1 )urrent_air_node = air_nodes (end , 1 ) ;else urrent_air_node = urrent_air_node − 1 ;end%plot ( [ noder16_x_ord air_nodes(urrent_air_node ,2) ℄ , [ noder16_y_ordair_nodes(urrent_air_node ,3) ℄ , 'k−')endi f urrent_air_node+1 == air_nodes (end , 1 )noder24 = air_nodes (1 , 1 ) ;else noder24 = urrent_air_node + 2 ;endelse noder24 = save_noder23 ;endi f isnan ( f i r s t_noder24 )f i r s t_noder24 = noder24 ;end% make l ine between node r23 and r24 , ( the nodes nummber in air_nodes% is deresing sine we go lokwise )%plo t (air_nodes(noder24 ,2) , air_nodes(noder24 ,3) , ' ro ' )node = noder23−1 ;while ( air_nodes ( node , 1 ) ~= noder24 )i f node + 1 > air_nodes (end , 1 )start_node = air_nodes (1 , 1 ) ;else start_node = air_nodes ( node + 1 ,1) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , start_node , air_nodes ( node , 1 ) ) ;75



%disp ( sp r in t f ( '%i %i %i ' , nrof l ines , start_node , . . .%air_nodes(node ,1) ) ) ;i f node == air_nodes (1 , 1 )node = air_nodes (end , 1 ) ;else node = node −1;endendi f node + 1 > air_nodes (end , 1 )start_node = air_nodes (1 , 1 ) ;else start_node = air_nodes ( node + 1 ,1) ;endn r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , start_node , air_nodes ( node , 1 ) ) ;%line between node r24 and r16 :n r o f l i n e s = n r o f l i n e s + 1 ;fpr int f ( l in e s f p , '%i  %i  %i \n ' , n r o f l in e s , noder24 , noder16 ) ;save_noder23 = noder23 ;%−−−−−−−−−−−−−−−−−−−−%−−−−−−−−−−−−− Material assignment points −−−−−−−−−−%Rotor bak iron :n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .(R_ri + R_ro−l_m) /2∗os ( ab ) , (R_ri + R_ro−l_m) /2∗ sin ( ab ) ,ro to rbak i ronmate r i a l ode ) ;%for human ver i fy ing :%p lo t ( (R_ri + R_ro−l_m)/2∗os (ab) , (R_ri + R_ro−l_m)/2∗ sin (ab ) , ' ok ' ) ;%Magnet :n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .(R_ro + R_ro−l_m) /2∗os ( ab ) , (R_ro + R_ro−l_m) /2∗ sin ( ab ) , magnetmater ia lbaseode+magnet_pole ) ;%for human ver i fy ing :%p lo t ( (R_ro + R_ro−l_m)/2∗os (ab) , (R_ro + R_ro−l_m)/2∗ sin (ab ) , ' ok ' ) ;% To the .PROB f i l e :magnet_magnitude = (−1)^magnet_pole ∗ B_r ;% disp ( sp r in t f ('% i B [%E, %E 0 , 0℄ ' , . . .fpr int f ( e x  i t a t i o n f p , '%i      B       [%E,    %E,    0 ℄\n ' , . . .magnetmater ia lbaseode+magnet_pole , magnet_magnitude ∗ os ( ab ) ,magnet_magnitude ∗ sin ( ab ) ) ;% Air inside rotor :n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .(R_ri∗ a i r_ins ide_roto r + R_ri ) /2∗ os ( ab ) , (R_ri∗ a i r_ins ide_roto r + R_ri ) /2∗ sin (ab ) , a i rma te r i a l  ode ) ;%for human ver i fy ing :%p lo t ((R_ri∗air_inside_rotor + R_ri)/2∗os (ab ) , (R_ri∗air_inside_rotor + R_ri)/2∗ sin(ab ) , 'ok ' ) ;%Air outside rotor , i . e . air in the airgap on the rotor side of%the airgap a i r l in e . :n r o fma t e r i a l r e g i o ns = nr o fma t e r i a l r e g i on s +1;fpr int f ( mate r i a l s fp , '%i  %E %E %i \n ' , n ro fma t e r i a l r e g i ons , . . .( (R_ro+R_si ) /2 + R_ro) /2∗ os ( ab ) , ( (R_ro+R_si) /2 + R_ro) /2∗ sin ( ab ) ,a i r gapmate r i a l ode ) ;%for human ver i fy ing :%p lo t ( ((R_ro+R_si)/2 + R_ro)/2∗os (ab ) , ((R_ro+R_si)/2 + R_ro)/2∗ sin (ab ) , 'ok ' ) ;disp ( sprintf ( 'To the  .PROB f i l e : ' ) ) ;%disp ( sp r in t f ('% i [0 . , 0. , 0 . ℄ Cylinder [0 . , 0. , 1 . ℄ %E [0 . , 0. , 0 . ℄ [0 . , 0. , 0 . ℄ ' ,. . .%nrofmaterialregions , . . .%((R_ro+R_si)/2 + R_ro)/2) ) ;disp ( sprintf ( '%i  [ 0 . ,  0 . ,  0 . ℄  Cyl inder  [ 0 . ,  0 . ,  1 . ℄  %E [ 0 . ,  0 . ,  0 . ℄  [ 0 . ,  0 . ,  0 . ℄  ' ,. . .a i r gapmate r i a l ode , . . . 76



( (R_ro+R_si ) /2 + R_ro) /2) ) ;disp ( sprintf ( ' There should only  be one torque  l i n e  in  the  .PROB−f i l e ,  even i f  i t  i s  repeted  above . ' ) ) ;save_noder11 = noder11 ;save_noder12 = noder12 ;save_noder19 = noder19 ;i f isnan ( f i r s t_noder16 )f i r s t_noder16 = noder16 ;endi f isnan ( f i r s t_noder15 )f i r s t_noder15 = noder15 ;endi f isnan ( f i r s t_noder22 )f i r s t_noder22 = noder22 ;endendend %skipping rotori f 0disp ( ' Skipping−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−' )else% −−−−−−−−−−−−−−−−−−−− Plot of Windings −−−−−−−−−−−−−−−−−−−−% 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 2728 29 30 31 32 33 34 35 36p1 = [+1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1
−1 −1 −1 +1 +1 +1 −1 −1 −1℄;p2 = [−1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1+1 +1 −1 −1 −1 +1 +1 +1 −1℄;p3 = [+1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1 −1 +1 +1 +1 −1 −1
−1 +1 +1 +1 −1 −1 −1 +1 +1℄ ;%Winding s ta r t radius :wsr = (R_si+R_sb) /2 ;%Winding s ta r t anglewsa = (w_tb+w_sb) /2 /R_sb;%Winding ending angle :wea = wsa + (w_sb + w_tb) / R_sb ;for phase = 1 :3swith phasease 1 p = p1 ;p l t = 'm' ;%Winding radius :wr = R_so ∗ 1 . 1 0 ; % times 1.1 so the winding w i l l be ploted 10% from thes ta torase 2 p = p2 ;p l t = ' g ' ;%Winding radius :wr = R_so ∗ 1 . 1 5 ;ase 3 p = p3 ;p l t = '  ' ;%Winding radius :wr = R_so ∗ 1 . 2 0 ;endfor s l o t = 1 :N_s%previous s l o t :ps = s l o t − 1 ;i f ( ps < 1)ps = N_s;end%urrent s l o t :s = s l o t ;%next s l o t :ns = s l o t + 1 ;i f ( ns > N_s) 77



ns = 1 ;end%Angle base :ab = 2∗pi / N_s ∗ ( s l o t −1) ;% −−−−−− Posit ive o i l : −−−−−−−−−−wsa_temp = wsa ;wea_temp = wea ;i f (p( s ) > 0) & (p( ps ) < 1) %sta r t of o i lwsa_temp = wsa_temp ∗ 1 . 2 ;radia l_l ine_plot_only (wsr , wr , ab+wsa_temp , p l t )endi f (p( s ) > 0) & (p( ns ) < 1) %end of o i lwea_temp = wea_temp ∗ 0 . 8 ;radia l_l ine_plot_only (wsr , wr , ab+wsa_temp , p l t )endi f (p( s ) > 0) & (p( ns ) > 0) %ontinue o i lar_plot_only ( ab+wsa_temp , ab+wea_temp , wr , p l t )radia l_l ine_plot_only (wr ∗0 .98 , wr ∗1 .02 , ab+(wsa+wea ) /2 , p l t )end% −−−−−− Negative o i l : −−−−−−−−−−wsa_temp = wsa ;wea_temp = wea ;i f (p( s ) < 0) & (p( ps ) > −1) %sta r t of o i lwsa_temp = wsa_temp ∗ 1 . 2 ;radia l_l ine_plot_only (wsr , wr , ab+wsa_temp , p l t )endi f (p( s ) < 0) & (p( ns ) > −1) %end of o i lwea_temp = wea_temp ∗ 0 . 8 ;radia l_l ine_plot_only (wsr , wr , ab+wsa_temp , p l t )endi f (p( s ) < 0) & (p( ns ) < 0) %ontinue o i lar_plot_only ( ab+wsa_temp , ab+wea_temp , wr , p l t )ar_plot_only ( ab+(wsa+wea ) /2 − (wsa+wea ) /2 ∗ 0 .1 , ab+(wsa+wea ) /2 + (wsa+wea ) /2 ∗ 0 .1 , wr ∗ 1 .02 , p l t )endend % s l o tend % phasei f 0%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− Start of t e s t
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−p1 = p2 ; %−−−−−−−−−−−−−−−−−−−−−−−−−−−p l t = 'b ' ; %−−−−−−−−−−−−−−−−−−−−−−−−−−−%Winding s ta r t radius :wsr = (R_si+R_sb) /2 ;%Winding radius :wr = R_so ∗ 1 . 1 5 ; % times 1.1 so the winding w i l l be ploted 10% from the s ta tor%−−−−−−−−−−−−−−−−−−−−−−−−−−−%Winding s ta r t anglewsa = (w_tb+w_sb) /2 /R_sb;%Winding ending angle :wea = wsa + (w_sb + w_tb) / R_sb ;for s l o t = 1 :N_s%previous s l o t :ps = s l o t − 1 ;i f ( ps < 1)ps = N_s;end%urrent s l o t :s = s l o t ; 78



%next s l o t :ns = s l o t + 1 ;i f ( ns > N_s)ns = 1 ;end%Angle base :ab = 2∗pi / N_s ∗ ( s l o t −1) ;% −−−−−− Posit ive o i l : −−−−−−−−−−i f ( p1 ( s ) > 0) & (p1 ( ps ) < 1) %sta r t of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗1 .2 , p l t )endi f ( p1 ( s ) > 0) & (p1 ( ns ) < 1) %end of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗0 .8 , p l t )endi f ( p1 ( s ) > 0) & (p1 ( ns ) > 0) %ontinue o i lar_plot_only ( ab+wsa , ab+wea , wr , p l t )radia l_l ine_plot_only (wr ∗0 .98 , wr ∗1 .02 , ab+(wsa+wea ) /2 , p l t )end% −−−−−− Negative o i l : −−−−−−−−−−i f ( p1 ( s ) < 0) & (p1 ( ps ) > −1) %sta r t of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗1 .2 , p l t )endi f ( p1 ( s ) < 0) & (p1 ( ns ) > −1) %end of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗0 .8 , p l t )endi f ( p1 ( s ) < 0) & (p1 ( ns ) < 0) %ontinue o i lar_plot_only ( ab+wsa , ab+wea , wr , p l t )ar_plot_only ( ab+(wsa+wea ) /2 − (wsa+wea ) /2 ∗ 0 .1 , ab+(wsa+wea ) /2 + (wsa+wea ) /2 ∗ 0 .1 , wr ∗ 1 .02 , p l t )endend%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− p 3 −−−−p1 = p3 ; %−−−−−−−−−−−−−−−−−−−−−−−−−−−p l t = ' r ' ; %−−−−−−−−−−−−−−−−−−−−−−−−−−−%Winding s ta r t radius :wsr = (R_si+R_sb) /2 ;%Winding radius :wr = R_so ∗ 1 . 2 ; % times 1.1 so the winding w i l l be ploted 10% from the s ta tor%−−−−−−−−−−−−−−−−−−−−−−−−−−−%Winding s ta r t anglewsa = (w_tb+w_sb) /2 /R_sb;%Winding ending angle :wea = wsa + (w_sb + w_tb) / R_sb ;for s l o t = 1 :N_s%previous s l o t :ps = s l o t − 1 ;i f ( ps < 1)ps = N_s;end%urrent s l o t :s = s l o t ;%next s l o t :ns = s l o t + 1 ;i f ( ns > N_s)ns = 1 ;end%Angle base :ab = 2∗pi / N_s ∗ ( s l o t −1) ; 79



% −−−−−− Posit ive o i l : −−−−−−−−−−i f ( p1 ( s ) > 0) & (p1 ( ps ) < 1) %sta r t of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗1 .2 , p l t )endi f ( p1 ( s ) > 0) & (p1 ( ns ) < 1) %end of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗0 .8 , p l t )endi f ( p1 ( s ) > 0) & (p1 ( ns ) > 0) %ontinue o i lar_plot_only ( ab+wsa , ab+wea , wr , p l t )radia l_l ine_plot_only (wr ∗0 .98 , wr ∗1 .02 , ab+(wsa+wea ) /2 , p l t )end% −−−−−− Negative o i l : −−−−−−−−−−i f ( p1 ( s ) < 0) & (p1 ( ps ) > −1) %sta r t of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗1 .2 , p l t )endi f ( p1 ( s ) < 0) & (p1 ( ns ) > −1) %end of o i lradia l_l ine_plot_only (wsr , wr , ab+wsa ∗0 .8 , p l t )endi f ( p1 ( s ) < 0) & (p1 ( ns ) < 0) %ontinue o i lar_plot_only ( ab+wsa , ab+wea , wr , p l t )ar_plot_only ( ab+(wsa+wea ) /2 − (wsa+wea ) /2 ∗ 0 .1 , ab+(wsa+wea ) /2 + (wsa+wea ) /2 ∗ 0 .1 , wr ∗ 1 .02 , p l t )endend%
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−endend %skipping% Current ex i ta t ions to the .PROB f i l e :% 1 2 3 4 5 6 7 8 9 10 11 12 13 1415 16 17 18 19 20 21 22 23 24 25 26 27 2829 30 31 32 33 34 35 36% f s f s f s f s f s f s f s f s f s f s f s f s f s fs f s f s f s f s f s f s f s f s f s f s f s f s f s fs f s f s f s f s f s f s f s f sp1 = [ 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 00 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0+1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −1 0 ℄ ;p2 = [ 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −10 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 00 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 ℄ ;p3 = [+1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0+1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 0 0 +1 0 0 +1 0 0 −10 0 −1 0 0 +1 0 0 +1 0 0 −1 0 0 −1 0 0 ℄ ;% state : 1 2 3 4 5 6s t a t e s = [ +1 +1 0 −1 −1 0 ; . . . % phase 1

−1 0 +1 +1 0 −1 ; . . . % phase 20 −1 −1 0 +1 +1℄ ; % phase 3s t a t e = 1 ;ur r ent = p1 ∗ s t a t e s (1 , s t a t e ) + p2 ∗ s t a t e s (2 , s t a t e ) + p3 ∗ s t a t e s (3 , s t a t e ) ;for ha l f_s lo t = 0 : N_s ∗2 − 1fpr int f ( e x  i t a t i o n f p , '%i      J       [0 ,    0 ,    %E℄\ n ' , . . .s l o tma te r i a lba s e ode+ha l f_s lo t , u r r ent ( h a l f_s lo t +1)∗1e6 ) ;% +1 beause matlab index ofvetors s t ar t s at 1endf lose ( ' a l l ' ) ;%−−−−− make . poly f i l e from nodes , l in e s and materials f i l e s −−−−−−−−po ly fp = fopen ( ' r a d i a l . poly ' , 'w+' ) ; 80



% nrofnodes nodes , 2 dimensions , no at t r ibu tes , no boundary marker :fpr int f ( polyfp , '%i  2 0 0\n ' , nrofnodes ) ;nodes fp = fopen ( ' nodes . txt ' , ' r ' ) ;nodes = fsanf ( nodesfp , '%i  %E %E ' , [ 3 i n f ℄ ) ;fpr int f ( polyfp , '%i  %E %E\n ' , nodes ) ;fpr int f ( polyfp , ' \n ' ) ;%n fo f l in e s l ines , no boundary marker :fpr int f ( polyfp , '%i  0\n ' , n r o f l i n e s ) ;l i n e s f p = fopen ( ' l i n e s . txt ' , ' r ' ) ;l i n e s = fsanf ( l in e s f p , '%i  %i  %i ' , [ 3 i n f ℄ ) ;fpr int f ( polyfp , '%i  %i  %i \n ' , l i n e s ) ;fpr int f ( polyfp , ' \n ' ) ;% hole in the middle :fpr int f ( polyfp , ' 1\n ' ) ; % <−−−− one holefpr int f ( polyfp , ' 1  0  0\n ' ) ;%disp ( 'Hole in air between rotor and stator ' )%fp r in t f ( polyfp , '2 %E %E\n ' , ((R_ro+R_si)/2 + R_ro)/2 , 0) ;%p lo t ( ((R_ro+R_si)/2 + R_ro)/2 , 0 , 'or ' ) ;fpr int f ( polyfp , ' \n ' ) ;%nrofmateria lregions Regional a t t r ibu t e s (materials ) :fpr int f ( polyfp , '%i \n ' , n r o fma t e r i a l r e g i on s ) ;ma te r i a l s f p = fopen ( ' ma te r i a l s . txt ' , ' r ' ) ;ma te r i a l s = fsanf ( mate r i a l s fp , '%i  %E %E %i ' , [ 4 i n f ℄ ) ;maximum_area = ones (1 , length ( mat e r ia l s ) ) ∗ 0 .000002 ;fpr int f ( polyfp , '%i  %E %E %i  %E\n ' , [ mate r i a l s ' maximum_area ' ℄ ' ) ;f  lose ( ' a l l ' ) ;hold o f f
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