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A MULTI-PHASE SURFACE MOUNTED PERMANENT MAGNET DESIGN TO REDUCE TORQUE RIPPLES AND JOULE LOSSES F. Scuiller1, J.F. Charpentier1, S. Clénet2, E. Semail2 1: Irenav/Ecole Navale, BP 600, 29240 BREST-ARMEES 2: L2EP/ENSAM, 8 Bd Louis XIV, 59046 Lille France



Abstract: This paper details a supplying and design strategy dedicated to PM multi-phase machines. From a multi-machine modelling, a condition to minimize the Joule losses for a given average torque is found. Next, criterions about windings and rotor topology are defined to guarantee a significant reduction of the total torque ripples (cogging and pulsating). The example of a surface mounted five-phase motor is finally discussed: the field calculation shows that the multi-machine supplying and design strategy improves significantly the performance of the motor in terms of Joule losses and torque ripples. Keywords: marine application, multi-phase PM machines, multi-machine, torque ripples, fractional-slot windings, machine optimization 1. Introduction Multi-phase motors are widely used in marine propulsion for reasons as reliability, smooth torque and partition of power [1]. These multi-phase motors can now be controlled by Pulse Width Modulation (PWM) Voltage Source Inverter (VSI). This kind of supply increases the flexibility of control. Used with Permanent Magnet synchronous motors, this solution also improves the compactness of the propulsion system [2]. Moreover, these machines are all the more interesting that the excitation due to permanent magnets gives an additional design freedom degree [3]. In order to really take advantage of this attractive topology, efficient control laws must be defined [4]; pertinent criteria of design must also be established. Such is the subject of this paper. First, a vectorial multi-machine model of multi-phase motor is presented: it shows that a multi-phase machine can be considered as a set of 1-phase and 2-phase machines [5]. In the following part, this statement is used in order to deduce a multi-machine supplying and design strategy that takes into account current control, windings influence and rotor geometry impact [6]. The last part applies this strategy in order to improve the performances of a small 5-phase propeller in term of torque ripples reduction and Joule losses decrease. 2. Multimachine modelling of a multi-phase machine 2.1 Hypothesis and notations Usual assumptions are used to model the machine: •



the N phases of the machine are identical



•



the N phases are regularly shifted



•



effects of saturation and damper windings are neglected



•



the electromotive force (EMF) in the stator windings is not disturbed by stator currents. All quantities relating to the phase k are written xk. 2.2 Usual modelling in a natural base In the usual matricial approach of N-phase electric machines, the machine is associated with an Euclidean vectorial space of dimension N noted EN. This space is provided with the usual canonic dot product and with an uur uur uur orthonormal base B N = x1N , x2N ,..., xNN that can be called



{



}



natural since the coordinates of a vector in this base are the measurable values relative to each phase. In this natural base, useful vectors are defined: r uur uur • voltage vector v = v1 x1 + ... + vN xN r uur uur • current vector i = i1 x1 + ... + iN xN uur uur uur • stator flux vector φs = φs1 x1 + ... + φsN xN r uur uur • EMF vector e = e1 x1 + ... + eN xN With these notations, φsk represents the flux linked by the phase k exclusively due to the stator currents. Similarly ek is the EMF induced in the phase k only caused by rotor magnets. Taking into account the stator resistance per phase Rs, the vectorial voltage equation can be written: uur r r ⎡ d φs ⎤ r [1] v = Rs i + ⎢ ⎥ +e ⎢⎣ dt ⎥⎦ / B N uur φs describes the electromagnetic coupling between the r uur phases. Thus a linear relation named ϕ links φs and i . This linear relation can be described by introducing the inductance matrix Ms: ⎡ m1,1 m1,2 ⎢m m2,2 2,1 N M s = mat (ϕ , B ) = ⎢ ⎢... ... ⎢ ⎣⎢ mN ,1 mN ,2



... m1, N ⎤ ... m2, N ⎥⎥ [2] ... ... ⎥ ⎥ ... mN , N ⎦⎥ Owing to the complexity of the matrix Ms, the modelling of the machine in the natural base is not simple. That’s why a simpler form of this matrix must be found.
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2.3 Modelling in an orthonormal base The inductance matrix is symmetric. This natural property states that: •



there exists F eigenspaces EgN associated with the F eigenvalues of Ms



F



T = ∑ Tg



•



the eigenspaces are orthogonal each other



•



the dimension of the eigenspace EgN is equal to the



g =1



ur uur y g is obtained by projecting y onto the vectors of EgN .



Moreover, as λg are eigenvalues of Ms, a simpler expression between flux and currents is obtained: uur F uur F ur φs = ∑ φsg = ∑ λg ig



[4]



g =1



The projection of vectorial voltage equation onto each eigenspace makes F uncoupled voltage equations appearing: ur ⎡ dig ⎤ uur ur uur [5] vg = Rs ig + λg ⎢ ⎥ + eg ⎢⎣ dt ⎥⎦ / B N This set of uncoupled equations allows the introduction of multimachine concept. 2.4 Eigenspaces and fictitious machines The multimachine concept is based on the multi-phase machine energetic balance. By definition, the electric power supplied to the stator is the dot product of voltage vector by current vector. By decomposing these vectors into their projection onto the eigenspaces, the orthogonality property leads to: N uu r ur F uur ur P = ∑ vk .ik = ∑ vg .ig [6] k =1



[9]



g =1



multiplicity of eigenvalue λg . ur Consequently every vector y ∈ E N can be decomposed uur into a sum of vectors y g ∈ EgN : ur F uur y = ∑ yg [3]



g =1



uur Where Ω, θ and φr are respectively the angular speed, the mechanical angle and the flux vector due to the field created by the rotor. The total torque is the sum of the torque produced by each fictitious machine:



g =1



By injecting [5] in [6], ur F ur 2 λg d (ig ) 2 uur ur + eg .ig [7] P = ∑ Rs (ig ) + 2 dt g =1 This relation proves that the whole power of the multiphase machine is shared out among several electromagnetically independent systems defined by the eigenspaces. Thus each eigenspace can be seen as a fictitious machine. Thereby the first term of [7] is considered as stator Joule losses, the second term as the derivative of stator magnetic energy and the third one as the electromagnetic power. The phase number of the fictitious machine is the dimension of its associated eigenspace. As for a real machine, the fictitious machine torque is calculated from electromagnetic power: uur ur uur uur eg .ig dt d φrg ur d φrg ur = [8] Tg = .ig = .ig Ω dθ dt dθ



In order to improve the torque quality of the multi-phase machine, it is interesting to be able to supply and control the fictitious machines. 2.5 Harmonics characterizations of fictitious machines To reach this goal, it is necessary to determine criterions on the distribution of the required torque between the fictitious machines. According to [8], the torque of a fictitious machine is the dot product of the following two vectors: ur • ig the projection of the current vector that is imposed by the power supply uuur uur deg r , the projection of a vector ε called • εg = dθ “Elementary EMF vector” that corresponds to the back EMF for 1 rad/s speed and that depends on the design machine. The elementary EMF vector describes space periodic functions. Then they can be expanded into a Fourier series and expressed as a sum of vectors associated with harmonic order number k. The projection of the vector associated with a given harmonic order number is not null only for one eigenspace. In other words, the different space harmonics are distributed between the eigenspaces. Thus each fictitious machine can be characterized by a specific family of harmonics. Table 1 gives the decomposition for 5-phase and 7-phase machines. 5-phase machine Fictitious Machine Family of harmonics First two-phase machine 1, 9, 11, 19, ,,,, 5h-1, 5h+1 Second two-phase machine 3, 7, 13, 17, ,,,,, 5h-2, 5h+2 One-phase machine 5, 15, ,,,, 5h 7-phase machine Fictitious Machine Family of harmonics First two-phase machine 1, 13, 15, ,,,, 7h-1, 7h+1 Second two-phase machine 5, 9, 19, ,,,, 7h-2, 7h+2 Third two-phase machine 3, 11, 17, ,,,, 7h-3, 7h+3 One-phase machine 7, 21, ,,,, 7h



Table 1: Family of harmonics for 5-phases and 7-phase machines If currents are also considered time periodic, the same decomposition and characterization can be achieved. Consequently a fictitious machine will produce torque only if current and elementary EMF contain harmonics of its family. 3. Multimachine supplying and design strategy 3.1 Supplying strategy
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The multimachine theory enables a new characterisation of the pulsating torques: the study of the multi-phase machine pulsating torque reduction can be achieved by these ones of the fictitious machines. A simple control strategy consists in supplying a fictitious machine with the first harmonic of its family. Thereby the pulsating torques of each fictitious machine are only caused by the interaction of this first harmonic with the other harmonics of the family contained in the back-EMF. Besides the injections of several current harmonics into a fictitious machine could increase its average torque. Nevertheless, in this case, the necessity of controlling high harmonics makes the fictitious machine command more difficult. So the control with only the first harmonic for a fictitious machine is less demanding for power electronics components: this kind of control limits the maximal frequency to be used by the voltage source inverter. With this supplying strategy, the average torque of the fictitious machine of inductance λg characterized by its harmonics family Fg is: N [10] Tg = ( f i ) min( Fg ) ( fε ) min( Fg ) cos(min( Fg )Ψ ) 2 where ( f i ) k and ( fε ) k being the Fourier coefficient of rank k of current and elementary EMF Ψ being the out of phase of elementary EMF versus current If Ψ = 0 (maximum torque strategy), the global average torque is: N F N uuuuur uuuuur T = Tm = ∑ ( fi ) min( Fg ) ( fε ) min( Fg ) = fi ,min . fε ,min 2 g =1 2 uuuuur [11] ⎧ f i ,min = ⎡( fi ) min( F ) ,..., ( f i ) min( F ) ⎤ 1 F ⎦ ⎪ ⎣ with ⎨ uuuuur ⎪⎩ fε ,min = ⎡⎣( fε ) min( F1 ) ,..., ( fε ) min( FF ) ⎤⎦ The corresponding Joule losses are: NRs uuuuur 2 Pj = f i ,min [12] 2 Then, in order to produce a given average torque with minimal Joule losses, the two vectors uuuuur uuuuur f i ,min and fε ,min must be colinear. uuuuur P uuuuur f i ,min = J fε ,min [13] Tm Rs That means that the back-EMF and the current must have the same harmonic repartition concerning the harmonic used to supply the fictitious machines. With this supplying strategy, the average torque of a fictitious machine is: NPj 2 ( fε ) min( Fg ) [14] Tg = 2 Rs 3.2 Winding design



fictitious machine and cancels the others. In this ideal case, the absence of pulsating torques is guaranteed. So in order to keep the first harmonics with the same amplification, fully-pitched windings are particularly suitable in so far as they don’t filter any harmonic. This advantage is also a drawback since high harmonics are not filtered. This structure presents another inconvenient that could be particularly embarrassing: because the slot number Ns is a multiple of the pole number Np, this kind of winding can lead to an important cogging torque. Besides a classical way to cut it is to increase the least common multipler of Ns and Np [7]. So these two unexpected aspects conduce to study the case of fractional-slot windings. The main contribution of this structure is the significant reduction of cogging torque in terms of amplitude and frequency. However it is necessary to find a winding configuration that doesn’t filter the first harmonics of each family. And the existence of such satisfactory configuration depends on the phase number, pole number and slot number. 3.3 Rotor design If the machine airgap and stator dimensions are fixed (slot number, slot geometry, stator radius…), the back-EMF mainly depends on two design elements: on the one side, the windings; on the other side, the rotor geometry examined in this section. As for the windings, the ideal rotor is the structure that only generates the first harmonic of each supplied fictitious machine. According to the supplying strategy described previously, the torque provided by a fictitious machine will be all the more significant that the first family harmonic of back-EMF will be important (which is illustrated by equation [14]). Thus the rotor design aims to favour the first harmonics of each supplied fictitious machine. Obviously other harmonics must be reduced for avoiding pulsating torques. In a general procedure that combines rotor optimization and windings optimization, the rotor imperfections in terms of spectral content can be corrected by spatial filtering due to windings. The mutual argument is also true: the rotor can be designed to produce weak harmonics if the windings can’t filter them. The rotor consists in p pole pairs. Each pole is made with a finite number of magnets. The following parameters define the magnet geometry: •



the width of the magnet (that is a fraction of the pole pitch)



•



the position of the magnet on the pole pitch



•



the magnetization orientation in the case of non radial magnetization



• the magnetization value. The figure 1 illustrates these parameters (in the case of Surface Mounted Permanent Magnets).



The winding acts on the spectral composition of backEMF by filtering the flux density generated by the rotor. If the supplying strategy previously described is adopted, the ideal winding must keep the first harmonic of each fed AES 2005 – ALL ELECTRIC SHIP
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Magnetization Vector



Magnetization Orientation
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ROTOR CORE



•



the rotor consists in 16 poles, each pole made with a radial magnet that covers the whole pole pitch



•



the windings is fully-pitched (the winding step is equal to the pole pitch)



•



the machine is supplied with a classical sinusoidal current.



uur eθ Pole pitch Magnet position Magnet Width



Figure 1: Illustration of the parameters that define the pole geometry Theoretically a pole presents a symmetry axis that guarantees the cancellation of even harmonics for flux density and then for back-EMF. 4. Application on a small propeller motor specifications 4.1 Design specifications In this part, the control and design rules described previously in order to reduce the Joule losses and the torque ripples are used to design a 5-phase machine for small podded propeller specifications. The new design is compared with a very classical 5-phases machine design for the same specifications (reference case). To reach this goal, with the multimachine feeding strategy described in section 3.1, it is sufficient to change windings and rotor geometry. So the specifications of the propeller that are given in Table 2 are the same for the reference and new designs. Since the number of slots by phase is invariant, the statoric phase resistances can be considered invariant if the end turns between the two designs are neglected. This Surface Mounted Permanent Magnet machine is simulated by using a 2D Finite Difference calculation software DIFIMEDI [8]. Number of phases Stator core thickness Air gap Angular teeth width Axial machine length Bore Diameter Slot depth Total number of slot Number of conductors/slot Slot fill factor Statoric resistance Required average torque Power at 500rpm Magnet total volume Magnet material Magnet Magnetization



N=5 Th = 6 mm e = 1 mm Wt = 2.25 degrees L = 35 cm D = 166 mm Ds = 1 cm Ns = 80 (16 slots/phase) 20 0.5 Rs = 1.2 Ohms 60N.m (100 to 500rpm) 3.1 kW 1042 cm3 (almost 6 kg) NeFeB Isotropic Bonded magnet 0.6 T



Figure 2: Initial Torque (16 poles with radial magnets) The obtained torque and Joule losses are given in Figure 2. As expected, the cogging torque is particularly strong since the slot number (80) is a multiple of the pole numbers (16). The electromagnetic torque (EM torque) presents a distorsion value of 7.6 % whereas the distorsion of the total torque (with including cogging torque) climbs to 16.4 %. 4.2 New windings The new windings must be adapted to a motor topology reducing the cogging torque. According to section 3.2, it is chosen to decrease pole numbers from 16 to 14. Thus the least common multipler between slot number (80) and pole number (14) climbs from 80 to 560. That means that the fundamental of cogging torque depends on very higher flux density harmonics. With this structure, DIFIMEDI estimates a cogging torque amplitude lower than 0.001 Nm. Thus this topology produces a quasi-null cogging torque. The windings must allow an efficient multimachine feeding strategy. In a 5-phase machine, the multimachine strategy aims to feed the two 2-phase fictitious machines called the Main Machine (MM) and the Secondary Machine (SM). Then the harmonics 1 (for MM) and 3 (for SM) of back-EMF must be high. Consequently the windings must not filter these harmonics. The analysis of the different admissible windings leads to chose the configuration presented in Table 3. This configuration is particularly suitable because harmonics 1 and 3 are filtered with the quite same level whereas other harmonics are attenuated.



Table 2: Propeller Parameters Set The initial situation (reference case) of this 5-phase motor is the following:
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Windings for 14 poles Slot Number 1 2 3 Phase 5+ 5+ 3Slot Number 21 22 23 Phase 1- 4+ 2Slot Number 41 42 43 Phase 5- 5- 3+ Slot Number 61 62 63 Phase 1+ 4- 2+



4 1+ 24 5+ 44 164 5-



5 425 345 4+ 65 3+



Backward : + 6 7 8 9 2+ 5- 3+ 126 27 28 29 3- 1+ 4- 2+ 46 47 48 49 2- 5+ 3- 1+ 66 67 68 69 3+ 1- 4+ 2-



10 130 550 1+ 70 5+



11 4+ 31 3+ 51 471 3-



12 232 152 2+ 72 1+



13 5+ 33 4+ 53 573 4-



14 334 4+ 54 3+ 74 4-



15 1+ 35 255 175 2+



Forward : 16 17 18 19 4- 2+ 2+ 536 37 38 39 5+ 3- 1+ 456 57 58 59 4+ 2- 2- 5+ 76 77 78 79 5- 3+ 1- 4+



20 3+ 40 2+ 60 380 2-



Magnetisation



SOUTH



Table 3 : New windings with 14 poles Concerning the stator resistance, it can be noticed that, in this new configuration, the sum of the winding steps is equal to 72 slot pitches whereas, in the reference case, it is equal to 80 slot pitches. Consequently, the stator resistance can be considered unchanged. 4.3 New rotor The goal is to find a rotor geometry that guarantees a reduction of pulsating torques with the multimachine feeding strategy. The number and the meaning of the optimisation parameters (section 3.3) depend on the explored structure. It is decided to look for a pole made of three magnets with parallel magnetization. Owing to the hypothesis of pole symetry, the introduction of two design parameters is sufficient (figure 3): •



ur er



L = 29°



τ = −36°



NORTH



uur eθ 90°



Figure 3: Pole geometry solution



This rotor leads to a significant change in the elementary EMF waveform. The Figure 4 compares the Fourier expansions of initial elementary EMF and optimal elementary EMF: the increase of harmonics 1 and 3 and the decrease of other harmonics are clear. Particularly the ratio between harmonics 7 and 3 that is the main cause of the ripples of the Secondary Machine is reduced from 0.30 to 0.06.



the length of the adjacent magnet L that can vary from 0° from 90° (in electrical degree)



The orientation angle τ of the magnetisation of the adjacent magnet that can vary from -90° to 0°. r T So the optimisation vector is x = [ L,τ ] .



•



The objective is to impose a specific form to the elementary EMF in order to make the two fictitious machines produce a significant torque with low vibrations. However a reasonable goal must be fixed concerning the proportion of torque provided by the Secondary Machine: the chosen value is 10 % of the total torque. According to [14], this condition implies that ( fε )3 must equal to a third of ( fε )1 . So the objective is formulated as follow: ⎡1⎤ ⎡ ( fε )3 ⎤ ⎢3⎥ ⎢ ⎥ ⎢ ⎥ min 1 ⎢ ( fε )7 ⎥ − ⎢0⎥ [15] x ( fε )1 ⎢ ( fε )9 ⎥ ⎢0⎥ ⎢ ⎥ ⎢ ⎥ ⎢⎣ ( fε )11 ⎥⎦ ⎣⎢ 0 ⎦⎥ Furthermore the total Joule losses of the 5-phases machine must be lower than Pj0, the Joule losses at the initial situation (16 poles, radial rotor and fully-pitched windings). Following non linear constraint traduces this statement: 2 2 2 2 Rs ( fε )1 + ( fε )3 − Tg ≥0 [16] 5Pj 0



An acceptable solution to this problem is found and presented on Figure 3.



Figure 4: Fourier expansion of initial and optimised machines



4.4 Performance Improvements As shown on Figure 5, the optimisation procedure has dramatically reduced the torque ripples of the motor. The distortion of the total torque drops from 16.4% to 4.1%. This result is all the more satisfied that it also comes from a significant decrease of pulsating torque: EM torque distortion decreases from 7.6% to 4.1%. Two statements explain this improvement. On the one side, the new topology of the machine (new pole number) almost forbids cogging torque development. On the other side, the multi-machine design and feeding is calculated in order to reduce the pulsating torques. The constraint of the optimisation procedure is respected and conduces to a decrease of the Joule losses: from 44.5W to 38.0W (almost 15%).
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gives elements to get onto the complex problem of global PM multi-phase motor and drive design. 6. References [1]
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Figure 5: Comparison of optimised torque with initial torque



It is interesting to examine the torques produced by each fictitious machine. The Figure 6 presents the torques of the two fictitious machines.
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Figure 6: Torque produced by the Main and the Secondary Machines



The part of the total torque that is provided by the Secondary Machine is equal to 8.5%. The value of 10% fixed by the optimisation problem is then not reached. However, this value is not negligible and shows the interest of this design approach. 5. Conclusion



In this paper, a supplying and design strategy dedicated to multi-phase PM machines is described. Based on the multi-machine theory, the presented method is used to design a 5-phase motor for small propeller specifications. For this example, a judicious windings configuration and a pertinent rotor geometry is combined with multimachine supplying. According to 2D finite field difference calculation, this association leads to a significant reduction of torque ripples and Joule losses in comparison with the classical design (fully-pitched windings, radial rotor and sinusoidal supplying). The supplying and design strategy described in this paper
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