SRMs Design Guide


This SRM design guide is a work in progress and not complete at the present time. It is hoped that even in its present form it will be usefull to those who are in the process of designing a SRM. See Predes.mcd for additional useful information. 

In designing electrical machines, the machine's area product defined as the total slot area of times the area of the air gap is a useful sizing metric. This metric is denoted the area product of the machine and is found by computing the power converted to mechanical form
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(1)

Here Pm is the mechanical power, BEMFp is the peak machine back emf voltage, Iphp is the peak phase current, PF is the machines power factor, Nph is the number of phases, and nrep is the number of machine repetitions. The number of machine repetitions is defined such that a three phase two-repetition machine is the same as a six phase machine. The machine's power factor is assumed known and is an experience factor defined by Eq. 1. For the nonsinusoidal SRM the power factor is not equal to the cosine of the angle between the current and voltage. At the machines corner point speed (highest speed for constant torque operation) the peak BEMF is chosen to be equal to what will be defined as the link voltage Vlink. This is the DC input voltage Vdcin minus the voltage drop across the winding resistance and the voltage drop across the inverter. It is often the case that 
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, though not always. In the case of the SRM and assuming independent phases
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(2)

Here p is equal to the machines angular pole width measured at the air gap.  Assuming that the unaligned flux is a fixed fraction of the aligned flux gives
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(3)

Here u is the fraction the unaligned flux is of the aligned flux and is a small number (
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). Thus BEMF is a number near one (
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). Equation 3 can be written in terms of field variables and the geometry as
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(4)

In Eq. 4 Bmax is the maximum magnetic flux density, stf is the stacking factor, Np is the number of turns per pole, and nser is the number of pole windings within a phase that are in series. Typically the number of pole windings in series within a phase is two. Note that Eq. 4 does not depend on the pole width and thus on the number of machine phase. Thus if the number of phases is doubled with all of the windings being put in series, the number of turns per pole will have to be halved. A specific case of the machine geometry is shown in Fig. 1 where the different geometric variables are defined. In particular the area of a single 
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Fig. 1
Definition of geometry terms

pole is computed as the pole width (pw) times the stack length (lstk)
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with Rg equal to the radius to the air gap at the rotor and p is the pole's angular extent. If possible the machine is designed so that the iron saturates and Bmax is equal to the iron's saturation flux density Bsat. Note that the machine's BEMF does not depend on the pole arc p. Plugging Eq. 4 into Eq. 1 for the peak BEMF gives
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(5)

The peak phase current is related to the rms phase current by
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Here rms is 0.707 for sinusoidal machines. It is an experience factor defined by Eq. 6 for the nonsinusoidal SRM. The rms phase current can be written in terms of the current density as
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(7)

Here npar is the number of pole windings in a phase that are in parallel, Awph is the total area available to a phase winding and Kw is the fraction of this area occupied by copper. Thus Awph = nser npar Aw where Aw (see Fig. 1) is the area available to one pole winding. Note that Aw and Awph only account for the area of the wire on one side of a pole and thus one half of the slot area occupied by the winding. Using Eq. 7, Eq. 5 becomes
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(8)

Equation 8 can be solved for the geometry in terms of the field quantities and the machines power rating.
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(9)

Now the area of the air gap is simply 2Rg lstk. The total winding area or equivalently the total slot area for all phases and repetitions of the machine is
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(10)

The 2 accounts for the fact that a winding occupies area on both sides of a pole. Note that total winding area 2 nrep Nph Awph does not actually depend on the number of SRM repetitions or the number of phases. If the number of repetitions or the number of phases changes, Awph, the area for one winding changes. The greater the number of repetitions and phases the smaller the area of one winding. The machine's area product is defined as
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(11)

The area product is related to the size of the SRM, being equal to the product of the area the magnetic field passes through and the area the current flows through. It has units of m4. As expected the SRM's size will be greater for higher power machines. Also, increasing the maximum flux density, the current density and the machine's speed reduce its size. Equation 11 can be used to trade off the iron area against the copper area or equivalently the radius of the machine can be traded off against its stack length. Note that the number of machine repetitions and the number of phases do not directly enter into the computation of the SRM's area product. They do enter indirectly as they effect PF, BEMF, and rms. The fact that the area product does not depend on the number of machine repetitions and the number of phases does not mean the SRM's size and weight does not depend on the number of machine repetitions and the number of phases. This is because increasing the number of machine repetitions and the number of phases decreases the required rotor and stator yoke thickness. 


Equations 1, 6 and 7 can be combined to obtain
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(12)

which can be used to compute the torque. Combining Eq 12 with Eq. 10 gives
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(13)

for the torque. The peak machine back EMF is equal to the link voltage at the corner frequency so
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(14)

Combining Eqs. 4, 13, and 14 gives 
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(15)

Note that the torque does not depend on the number of phases or the number of repetitions. Also the rotor’s torque density is given by
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(16)

If the window area is held constant, the torque density is largest for small diameter machines. In general though, the slot depth is proportional to Rg and the slot width is proportional to Rg. Thus the window area is proportional to Rg2. In this case the torque density is proportional to Rg. Larger diameter machines have a larger toque density. The torque density can be rewritten using the area product as shown in Eq. 17. For a fixed torque Tm and assuming the total window area is proportional to Rg2, the torque density is largest when the rotor radius is large and when the area product is small.
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(17)

Equation 11 for the machine’s area product only provides a constraint on the product of its rotor radius and its stack length, not on their individual values. Thus to determine the SRM's radius and stack length an additional constraint on the machine's geometry beyond Eq. 11 is required. Equation 17 says that to maximize the rotor’s torque density the rotor radius should be larger than the stack length. For high-speed machines the rotor is made as large as possible subject to the constraint imposed by centrifugal stresses in the rotor. For small low speed SRMs where centrifugal stresses are not important and maximum rotor torque density is not the goal, the losses in the copper can be used as a constraint on the machine's geometry. The losses in the copper are
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(18)

Here Volcu is the copper volume and lmean is the mean length of a turn. The mean length of a turn [image: image1.wmf]PF
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 is equal to twice the stack length plus the end-turn length and given by 
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(19)

where p and w are defined in Fig. 1.
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(20)

Solving Eq. 11 for Pm, the mechanical power converted, gives
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The ratio of the power dissipated in the copper to the power converted to mechanical form is
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(22)

As the ratio of the power dissipated in the copper to the power converted to mechanical form goes to zero the efficiency goes to 100%. In fact the power ratio in Eq. 22 is related to the efficiency by
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(23)

Note from Eq. 22 the SRM efficiency (including only copper losses) does not depend on the number of machine phases or repetitions to first order. The end turn term, which involves p and w, does depend on the number of phases and repetitions since these angles do. Since p and w decrease as the number of phases and repetitions increase the machines end turn losses will be reduced in such machines.

In the special case where the SRM saturates, Bmax is equal to Bsat so that Eq. 22 becomes
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(24)

If the end turn losses can be neglected the stack length cancels and Eq. 24 puts strict limits on the SRM's air gap radius and current density to achieve a specified efficiency. In this case Rg and lstk are chosen to minimize  in Eq. 24 subject to the constraint that the SRM's area product, given in Eq. 11, is fixed. This is the same as choosing Rg and lstk to minimize the copper losses subject to the area product constraint. Solving the area product equation for the stack length and then eliminating the stack length in the copper loss equation to obtain the copper losses in terms of the single variable Rg can accomplish this minimization. This approach can be generalized to include minimizing a weighted sum of the copper and iron losses.

The machine design procedure when the iron saturates is to make the current density as large as possible without exceeding the efficiency requirement. At this point the rotor radius and stack length are known from a solution of the proposed minimization problem. Once this calculation is completed the machine’s geometry is known. Equation 4 can now be solved for Np, the number of turns per pole


[image: image34.wmf]mcorner

BEMF

sat

dcin

mcorner

BEMF

sat

link

p

stf

lstk

Rg

B

nser

V

Eff

stf

lstk

Rg

B

nser

V

N

w

a

w

a

×

×

×

×

×

×

×

»

×

×

×

×

×

×

=












(25)

Here the specified efficiency times the DC input voltage is used as an estimate of the conservative electromechanical system's terminal voltage Vlink. This is reasonable for motoring though not for generating where the conservative electromechanical system's terminal voltage is larger that the actual output voltage. This design procedure is adequate if the various constants BEMF, rms, stf, and PF are known and a method for determining the slot depth is known. 


It is generally considered a good practice to minimize the machines airgap. Figure 2 shows the aligned and unaligned flux linkage curves for two identical machines accept that one has a large airgap and the other a small airgap. They have both been designed so that at the maximum current they have the same BEMF at the same speed. This is insured because the change in the linked flux from the aligned to the unaligned positions is the same.
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(26)

To appreciate that the airgap should be minimized independent of the unaligned inductance the aligned and unaligned flux linkage curves in Fig. 2 have been redraw in Fig. 3 for the case where the unaligned inductance is zero. Again the two machines are identical accept for their airgaps and they both are designed to have the same BEMF at the maximum current and the same speed. The energy conversion per cycles is equal to the area of the machines operating trajectory in the flux linkage current plane. For a machine with no saturation the maximum possible energy conversion is 
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For a machine with no airgap (g = 0) the maximum possible energy conversion is
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Fig. 2  Flux linkage curves for one machine with a large airgap and another with a small airgap. Both machines are identical accept for the airgap.
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Fig. 3  Flux linkage curves for one machine with a large airgap and another with a small airgap when the unaligned inductance is zero. Both machines are identical accept for the airgap.
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Thus starting with a given non-saturating SRM design, the total energy converted per cycle, and thus the maximum output power, can be doubled just by reducing the SRM’s airgap to zero. Inspection of Fig. 3 shows that reducing the SRM’s airgap always increases its maximum energy conversion potential, even with zro unaligned inductance. Inspection of fig. 2 shows that a similar result holds for finite unaligned inductance so that it is a good idea to minimize an SRM’s airgap.


To estimate when decreasing the airgap provides the greatest benefit, compute the maximum energy conversion potential for the general case.
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But 
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(30)

Eliminating Isat from Eq 29 using Eq. 30 gives
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(31)

Realizing that sat does not depend on the airgap g, the change in the potential energy conversion due to a change in the airgap can be found
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(32)

Expressing Eq. 32 as in percent changes gives
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(33)

Assuming that g will always be small so the second term in the denominator of Eq.33 can be neglected compared to the first term allows Eq. 33 to be simplified to
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(34)

rewriting sat and Imax in terms of field quantities. Now the area of the window beside the pole can be simplified using the drawing in Fig. 4. From the figure the area of the phase window Awph is equal to the window height times twice the spacing between the rotor and stator poles in the unaligned position lr1 = lr2. With these definitions and assuming 
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(35)

Equation 35 defines a gain the gives the percentage increase in the potential energy converted resulting from a percentage decrease in the airgap.
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(36)

Note that this gain depends on the material properties, the ratio of the airgap to the spacing between the rotor and stator poles in the unaligned position, and the slot depth. Note that the gain depends on the ratio of the airgap to the spacing between the rotor and stator poles in the unaligned position even if the unaligned inductance is made aero by some means. The gain decreases as g decreases with every thing else held constant so after awhile it does not pay to decrease g since the increase in the energy converted per cycle does not go up enough to 
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Fig. 4 Diagram of a single stator pole defining dimensions.

justify the manufacturing effort incurred. The slot depth hs is a measure of the size of the machine, bigger machines will have bigger slot depths. Thus the gain will be larger for smaller machines and thus it pays to make g/lr2 smaller in smaller machines. Thus the airgap will tend to be larger than desired in small machines.

� EMBED Equation.3  ���
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