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1 | INTRODUCTION

Despite the salient advantages of switched reluctance machine
(SRM) such as simple and rigid construction, fault-tolerant
capability, and wide constant power range, it suffers from
low power density when compared with an equivalent-sized
permanent magnet synchronous machine (PMSM) [1].

The concept of conducting screens was proposed in [2] to
increase the output torque. Conducting, non-magnetic materials
such as aluminium or copper are inserted in the interpole regions
of the rotor. The conducting screens encounter a time-varying
flux due to motor rotation, which induces a voltage. The
induced voltage produces eddy currents, which in turn produce
flux that opposes the original stator pole flux. The opposing flux
results in a decrease in the effective unaligned inductance. In [3—
5], the rotor conducting screens wete tested for four-phase (8/
6), two-phase (4/2), and single-phase (2/2) SRM, respectively.

It is time consuming to use finite element analysis (FEA) to
predict motor performance in the early design stage [6]. Any
change in the motor geometrical dimensions, number of sta-
tor/rotor poles, turns number, excitation current, or firing
angles dictate a new model to be built and simulated, involving
a time-consuming process. Thus, suitable analytical methods
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This article investigates the effect of utilising rotor conducting screens within a switched
reluctance machine (SRM). Conducting, non-magnetic materials such as aluminium or
copper are inserted into the interpole regions of the rotor. The effective unaligned
inductance decreases, which increases the conversion area allowing the machine to
develop more power. Predicting machine performance implies knowing the value of the
unaligned inductance. A procedure for calculating the effective unaligned inductance for
screened motors using the flux tube method is presented. Finite element analysis results
establish the validity of the proposed calculation method. A detailed design procedure for
screened SRM is presented.

can provide a compromise between accuracy and speed of
calculation [7]. To predict motor performance, the unaligned
inductance should be known. There was no attempt to calcu-
late the effective unaligned inductance for an SRM with con-
ducting screens in the available literature.

A detailed calculation method based on flux tubes is pre-
sented here [8] to calculate the effective unaligned inductance
for screened SRM. The proposed method is validated by the
FEA using four different SRMs.

The article contribution is summarised as follows:

A calculation method is proposed to calculate the effective

unaligned inductance for screened SRM.

® Linear magnetic equivalent circuit (MEC) for screened SRM
is proposed.

® The proposed MEC does not require any iterative solution
as opposed to the conventional methods.

® A detailed design method is presented for SRM with rotor

conducting screens.

The article is organised as follows. Section 2 gives a brief
insight into the salient features of the SRM with rotor
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conducting screens. Section 3 presents a detailed derivation for
calculating the effective unaligned inductance for screened
SRM using the flux tube method. 2D and 3D FEA results are
presented in section 4 to validate the proposed method. A
detailed design procedure for screened SRM is presented in
section 5. Finally, an insight into noise and torque ripple
minimisation is presented in section 0.

2 | SRM WITH ROTOR CONDUCTING
SCREENS

In simplistic terms, the current into an SRM (at phase current
turn-on) can be expressed by

di

The objective is to force the current into the machine as
quickly as possible, that is, through maximising the di /dy term,
the base-speed, whence the output power can be increased.
The inductive term L is related to the machine design, and
specifically low L (for V fixed) at only phase turn-on which
increases the conversion area, as shown in Figure 1, and hence
increase the output power (higher L is required at the turn-off
to maximise the machine co-energy).

Moreover, torque is dependent on the area enclosed
between the flux linkage A and current ¢ (which represents
the increase in co-energy when the rotor moves from
unaligned to aligned position). Increasing this difference
produces more torque and hence output power, as shown
in Figure 1. Equation (2) defines the maximum average
torque:

_ Area OAB N

T oo o N, (2)

whete N;and N, represent the number of stator and rotor
poles, respectively.

Aligned position
2T = 0=0,

Unaligned position

0= 01
Decreasing
_Unaligned

4
- Inductance

o > i

FIGURE 1 Flux linkage-current (A—z) characteristics

To decrease the unaligned inductance (without affecting
the aligned performance), the spaces between rotor poles
can be filled with non-magnetic, electrically conducting
materials such as aluminium or copper, as shown in
Figure 2; this material is referred to as the conducting
screen. The conducting screens are electrically isolated from
the rotor, and there is no electrical connection between the
conducting screens.

Due to motor rotation along with stator coil excitation, the
conducting screens encounter a time-varying flux, which in
turn induces voltage (V o do /dp)-

The induced voltage produces circulating eddy currents
that produce flux ( x @). The produced flux opposes the
original flux from the stator poles. The opposing flux (which
increases the effective flux air path length and reduces the
effective area) results in a decrease in the effective unaligned
inductance allowing rapid current building up at initial winding
excitation, as demonstrated in Figure 3, which increases the
motot output torque.

To gain insight into the effect of rotor conducting screens
on the SRM performance, Figure 4a,b show the flux path for
unscreened and screened SRMs, respectively, when one stator
phase is excited. Figure 4b shows that the reaction field pro-
duced by the eddy current in the copper screen opposes the
stator magnetic field, hence preventing the flux lines from

Rotor

Screen

FIGURE 2 Rotor conducting screens in the interpole regions
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FIGURE 3 Switched reluctance machine voltage and current
waveforms with and without conducting screens
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crossing through the rotor interpole region, unlike in Figure 4a.
The reluctance path length / is increased, and area A is
teduced, thus decreasing unaligned inductance L, since

chA/l.

3 | CALCULATION OF THE EFFECTIVE
VALUE OF UNALIGNED INDUCTANCE
USING THE FLUX TUBE METHOD

In the early design stage, it is time consuming to use the FEA
to predict the motor performance [9]. Any change in the motor
geometrical dimensions, number of statotr/rotor poles, turns
number, excitation current, or firing angles will dictate a new

iy

i
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A
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(b)

FIGURE 4 Magnetic flux lines: (a) unscreened switched reluctance
machine (SRM) and (b) screened SRM

model to be built and simulated, involving a time-consuming
process. Moreover, the SRM is heavily a non-linear machine.
Then, scaling the design either up or down is not possible.
Thus, suitable analytical methods are favoured for the initial
design phase. Finally, the FEA could be used to fine-tune the
design.

The flux linkage A—current i charactetistics must be known
at the aligned and unaligned positions to predict the motor
performance. Generally, the conducting screens have a negli-
gible effect on the aligned flux since the rotor pole arc is
generally greater than the stator pole arc, so flux fringing and
leakage are minimal. Nevertheless, the effective unaligned
inductance is affected significantly.

In this section, the flux tube method [10] is used to
calculate the effective unaligned inductance. Figure 5 shows the
flux paths in the unaligned position, where five flux tubes are
sufficient to describe the flux paths.

Figure 6 shows the equivalent magnetic circuit used to
inductance, where,

calculate the effective

Ry, Ry, Ryp, Ry and R,y are the reluctances for the stator

unaligned

pole, air gap, rotor pole, stator back iron, and rotor back iron,
respectively. The different reluctances are calculated using
machine geometrical dimensions.

Air gap reluctance dominates the unaligned reluctance
resulting in linear flux linkage A—current i charactetistics.
Moreover, SRM phase winding is energised at an unaligned
position. Hence, the current value at the unaligned position is
small. Therefore, core saturation is not involved, which sim-
plifies the analysis as opposed to the conventional flux tube
approach that requires iterative solutions.

Flux path 1
Flux path 2

Flux path 4
Flux path 5

FIGURE 5 Flux paths
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FIGURE 6 Magnetic equivalent circuit

Generally, reluctance is defined by
R= l/ pobA (3)

where [ is the length of the flux path, A4 is the cross-sectional
area, and p, and p, are the permeability of air and Fe relative
permeability, respectively. The reluctances for the five flux
paths are formulated in the following subsections, where pa-
rameters Dy, d, D are the shaft diameter, rotor diameter, and
outer stator diameter, respectively. by, b, are the stator and
rotor pole heights, respectively. by, by, are the stator and rotor
back iron, respectively. 5, B, are the stator and rotor pole atcs,
respectively. 65, 6, are the stator and rotor pole pitches,
respectively [, is the air gap length, L is the stack length, and
Ng is the number of turns per phase.

31 | FLUX path #1
Figure 7 shows the flux path #1 with relevant angles required for
derivation. The flux path involves the rotor back iron, the stator
back iron, the rotor pole, the stator pole, and the air gap. Hence,
five reluctances are used to complete the flux path. The flux path
length and cross-sectional area atre calculated as follows.

The flux is assumed to leave the stator pole at the tip and
to enter the rotor pole at three-eighthsf, from the pole tip.

3.1.1 | AIR gap reluctance, Rgy

The length of the ait gap flux path is the atc BC, as shown in
Figure 7, which is

length = BC = 5(EB + EC)0}* (4)

Stator pole
Flux path 1

Conducting screen

\

Rotor pole

Shaft \

FIGURE 7 Flux path #1

EB, EC and 6, ate calculated using (5)-(7), tespectively.
EB=\AB* + AE? (5)
EC =+/DC* + DE? (6)

05 =90" — 6" — 6 (7)

The angles @) and Hg are defined by (8) and (9),
respectively.

9(1) = tan_lAB/AE (8)
Hg = tan_lDC/DE (9)

The lengths AB, AE, DC, and DE are given by (10)—(13),

respectively.
AB = %d sin V5, (10)
AE = Ysd cos Yoy, — ¥2Dg, — by, (11)

DC = (#d — ) cos (0, = %p,) — 5Dy — by, (12)
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DE = (d — I,)sin %(0, — %p,) (13) length =% {Dy, + by} (21)
The cross-sectional area is the average of the stator and Area= Liby, (22)

rotor areas. The flux is confined to one-fourth f; of the stator
pole arc and to one-fourthf3, of the rotor pole arc. Hence, the
area is defined as:

Area=1{L,(4dp) + L(d - L) wp} (14)

3.1.2 | Stator pole reluctance, Rsp;

The flux travels the length of the stator pole. Hence, the

flux path's length is defined by (15), while the area is given
by (16).

length = b, (15)

Area = Vsdf™L, (16)
3.1.3 | ROTOR pole reluctance, R,p
Equation (17) defines the flux path's length in the rotor

pole, representing the mean flux path. The area is given
by (18):

length = b, (17)

Area = L(¥d — lg)l/sﬂ:"d (18)
3.1.4 |

Stator back iron reluctance, Ry

The flux path length in the stator back iron is defined by (19),
while the area is given by (20):

length = Ysm{D — by} (19)

Area = Lib, (20)
3.1.5 |

ROTOR back iron reluctance, Ry

The flux path length in the rotor back iron is defined by (21),
and the area is given by (22):

After calculating the required reluctances, the inductance
for flux path #1, L, is

(No )

L=
"Ry + Ryt + Ropr + ViR + ViR,

(23)

3.2 | Flux path #2

The flux path #2 is illustrated in Figure 8, where the flux is
assumed to leave the stator pole at one-fourthh; from the top
of the stator pole and to enter the rotor pole in the middle.

3.2.1 | Air gap reluctance, Rg)

The length of the air gap flux path is the arc BC, given by

length = BC = ¥5(EB + EC)6}* (24)

EB, EC and 0, are calculated using (25)—(27), tespectively.

|
I‘\
Stator pole

|
l Flux path 2

A
Conducting screen 1~

Rotor pole

Shaft

FIGURE 8 Flux path #2
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EB=\AB + AE? (25)
EC =+/DC* + DE* (26)
0) =90" -6 — 6 (27)

The angles 6 and @) are defined by (28) and (29),
respectively:

9? = taﬂ_lAB/AE (28)
92 = tan_lDC/DE (29)

The lengths AB, AE, DC, and DE are given by (30)—(33),

respectively:

AB = Yd sin 13, (30)

AE = Y5d cos Yo + Vb, — 12Dy, — b, (31)
DC = (%d — ly)cos¥0, — ¥:Dy, — by, (32)
DE = (%d — lg)sin¥:0, (33)

The cross-sectional area is the average of the stator and
rotor areas. The flux is confined to ¥sh; of the stator pole
height and to ¥%p, of the rotor pole arc. Hence, the area is

Area = I/z{LS (1/5}15) + Ls(’/zd - lg) 1/5/3:“”[} (34)

3.2.2 | Stator pole reluctance, Rsp;

The flux travels three-fourthsh of the stator pole, hence the

length of the flux path is defined by (35), while the area is given
by (306).

length = %b; (35)

Area = V/5h; L, (36)

3.2.3 | Rotor pole reluctance, R.p;

Equation (37) defines the flux path's length in the rotor pole,
representing the mean flux path. The area is given by (38):

length = b, (37)
Area = Ly(¥d — 1) /561 (38)

3.2.4 | Stator back iron reluctance, Rgy»

The length of the flux path in the stator back iron is defined by
(39), while the atea is given by (40):

length = ¥sw{D — by} (39)

Area = Lib, (40)

3.2.5 | Rotor back iron reluctance, Ry»

The length of the flux path in rotor back iron is defined by
(41), and the area is given by (42):

length = 3w {Dy, + b} (41)
Area= Lib,, (42)
Finally, the inductance for flux path #2, L, is

N 2
L= (No ) (43)
Rgz + RspZ + Rrp2 + I/ZnyZ + 1/2R7y2

3.3 | FLUX path #3

Figure 9 shows the flux path #3, similar to the path #2, except
for some different dimensions. The flux is assumed to leave the
stator pole at three-fourthsh;, and to enter the rotor pole at
five-eighthsf, from the rotor pole tip.

3.3.1 | Air gap reluctance, Rg3

The length of the air gap flux path is the arc BC, given by

length = BC = ¥5(EB + EC)6* (44)

EB, EC and 0, are calculated using (45)—(47), respectively.

EB=\AB* + AE? (45)
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Stator pole A_IB
Conducting screen
C

0
6,
Rotor pole E/ /3

D
Shaft
(o]

FIGURE 9 Flux path #3

EC =+\/DC* + DE* (46)
6)=90"— 6! — 6 (47)

The angles 0(1) and 6’2 are defined by (48) and (49),

respectively.
9(1) = tal‘l_lAB/AE (48)
gg = tal’l_lDC/DE (49)

The lengths AB, AE, DC, and DE are given by (50)—(53),

respectively.
AB = Yidsin¥sp, (50)
AE = Ydcos Y5, + %b, — 2Dy, — by, (51)
DC = (%d — ly)cos %3(0, + %B,) — %Dy, — by, (52)
DE = (%d — Ly)sin %(0, + %p,) (53)

The cross-sectional area is the average of the stator and
rotor areas. The flux is confined to one-fourthhs of the stator

pole height and to one-fourthfl, of the rotor pole arc. Hence,
the area is

Area =1 Ls %bs +Lx 1d — 1 %ﬂmd 54
g r

3.3.2 | Stator pole reluctance, Rsp3

The flux travels only one-fourthh of the stator pole, hence the

length of the flux path is defined by (55), while the area is given
by (506):

length = Yb; (55)

Area = Vb, L (56)

3.3.3 | Rotor pole reluctance, Rp3

Equation (57) defines the flux path's length in the rotor
pole, representing the mean flux path. The area is defined
by (58)

length = b, (57)

Area = L,(%d — L) 4 (58)

3.3.4 | Stator back iron reluctance, Ry3

The length of the flux path in the stator back iron is defined by
(59), and the area is given by (60):

length = Vsw{D — by} (59)

Area = Lib, (60)

3.3.5 | Rotor back iron reluctance, Ry3

The length of the flux path in rotor back iron is defined by
(61), and the area is given by (62):

length = ¥sm{Dy, + by} (61)

Area = Lby, (62)
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The inductance for flux path #3, L, is

N 2
Li=5 Na [ , (63)
23 + R5p3 +R7p3 + /2R5y3 + /ZRryg,

34 | Flux path #4

The fourth flux path is shown in Figure 10. The flux flows
from one stator pole to the adjacent stator pole through the air
gap and returns via the stator back iron. The rotor is not
involved in this flux tube. The three reluctances,
R4, Rypy, and Ry, for this flux tube are calculated as follows.

3.4.1 | AIR gap reluctance, Rgy

The length of the air gap flux path is the arc BC:
length = BC = (OB)§'* (64)

OB and 64 are calculated using (65) and (66),

respectively:

OB = VAB + AO (65)
0y = 6. — 20, (66)
where
AB = Ysdsin 15, (67)
AO = Ysdcos¥s, + Yih; (68)
0y = tan"'AB/ 4 (69)

Flux path 4

Stator pole

FIGURE 10 Flux path #4

The cross-sectional area is given by

Area = Yb; L (70)

3.4.2 | Stator pole reluctance, Rspy

The flux travels three-fourthsh, of the stator pole. Hence, the
length of the flux path is defined by (71), while the area is given
by (72):

length = %b; (71)

Area = YhL, (72)

343 |

Stator back iron reluctance, Rgy4

The flux path length in the stator back iron is arc EF
defined by

length = EF = (OE) ¢ (73)

OE and 05 are calculated using (74) and (75), respectively:

OE = \V DE* + DO? (74)

0] =6, — 26" (75)
where
DE = Y%dsin ¥, (76)
DO = Yadcos ¥, + by + Vb, (77)
6’(1] = tan_lDE/DO (78)

The cross-sectional area is given by
Area = Lib, (79)

The flux is assumed to link only one-fourth of the number
of tutns pet phase (Ng). Hence, the inductance for the flux
path #4, L, is calculated using

__ (WWe )
YRy + %Rgy + %Ry

Lo (80)
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3.5 | Flux path #5

The last flux path is illustrated in Figure 11. The flux leaves the
stator pole to enter the stator back iron, passing through the air
gap. The flux path is assumed to represent the perimeter of a
quarter circle with centre at point A and radius of a quarter the
stator pole height one-fourthh,. The reluctances are calculated
as follows.

3.5.1 | AIR gap reluctance, Rgs

The length of the air gap flux path is defined by (81), repre-
senting the length of arc BC. The area is given by (82):

length = Vam X Yh, (81)

Area = Ysh, L, (82)

3.5.2 | Stator pole reluctance, Rsps

The length of the flux path in the stator pole is defined by (83),
and the area is given by (84):

length = % (h; + byy) (83)

Area = Vsh,L; (84)

3.5.3 | Stator back iron reluctance, Rgy4

The flux path length in the stator back iron is defined by (85),
where the area is given by (86):

length = Yb, (85)
Area = Lib, (86)

The flux is assumed to link only one-eighth the turns per
phase (Ng), hence the inductance for the flux path #5, L,s is

(%)’ (No )

Lis=
" URys + YRy + %R,

(87)

Flux path 5
A /p
=
1

C
Stator pc;-l—f

FIGURE 11 Flux path #5

Finally, the effective unaligned inductance is the sum of the
unaligned inductances for the five flux tubes, calculated using

5
Lr = ZLuk (88)
k=1

4 | VALIDATION

Static FEA, which is a widely accepted toolbox for assessing
machine design [11,12] is used to validate the proposed flux
tube method for calculating the effective unaligned inductance
of SRM with conducting screens. The proposed method is
validated using four different SRMs, with specifications given
in Table 1.

Table 2 compares the value of unaligned inductances ob-
tained using mathematical calculations (as proposed in the
previous section) with the values obtained using 2D and 3D
FEA.

A step voltage is applied on the phase winding in the static
FEA, hence d@/dt is established, and the effect of the screen
is observed. Otherwise, if a constant DC voltage is applied to

TABLE 1 SRM specifications

Parameter Value Value Value Value
No. of motor phases m 4 3 4 3
Stator/rotor poles Ny/N,  8/6 6/4 8/6 6/4
Turns per pole N 90 125 77 268

Stack length 155 mm 100 mm 200 mm  60.37 mm
Shaft radius 15 mm 15 mm 14 mm 14 mm
Rotor outer radius 45 mm 50 mm 49.8 mm  51.03 mm
Thickness of rotor yoke 15 mm 15 mm 16 mm 10.5 mm
Rotor pole arc 21° 36° 21.6° 36°
Stator inner radius 46 mm 50.5 mm 503 mm 51.28 mm
Stator outer radius 83 mm 90 mm 95 mm 95 mm
Thickness of stator yoke 12 mm 145 mm 12 mm 10.5 mm
Stator pole atc 18.9° 30° 18° 24°

TABLE 2 Unaligned inductance values

SRM-1 SRM-2 SRM-3 SRM-4

Proposed method (mH) 4.66 5.95 4.62 14.9
FEA-2D (mH) 4.87 5.55 4.74 13.46
% Error - 4.3% +7.2% - 2.5% +10.7%
FEA-3D (mH) 5.16 6.1 4.93 15.6
% Error =9.7% —2.5% —6.3% —4.5%
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the phase winding, there will be no rate of change of flux, and
the screen will not be exploited.

The good engineering correlation between the analytical
and the static FEA values validates the proposed flux tube
method. In SRMs with short stack length, as with SRM-2
and SRM-4, the effect of coil end winding, and the value
of leakage flux is not insignificant at an unaligned position
[13]. 3D FEA accounts for the leakage flux; hence 3D FEA
results are more accurate than 2D FEA for short stack
length SRMs.

5 | DESIGN AND PERFORMANCE OF
SRM WITH ROTOR CONDUCTING
SCREENS

In this section, the design and dynamic performance of SRM
with rotor conducting screens are investigated.

51 | SRM design

It has to be noted that the SRM design is not a straight forward
task. The double salient structure increases the saturation ef-
fect in the pole tips. Fringing is not insignificant. The design
process starts by initialising the machine dimensions using
analytical formulas. FEA is then used to fine-tune the initial
design.

5.1.1 | Selecting the number of phases and poles
The first step in the SRM design is to choose the number of
phases, stator poles, and rotor poles [14]. The selection is
generally based on the application. For instance, in low-cost
high-speed applications, where performance could be sacri-
ficed in favour of cost, like small home appliances, usually a
single-phase or a two-phase SRM is selected. The single-phase
SRM cannot inherently and reliably self-start. Increasing the
number of SRM phases reduces the torque ripple, improves the
fault tolerance capability, and improves SRM performance, at
the expense of converter costs.

The switching frequency for a phase of the SRM is
calculated using (89)

fsw = _,n_NV (89)

Considering (89), if the number of rotor poles is increased
(while keeping the number of phases unchanged) [15], torque
ripple will be reduced, and an economical converter could be
used. Coil end winding will be smaller, allowing increased stack
length while maintaining the overall machine axial length un-
changed. Hence, torque density will be improved, but the
switching frequency will increase, resulting in higher core
losses.

If the number of rotor poles is increased (while keeping the
number of stator poles unchanged) [16], the interpolar rotor air
gaps will be narrower. Hence, the unaligned inductance will be
significantly higher than that of the conventional SRM. The
unaligned inductance increase will reduce the energy conver-
sion area, thus decreasing the developed torque. Additionally,
the current rise time at phase turn on is prolonged due to
higher unaligned inductance, which implies using higher dc-
link voltages to increase the current rate of rise.

A 4p (m = 4) 8/6 (Ns/N,) SRM is selected. An asym-
metric half-bridge with two switches and two diodes per phase
is used to assess the SRM performance.

5.1.2 | Sizing stack length, stator and rotor
diameters, and air gap length

The output torque is defined by (90)

T,=KLd (90)

where K is a constant in the range of 10.3 to 34.5 kNm/m3
representing the product of electrical and magnetic loading of
the SRM. Using (90) and for the required output torque, the
product of the stack length and the square of the rotor
diameter is known. A 1~3 ratio between the stack length and
rotor diameter Ly/j is advised in [17] for servo applications.
Hence, the rotor outer diameter is selected to be 90 mm, while
the stack length is 157.5 mm for 26N.m output torque.

The ratio between the stator diameter and rotor diameter
D/ d is 1.5~ 1.8. Thus, the stator diameter is selected to be
162 mm.

Reducing the SRM air gap increases the torque density of
the SRM. A typical SRM air gap length for SRM is between
0.25 and 1 mm, where a 1 mm air gap length is selected.

5.1.3 | Sizing stator and rotor pole arcs

Selecting adequate stator and rotor pole arcs is of prime
importance. Miscalculations could lead to self-starting prob-
lems. Hence, to assure torque production at all rotor positions,
the stator pole arc is calculated using (91).

27

>
)BS - mNr

(91)

Usually, the stator pole arc is selected slightly smaller than
the rotor pole arc to allow more stator slot area to accom-
modate the winding, For a complete unaligned position to be
achieved, (92) should be satisfied.

2
ﬁx+ ﬁr < ﬁ (92)

r
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The selected stator and rotor pole arcs are 18.9" and 21°,
respectively.

5.1.4 | Sizing stator and rotor back iron widths
and pole heights

Large stator back iron is desirable to reduce vibration,
increase mechanical strength, and ease saturation [18].
However, an excessively large value will reduce the available
space for stator winding. The rotor back iron has the same
constraint as the stator back iron regarding saturation. The
rotor pole height should be several times larger than the
air gap to increase the conversion area (reducing the un-
aligned inductance). Hence, (93) gives an initial value for
the stator and rotor pole heights and back iron,
respectively.

he, by, by, by > % sinf3,/2 (93)

The stator and rotor pole heights and back iron are 25, 15,
10, and 15 mm, respectively.

515 |
density

Estimating rms current, and current

Determining SRM current density is of prime importance as it
is related to the cooling method adopted. The rms current is
defined by (94).

P

o VmnikaV pe 54
where P is the motor output power (7. X ), n is the number of
phases conducting simultaneously, 0 is the motor efficiency,
and ky is the SRM duty cycle.

For 420 V dc-link voltage, 26 N 'm output power, 1800
rpm, the rms current is 13 A.

The current density is directly related to the phase rms
current using (95).

Nlrms

kA /2 (95)

]7‘77!5 =

where N is the number of turns per pole, A; is the slot area and
ks is the slot fill factor (ratio between copper winding and slot
areas).

The slot fill factor depends on the conductor shape and the
slot form. Increasing the value of k; is desirable to reduce the
current density. The slot fill factor is low (40%), if loosely
bundled conductors are used. This value increases to 60%, if
rectangular conductors are used. Finally, the slot fill factor

could be improved to reach 80%, if the conductors are cus-
tomised to fit the slot shape.

If the SRM is designed to be totally enclosed, then the
current density should not exceed 5 A/mm?. This value in-
creases to 10 A/mm? for fan cooling, and with liquid cooling,
the current density should be less than 30 A/mm?.

The slot area in the designed SRM is 770mm?. With a 0.5
slot fill factor and 90 tutns pet pole, the current density is 6 A/

rnrn2 .

52 |
SRM

Static performance of the designed

Figute 12 shows the flux linkage—current (A—i) characteristics at
unaligned and aligned positions for the designed SRM. While
Figure 13 shows the static torque profile at different current

levels.
1 Flux linkage/current characteristics
0.8F Aligned
2
=3 0.6
(0]
(@]
©
=
=04r
x
=
i
0.2 Unaligned |
0 \ \ s
0 5 10 15 20 25 30

Current [A]

FIGURE 12 Flux linkage/current characteristics

Torque/angle characteristics
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FIGURE 13 Static torque characteristics
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5.3 | SRM performance Wlth rotor 40 cUrrent waveforms at 1800rpm
conducting screens ' ' ' ' '
35} 1
In this subsection, the performance of SRM without and with
. 30+ ——Unscreened 1
rotor conducting screens are compared. ——With screen

Table 3 shows the value of unaligned inductance along with
the increase in magnetic co-energy when rotor conducting
screens are deployed. The unaligned inductance without rotor
conducting screens is 11.14 mH. This value drops to 5.3mH
when conducting screens are used. A 20% increase in the
magnetic co-energy is observed, which reflects on the devel-
oped torque.

In addition, the rms current (and thereby current density) is
expected to increase when rotor conducting screens are
deployed due to the reduction in unaligned inductance. Ac-
cording to (94) and (95), the rms current is predicted to be 15.6
with 7.3 A/mm? current density.

Figure 14 compares the performance of the unscreened
and the screened SRM. Both SRMs operate at base speed (1800
rpm) with 6,, = 30° and Haff = 47.3%. At the base speed, the
SRM back emf equals the dc-link voltage. Hence the SRM
operates in single-pulse mode. The unmodified SRM delivers a
rated load, 26 Nm, 4.9 kW.

Figure 14a shows that the reduction in the effective un-
aligned inductance allows the current in the phase winding to
build up quicker for the screened SRM than for the unscreened
machine. The rms phase current increases from 12.52 A in the
unscreened SRM to 15.25 A in the screened SRM (close to the
predicted value).

Figure 14b illustrates that the increase in the phase winding
current reflects on the developed torque, where a 19.5% in-
crease in the developed torque is recorded.

Unfortunately, rotor conducting screens are associated with
heavy eddy current losses, as illustrated in Figure 15, reducing
the efficiency of the SRM.

Table 4 compares the SRM performance without and with
the rotor conducting screens.

6 | ACOUSTIC NOISE AND TORQUE
RIPPLE REDUCTION

SRM eclectromagnetic attraction forces are divided into two
components, namely, tangential and radial components. The
former is directly related to the developed torque of the
machine. That is, maximising this component is one of the
goals while designing the SRM, but the radial component
does not contribute to the process of rotational torque

TABLE 3 Unaligned inductance values and increase in co-energy for
screened SRM

Proposed 2D-FEA 3D-FEA
Unaligned inductance (mH) 4.83 5 5.3
Increase in co-energy (%o) 21.6 21 20

Abbreviation: SRM, switched reluctance machine.

Current [A]
N N
o [6)]

=%
(é)]
1

0 L L 1 L L 1 L
30 35 40 45 50 55 60 5 10

Angle [Mech. degree]
(a)

Torque waveforms at 1800rpm

60
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50 ——With screen | |

Torque [N.m]
w B
o o

N
(=)

0 L 1 L Il 1 L L
30 35 40 45 50 55 60 5 10

Angle [Mech. degree]

(b)

FIGURE 14 Switched reluctance machine without and with rotor
conducting screens performance at 1800 rpm: (a) current waveforms, and
(b) torque waveforms

Screen eddy current loss at 1800rpm
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4t —— Average loss |
s :
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FIGURE 15 Screen eddy current loss at 1800 rpm
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;ﬁjeﬁ ]il:ctai:?niir;iszii?;iinm d with Parameter Unmodified SRM SRM with rotor conducting Screens
rotor conducting screens Unaligned inductance (mH) 11.14 5.3

DC link voltage (V) 420 420

Base speed (tpm) 1800 1800

Output torque (Nm) 26 31

Output power (kW) 4.9 5.85

Rms current (A) 12.52 15.25

Current density (A/mm?) 5.85 7.13

Efficiency at base speed (%0) 93 71

Torque ripple (%o) 73 74

40 Direct instantaneous torque control (26N.m, 900rpm)

_Ta _Tb T‘
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N
o
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I
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FIGURE 16 Direct instantaneous torque control at 26 Nm and
900 rpm

production. It is the main reason for vibration, stator
deformation, and acoustic noise. Hence, eliminating or
minimising this component will improve the SRM perfor-
mance. It is shown in [19] that skewing the stator and the
rotor of a three-phase 12/8 SRM reduces vibraton and
acoustic noise. A simple solution proposed in [20] uses
stator spacers, which are non-magnetic materials such as
ceramics inserted between the stator poles, to reduce stator
vibration and thereby the acoustic noise.

The problem of rotational torque ripple (TR) arises
due to the discrete nature of torque production. Although
the deployment of rotor conducting screens does not
significantly alter the torque ripple value, the TR mini-
misation technique should be adopted for satisfactory
operation.

Several TR minimisation approaches are available as torque
sharing functions, current profiling, and direct instantaneous
torque control (DITC) [21]. The DITC approach results at
26N.m and 900rpm are illustrated in Figure 16, where less than
4% TR is recorded. Hence, satisfactory operation of the SRM
is achieved.

7 | CONCLUSION

This article investigated the effect of utilising rotor conducting
screens to decrease SRM effective unaligned inductance, thus
increasing the conversion area and thereby the developed
torque. The prediction of SRM performance is based on
knowing the magnetic characteristics at unaligned and aligned
positions. Hence, based on the flux tube method, a detailed
analytical method is proposed to calculate the effective un-
aligned inductance for a screened SRM. The proposed method
was assessed on four different SRMs (two 3¢ SRMS and two
4p SRMs), where acceptable agreement between the proposed
method and the FEA was recorded. A detailed design pro-
cedure for initialising SRM with rotor conducting screens is
presented.
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