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1 | INTRODUCTION
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Abstract

This paper presents a novel genetic algorithm (GA) design for current profiling in
switched reluctance machines that eliminates torque ripple (TR) while inherently guar-
anteeing minimal RMS currents across the machines speed range. Minimising RMS
current provides an increase to machine efficiency and the elimination of TR is required
for potential SRM applications such as traction vehicles. This paper proposes a novel
method for intentional greater-than-two-phase overlap in the algorithm design. This al-
lows any SRM configuration capable of three or more phase conduction to utilise its full
speed range with zero torque ripple, in the case where it is limited using two-phase torque
sharing. An optimal set of current profiles is created using the algorithm across the full
speed range of an exemplary 8/6 SRM and these ate analysed. A current profiling-based
control scheme using these results is then proposed and simulated for the 8/6 SRM. This
is then compared to classical and recently published SRM control methods to highlight
the merits of the overall GA design and its resultant control scheme.
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strategy specific to the topology [5], given that each phase
operates with discrete torque production. This torque produc-

In recent times, the switched reluctance machine (SRM) has
received attention as a candidate topology for applications such
as electric vehicles (EVs) [1, 2]. This is due to its offering a host
of attractive characteristics which lend themselves to the chal-
lenges of EV operation. From an environmental perspective,
the SRM contains no rare earth permanent magnet materials
and is typically composed of silicon steel and copper. This leads
to a low-cost, robust design which provides a strong fault
tolerance and broad speed range [3, 4]. The SRM like any
electrical machine design has its drawbacks. These being pri-
marily non-linear magnetic characteristics and tendency to
generate unnecessary acoustic noise, where both are products
of the SRMs doubly salient stator and rotor design. In general,
these makes the machine difficult to operate without a control

tion coupled with non-linear magnetic characteristics give rise
to the torque ripple (TR) that the machine is associated with,
where it can become significant at phase commutation without
bespoke control. For the SRM to be an alternative to machine
designs used in commercial EVs such as the permanent magnet
synchronous machine or induction machine, this TR must be
eliminated, its efficiency must also be optimised, and torque
overall control linearised across the machines base speed range.

TR reduction is an important research field within SRM
control theory. Alternatives to control exist in terms of ma-
chine design by adjustment of the SRM's rotot/stator shapes
or pole ratio [5-9]. These provide TR reduction, but changes
to the machine can never truly eliminate TR as there will be
always some form of phase commutation if operating with
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single phase torque production. Comparatively, control
schemes can eliminate TR and are in general cheaper and
simpler to implement on a given SRM than a change in
structure [6]. Control of torque in the SRM exists primarily
under two families: direct control and indirect control.

Direct torque control (DTC) was first proposed in ref. [9]. It
utilises a lookup table (LUT) relating torque 7, current /, and
rotor angle @ (T — I — 0), to estimate torque. A vector for rate of
change of stator flux is then used to indicate the flux and con-
duction, which is then regulated by a hysteresis current band
controller. It offers reduced in TR but requires variable switching
frequency. Machine parameters are also required but with the
availability of finite element analysis (FEA) software, this is not
necessarily a difficulty. Similar to DTC, direct instantaneous
torque control, ref. [10] proposes estimation of torque instan-
taneously as the name suggests, using terminal measurements.
Torque is calculated using a LUT relating flux linkage 4, current,
and rotor angle (7' — I — 1), where 1 is found from terminal
voltage and phase winding loss. It offers the same advantages as
DTC, without a high-resolution encoder and is readily modifi-
able; such as the schemes presented in ref. [11] or ref. [12].

Indirect torque control schemes can be deployed using
SRM variables which directly influence torque production. For
example, in ref. [13] an offline method referred to now as
‘current profiling’ is proposed. It uses a LUT, storing pre-
determined single phase current profiles across the opera-
tional range of a 4¢) SRM which in turn produce desired values
of torque. It proposes the first offline use of the intentional
sharing of torque between SRM phases and could be consid-
ered a torque sharing function (TSF) before their formal
establishment in literature. TSFs themselves are a popular
offline or online control solution in SRMs and have many
different variations across literature [14-10]. As desctibed
before, they operate on some form of torque sharing at phase
commutation between the outgoing and incoming phase.
When this overlap occurs, there is a mathematical strategy
deployed which will determine the distribution of torque be-
tween the phases to produce theoretically zero torque ripple
(ZTR) while typically having some secondary objective such as
reducing RMS current. An online example of indirect torque
control is given in ref. [17], where the controlled variables are
the turn-on and turn-off angles of the SRMs phases and each
based upon different criteria. The turn-on angle is calculated
based upon changes in machine speed and phase RMS current.
The turn-off angle is calculated after this using the turn-on
angle to introduce an optimal decay path for the current dur-
ing phase commutation. This strategy provides a stable sig-
nificant reduction in TR during operation but is limited in any
manipulation of the current profiles it produces.

Given the volume and maturity of research in SRM
control, completely new methods for TR reduction or elim-
ination have become rarer. Instead focus has tended to shift
towards improving existing techniques from novel perspec-
tives, where optimisation techniques have contributed signif-
icantly in this regard. TSFs, for example, have been modified
with online algorithm-based approaches such as using ant
colony in ref. [18] or exhaustive search [19], optimising
switching angles to extend speed range and minimise RMS

current. A DTC optimisation is proposed in ref. [20], which
utilises a newer form of meta heuristic algorithm, the wolf
and coyote. Using this approach, TR is reduced while also
providing stable speed control as an alternative to using PI
control. Current profiling has been carried out using an
offline genetic algorithm (GA)-based optimisation approach
in ref. [21]. It establishes the idea of calculating a theoretically
minimal RMS current profile for any given SRM configura-
tion as a benchmark for optimisation. It then uses this and
two phase torque sharing in conjunction with the GA to
produce optimally minimised RMS current profiles (1.16%
above benchmark) with ZTR maintained. The main drawback
of this method is that it only produces a partial speed range
(72% at full load torque [FLT]) of a given 8/6 SRMs base
speed due to the limitations of two-phase torque with the
given DC link voltage Vpc. This is not necessatily true for
any SRM configuration, but a robust optimisation method
should operate the SRM across the full speed range.

Overall, this paper presents a novel method of SRM cur-
rent profiling with a refined GA design, which utilises greater
than two phases of simultaneous overlap with included varia-
tion in turn on and turn off angles. The idea of the intentional
use of three phase overlap as an example is established, where
instead of introducing a third phase that contributes TR un-
intentionally, the third phase is accounted for and used to
operate the SRM at higher speeds while still maintaining ZTR.
The GA uses an absolute minimal RMS current that is theo-
retical and obtained using the method in ref. [21]. The GA then
uses this seeding to produce a range of optimal current profiles
across the SRM full speed range which includes two phase
overlap at low to mid speed range and three phase overlap in
the upper speed range. These current profiles are then utilised
in a proposed LUT-based linear control scheme.

The paper structure is as follows: Section 2 introduces the
idea of operating an SRM across its full speed range with ZTR
when two phase ovetlap limits this by introducing intentional
greater than two phase overlap. Section 3 introduces the GA
design to produce optimal current profiles while considering a
given SRMs parameters, the available DC link voltage, and
torque demand of operation. Section 4 validates the GA design
using simulation results by producing optimal profiles using
the GA across the speeds unattainable in ref. [21] using three
phase overlap. A LUT based control scheme using the full
speed range of profiles is then proposed and simulated. Finally,
Section 5 compares the simulated control scheme to conven-
tional SRM control for TR elimination and then compares to
simulation results of advanced SRM control in recent publi-
cations. Table 1 presents the parameters of the 8/6 SRM used
in this research study.

2 | TORQUE RIPPLE-FREE SPEED
RANGE EXTENSION USING GREATER
THAN TWO PHASE OVERLAP

Two phase torque sharing in principle allows successive SRM
phases to overlap and conduct for a maximum angular period
Oovogy (1 5" in this 8/6 case), determined using Equation (1),
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which is established by TSFs using rotor pole pitch 6, and
stroke angle € in Equation (2).

Oou(ag) V30, —€ = Y x 60" — 15" = 15" (1)
2T 2T °
CTN T 4x6 @)

This O,y(24) can be realised at varied regions and angular
lengths in 6, but logically, will be wholly or majority in the
positive torque production region to produce FLT. This is
shown Figure 1 for an 8/6 SRM, whete torque T, expressed as
Equation (3), is dependent on current squared. It also related
to the change in inductance with rotor angle dL/d6, where
inductance also has current dependence, resulting in relatively
non-linear Nm/A efficiencies.

dL
[ 73 it
T, = I 70 (3)

Established in ref. [21], the ZTR speed range of the SRM
used in this research study is limited to 1080 rpm at a FLT of
25 Nm and Vpc of 415 V using the two phase torque sharing
principle, shown in Figure 2. It is indicated by the point at

TABLE 1 Specifications of SRM (4 kW at 1500 rpm—base speed).

Value
Parameter Value Parameter (mm)
No. of motor phases 7 4 Rotor outer radius 45

Stator/rotor poles Ny/N,  8/6 Thickness of rotor yoke 15

Stator pole arc/pole pitch  0.42 Motor axial length 155
Rotor pole arc/pole pitch ~ 0.35 Stator inner radius 46
Turns per pole N 90 Stator outer radius 83
DC link voltage V. 415V Thickness of stator yoke 12
RMS current Iryieq 12.65 A Shaft radius 15
Phase resistance R 0.8 Q

Abbreviation: SRM, switched reluctance machine.

1.5 T T T . .

Torque/Current Nm/A

1.5 . I I . .
0 10 20 30 40 50 60

Angle (Deg)

FIGURE 1 Nm/A efficiency across conduction period for given 8/
6 SRM.

which the upper limit envelope (blue) touches the lower en-
velope limit (orange), which are formed by examining the
boundary conditions for ZTR in SRM current profiling, This
only covers 72% of the speed range at FLT along with other
load torques, and limits the full power operation, with ZTR, of
the SRM.

As seen in Figure 2, as speed increases, current profiles at
1080 rpm ate limited by the build up of current at turn on 6,,
and decaying to O, If allowed a longer petriod of conduction
(>"20,), speed can be increased past this limit while main-
taining ZTR at the given V. The challenge presented is now
the introduction of three-phase ovetlap as either the 6, is
advanced or O, is delayed (into low Nm/A regions). This
concept is visualised in Figure 3 wusing a reference
Oon_ref = 30", Ouir_ref = 60" as the two-phase conduction
petiod with Phase A as the reference. Three-phase ovetlap 8,
(¢ 18 limited to a maximum of 15 to avoid four-phase overlap
Equation (4), otherwise RMS current will be excessive for the
given 8/6 SRM, cither being after Oopr_rer Of before Oon_re.
The realised 0,34, is calculated by Equation (5), where it is the
sum of the shifted turn on 6,434, before or after Gyn_rer and
shifted turn off G,¢ 34, before or after Oogr_ref.

Oovsp) < V30, —e =% x 60" —15" =15 (4)

Oov(3p) = (eon(qu) - G’m,cf) + (6(;{{(345) - 90fgcf) (5)

Figure 4a illustrates the use of this method with 6,
¢ = 30, Oueagpy = 2 and therefore 0,34 = 2. Now the

80 = Upper Limit
2 Lower Limit
Z 207 1
[=
7]
=
> 8 J
3 10

0 . . . . H
30 35 40 45 50 55 60

Angle (Deq)

FIGURE 2 FLT two-Phase Speed Limit envelopes at 1080 rpm. FLT,
full load torque.

20 ¢A -ve Torque @, tve Toraue ba +Ive Torque ¢g +ve Torque
@ +ve Torque ¢g -ve Torque ¢y +ve Torque ¢ +ve Torque
g 20 ¢D +ve Torque | ¢p +ve Torque I ¢¢ -ve Torque | $p -ve Torque i
b . e ! 1 1 b
E Possnble_& ¢: 2¢ Conhuction :Possnble.3 0]
= Conduction | i ; Conduction
8 10 1 1 1 L
1 1 1
1 1 1
1 1 1
0 1 | 1 | 1
15 30 40 45 5 60 15

Angle (Deg)

FIGURE 3 Three-Phase conduction boundaries with reference to
two-phase torque sharing.
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FIGURE 4 Three-Phase FLT Speed limit envelopes at: (a) 1230 rpm
by delaying 6,534, (b) 1130 rpm by advancing 0,n 34, (¢) 1500 rpm (base
speed), and (d) 1600 rpm. FLT, full load torque.

maximum ZTR speed at FLT is extended to 1230 rpm (from
1080 tpm) by allowing a longer decay path with a delayed 8¢
3¢ and an overall conduction period Ocong = 32", Figure 4b
presents the use of this method again, this time using 6,
G = 28°, Ootizpy = 60° providing a Ouyi34) = 2" but at a
different angular position. Allowing a longer build up by
advancing 0,34, provides an increase in speed range of up to
1130 rpm. This is notably less than the equivalent 6,4 in
Figure 4 due to the requirements of excessive peak currents to

produce the majority of FLT in the 3538 region above the
SRMs current limit. Note that due to this extension of a
prospective profile into the negative torque production region,
compensation of the additional negative torque must be
considered. This is done by allowing the control phase to
produce torque greater than FLT, as highlighted in red where
the upper envelope boundary is increased by the maximum
amount of compensation it may need to provide during three-
phase overlap in both Figures 4a,b.

Utilising this method, Figure 4c shows an example of a
three-phase profiling envelope for the SRM peak power point
at 1500 rpm with FLT. This example makes use of both an
advanced 39y = 28° andodelayed Ootizp) = 40, collectively
resulting in an O,z = 6. This is only an example of a
combination of 6,,/.3¢) that can yield feasible current pro-
files at the given speed; multiple combinations of limit enve-
lopes exist at each speed for a given SRM. An added benefit of
the method is that it can be proven that ZTR operation at FLT
can be achieved above the rated speed and power of the ma-
chine as illustrated in Figure 4d at 1600 rpm with O34, = 7.
The limitation on achieving this operating point for a pro-
longed period though may not be associated with the machine
electrical parameters but external factors such as thermal or
mechanical limitations.

With the concept of intentionally utilising more than two-
phase overlap in an SRM to harness the full speed range and
power of the machine with ZTR, a current profiling-based
approach can be used to obtain current profiles which satisfy
the ZTR and Vpc limits while optimising RMS current.

3 | PROPOSED THREE PHASE
GENETIC ALGORITHM DESIGN FOR
SWITCHED RELUCTANCE MACHINE
CURRENT PROFILING

The GA approach to current profiling in ref. [21] is limited to
two-phase torque shatring with the given 8/6 SRM and is
applicable to any multi-phase SRM. This section proposes an
adaptation of the algorithm, where all stages of the algorithm
are modified for the consideration of three-phase ovetlap.
Below the two-phase speed limit, three-phase overlap is inef-
ficient (RMS current wise). When considering optimally min-
imal RMS currents, any 6..,q that is greater than 30° (three-
phases) includes the production of negative torque in one
additional phase along with the two other phases conducting,
This is opposed to two-phase torque sharing where at most
one phase will produce negative torque while the other is
producing positive torque.

The GA functions in principle by aiming to optimise
three variables, being ZTR, minimal RMS current, and DC
voltage to the available Vpc. In designing the GA, two of
these variables can be solved as prerequisites for any created
current profile and maintained through the algorithm process.
TR as a variable can be eliminated by ensuring every ‘gene’ of
a population current profile, which are the overlapping cur-
rents at each angular point, collectively produce FLT (with
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ZTR). DC voltage usage can be solved by ensutring that
population members at generation already are within DC
voltage limits, and any stage of the GA must also consider
the available di/df between any two genes in a population
member if one is altered. With this, the GA can solely
optimise the RMS current. The GA functions as follows:
population generation is carried out once and then crossover,
mutation, evaluation, and selection stages are performed for
5000 ‘generations’. An illustration of the algorithms flow is in
Figure 5. At the selection stage of ecach generation, 250
candidate current profiles are chosen from a pool of 750
created by crossover and mutation, where candidates with
an RMS current closer to the theoretically optimal RMS
]rms()ptimal are favoured. The number of generations are
chosen as a reasonable estimation for the amount for itera-
tions that the algorithm takes to converge on an optimal

Start

Population
Generation

¥

N=0

|

v \ 4

Mutation Crossover

y

Evaluation

v

Selection

min (7
==]

rms )

Generations rmsOptima

FIGURE 5 Opvetview of the proposed GA process. GA, genetic
algorithm.

solution while in the design phase. The number of crossovers
and mutations provide a good pool of current profile varia-
tions, given that the actual available range of practical solu-
tions is not large when considering Figure 2 or Figure 4,
when compared to other possible applications of a GA.

3.1 | Population generation

GA population generation consists of procedural, random
generation of current profiles within the boundaries imposed
by the limit envelopes, with an example given at 1200 rpm in
Figure 6. It is performed at an angular increment Ogc, of 0.1,
for a balance between ZTR profile accuracy and maintaining
reasonable computational demand for the algorithm itself.
When iterating, phase pairings are chosen from a grid of
currents at 500 solutions per increment, linearly spaced from
the upper to lower envelope bounds for each of the three
phases Equation (6). Each of these phase ‘pairings’ or ‘trios’
in the three-phase overlap region produce ZTR collectively at
each increment, where the currents are converted to torques
using a 7 — [ — 6 LUT, as shown in Figure 7a, expressed as
T(, 0). Each given phase ¢, is separated by the maximum 0,
@3¢ and in narrower regions of the envelope it is seen that
currents selected for the profiles become alike with the
limited number of variations available in solutions. Once

30

[

= 90
ov(3g) ~ 3

N
(5]
A

N
o
T

%p.aB
¢A,B

¢D,A

Current (A)
S @
%cp,A

SR

1
1
5rf 1
1
1
L

0 .
33 36 40 45 48 51 55 60 63 66

Angle (Deg)

FIGURE 6 GA population generation at 1200 rpm. GA, genetic
algorithm.

15 —

30 T S
Il{DegjJ 45 e;g ) %I(A)

(b)

FIGURE 7 Ansys Maxwell FEA 4 kW 8/6 SRM data relating:
(@ T—1—6and (b) A — I — 0. FEA, finite element analysis; SRM,

switched reluctance machine.
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currents are chosen at a given point, they are converted to A Al
values of flux linkage A using a A — I — @ LUT for the SRM, Upper(33°,45°) ! Upper(487,63°)

as shown in Figure 7b, expressed as A(f, €). The maximum
value of the rate of change of flux linkage % is then calcu-
lated using Equation (7), where @ is the SRMs electrical
speed and R, represents the SRMs phase tesistance. This
value is then added and subtracted to phase flux linkage
values A4 (Equation 8), where new values establish a range
where the profiles next phase values can randomly be chosen
at the next angular increment (Equation 9) from the previous
angle 0,. The feasible range is reverted to cutrents and
matched to indexed pairings in the current solutions grid if
valid combinations exist within the range. This provides a
selection of pre-calculated ZTR phase values, maintaining
Vbe. In the case of any pattially constructed profile having
no possible current combinations that can be added in the
next angular increment, the profile is deleted, and the process
is restarted. Revisiting Figure 8, the population is generated
with 250 initial candidates where profiles have a similar
general shape. As speed increases, this is likely given the lack
of dA/df and the FLT requirements meaning that there are
realistically limited variations available that allow the profile to
build up and decay while continuing to provide ZTR. Stated
in the prior section, this is also not the only O,y 34 and
combination of 0,4 /0¢134) available. Multiple GA iterations
may be required, depending on the speed, as different 0,34
and O, /0534 can yield similar RMS currents near Ixnmsoptimal-

35.6° 45°  50.6°
35 T

Current (A)

0
30 35 40 45 50 55 60
Angle (Deg)

(a)

35.6° 45°  50.6°

Current (A)
&

1
o
30 35 40 45 50 55 60
Angle (Deg)

(b)

& 50.6°

Current (A}

30 35

40 45 5
Angle (Deg)

(c)

55 60

FIGURE 8 Crossover stage performed at 200 rpm for two population
members: (a) Parent 1, (b) Parent 2, and (c) offspring,

h1p =

>

A”]L()\xrer(33°,48°) A”]
- N O

Lower(48°,63°)

l’]Upper(()f) )"]Upper(()(f)
¢ =
W) L en(ss)
dA Vpec — IRc,
ot _ ZDC T A 7
do ® @
49, = Mly0,.6n) (8)

Amax(qﬁkﬂn Fluep ) = Ag 0, +285

A .
min (. On+Huep ) = A0, — 2

3.2 | Profile crossover

The GA Crossover stage consists of ‘splitting’ two separate
population members at specific points or pointinto two or more
segments. These segments are then recombined into different,
new population members and the original population members
are discarded. The GA design proposed in this paper functions in
a similar manner where an angular point and its respective two-
phase angle and/or three-phase angle are randomly selected for
two ‘parent’ current profiles. The parents are then split at the
crossover and ‘offspring’ profiles are created if criteria are met.
The first considerations that are made at crossover are towards
the preservation of ZTR when splitting and recombining current
profiles. FLT is provided at each stored current pair, and this is
not altered in the crossover process. In the case of a three-phase
profile, the three-phase overlap region total torque is verified
after crossover, and any changes are compensated for in the
highest Nm/A phase. The main criteria that must be met is the
d2/d0 at the crossover points in the profiles. This is because at
the crossover angles, Equation (9) is used to determine the
maximum and minimum flux linkage and therefore current
achievable by the profile at the next angular increment. The next
angular increment will be a section of the opposite parent profile,
and if this change in current at any of the crossover points is not
achievable with the given Vpc, the crossover will not occur.
Instead, a different random angle will then be selected, and the
process will be repeated until criteria is met and profile crossover
can occut.

An example of this process is given in Figure 8 at low
speed, two-phase overlap conditions. A crossover point
selected at 35.6° and 50.6 (35.60 + 6,,), and given the low
speed, a comparatively low d1/d0 is required and the crossover
points are valid between the profiles. The child profile
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(Figure 8c) is composed of sections of the first parent profile
(Figure 8a) before the crossover point and the second parent
profile (Figure 8b) after the crossing point.

As speed increases, profiles require an increasingly
defined shape from generation, as shown in Figure 9.
Crossover at these speeds therefore produces less variation
in profile structure given the requirements of a strict current
build up and decay. Figure 9 illustrates an example of
crossover at a higher speed of 1200 rpm. The crossover is
selected at 41 and 56  and both parent profiles (Figure 9a,b)
have relatively similar forms. The child profile (Figure 9c)
therefore still resembles both profiles, with the crossover
making a new profile but with only minor adjustments in the
new shape as opposed to Figure 8 for the exact same
Crossover process.

3.3 | Profile mutation

For the mutation stage, a single gene in a population member is
randomly selected. From this the value of the selection is
‘mutated’ by changing its value randomly and reinserting it
back into its original place within the population member, but
variations exist. Applying this to SRM current profiles, such as
crossover a random angle Oy, is selected within the current
profile with its respective phase pairing. Both ZTR and Vpc
need to be verified during this stage given the values of
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FIGURE 9 Crossover stage petformed at 1200 rpm for two
population members: (a) Parent 1, (b) Parent 2, and (c) offspring.

currents are specifically altered as opposed to the crossover
stage where no new cutrents are generated. Focussing on one
phase first, the chosen 6y, next and ptior current values are
recorded. Equation (9) is used with each of these values to
establish the range of valid currents at the mutation angle
which satisfy the available Vpe. If the ranges established
ovetlap for each phase's mutation angle given in Equation (10),
a mutation is possible within Vp¢ limits.

z Amax (gMu —0Osiep ) > /lmax (GMH 765(cp) < lmax (HMU —Osiep )

or

/Imax (@urﬁsmp)

ﬂmiﬂ ('9Mu —bstep ) ’lmiﬂ (9Mu —Ostep ) = Amﬂx (g\fu —bstep )

or

lmiﬁ(gml\*esrep) 2

A (s~ ) s (B —Oucy) = Ao (B~

or

ﬂmax (el\lu+(7'stcp) 2

j'mﬂx (HMH 795(@’))

(10)

Amin(ﬂy\zu +9mp ) Z )“min (HMU 795@ ) ’j'min (GMu *gsmp ) S

I, (Max/vin) = 1 (Tqka(Max/Min);gMu + 150) (11)

Ty, 1 (Max/Min) = Ty, — T(]]\'Iu(Max/l\'Iin) ,eMu) (12)

Considering the torque production of the mutation, the
initial 8,, produces a set value of torque which satisfies FLT
when either the two, or three conducting phases are combined.
This means that when mutation is being considered the value
of torque produced collectively at 8,, must be reproduced
given a third phase conducting would require the initial two
phases to produce greater than FLT to compensate for the
negative torque production. This provides a second set of
current ranges fy,  (viax/Min) given by Equation (11) once Vpc
is verified, where the maximum and minimum flux range
currents Iyuovax/miny are converted into their respective tor-
ques TMU<Mle /iy This  establishes  a
T,/,HI(MH/Mm) defined by Equation (12) in the torque sharing

torque range

phase Oy, + 150) which will satisfy the initial torque pro-
duction Tp,, , which is converted back to current using the
LUT in Figure 9a in reverse. Once both the flux linkage and
torque ranges are established, and an overlap exists between
them in each phase (g, ¢r41) 2 mutation can be carried out
which satisfies GA conditions. If at any point either a flux
range cannot be established or the two ranges have no overlap,
a mutation is not possible at the given point and a new one is
selected.

A visualisation of the process is shown in Figure 10 at
1200 rpm. Firstly, a mutation point is selected at 36.6" and
51.6 which in this case two phase conduction occurs. In each
phase, the range of available change in flux linkage is estab-
lished with an overlap between 4

max (Ht\lu —Osiep ) ’ ;Lmiﬂ (HMU +Ostep ) in

the first incoming phase and again, 4___ (us—bs ) j’min(é’Mu )

in the outgoing phase. From this, the ZTR range is established
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FIGURE 10 Mutation stage carried out at 1200 rpm: (a) The
population member, (b) incoming phase mutation, and (c) outgoing phase
mutation.

using Equations (11) and (12) in either phase using the other
phases flux linkage range. In the incoming phase, the valid
mutation is bounded by torque production requirements,

whereas in the outgoing phase the valid mutation is instead
bounded by the available V. At higher speeds, it is expected
that during mutation, one phase will dominate the available
mutation range. This is because with the overlap between
phases, one phase out of the two predominate phases (even for
three phase overlap) will either be decaying or building up. This
limits the available range for mutation in that phase due to the
Vbe testriction. In the example shown in Figure 10, the
incoming phase is building up current and creates only a small
range for mutation. This is while the outgoing phase is in a
high Nm/A efficiency region, and therefore has a wider range
current it could be mutated to in its flux linkage range but
instead is limited to the incoming phase ZTR range in order to
maintain ZTR.

34 |

Profile evaluation and selection

How a GA evaluates its progress is determined by its design,
based upon its objective and how it calculates each popula-
tion members ‘fitness’ as it relates to these objectives. This
can be complex if presented with multi-objective problems
given that issues can arise such as biasing towards certain
objectives over others which results in non-optimal solutions.
As previously discussed, the SRM current profiling problem
in principle is a multi-objective problem concerning the
preservaton of ZTR, Vpc usage limit and RMS current
minimisation. Through the design of this proposed GA, the
problem is simplified to only being concerned with RMS
current minimisation of each profile with any candidate
profile always maintaining ZTR and V¢ limits while the GA
operates. This results in a simple objective function, as
expressed by Equation (13), based upon the absolute prox-
imity of each profile's RMS cutrent [, to the theoretically
lowest RMS current [rms()pﬁmal possible for a FLT demand,
Vbe and parameters of the 4 kW 8/6 SRM calculated using
the method proposed in ref. [21].

(13)

Fitness = [ 1
]rmsOptimal

Profiles which pass from each generation while the GA
iterates are selected using ‘roulette wheel’ selection. This se-
lection operates by summing every population member’s
fitness as a collective ‘wheel’ value with every individual
member’s fitness representing a segment of said wheel. The
probability of selection is taken by dividing the individual
fitness values by this value. This means members with larger
fitness values have a larger segment and chance of selection
based upon the cumulative probability of selection from the
population. With these probabilities calculated, the selection
process is run for however many members are desired in the
new population. Fach time a population member is selected,
the probabilities are recalculated, and when all selections are
made, the remainder are discarded with the GA iterating to the
next generation.
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4 | SIMULATION RESULTS

The GA method described in the previous section is imple-
mented using MATLAB script and is run using an initial
population of 250 current profiles for 5000 generations,
producing profiles in 100 rpm increments from 1100 to
1500 rpm, with an average calculation time of 0.83 s per
generation and utilising an average of 4.9% of a 4.7 GHz
CPU. Results for the remainder of the speed range (0—
1000 rpm) already exist, as presented in ref. [21], where only
two-phase overlap is required, but are utilised as part of the
control scheme introduced in this section. An example of the
GA progression is given in Figure 11. Figure 11a shows the
overall progression in terms of fitness, while Figure 11b il-
lustrates the initial results set of the algorithm, which shows
the profile that is initially generated with the lowest RMS
current and therefore the highest fitness. The algorithm then
develops fitness rapidly with a steep ascent for an initial 300
generations. Once it reaches this point, the slope begins to
saturate, indicating that after a certain number of clear
modifications to the profiles, reaching RMS currents closer to
the theoretical optimal requires more generations. In this
region where the increase in fitness is slowing, it can also be
seen that while across the whole period fitness is still
increasing, the GA alternates between losses in fitness where
certain local minima may be discarded or certain pathways for
optimisation are discarded by chance. The final result set in
this example is present in Figure 11c, where a reduction of
RMS current of 0.9% (0.1 A) relative to Imsoptima Of
11.129 A.

41 | Optimal profiles

Figure 12 illustrates the products of executing the GA in
100 rpm increments from 1100 to 1500 rpm, with the three
phase overlap characteristics being highlighted in Table 2. In
this speed range, three phase overlap is necessary to allow the
build up and decay of enough current for FLT production and
Oov3¢) increases with speed. This overlap is seen more in the
decay path of the profiles, where to maintain the majority of
FLT production in the most efficient Nm/A regions shown in
Figure 1 (400—500), decay typically begins after 53", 0,, also
begins to advance for the same reasons, where build up is
limited by the required dd/dO and requires a longer conduction
petiod in lower Nm/A regions to reach the same curtrent
levels. As speed increases, the decay path becomes notably
longer (further delayed 6,¢) for the same advanced 6,
introducing more efficient regions of negative torque pro-
duction for greater periods of the conduction period. This
contributes to an RMS current increase but is an acceptable
trade to avoid excessive peak currents on the initial profile
build up. More importantly, across the full SRM speed range
from 0 to 1500 rpm, RMS current is maintained below the
I .eq given in Table 1. Examining torque production during
three-phase overlap, it can be seen that the total average torque
collectively between the phases is maintained within 1% of
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FIGURE 11 Progression of GA. (a) Fitness across generations with
(b) initial result set and (c) final result set. GA, genetic algorithm.

FLT demand as the two positive torque producing phases (A
and B) combine to produce greater than FLT for compensa-
tion of phase D to maintain the elimination of commutation
TR as can be seen with the peak and average values of TR
being mathematically maintained below 1%. As speed in-
creases, average torque production shifts towards phase B from
phase A. For reference, phase B in this case is the portion of
the profile near the unaligned position, where increasing speed
causes a longer build up of current, and therefore more torque
on average.
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Noted that for optimal efficiency, currents at the aligned
position (600) will increase with speed as a greater tail off
current is created. These are given in Table 3 and begin at
700 rpm, which up to 1100 rpm are not given in Figure 12 but
are present in Ref. [21]. At alignment (600) tangential Nm/A is
zero but radial force Nm/A is a maximum. The tail current
produced radial force causes stator deformation resulting in
acoustic noise and vibration in the machine. The aligned cur-
rent approaching base speed is not significant, and below
700 rpm, zero current (radial force) exists at alignment.

4.2 | Switched reluctance machine control
scheme

Using the proposed GA, a control scheme can be created for
SRM speed and linear torque control. The 8/6 SRM described in
Table 1 is modelled per phase as shown in Figure 13. Phase
torque Tpy, is produced calculated from the 7 — [ — 0 LUT in
Figute 7a, whete [ is acquited from a4 — I — § LUT in Figure 6b,
inferring A from the integral of the phase rail voltage. From each
phase, the total instantaneous electrical torque 7T, is given as a
sum of all phase torques, Tpy, as given by Equation (14).

n
T.=> Tu(l0) (14)
1
The SRM mechanical model is expressed by Equation (15),
whete @,, is the mechanical speed, 77 is the load torque, J is
the rotor inertia constant, and B, is the friction coefficient.

25} = 1100RPM | |
e 1200RPM
1300RPM
20 | = 1400RPM | -
s 1500RPM
_ I, =11.348A
< rms <
S5l lrmg = 11:380A |
=
[ e = 11.544A
= lime = 11.608A
S
o 10
5
0 L L L
30 40 50 60 5
Angle (Deg)

FIGURE 12 GA profiling results from 1100 to 1500 rpm. GA,
genetic algorithm.

TABLE 2 Thtee phase overlap characteristics from 1100 to 1500 rpm.

dw
]E: Y;’_ TL_Bfrica)
To operate the SRM, the control scheme implementation
of the GA profiles is similar to TSF control schemes. Along
with the profiles generated for FLT, further profiles are

(15)

generated across the SRMs rated speed range, for example,
0.75, 0.5 and 0.25 of FLT. These current profiles shown in
Figure 14a for FLT and can also be represented as torques,
where Figure 14b illustrates the torque profiles for FLT from
0 to 1500 rpm.

This range of current profiles across the various FLT
values ate stored in a 3D g — @pef — Trer — 0 LUT placed

TABLE 3 Aligned currents with each speed at FLT.

Speed (rpm) Aligned current (A)

700 1.64
800 2.83
900 4.03
1000 4.85
1100 5.69
1200 6.52
1300 7.08
1400 7.77
1500 7.89

Abbreviation: FLT, full load torque.

[A] ’
Rotor Angle L
ut A
KB L e

=

2D T(u)

2D T(u)

| Flux-inkage_A

FIGURE 13 Simulink model of an SRM phase. SRM, switched
reluctance machine.

Speed Tiavg)s Tlavg) Tavg)g Tave) Y TRpx Y TRovg 2 Ocona
(rpm) (Nm) (Nm) (Nm) Total (NM) (Commutation TR)% (Commutation TR)% a»n® O
1100 25.01 0.01 —0.02 25.02 0.08 0.02 0.9 30.9
1200 24.53 0.57 —0.10 24.99 0.16 0.02 2.7 32.7
1300 23.85 1.37 —0.22 25.01 0.53 0.08 4.1 34.1
1400 22.83 2.55 —0.36 25.02 0.43 0.06 5.2 35.2
1500 21.87 3.68 —0.54 25.02 0.41 0.04 6.7 36.7
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within the control loop shown in Figure 15 that outputs a
reference current value /,.¢ based upon the speed target @,y
required torque to settle speed error T, and rotor position
0. This control consists of a speed control PI loop with an
inner current control loop where the LUT is situated. The
phase current error I, is then fed to hysteresis band current
control which produces pulse width modulation to be fed
onto the drive converter. By implementing this, the SRMs
non-linear torque production can be controlled linearly,
where any torque increment in Figure 15 can be linearly
translated into current increments without excessive calcula-
tion burden. For the 8/6 configuration, it is necessary that
for 3-phase overlap of currents, each phase requires its own
independent converter switches. This means that converter
configurations such as those presented in refs. [22, 23], where
switches are shared between orthogonal phases to reduce the
number of components, are not compatible. Instead, the
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FIGURE 14 GA profiles from 0 to 1500 rpm: (a) Currents and
(b) torques. GA, genetic algorithm.
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FIGURE 15 GA LUT control loop. GA, genetic algorithm; LUT,
lookup table.

conventional asymmetric half bridge converter is used to
allow the three-phase overlap and soft switching while
operating the SRM.

Figure 16 shows the results of the modelled SRM simulated
with this control scheme, using a switching frequency of
20 kHz and a sampling time of 10 us. The SRM is loaded with
FLT and accelerated from start-up to 1100 rpm, operated at
this steady state and further accelerated to a new steady state at
maximum power at 1500 rpm as illustrated in Figure 16a for
speed and Figure 16b for torque over a period of one second.
This demonstrates the proposed scheme's speed control pet-
formance, controlling the SRM across its speed range using the
GA current profiles, also without notable TR during dynamic
portions of the SRMs response (and near ZTR during steady
state periods).

Shown in Figure 16¢c,d are the steady state current and
torque waveforms respectively for the SRM operating at
1500 rpm and FLT from 0.6 to 1 s in Figure 16a. Phase A is
taken as a reference in this case for the rotor position where
the profile has a realised 0nq Of 36 in Figure 106c, displaying a
significant @, (34). Commutation TR is eliminated at this speed
and overlap, where Figure 16d shows a resultant commutation
TR of less than 1% of the FLT wvalue, while switching
frequency-based ripple accounts for a TR of 6%. This pro-
duces a peak negative torque value of —1.45 Nm approaching
Oosr, requiring a peak two-phase positive torque production of
26.45 Nm. The waveform RMS current values are maintained
at the value illustrated in Figure 11, accomplishing the objec-
tives of ZTR and minimal RMS currents below the SRMs
rating; this shown that by accomplishing these two objectives,
the profiles are produced within the Vpc limits that have been
outlined.

Revisiting a dynamic portion of the SRMs response,
Figure 16e,f present the currents and torques respectively
during the initial acceleration from 0 to 1100 rpm highlighted
in Figure 16a. No phase is taken as a reference here and the
waveforms are displayed against time. This portion of opera-
tion demonstrates the GA control schemes ability to interpo-
late between torques and speed without adverse commutation
TR or increase to RMS current as the machine is accelerated
and torque loaded gradually. The GA LUT utilises basic linear
interpolation methods. This shows a good correlation between
the current profiles at the various speeds/torques as a genet-
alised form, which again lends itself to its ability to provide
linear torque control. This general shape of current profile
demonstrates the capability to maintain minimal RMS currents
and TR throughout the SRMs speed range between bespoke
current profiles.

5 | DISCUSSION

The GA design and its resultant control scheme has been
presented along with its merits. Many examples of control
schemes in literature exist which can be compared. This
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includes control methods which can be considered as classical
in SRM control and much newer strategies, which build on
classical methods.

1500 F '
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FIGURE 16 Results of SRM Drive: (a) Speed and (b) torque,
1500 rpm steady state, (c) currents and (d) torques, 0-1100 rpm, and
acceleration () currents and (f) torques. SRM, switched reluctance machine.

5.1 | Comparison with cosine TSF

Figure 17 presents the results at 1500 rpm using a standard Cos
TSF at FLT. Note that the proposed GA design produces a
RMS current of 11.608 A compared to 12.310 A for the Cos
TSE, at 1500 rpm. At this speed, the Cos TSF is pressed
beyond the limits of two-phase overlap and inherently cannot
compensate for the limited amount of available V¢ to build
up and decay from FLT production. This results in a com-
mutation TR of 7% in the waveform as would be expected as
torque sharing between phases begins, along with and an in-
crease in RMS current and switching ripple of 6%. This is
because the Cos TSF cannot calculate an efficient torque
sharing phase commutation for ., > 30° without some form
of modification, given TSFs in principle cannot operate
beyond the two-phase overlap. Conversely, the GA accounts
for the requirement of the three-phase overlap, and effectively
maintains ZTR and minimal RMS current while operating at
higher speeds. It continues to utilise delayed 6, and 6, to
allow the majority of FLT production in the most efficient
Nm/A regions in exchange for conduction in the second phase
beyond 60°. This introduces an acceptable amount of negative
torque given the resultant RMS current and its proximity to
theoretical optimal of 11.129 A.

5.2 | Comparison as a control scheme

Typically, control schemes will implement some form of
reduction in TR, since this is a challenge that must be
overcome for many applications to use an SRM. Accompa-
nying this, they may also seek to reduce RMS current, peak
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‘switch
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®

FIGURE 17 Results of Cos TSF at 1500 tpm. (a) Currents and
(b) torques. TSF, torque sharing function.
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current, or extend speed range. Table 2 presents a compat-
ison between various recent SRM control scheme publica-
tions. While publication [15, 24-27] results are simulated for
a specific SRM configuration (including the GA scheme) it
does not mean that they are limited to that configuration as
such. For example, the GA method can be applied to any
SRM with more than two phases. Examining the contents of
Table 4, recent publications include adaptations of TSFs [15,
24], DTC [25], model predictive control [26] or hysteresis
control [27]. Refs. [15, 24] demonstrate the full speed range
capability of their control schemes where ref. [24] reduces
TR compared to other DTCs and ref. [15] lowers TR greatly.
The other schemes do not present results at SRM rated
speed. This does not mean that the control cannot function
at this speed and all schemes do reduce TR comparatively to
similar methods but do not eliminate it. The main goal of
the GA is the absolute minimisation of the RMS current
across a given SRMs operational torque and speed range.
Notably, the GA at peak power operates at lower than the
machines rated RMS and peak current, at 92.8% and 91%
respectively. The closest comparison in terms of a percentage
of rated power is ref. [25] which exhibits 49.9% of rated
RMS current and 60% peak current at 50% rated power.
Ref. [15] presents operation of an improved TSF function
above the machines rated power of 120.8% but does not
provide the machine rated currents they use to provide a
percentage usage for comparison.

Comparing the speed range from 0 to 1500 rpm to the
absolute minimal RMS current achievable by the given SRM
(11.129A), an increase in RMS current of only 1.16% (3.2%
increase in Cu loss) is present from 0 to 1000 rpm (two-phase
overlap) and a maximum increase of 4.3% (8.8% increase in Cu
loss) occurs from 1100 to 1500 rpm (three-phase overlap).
Figure 17 conveys the ZTR speed limit of the GA method with
two-phase overlap, three-phase overlap and the machines rated
speed. The introduction of three-phase overlap optimises the

speed range established in ref. [21] while maintaining a minimal
increase in RMS current and is shown capable of operating
above the machines rated speed if required. This design itself is
not limited to the 8/6 SRM used in this research and is
applicable firstly to any SRM limited to only two-phase overlap
in its design, and any other SRM configuration that is capable
of greater than two-phase overlap. While intentional three-
phase overlap is presented in this text, the method could be
extended for even greater periods of phase overlap if the
configuration in question desired this for operation at higher
speeds while maintaining ZTR. Revisiting the profiles shown in
Figure 16, there is some correlation between the shape of the
current profiles with speed in terms of a consistent advance of
0, and delay of 6, in order to maintain production of >90%
of FLT in the regions of 42" t0 52 (high Nm/A). A point of
future investigation could be the transition of this method to
some form of online control scheme based upon FEA LUT of
Nm/A efficiency, where near optimal RMS cutrents can still be
produced while maintaining ZTR.

5.3 | Electric vehicle applications

In an EV application, maximum vehicle speed may occur at
more than three times the base speed. This means that with
constant speed cruising, which requires torque proportional to
speed squared, far less than FLT is required. Figure 18 shows
that the ZTR speed limit increases significantly with reducing
torques. Torque in excess of this cruising requirement is
available for acceleration (non-steady state, where defining and
quantifying TR is problematic), hill climbing, towing, etc.

EV motors are fluid cooled. The inner/outer walled
cooling jacket and its internal flow controlling ribbing, help
minimised radial force movement of the stator around the
alighment position. Machine vibration and noise can be
minimised.

TABLE 4 DPerformance comparison of

recent SRM publications. GA (23] (24] (2] [26] 27]
Control parameter T I T, ¢ T T T
SRM config. used 8/6 12/8 8/6 12/8 12/8 8/6
Zero TR speed >100%  >100% >53% >50% >1000 rpm  >100%
range
(%0 @yateq) @<1%  @<56.6% @<13.5% @<18.7% @<8.7% @<9.5%

TR TR TR TR TR TR

RMS current
(% Liared) 92.8% 63.1% 49.9% N/A N/A 1522 A
(% Pratea) 100% 38.1% 50.4% 120.8%
Peak current
(%o Lok racca) 91% 73.4% 60% ~19A N/A ~34A
(%o Preaea) 100% 38.1% 50.4% 10.5% 120.8%
Online/Offline Offline Online Online Online Online Offline

Abbreviation: SRM, switched reluctance machine.
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5.4 | Deployment on a control unit

When considering the application of the control scheme in
commondevices such as microcontrollers or field program-
mable gate arrays, the presented control scheme can be
implemented in a relatively simple control architecture. With
many offline control schemes, LUTSs are typically implemented
which provide data to be used as opposed to online calcula-
tions. With the proposed control scheme, implementation onto
any control unit must consider the data storage requirements
of the LUT itself. In an idealised control unit with large storage
capabilities and extensive computational processing power, the
GA LUT can be implemented with a high resolution in torque,
speed and rotor position. This would be a large LUT and
would provide the best performance, but practically an ex-
change must be made between resolution and storage. This is
because in any given SRM, if there is insignificant resolution
for any of the LUT variables, TR is likely to occur between
interpolation points. This can either be resolved with the
aforementioned sufficient resolution, where in this work a
15 — 4 — 601 for speed, torque and angular resolution is used,
or another possibility being the use of a lower resolution with
some form of advanced interpolation utilised. Note that the
main burden for high resolution required is in the angular step,
which in the deployment of the scheme also means that a high
resolution position sensor could also be required dependent on
the resolution desired.

Another factor which should be considered for the prac-
tical application is certain effects which are not present in the
FEA model utilised, which includes environmental effects such
as temperature, which would likely account for a slight devia-
tion in performance if not addressed given the difference that
would be apparent between FEA and the real machine.

6 | CONCLUSION

This paper presented an offline refined GA design and
control scheme for the elimination of TR and improving
SRM efficiency across the entirety of an SRMs speed range. It

proposes the use of torque sharing beyond traditional two-
phase torque sharing present in literature. It accomplishes
this by using intentional three phase overlap as an example to
allow the decay and build up of current without the intro-
duction of increased TR as speed increases beyond the TR
free speed limit of two phase torque sharing. The design itself
produces current profiles at chosen speeds and torques while
maintaining ZTR and utilising only the available DC link
voltage provided. It also inherently minimises the RMS cur-
rent of said profiles using the theoretically smallest RMS
cutrent available for the given SRMs configuration as a
baseline to compate to. The results of the design are then
converted into a LUT-based torque control scheme and
validated through simulation using a detailed, FEA-based
SRM model. A Comparison of the profiles are made with a
standardly used TR elimination method, the Cosine TSF, is
provided the GA control scheme is compared with recent
publications on SRM control schemes. Overall the GA gen-
erates ZTR current profiles that result in less than 5%
increased Cu losses above the theoretical minimum, over the
full speed and torque range of an 8/6, 4 kW SRM while
utilising the useful three-phase ovetlap.
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