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Comparative Studies of Torque Performance
Improvement for Different Doubly Salient
Synchronous Reluctance Machines by Current
Harmonic Injection

G. J. Li, Senior MembetEEE, K. Zhang, Z. Q. Zhu, Fellow, IEEE, and G. W. Jewell

Abstract—Three types of doubly salient synchronous
reluctance machines have been compar atively studied to improve
the torque performance using current harmonic injection
methods. These machines are derived from the switched
reluctance machines (SRMs) with different  winding
configurations, such as the double/single layer mutually coupled
SRMs (MCSRMs) and fully pitched SRMs (FPSRMs), by
supplying them with sinewave current. Such current supply mode
can lead to higher torque/power density, lower vibrations and
acoustic noise compared to the conventional rectangular current
supply. The proposed torque analytical model can predict the
instantaneous torque of the doubly salient SRMs with sinewave
current excitation and the current harmonics also can be selected
in order to reduce the torque ripple and/or increase the average
torque. It has been found that the 3™ current har monic injection
shows the best performance for singlelayer MCSRMs and
FPSRM s because it improves the average torque and reduces the
torqueripple at the same time. However, it has little influence on
doubly-layer MCSRMs. To improve the torque performance of
such machines, other harmonic currents, e.g. 5" and 7", need to
be used. Both static and dynamic tests have been carried out to
validate the predictions.

Index Terms—Current har monic injection, switched reluctance

machine, synchronous reluctance machine, torque ripple
reduction.
NOMENCLATURE
SRM Switched'synchronous reluctance machine
MC Mutually coupled
FP Fully pitched
SL Single layer winding
DL Double layer winding

. INTRODUCTION

with permanent magnets such as the irreversible
demagnetizatioﬂZ]. In particular, their simple and robust
structure, high manufacturabilitgood fault tolerance and high
speed and temperature operation capabilities brought them the
powerful competitiveness for automotive and aerospace
applicationsmS]. However, the doubly salient structure leads to
inherent drawbacks, such as high torque ripple, vibrations and
acoustic noise which significantly limit their market
penetration into sectors that are sensitive to these iskses
result, torque ripple and vibration mitigations for SRMs
become some of the most important research gopic
literature.

Recently, many researchers investigated the possibility of
reducing the vibrations and acoustic noise of conventional
SRMs by using sinewave current supply rather than the classic
rectangular wave current supply (120 electrical degrees
conduction for 3-phase SRMs). This in effentkes SRMs
become the doubly salient synchronous reluctance machmes,
investigated in[[4-J]. It has been found that the sinewave
current supplyhas significant benefits on the radial force
excitation reduction, which is the primary source of the
vibrations and acoustic noise] [B}[9]. However, the torque
capability with sinewave current supply is reducethpared
with the rectangular wave current supghdjl In order to
increase the average torque, the researéhdrkl have
proposed a new class of SRMs with yuplitched windings,
namely fully pitched SRMs (FPSRMs). The torque generation
of FPSRMs is entirely due to the rate of change of
mutual-inductances between phases. It was verified that with
sinewave current supply, FPSRMs can produce a torque twice
as high as that of conventional SRMs. Howeteeir longer
end-winding compared with the short pitched winding of
conventional SRMs results in higher copper loss at the same

WITCHED reluctance machines (SRMsare stepper crrent level.

\—Jmotors which only produce the reluctance torque and wereTo combine the advantages of both conventional SRMs
first presented by Robert Davidson i38§1]. With the rapid  (short end-winding) and FPSRMs (high torque capabilityd

developmentin industry, SRMs have gad a substantial

mutually coupled SRMs (MCSRMs) with double layer

footholdin harsh environment and safetgtical applications. windings (DL) have been proposed [14). It has been

Without permanent magnets and windings on the rategri

established that the double layer MCSRMs generate torque via

reduce the system costs and also avoid the problems associaggthtion of both the self- and mutual-inductances, and are less

sensitive to the magnetic saturation. As a reshé double
layer MCSRMs can opera&thigher phase current and achieve
higher overload capability[1]] [15. Apart from the
aforementioned benefits, the double layer MCSRMs can also
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achieve lower vibration and acoustic noise compared to generate an opposite torque ripple by the injected current
conventional SRM{16]. However, due to the nature of theharmonics to compensate that produced by the fundamental
self-and mutual-inductance variations, the torque ripple @frrent. As a result, the torque ripple can be reduced and the
double layer MCSRMs is also higher. In order to mitigate thigverage torque might be increased at the same time. Without
issue, researchers proposed some MCSRMs with single heavy saturation, the harmonic order, the phase angles and also
layer windings (SL). They exhibit better performance, e.ghe magnitudes of the injected current harmonics can be
higher average torque and also lower torque ripple, at Iqwedicted in order to achieve the minimum torque ripple and/or
current conditions compared their double layer counterparts maximum average torque.

However these advantages diminish with increasing saturation

level. II. METHODOLOGY OFCURRENTHARMONIC INJECTION

shows the flux distributionat aligned position for
three designed and optimized SRMs winding configurations, of
which the machine parameters are givgn in TABLE I. Without
considering the magnetic saturation, the general torque
expression of SRMs can be described by

r_Lgdke + a1, de
- l“ a6 "2%ap 7% (1)
My, . dMg . dMp,

+igi

iy =g+ lale—gg + Ible g

whereigpe, Lape andM,,, (xy is any combination of phases a, b
and c) are the three phase currents, and the self- and
mutual-inductances, respectively.is the mechanical rotor
position.

Due to different winding configurations, the self- and
mutual-inductances for single/double layer MCSRMs and
FPSRM are different as well, which result in different
electromagnetic torque contributioas shown ip TABLEI]
Since the self-inductance of single layer MCSRMs is much
larger than the mutual-inductance, the torque due to the
self-inductance is the most dominant compondotvever, the
torque generation of FPSRMs is entirely due to the
mutual-inductances  because the variation of the
self-inductances can be neglected. Moreover, double layer
MCSRMs combines both the benefits of the self- and
mutual-inductances.

TABLE Il. ELECTROMAGNETIC TORQUECOMPONENTS FORDIFFERENTSRMS

© ) Torque Components

Fig. 1 Comparison of flux distribution at aligned pmsitwhen the phase A is Dominant |Subordinatja
supplied bya 1A dc current.(a) Single layer MCSRMs, (b) FPSRMs, (c}

double layer MCSRMs. SLMCSRM Self-torque Mutual-torque
DLMCSRM Self-/Mutual-torque -

TABLE |. MACHINE LEADING DIMENSIONSAND DESIGNFEATURES EPSRM Mutual-torque Self-torque
Stator slot number 12 Rotor inner radius (mm) 15.7 ; ; I ;
Rotor pole number 3 Rotor tooth width fam) 8.01 In ord_er to identify the contribution of certain order current
Stator outer radius (mm) 45  Active length (mm) 60 harmonlc_ to t_he average torque e_m(_j torque ripple. The stator
Stator York height (mm) 5.1  Number of turns per phase 132  current with single current harmonic injection can be described
Stator tooth width (mm) ~ 8.45  Coil packing factor 037  by[(2)] and the self- and mutual-inductances can be expressed
Air gap length (mm) 0.5 Rated RMS current (A) 10

Rotor outer radius (mm) 26.5  Current density (A/mnT) 5.68 by Fourier series analysis, as shown ir} (3{anH (4), respectively.

It is worth noting that only the current and inductances of phase
are given. Other phases have the same amplitude but with a

In this paper, the comparative investigations between IE ase shifof 120°.

doubly salient synchronous reluctance machines that evol
from the aforementioned SRMs with three different winding
configurations, as shown[in Fig] 1, are carried out by using the
proposed current harmonic injection method. For simplicity,
they will still be called single/double layer MCSRMs, and
FPSRMs throughout this paper. Single/double layer
conventionh SRMs will not be investigated due to their poor
performance when supplied with sinewave current. The idea is

1, = I, sin(8, + By) + I, sin(vl, + B,) (2

L(6,) = Lo+ Z L, cos(nf, + ay,) 3)

n=1
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M(6,) = My + Z M, cos(nf, + a';,) 4)

n=1
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Fig. 2 Comparison of (a) inductances and (b) spefrathree winding
configurations. The phase a is supplied with a 1A deot

The definitions of the above parameter are as follows.
1) L, and M are the dc components of the self-

mutual-inductances;, andM,, represent the'horder self-

and mutual-inductance harmonic magnitydesanda’,,

are the phase angles of the corresponding inducta

using finite element analysis (FEA) and Fast Fourier
Transform (FFT), as shown[in Fig| 2.
2) vis the current harmonic order, such 4s3", 7", etc. used

in this paperl, andl, express the fundamental and tffe v

order current harmonic magnitudé¢s andg, represent the

phase angles of the fundamental and the injectearder
harmonic currents, respectively.

3) 6, is the rotor electrical position and n is the inductance
harmonic order, such a824" 6", etc.

Substituting into[_(d), the detailed analytical
instantaneous torque model of SRMs can be obtained. More
precisely, the resultant torque produdgdSRMs,T,, can be
decomposedhto two components: the torque produced by the
fundamental currenf, and the one produced by the current

harmonicsT},, which are given {n ().

T, =Tp+Ty ()
with
Tr = Tro + Trrip = Trser + Trmut (6)
Th = Tho + Thrip = Thset + Thmut (7)
where ‘f and ‘h’ indicate the fundamental current and

harmonic current respectivelyQ’ and ‘rip’ represent the
average component amipple component, respectively; ‘sef
and ‘mut’ represent the components due to the self- and
mutual-inductancesespectively

The detailed torque generation without current harmonic

andhiectionT; can be simplified Hy (8), where k is a non-negative

integer. It can be proven that the frequency of torque ripple for a
12s/8p SRM is due to the triplen harmonics. Moreover, when

e number ks equal to ‘0’ [(8)|could give the average torque

harmonics. These parameters are assumed to be constaffft can be expressed ag (9).
saturation level does not change and can be calculated by

3 3k—2
pZ{ — Ly 1? sin(3k6, + azy) + 7 1Ly, sin(3kB, + 2, + azy_z) + ———

3k 3k—2
2 — I2M3;, sin(3k0, + a'5) + ——

3k +2
2

2

and

3
Tfo = lesz Sin(—Zﬁl + 0(2)
©)

3, . , 21
+Ell M, sin (—Zﬁl +a', +?)

Furthermore, according to foregoing substitutions, the torque
produced by current harmosid@};, can be decoupled as the

2m
11 M3k—2 sin (3k9€ + Zﬂl + a'3k_2 - —)

3k+2

2 11 L3k+2 Sil’l(3k9e

— 2B + azpy2)

3

2 ; , 21
I M3 45 sin (3k99 — 2B+ @342 + ?)}

(8)
in[(Z0)Jand LT)] Here, the torque due to the interaction between
the inductance harmonics and the current harmonics (torque

termT,(1,%)) has been neglected due to its small magnitude.

p nL
Thser = 72 SR L{SIn(A0, + By + By + )

—sin(BO, + By + By — ap)
—sin(CH, + B — By + ay)
+ Sin(DGe + ﬁl - ﬁv - an)}

(10

sum of the self- and mustorques, and the details are shown
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and

w

p nM
Thmue = 721 2 = LI,

n=

, 2m
{sin<A93+[?1 +By+an—?v)

. , 21
—51n<BHE+,81 +ﬁv—an—? )

, 2m
—sin<C93+ﬁ1—ﬁy+an+?v)

. , 21T
+sm(D08+B1—,8,,—an+— )
+sin(ABe+[?1 +ﬁv+a’n—?)

. , 2T
—sm(BGe+,81+B,,—an—?)
21
—sin<C96+ﬁ1—[s’v+a’n—?

. 21
+ sin (DGe +B1—By—a', —?>}

and

A=14+v+n

B=1+v—=n \itha,B,C,D =0 +3 +6,49..
C=1—-v+n

D=1-v—n

(1D

(12

paper that contribute to the average torque and/or the torque
ripple, are listed if TABLE Il It is worth noting that the"d
order inductance harmonic plagsnore significant role in the

6" order torque ripple than other inductance harmonics, due to
its higher magnitude (Sde_Fig] 2). Moreover, in order to
increase the accuracy of predicting the torque ripple due to the
fundamental curreptthe 12" order torque harmonic is also
considered in this paper.

TABLE Il . ACTIVE INDUCTANCE ORDER SELECTION FOR TORQUE

PRODUCTION
Current th . h .
Components Average torque | 6" torque ripple | 12" torque ripple
Fundamental 2nd 40 6" gh 12"
3 harmonic 2"%and &' 20 4h gh 10" -
5" harmonic 4" and & 2n 10" 12" -
7" harmonic 6" and & 2nd 12 14" -

Fig. 3 shows the prediction of on-load torque with and
without the & order current harmonic injection for the three
aforementioned SRMs. It shovesgenerally good agreement
between the FEA and analytibapredicted results for a phase
root-mean-square (RMS) current of 1A. Moreover, it can be
proven that the proposed injection methaah ceduce the
torque ripples while increasing the average torque for both
single layer MCSRMs and FPSRMs, but has little effect on
double layer MCSRMs. This will be investigated further in
Sectior{Ill] It is worth noting that with high phase current
supplied, there will be a marginal discrepancy betweerrEhe
results and the analytical predictions due to magnetic saturation
However, the torque ripple can still be reduced by the proposed
harmonic current injection method.

It can be proven that the frequt_ancyTpfcorreIates with the 0.1 g w— SLMC FEA © SLMC prediction
current and inductance harmonic orders as shownld®)] ( -~ -DLMCFEA = DLMC prediction
Generally,T;, will only contain the triplen harmonics, so o £ 0.08 ——FPFEA v FPprediction
This means that the combination of v and n needs to genera g o
multiples of three for A to D. By way of example, wheis g '
equal to 3, the term A can contribute to torque only if nis equa 3 gg4l J g AT &

. .. . g © oy : 7 T W .
to 2, 5, 8, etc. If this condition satisfies, the average tofggle g = SR - A ?f ¥
. . d T ) P F 0 o T o~
can then be obtait, as described HyIB)| where the rotor & o.021 e I Vs F S W s |
positioné, is equal td0’. W N N NSNS
0 . . ‘ . ‘
_ 3pn . _ 0 60 120 180 240 300 360
Tho = — 4 L, [LVil sin(By + By + an) Rotor position (elec. deg.)
_ — , 2m @
+ Myxq Sm(ﬁl +hta ni_v)
3 (13 ol ——— . _
2T SLMC FEA < SLMC prediction
+ M,34 sin (ﬁl o, ta, — —)] ---DLMCFEA * DLMC prediction
3 E0.08 ——FP FEA v FP prediction
. S 0.06% v 1

Due to the nature of the inductances, the odd ordel T
inductance harmonics can be negledted. (8 ard (9) also sho £ = . PO o
that the dc inductance component has no contribution to thr g SN NG I N SN W ’3,} ‘
torque, and hence can be neglected as well. The average torq Oé 0.02% ot ‘;‘-, ';**; ':"'5. ’;“‘a; ‘;"?
produced by the fundamental current only depends on"the 2 ‘;,‘J' ‘\V; E‘v’ "*v; E'«J 31.,,;’
order inductance harmonic. However, other even ordel 0

inductance harmonics contribute to the torque ripples, in whict
the dominant one, i.e. the™6order torque harmonic, is
produced by the 6" and &' order inductance harmonioss

0 60 120 180 240 300 360
Rotor position (elec. deg.)
(b)
Fig. 3 Comparison of FEA and analytically predictexdjtie waveforms for the

a result, in order to reduce the torque ripple, this paper tisee SRMs when 1A RMS current is supplied. (a) W@iith3" current
focused to reduce thé"@rder torque harmonic. According to harmonic injection, (b) \th 30% 3’ current harmonic injection.
the active inductance harmonics considered in this
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lIl.  COMPARISON OFTORQUECONTRIBUTION WITH THIRD Therefore, the minimum torque ripple occurs wheg]and
CURRENTHARMONIC INJECTION [(Z6)]have the same magnitude buphase difference between

A. Torque contribution for single/double layer MCSRMs them. This leads {d)i(18)|

Using the analytical torque models derived in previous Trrip = Thrip(Iy) 17
sections, the torque produced by both the fundamental and
harmonic currents can be reliably predicted without Purip + By — Prrip = (2d + D)m 18

considering heavy magnetic saturatigkccording t0Tho IN \yhered is an integer. Based &n 18
J X ho . .- -Z!E] and-l ;
the average torque, due to current harmoniesfLisction d . ¢y $rrip
and @y, can be calculated ag43.5° and —90.1° ,

of current harmonic phase anglk and can be simplified by K .
[(Z4)]based on the trigonometric function transformation. ;ensgplgigvae(lz)r/{i:z(\)/ret?r?esm?r:ﬁrﬁyne:o'\f;falz\::\Sbl-ghfar\ﬁfgreebtg][;gggse
Tho(By) = Tres sin(By + Pres) (14 B, = 53.6°. Itis the same for the double layer MCSR&,of
hich is45.2°. [Fig. 4(b) shows how the™3order current
armonic affects the torque ripple coefficients for both the
single/double layer MCSRM. The torque ripple coefficient is
Lfculated bYCrrax — Tmin)/ Tav), Where Trax Tmin and T, are
. . . . ’the maximum, the minimum and the average torques for one
respectively It is obvious that the maximum average torque,q ical period, respectively. It can be seen that for the single
occurs whersin(B, + ¢rs) = 1. Hence, the predied §, layer MCRM, the 3 order current harmonic can reduce the

where the maximum torques can be achieved for ﬂgg - - Ha .
. . rque ripple coefficient by 56% while increasing the average
single/double layer MCSRM can be easily calculatetlga® torque by 10%. However, whatever th& Brder current

and83.9°, respectively, as shown[in Fig. 4(a). harmonic is injected, it has little effect on both the average
torque and the torque ripple coefficient of the double layer

whereT,., and¢,., are the resultant torque magnitude an
phase angle, respectively,.; is a constant and can be
calculated using the inductance magnitude and also ph
angle. It is1.3° and6.1° for the single/double layer MCSRMs

B B B B B B B B R

qqqqqqq

0.05
- SLMCT (3 =88.7%) 1,=0%I, ——1,=30%l, MCSRM. o _
£ 004t max;v ——1,=10%I, —e—1,=40%l, | | In order to study the reason why this is happening, the
‘5 1,=20%l, harmonic torques due to the self- and mutual-inductances are
g 0.03] y investigated separately by usinglO}(13)] The active
2 . inductance harmonics (e.g“and 4&") for the 3 order current
g o harmonic injection listed [n TABLHI |are taken into account.
2 001l \ ] By way of example T}, 2ng Produced by the "3 order
< . . L rd .
DLMCT__ (3,=84°) inductance harmonic with the™3order current harmonic
0 ini = = i i ifi ™~
o s 10 180 290 300 360 injected [n=2, v=3 ih13)] can be simplified
Hermenie phees anal (ol dos.) vty e = 2ol L Sin(66, + fy + B + ) + a9
M, sin (693 +h+ps+a, - g)]
200 T T T -
DLMC Trip . (£3,=45.2°) From the observation of the inductances, it is founddhat
150 | leadsa’, by around2m/3 for both the single/double layer

result, the harmonic torque component$jp, ,,4 due to the

R MCSRM, which meana, — a', = 2m/3 is always valid. As a
self- and mutual-inductances will produee phase difference

100 [

Torque ripple coefficient (%)

ol & ; 1,=0%I, ——1,=30%I, | for any 3 order current harmonic injections as showr2@)|(
\.,v” —a—1,=10%I, ——1,=40%I, p
SLMC Trip_. (3 =53.6°) 1,=20%, Thrip2na = 5 hls [L, sin(66, + f; + B3 + a3)
0 min{By _
0 60 120 180 240 300 360 + M, sin(66, + B, + B3 + a, — )] (20)
Harmonic phase angle (ele. deg.)
(b) = 3p1 I3(L M) sin(66,

Fig. 4 FEA results of torque production for single/deuayer MCSRM with oh 3(Lz — M3) sin(60, + B + B3 + a2)
the 3% order current harmonic injection. The machines applid with 1A ) o )
RMS current. (a) Average torque, (b) Torque rippefficient. Together with the similar magnitudes Igf andM, for the

As aforementioned in Sectip 0, tH @ der torque ripple is double 1ayer MCSRMTj, 4,4 Will be cancelled to a negligible

the most dominant one, which is due to the fundamental a%’el' The elimingtion happens on both average torque and
harmonic currerst and can be simplifiey [(15)] and[@6)] '©rdue ripple, which can be clearly showr{in Fig. 5@r

according th ()12 comparisor], Fig.|5(a) shows the harmonic torque composition
g for the single layer MCSRM. Even though its self- and
Trrip = Trrip Sin(60e + @rrip) (15  mutual-torques still have opposite signs, the larger difference
betweenl,, andM,, leads to the considerable contribution in
ThripBor 1) = Tarip(Iy) sin(60, + @prip + By) (16) both the average torque and the torque ripptes explains

why the & order current harmonic injection has little effect on
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the double layer MCSRM but can improve the torquearried out by applying the same equatfob§(18)]and the

Phase (°)
& ©
o o o

performance for the single layer MCSRM. optimal 3% order current harmonic phase angles are selected as
o] o T
< 0.02 268.7° and270.6°, respectively.
=z BT [Ty o1
§ 0.01 L ITaMmy) [T,y _
= 0.059
g l z
1] 0 @ o
= ()} 2 4 6 2 o 1,=0%1, ——1,=30%I, 268.7
__ 180 & Ye—1,=10%1, ——1,=40%, | 80 240 0 360
-";: 90 o 0.1 1,=20%I,
@ 0 @
2 U £ 0.059
o -90 <
2D-FEA
-180
(] 2 4 6 0
Torque harmonic order 0 6o 120 180 240 300 360
Harmonic phase angle (ele. deg.)
(a)
@
=0.004
£ 200 S
: s ] T s
go.002 LTy [T, M, ] %E’ IF s zoen :
-"é' W g —I3=D%L1 —u—l:,)=3|)%l1
g 0 =) L % 0 +l3=10%l1 —4—l3=40%l1
= 0 2 4 6 S 020w 80 240 \300 360
180 (5] 3 1
@
2
[+]
=
g
=]
[l

180 0 2 4 6 0 60 120 180 240 300 360
Torque harmonic order Harmonic phase angle (ele. deg.)
(b) (b)

Fig. 5 Spectra of the harmonic torque produced byatttive inductances with Fi9- 7 Comparison between tBB-FEA results and the analytical predictions
30% 3¢ current harmonic injection. The machines are suppliéid 1A RMS for the FPSRM with the"3order current harmonic injection when three phases

current. (a) Single layer MCSRM (b) Double layer SRM. aref?u_pplied with 1A RMS currents. (a) Average terq{b) Torque ripple
coefficient.
B. Torque contribution for FPSRM
As well-established in[1[1] and [[17], the torque 8 | ==sLmc without 3rd

- - ~SLMC with 30% 3rd
6 —+—DLMC without 3rd
—-=-=DLMC with 30% 3rd
—%—FP without 3rd
"""""" FP with 30% 3rd

generation of the FPSRM depends entirely on the mutu:
inductance variation. This is the same case for the harmon
torque generation. The2order self-inductance harmonic of
the FPSRM is too small to produce any meaningful averag
torque, which can be predicte also shown ip Figl

[6] However, due to a significant®order mutual-inductance

harmonic, there is a good potential for the FPSRM to improv
its torque performance (increased average torque and reduc

Average torque (Nm)
F-9

Qo
torque ripple) by injecting the®order current harmonic. 0 5 10 15 20
Phase rms current (A)
£ 0.02 (a)
=3 ‘-Th(LZ) [ Tay)
T (M T (M — 200
B 0.01 [ IT.m,) ET,M) ] = ——SLMC without 3rd - - - SLMC with 30% 3rd
E = —=—DLMC without 3rd === DLMC with 30% 3rd
o @ 150 —v—FP without 3rd - FP with 30% 3rd
] 0 L= ! . e S
= 0 2 4 6 E
180 g T
s [E]
< 90 o100r . . ]
2 o :I [ f = %
@ FS ) . s
= =
o -90 J @ 50
=
-180 T
(] 2 4 6 kS
Torque harmonic order 0
Fig. 6 Spectra of the harmonic torque produced ey ahtive inductance 0 5 10 15 20
harmonics with 30%8order current harmonic injection for the FPSRM. The Phase rms current (A)
machines are supplied withIRMS current. (b)

Fig. 8 Comparison of (a) average torque and (b) ®ripple coefficient versus
By using the same analytical torque model, the averagbase RMS current with/without th& ®rder current harmonic injection. The

torque and torque ripple coefficient against current harmonrfifase angle is selected at which the minimum torquéeripgurs §3.6° for

phase angle for the FPSRM can be obtained, as shpwn if} Fidﬂzgggﬁ,\fyer MCSRMS.2° for the double layer MCSRM arif0.6° for
The optimization of average torque and torque ripple can be
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C. Torque performance with saturation consideration  angle. This is different from &t of the 3* order current

The machine inductances can vary nonlinearly with respegi€ction, andthey will add together to compensate the torque
to phase RMS currents due to magnetic saturation. Therefdigple produced by the fundamental current, leadiagan
this section investigates the influence of magnetic saturation 8¥erall reduced torque ripple. As showh in Fiit @iill happen
the effectiveness of thé*®rder current harmonic injection for for the 7" order current harmonic injection as well. As a result,
different electric loadings. The comparison in terms of averadfe® 5 and 7" order current harmonics can achieve much more
torque and torque ripple coefficient against phase RMS curresi@hificant torque ripple reduction than that of tHe cgder
have been calculated by FEA, as shown in Hig. 8. current harmonic for the double layer MCSRM.

As can be found, for both the single layer MCSRM

T 0.6

(dominant self-torque) and the FPSRM (pure mutual-torque} £ 4th inductance 2nd inductance
the 3° order current harmonic could minimize the torque ripple § 0.3 J
and increase the average torque at lower current level. Wit & I BT Ty
. . h . o h\-2 h\2
increasing current density, the 8rder current harmoniccan & © T L) [T, M)

i = 0 'i\ h'-a h\"a 6
still increase the average torque for the FPSRM by about 25 180 e Tm)
but it loses the benefit in torque ripple reduction. One of the &~ 90+ I
important reasonsgs that the machine inductances cannot be £ o :
calculated accurately under magnetic saturation conditio £ g9 6th inductance ”
without using frozen permeabilitfif] [1§. This means that 180 . ‘ ‘ ‘
the current harmoniasanno longer be properly selected by the 0 2 4 6
proposed analytical torque model. Moreqviite 3° order Torque harmonic order

A . Fig. 9 Spectra of the harmonic torques produced &yvea inductance
current harmonic injection has little effect on the double Iay%%rmonics with 30% 'S order current harmonic injectioifhe double layer

MCSRM (self- and mutual torqueas investigated previously MCSRM are supplied with 1A RMS current.
The slight reductiofn the average torque is due to the fact that

for the same RMS currenthe additional injected "8 order 0.03
harmonic current leads toreduced fundamental current

Predicted

e
o
N}

IV. FIFTH AND SEVENTH ORDERHARMONIC CURRENT
INJECTIONS

The proposed analytical torque model could also b
implemented to other orders of current harmonic injections
such as the and 7' order current harmonicst is worth

——1,=0%l, —=—1,=30%|
0 ——1,=10%I, —a—1,=40%I,
1,=20%I,

80 240 \ 300 360

Average torque (Nm)
o

mentioning that the even order current harmonics alway 2D-FEA

present undesirable torque performance (reduced avera °D 60 120 180 240 300 360
torque and increased torque ripple), hence will not be detaile Harmonic phase angle (ele. deg.)

in this paper. @

In order to investigate the torque contribution for theafid
7" order current harmonics, the analytical method for ffie 3
order current harmonic has been implemented for the thre
investigated machines as well. By way of example, for the
double layer MCSRM, when theé"Sorder current harmonic
(v=5) is injected, according [dl0){(12)|and TABLEIIl] the
dominant & order torque ripple (|D|=1+=6), produced by
the 2% order inductance harmonio%2), can be expressed as

3p .
Thrip 2na = == hls [LZ sin(=66, + b1 — b5 — az) 0 60 120 180 240 300 360

2m i
+2M, sin (_699 + B —Bs—ay— _)] Harmonic phase angle (ele. deg.)

[
[=}
[=]

Y

-
o

o
O\
)/

Predicted = =
I5-D%I1 +I5-3D%I1 H

(3]
o

(=]

—o 1, =10%1, —a—1,=40%l, |
1,=20%I, 60

0 60 12k 18
200;
150 ==
100 ¢

Torque ripple coefficient (%)

(4]
o o

3 (b)
(21)  Fig. 10 Comparison between the FEA results and the analytfealiction for

) . n SR
As aforementionedy, — a"z ~ 21/3 for the double |ayer the double layer MCSRM with thé"%rder current harmonic injection when

; O LTS three ph lied with 1A RMS t. torque, (b) T
MCSRM is ag3a|n valid. Substituting it ift@Q)]leads to rigﬁ@‘;ﬁ;ﬁ;gﬁ stppiedw current. (ayaye torque, (b) Torque
p . L. .
Thrip_ana ® == hls [L; sin(—=60, + B; — s — a3) More;ver, the torque production improvement with respect
+2M, sin(—66. + B, — B« — a to the 5" order current harmonic phase angle for the double
3p 25in(=60c + 1 = fis ~ @)l layer MCSRM is shown It is apparent that the torque

~ =~ his (L, + 2M,) sin(—66, + 8, — s — @,)  behavior with the 8 order current harmonic injection can also
(22) be reliably predicted. The phase angles for achieving the

) . ) maximum average torque and minimum torque ripple have
It is obvious that the self- and mutual-torque ripples due {geen calculated, bein@84° and 113.3° , respectively.
the 8" order current harmonic will always have the same phaggwever, different from the @ order current harmonica
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8 : : ; 8 ‘ ; .
—#—SLMC without 5th ——SLMC without 7th
T | -SLMC with 20% 5th 3 T [ -SLMC with 20% 7th L
= g ||~ DLMC without 5th = 6 || DLMC without 7th -
=z | DLMC with 30% 5th N w5 | DLMC with 30% 7th l
2. || ~vFPwithout 5th S |[7vFP without 7th
§ gl FP with 20% 5th | § g FP with 20% 7th ]
o - o
=] g (=]
o &
@2 g @2 g
> >
< ~ <
QT 0v
0 5 10 15 20 0 5 10 15 20
Phase rms current (A) Phase rms current (A)
(@) (a)
—~ 200 - : ‘ —.200 ‘ : .
R —— SLMC without 5th - - ~SLMC with 20% 5th = —e—SLMC without 7th - - - SLMC with 20% 7th
= ——DLMC without 5th ===~ DLMC with 30% 5th - —+—DLMC without 7th —---= DLMC with 30% 7th
S 450+ —%—FP without 5th == FP with 20% 5th @ 450+ —v—FP without 7th - FP with 20% 7th
Q 82
g 5
=] [=]
© 100 S 100 -
K] 2
o (=1
=3 =
w 501 o 50F
= =]
T g
S e
o9 . ‘ ‘ 0 ‘ .
0 5 10 15 20 0 5 10 15 20
Phase rms current (A) Phase rms current (A)
| | (b) "y | | (®) .
Fig. 11 Comparison of (a) average torque and (b) torquelerippefficent ~ Fig. 12 Comparison of (a) average torque and (b) torqueleipoefficent
with/without the %' order current harmonic injection. with/without the 7' order current harmonic injection.

injection used for the single layer MCSRM and the FPSRM, ttdCSRM has been significantly reduced by around 72%, and
torque ripple and the average torque cannot be improved at the reduction is not really compromised with the increasing
same time. phase current. For the double layer MCSRM, the torque ripple
Similar investigations have been carried out for th@rder coefficient can also be reduced by around 50%. Moreover,
current harmonic injectiorin order to achieve the minimum although there are 50% reduction in torque ripple coefficient
torque ripple, the magnitudes and phase angles of differdat the FPSRM at low current, the benefits are compromised
current harmonics are predicted and compared, as shownwith increasing phase current due to magnetic saturation. The
reason lies in the inaccurate calculation of machine inductances

TABLE IV. CHARACTERISTICS OFCURRENTHARMONIC FORACHIEVING at hlgh phase current.

MINIMUM TORQUERIPPLE

39 harmonic 5™ harmonic 7" harmonic
Mag. Phase | Mag. Phase | Mag. Phase

SL-MCSRM 30% 53.6° 20% | 143.6° 20% | 233.4°

DL-MCSRM 30% 45.2° 30% | 113.3° 30% | 205.7°

FPSRM 30% | 270.6° 20% | 180.5° 20% | 270.5°

According to the predictions|in TABLE/| the FEA results
with the desired magnitude and also phase angle for achiev
minimized torque ripple by the™5order current harmonic
injection are shown in Fig.11As can be seen, the FPSRM
shows the best performance with tiedsder current harmonic
injection, which reduces the torque ripple by aro6®6o
without heavy magnetic saturation. Its average torque is or
marginally influenced. There are also 70% and 58% reductio .
in the torque ripples for the single/double layer MCSRM_V v la
respectively. However, the average torques for these tv > L @
MCSRMs are also reduced by about 15% and 359
respectively. Vi

Similarly, the results for the "7 order current harmonic
injections are shown It shows that there is around
10% reduction in average torque for all three types of machin&ig. 14. 4-leg voltage source inverter for the current harimijections.
However, the torque ripple coefficient of the single layer

Fig. 13 Test rig for harmonic injection.

iy : -
Vi V. Ie
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V. EXPERIMENTAL VALIDATI ON predicted and measured instantaneous torque when various

The proposed method for torque ripple reduction is validat&4ment harmonics are injected.
on a prototype double layer MCSRM, which is proposed ant 0.6 : : - -
built in [10]. The test rig is given which consists of a 3rd harmonic Fundamental

permanent magnet generator (load machine), a torqL g current injection current
transducer and the test MCSRM. In the following sections, th 3
implementation process of the current harmonic injection i¢ &
first presented. Then the static and dynamic tests are carried ¢ £
b=
to evaluate the proposed approach. g
.. . =
A. Current harmonic implementation o
Based on the Park transformation, the current harmoni o L_current injection, , , ‘
injection indqO-axis is investigated, as showr] in Fig The 0 60 120 180 240 300 360
dgO-axis reference currents are obtained from the torqu_ Rotor position (ele. deg.)
controller anddg0-axis harmonic components are predicted byig. 16. Static torque versus rotor position. The MCSRM isptiad with a
the proposed approach. RMS current of 4A. (Line: prediction, marks: measurement)

The detailed injection method is providedTABLE V] By C. Dynamic test
way of example, if one wants to inject the triplen current

harmonics in the abc-reference frame, e'.dgllﬁienidh andigp
need tobe 0 and onlyi,, will be injected. The parameters
for iy, e.9. v = 3 (k =1), i34 andas,.4, can be calculated in
advance.

In dynamic test, the performance of current injection method
at steady state is validated. The machine is operating under
current control and maximum torque per ampere control
(ig = iq) . The phase RMS current is kept at 5A and the
harmonic orders listed jn TABLE/]have been adoptd#ig. |
TABLE V. IMPLEMENTATION OF CURRENTHARMONIC INJECTIONSIN ShOWS the current and torque waveforms at the steady state
DQ-AXIS FRAVE after the &, 5" and 7" order current harmonics individually

iagon ign ign ion injected into the test machine, respectively. It is obvious that for
iaben Mag. | Phase| Mag. | Phase | Mag. | Phase the MCSRM, the 8 order current harmonic has little effect on
3k 0 - 0 - i3k @z the torque production, as predicted. The slight reduction in
3k —1 L3 2" by | agtm 0 - dogcurrent and average torque, after tH& Gder current
Sk+1 Lak L3 L3k D3k 0 - injection, is mainly due to the fact that the phase RMS current is
Note: k= 1, 2, 3. abc frame harmonic orders ae, 3k — 1 or 3k + 1, while ~ kept constant. It also proves that tHednd 7 order current
in dg0-axis frame, they are eithep03k. harmonics can effectively reduce the speed and torque ripple.
It is worth noting that the'8order current harmonic cannot 8 .
be injected directly by the conventional 3-leg inverter, due tc i
the fact that the zero-sequence current is not null. As a result, !
4-leg inverter, as shown[in Fifi4] has been adopted in orderto 4
inject such harmonic currentn addition, the 3-dimension < !
space vector pulse width modulation (3D-SVPWM) is utilized & 2 7th harmonig
to achieve zero-sequence current cortt§] [20]. ] — S L Injected
b Hawo| dqq 3. || Fphase 2 ::: | iSthi:ercT:; g
Tsvpwm [ Hless o SRM 1| I l
) abe VSI -4
Lagon ,9: 0 3 _ 6 9 12
Time (s)
Harmonic dqQ igpe (@
mjection abc 0.6 ,
|

T
I
I |
}3rd harmonia
I

injected :

Fig. 15. Schematic control block diagram for implementing therent
harmonic injection by using the 4-leg voltage sounseiter. 7th harmonic

injected |

[

B. Static test £ '5thi:j‘$':;i°
The measurement of static torque of the MCSRM is £
implemented by using the forgoing 4-leg inverter. The rotor o E 0.2

the test machine is locked physically. By changing the locke:
rotor position and supplying three phase DC current:
(amplitudes of DC currents are chosen according to 3-pha:
sinewave currents at different rotor positions) into the machine 0
the sinewave current supply can be simulated. The three phe.__ Tirtr;e (s)

currents .Can be regulated by P contr_ollers. In Ord.er to avolégg. 17. Dynamic tests. The MCSR(M)is supplied with a consRMS current
overheating, the phase RMS currenkept at 4A during the 5. (a)dop-axis current andbj torque waveforms.

static test]| Fig.16] shows a good agreement between the

I I
I I I
1 | 1
3 6 9

12
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