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Impact of Current Harmonic Injection on
Performance of Multi-Phase Synchronous
Reluctance Machines

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

Abstract—This paper combines the use of multi-phase
configurations and current harmonic injection methods to achieve
significantly improved performance for doubly salient
synchronous reluctance machines (DS-SRMs). In order to
understand the torque production mechanism of multi-phase DS-
SRMs with current harmonic injection, some general analytical
torque models have been developed. The models are based on
Fourier Series analysis of self- and mutual-inductances. It has been
established that with current harmonic injection, the torque ripple
of both 5-phase and 6-phase DS-SRMs can be significantly
reduced and the average torque can be enhanced. It contrast,
harmonic injection always has a detrimental impact on 4-phase
machines. The investigations of losses and dynamic performance
with current harmonic injection for multi-phase machine have
also been carried out and demonstrated that the proposed method
can improve the efficiency in constant torque region and maintain
comparable performance to fundamental current supply in the
flux weakening region. Experimental validation based on single
layer, 6-phase, DS-SRM has been performed.

Index Terms—Current harmonic injection, doubly-salient,
multiphase, synchronous reluctance machine.

I. INTRODUCTION

OUBLY salient synchronous reluctance machines (DS-

SRMs) have received increasing attention in the recent

years due to the features such as simple and robust rotor
structure, straightforward manufacture and good fault-
tolerance. Furthermore, the absence of rotor permanent magnets
yields a significant potential cost saving and makes them well-
suited to deployment in sectors such as electric vehicles,
aerospace and other safety-critical applications [1]. Doubly
salient synchronous reluctance machines (DS-SRMs) have, to a
large extent, evolved from switched reluctance machines by
supplying them with sinewave current instead of square wave
currents encountered in switched reluctance machines
(conduction angle of 120 electrical degrees) [2]. In this
sinusoidal mode of operation, the rotor rotates at the same speed
as the stator armature field, leading to the synchronous nature
of the machine. It is now well-established that vibrations and
acoustic noise can be markedly reduced by supplying a given
machine with sinewave current instead of the normal switched
reluctance square-wave operation [3]-[4]. However, a
straightforward substitution of sine-wave current waveform for
a square-wave waveform halves the average torque capability
for the same rms current. In order to enhance the average torque
to a competitive level while retain the ability to supply the DS-
SRMs with sinewave currents, new winding configurations,
viz. double-layer and single-layer mutually coupled windings
have been proposed according to classical winding theory for

synchronous reluctance machines. It has been shown in [5]-[6]
that the new winding configuration can achieve much improved
torque capability, especially for the double layer machines, e.g.
77% additional average torque at high phase current compared
to their conventional counterpart. However, due to the nature of
both the self- and mutual-inductances, the mutually coupled
machines generate much higher torque ripple. To mitigate this
issue, several studies have focused on design aspects, e.g.,
stator/rotor skewing and shaping [7]-[8] to yield an air gap flux
density which is more sinusoidal. Other studies have
concentrated on control aspects, for example through direct
instantaneous torque control (DITC) [9] and phase current
shaping (or optimization) [10]-[11]. With several
commonalities with current shaping, a new current harmonic
injection method has been proposed for 3-phase DS-SRMs in
[12]-[13]. Such a method can quantify the torque contribution
due to each inductance harmonic, both with and without current
harmonic injection. As a result, it allows an appropriate
selection of current harmonics (in terms of order, magnitude,
phase angle) to improve the overall torque performance of 3-
phase DS-SRMs.

Since current shaping or harmonic current injection will
introduce higher order harmonic currents, it is likely to increase
core losses in the machines, and hence lead to reduced
efficiency. Therefore, if maintaining sinewave current is
deemed desirable, increasing the phase number (m) may be
another effective means of reducing torque ripple [14]-[15]. In
addition, machines with higher phase number (m>3) can also
achieve higher torque density and enhanced fault-tolerant
capability [16]-[17].

Research has been reported on combining multi-phase
machines with harmonic current injection to further reduce
torque ripple [19]. However, these methods were developed for
permanent magnet machines and no corresponding research has
been carried out for multi-phase DS-SRMs. The latter have
vastly different characteristics compared to permanent magnet
machines due to their doubly salient structure, with torque
being generated solely by the variations of self- and mutual-
inductances. Previous studies have demonstrated that the multi-
phase DS-SRM also have different characteristics compared to
their 3-phase counterparts with sinewave current supply, e.g.
more different types of mutual-inductances [15]. Hence, if
harmonic current is injected into a multi-phase DS-SRMs, it is
likely that it will behave differently compared to its 3-phase
counterpart. This is particularly the case for dynamic aspects of
performance such as torque-speed curves, power-speed curves,
power-factor speed curves, and efficiency maps, etc. This paper
investigates the impact of harmonic current injection on multi-
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phase DS-SRMs. Underpinning this investigation is the
development of a generalised analytical torque model based on
Fourier Series analysis of the self- and mutual-inductances.
This facilitates the selection of the features of injected current
harmonics, such as the order, magnitude and phase angle
required to achieve a particular performance objective such as
maximum average torque or minimum torque ripple. A range
of phase numbers (up to 6-phases) with different slot/pole
number combinations and winding configurations, viz. double-
layer (DL) and single-layer (SL), will be investigated in this
paper.

The main contribution of this paper is to establish several
general guidelines for performance (both static and dynamic)
improvement of multi-phase DS-SRMs using current harmonic
injection.

T8

(@) i
Fig. 1. Common DS-SRMs topologies. (a) 8s/6p 4-phase, (b) 10s/8p 5-phase,
(c) 12s/8p 6-phase. Here, only SL windings are given, the DL windings will
have the same number of turns per phase but with double number of coils.

TABLE I MACHINE KEY SPECIFICATIONS (THE RATED VALUES ARE FOR THE
SL 6-PHASE VARIANT)

Stator outer radius (mm) 45 Slot fill factor 0.37
Split ratio 0.6 Rated RMS current (A) 5
Air gap length (mm) 0.5 Rated speed (rpm) 400
Active length (mm) 60 Rated torque (Nm) 2.4
N° of turns/phase 132 Rated power (W) 100

II. TORQUE MODEL WITH CURRENT HARMONIC INJECTION

The proposed current harmonic injection methodology can
be divided into two distinct steps. In the first step, the derivation
of expressions for the instantaneous torque using inductances
obtained by 2D-FEA is carried out. In the second step, the
expressions for the instantaneous torque are deployed to
establish the relationship between torque waveform and the
injected current harmonic, which in turn facilities the selection
of the current harmonic features (order, magnitude and phase
angle) to which increase average torque and/or lower torque
ripple as well as impacting favorably on dynamic performance.

Fig. 1 shows typical DS-SRMs with different slot/pole
number combinations and different winding configurations.
The key parameters for all these variants are given in TABLE I
where the rated values are only for the SL 6-phase machine.
Setting aside for the time being, consideration of magnetic
saturation, the instantaneous torque equation of multi-phase
DS-SRMs can be expressed as (1) [5]-[6].

7, = il ol &
where [i,,] = [i1, iz, ;] is the phase current matrix, [L,,]
represents m X m inductance matrix. € is the mechanical rotor
position and m is the phase number. In order to investigate the
contribution of particular order current harmonics to the torque
profile, a stator current with single current harmonic injection

can be expressed by (2). It is worth noting that only phase ‘a’ is
given here because other phases will have the same magnitude
while with a 27 /m phase shift.

I, = Ir sin(6, + B;) + I, sin(v6, + B,) )
where I; and f; are the amplitude and phase angle of the
fundamental current, whilst I, and S, represent the amplitude
and phase angle of the v®"™ order current harmonic,
respectively. 6, is the electrical rotor position. Based on the
study in [15], there will be one type of self-inductance
waveform and Z types of mutual-inductance waveform for an
m-phase DS-SRM. The factor Z depends on the phase number
and is be the minimum integer which is no less than (m — 1) /2.
By way of example, for the 12slot/8pole single layer 6-phase
machine shown in Fig. 1(b), 3 different mutual-inductance
waveforms will be generated since (m — 1)/2 = 2.5 < 3. The
self- and mutual-flux linkage at different rotor positions when
phase ‘a’ is supplied with different dc currents are shown in Fig.
2, where @, is the self-flux linkage of phase ‘a’ and @, is the
mutual-flux linkage between phases ‘a’ and ‘b’, etc. In this case
the onset of appreciable magnetic saturation occurs in this 6-
phase DS-SRM at a current of ~8A. Under linear magnetic
conditions (i.e. current level below 8A or so), the self- and
mutual-inductance can be calculated. The resulting variation in
the various self- and mutual-inductance components with rotor
position are shown in Fig. 3.
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Fig. 2. Self- and mutual-flux linkages of the SL 6-phase DS-SRM, when phase
‘a’ is supplied with dc current. In this figure, @y = -D,.
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Fig. 3. Inductance waveforms and spectra for a SL 6-phase DS-SRM, when
phase ‘a’ is supplied with 1A dc current.

(5]

Spectra

o

The self- and mutual-inductances variations with rotor
angular position can be expressed as Fourier Series:
L=1Ly+ Z L, cos(nf, + ay,) 3)
n=1
(o]
M, = My + Z My, cos(nb, + a'sy) “4)

n=1
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where L and M, are the self- and mutual-inductances,
respectively. a,, and a',, are the phase angle of the n” order
self- and mutual-inductance harmonics. The subscript ‘0’
denotes the dc component while the subscript ‘x’ is utilized to
represent the different components of mutual-inductance and
x€(1,2,..,Z). When ‘x’ is equal to ‘1°, M; represents a
mutual-inductance between two adjacent phases, such as, M,
M,. and so on, while M, represents a mutual-inductance
between two phases with an interval of one phase, such as, M,
M4 and so on.

Substituting (2), (3) and (4) into (1) allows the instantaneous
torque equation to be transformed as below:

T,=Tf+Ty (5)

With

{Tf = Tfsel + Tfmut = TfO + Tfrip

Ty = Thset + Thmue = Tho + Thrip
where the subscripts ‘f and ‘h’ represent the components due
to fundamental and harmonic currents; ‘sel’ and ‘mut’ are the
torques produced by self- and mutual-inductances; ‘0’ and ‘rip’
are the average torque and torque ripple, respectively.

The torque produced by sinewave current for m-phase
machines has been investigated in [15]. This section will further
detail the torque components produced by the interaction
between current harmonics and self-/mutual-inductances,
which can be decoupled into two terms: Ty (I¢I;,) and Ty, (I?.
This paper will focus on the harmonic torque term Ty, (I¢1,) as
this tends to be the dominant term in terms of improving torque
performance. However, to enhance the accuracy of the
prediction of instantaneous torque, the calculation of Ty, (I2)
may also need to be investigated, which has not been detailed
in this paper due to space limitations. The constituent
components of Tj, (Iflv) are given by:

©)

mp - nL, .
Thser = TZ Tlflv{sm(Aee + P+ By + ay)
n=1
—sin(BO, + By + By, — ap) (N
- Sin(Cee + Bl - ﬁv + an)
+ Sin(Dge + ﬁl - ﬂv - an)}
And

o Z M
mp n
o =7 2, )¢5l
n=1x=1

2m
{sin (AGe + B+ B, + e — va)
n

. , 21
—si B@e+ﬁl+ﬁv—axn—zvx>
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21
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And
A=14+v+n
B=14+v—n
C=1-v+n
D=1-v—n 9)
c= {0.5 mod(m,2) =0and x = Z
1 otherwise

A,B,C,D = mk where kis0,1,2,3...

According to (7)-(9), it can be seen that the frequency of T}
is related to the order of injected current harmonic v and
inductance harmonic n, which is described by

[1+v+n|=mk (10)
As can be proved that the T}, only contains the mk” order torque
harmonic, which is the same as that of Ty (as detailed in [15]).
Therefore, it is possible to compensate for torque ripple
produced by the fundamental current using a contribution
produced by a current harmonic. When the injected current
harmonic order is selected, the active inductance harmonic
order related to the desired torque harmonic can be determined
at the same time as:

n=|mk+v+t1| (11)

Moreover, it can be proven that an average torque due to the
injected current harmonic can be produced when the factor of
0. (A, B, C or D) is equal to 0. It therefore follows that when
the v®" order current harmonic is injected, the (v + 1)%" order
inductance will contribute to average torque, as described by
(12).
mp(v + 1)

4

Z
. _ 21
+ Z CMx(v?l) [Sm (,31 + ﬁv * a’x(vil) + va)
x=1

Tho = — LeL{Ly31 sin(By F By £ ay31)

+sin (ﬁ1 F Byt ywr) — ZZH")J}
(12)
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Fig. 4. Comparison of 2D-FE and analytically predicted instantaneous torques
for the SL 6-phase DS-SRMs with current harmonic injections. The
fundamental current Ir is 1Arms and the characteristics of current harmonic is
listed in TABLE II

By way of example, Fig. 4 shows a comparison between 2D-
FE and analytical instantaneous torques for the SL 6-phase
machine with a range of current harmonic injections. The
fundamental current is 1 Arms. A generally good agreement can
be observed between 2D-FE and analytical predictions at low
phase rms current condition. It has been found that the proposed
current harmonic injection method is able to mitigate the torque
ripple for the m-phase DS-SRMs, if the current harmonic is
appropriately selected using the strategy described above.
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Fig. 5. Comparison of 2D-FE and analytically predicted (a) average torque and
(b) torque ripple coefficient vs phase rms current for the SL 6-phase DS-SRMs
with current harmonic injections. The characteristics of current harmonic are
listed in TABLE II.

Fig. 5 shows the average torque and torque ripple coefficient
versus phase rms current after current harmonic injection for
the SL 6-phase DS-SRM. At a modest phase current (i.e.
<4Arms), the proposed model can accurately predict the
average torque and torque ripple. However, with increasing
phase current, the machine becomes magnetically saturated and
there is an increasing discrepancy between the non-linear 2D-
FE and the necessarily linear analytical predictions. This
illustrates a key limitation of the analytical torque models.
However, although the accuracy of the torque equation is
diminished at high phase current, the benefits of current
harmonic injection on torque ripple reduction is not seriously
compromised.

TABLE II. CHARACTERISTICS OF CURRENT HARMONICS TO MINIMIZE TORQUE
RIPPLE (Phase RMS current is 1Arms)

Phase 34 5" 7"
Number mag phase mag phase mag phase
4 DL | 48.4% | 270.8° | 64.9% 2.15° 67.2% 87°

SL 50% 266.1° | 35.7% | 353.5° | 35.3% 87.5°
5 DL | 33.6% 71.3° 686% | 196.9° | 8.66% 90.9°
SL | 32.3% 78.6° 65% 177.7° | 8.28% 89.1°
6 DL | 1204% | 0.06° 34% 113.4° | 34.7% 202°
SL | 47.7% 45.1° 21.7% | 134.3° | 21.7% | 223.8°

Once the accuracy of the analytical torque models has been
validated by 2D-FEA, at least under non-saturated conditions,
it can be utilized to select the current harmonic order to suppress
the torque ripple. The methodology is based around generating
an opposite torque ripple by the current harmonic to
compensate for that produced by fundamental current. A similar
method was reported for a 3-phase machine in [12] in order to
select the current harmonic required. This has been extended in
this paper to minimize the torque ripple of a general m-phase

machine, which has been detailed in Appendix. Typical results
generated using this method for a series of 4, 5 and 6 phase
machines are listed in TABLE II.

The injection of current harmonics will affect the RMS value
of the phase current, which may necessitate some modification
of the fundamental magnitude to maintain the same RMS. As
an example, maintaining the phase RMS current at 1A with the
addition of the calculated harmonics leads to the predicted
average torque and torque ripple variations shown in TABLE
II.

TABLE III. AVERAGE TORQUE AND TORQUE RIPPLE COEFFICIENT AFTER
CURRENT HARMONIC INJECTION WITH 1 ARMS PHASE CURRENT

3rd 5[h 7lh

N[:J};fli)i:r Ave Rip Ave Rip Ave Rip
(%) (%) (%) (%) (%) (%)

4 DL -94.2 +234.3 -50.4 +85.4 -52.3 +116.2
SL -99.7 +2045 +4.1 +12.2 +3.47 +2.0
5 DL | +43.7 -74.7 -98.2 -55.4 +3.0 -81.8
SL +45.9 -84.4 -38.7 -68.0 +3.1 -82.2
6 DL -99.4 -69.5 -46.8 -50.2 -18.4 -49.7
SL +10.2 -78.0 -17.2 -72.2 -11.3 -71.8

Note: “+” means increased and “-”” means reduced.

It is found that the 3™ order current harmonic shows the best
performance for most machines, such as DL/SL 5-phase
machines, SL 6-phase machines. It not only reduces the torque
ripple by more than 70%, but also increases the average torque
for a given RMS level of current, especially, for the 5-phase
machines. However, it is ineffective in reducing the torque
ripple or increasing the average torque for the DL 6-phase
machine even when a 3" order harmonic as high as 1204% of
the fundamental current is injected. This is mainly due to the
fact that the harmonic torques due to self- and mutual-
inductances have cancelled each other. Similarly, the 5" order
current harmonic will not be effective for the DL 5-phase
machine. It is also found that, due to the special characteristics
of the 4-phase machines, no harmonic current injection can be
used for reducing their torque ripple regardless of whether a SL
or DL winding structure is adopted. However, the proposed
methods can still be used to increase the average torque.

In order to establish the reason why the 4-phase machines do
not respond well to harmonic injection, it is useful to consider
the torque waveforms of a SL 4-phase DS-SRM with the
injected current harmonic characterized in TABLE II which are
shown in Fig. 6. It can be seen that after the 3™ order current
harmonic is injected, the dominant 4" order torque ripple has
been entirely suppressed, as expected. However, although this
current harmonic injection has little effect on other harmonics
such as the 8" and 12" order torque harmonics, the average
torque is very markedly reduced by 99.7%, i.e. close to zero
average torque. This is predominantly a consequence of the fact
that the 2™ order inductance harmonic (highest magnitude) is
an active inductance harmonic (v + 1) interacting with the 3
order current harmonic, which significantly reduces the average
torque at the selected phase angle. It leads to an extremely high
resultant torque ripple coefficient. The 5 and 7% order current
harmonics can also suppress the 4" order torque harmonic, in
contrast to the 3™ order current harmonic, the 8" order torque
harmonic is significantly increased [see Fig. 6 (b)], due to the
interaction between current harmonics and the 2™ order
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inductance harmonic (|1 + v &+ n|). Therefore, together with
the reduction in the average torque, no obvious improvement is
observed in the resultant torque ripple. This is similar for the
double layer 4-phase DS-SRM, and therefore the corresponding
results have not been shown here to avoid repetition. It is worth
noting that due to the nature of inductances of the 4-phase DS-
SRMs, their instantaneous torques at some rotor positions, such
as 0°, 90° and 180°, etc., are almost zero and cannot be
improved by the proposed methods as shown in Fig. 6 (a).
Therefore, other methods such as the rotor pole shaping
proposed in [7] would be required to modify the inductance
profile so as to reduce the torque ripple.
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Fig. 6. (a) on-load torque and (b) spectra for single layer 4-phase DS-SRM with
predicted current harmonics injected. Phase RMS current is 1A.

III. LOSSES AND DYNAMIC PERFORMANCE

Although harmonic current injection can reduce torque ripple
and can even increase the average torque for some cases, the
high order current harmonic will lead to the extra losses due to
the higher frequency. This could diminish the dynamic
performance, particularly the efficiency maps of the DS-SRMs.
In order to fully investigate the effectiveness of the proposed
method for m-phase machines, this section uses a SL 6-phase
DS-SRMs as an example to investigate the losses and dynamic
performance associated with current harmonic injection. It is
worth noting in all cases, the RMS value of the current ( Ipps)
both with and without current harmonic injection is always
maintained at the same value. Moreover, since the machines
under consideration are small (i.e. stator diameters of only
45mm) thin gauge copper wires have been utilized, e.g. 0.56mm
wire diameter in the case of the SL 6-phase DS-SRM. As a
result, when the machines operate at rated speed, the skin effect
due to injected high frequency current can be neglected.

A. Iron Losses

In order to calculate the iron losses in the machines, the flux
densities in each mesh element (in the 2D FE models) are
analyzed using fast Fourier transform, and the iron losses due
to each flux density harmonic can be predicted by using (13)
[20].

Pre = kn(f, Bm)fBrel + ke (f, Bm)szrzn (13)

where fis the frequency of stator or rotor flux-density, B, is the
magnitude of alternating flux-density and k, and k, are the
hysteresis and eddy current loss coefficients, respectively,
which are frequency dependent as investigated in [21]. The
comparison of iron loss versus phase rms current has been
investigated and the results are shown in Fig. 7.

Generally, with the injection of high order current harmonics,
it would be expected that the iron loss of the machine would
tend to increase. However, it is interesting to note that at
currents of<18A or so, the iron loss with the 3™ order current
harmonic injection is larger than that with the 5® order current
harmonic injection.
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Fig. 7 Comparison of iron loss for SL 6-phase DS-SRM with current harmonic
injection. Rotation speed is 400rpm.

In order to investigate this behaviour, it is useful to consider
the contribution from the eddy current and hysteresis
components of the stator iron loss. These components are
summarised at a phase current of 5SArms in Fig. 8. A similar
trend has been observed for the rotor losses. It has been found
that when the machine is operating at this relatively low current
level, both eddy current and hysteresis losses due to
fundamental flux density are slightly reduced. This is mainly
due to fact that the magnitude of fundamental current is reduced
with current harmonic injection in order to maintain the same
RMS current. However, the k™ order current harmonic injection
will increase the losses due to the k™ order flux density
harmonic. In this case, since larger 3™ order current harmonic
is injected, its resultant iron loss could be higher than that with
the 5" order current harmonic injection. It is also found in the
Fig. 7 that, at higher current level, the iron losses with the 3™
order harmonic current injection can be lower than that of the
5™ order harmonic current injection. This is largely due to the
different influence of magnetic saturation on the different
injected current harmonics.
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Fig. 8 (a) Eddy current losses and (b) Hysteresis losses for the SL 6-phase DS-
SRM. Phase current is SArms and rot speed is 400rpm.

B. Torque-Speed Characteristics

Due to the doubly salient structures, the variation in the
inductances will inevitably lead to large harmonics in the
induced back-EMF, especially when high order current
harmonics are injected. This will cause terminal voltage
distortion as noted in [22]. This will in turn affect the SVPWM
modulation and reduce the voltage utilization ratio. As a result,
the base speed of the investigated machines after current
harmonic injections will tend to be reduced. To investigate the
dynamic performance of the proposed method, the torque-speed
characteristics of the investigated DS-SRMs with current
harmonic injection have also been studied in this section.
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Fig. 9 Torque-speed curve of the SL 6-phase DS-SRM when I, = 7.07A4 and
Vie=24V.

Fig. 9 shows the predicted torque-speed curve for the SL 6-
phase DS-SRM when the current limit is 7.07A (5Arms) and
the dc-link voltage is 24V. It shows that the 3™ order current
harmonic can increase the average torque in the constant torque
region and slightly reduce the torque capability compared with
the fundamental current supply in the flux weakening region. It
is not surprising that the 5 and 7" order current harmonics will
reduce the performance in both constant torque and flux
weakening regions. This is due to the fact that they reduce the
output torque and increase the voltage distortion, leading to
limited flux weakening capability.

C. Efficiency Maps

Due to a relatively low rotor speed, the mechanical losses
have been neglected and the efficiency can be reasonably
approximated as:

n= Pout
Poue + Pcopper + Pre

(14)

where P,,; is the output power and can be calculated
from w,,T,.

The efficiency maps with and without current harmonic
injection have been calculated, as shown in Fig. 10. It can be
seen that a maximum efficiency of 72% is achieved by the 3™
order current harmonic injection between 1000rpm and
1500rpm. Although the efficiency at base speed with the 3
order current harmonic injection is reduced, it can still increase
the efficiency in the lower speed region, due to extra torque
production. However, the 5" and 7% order current harmonic
injections degrade the efficiency across the full speed range. A
modest efficiency of 64% can be achieved at speeds ~600 rpm.
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Fig. 11. Test rig and prototype machine for dynamic tests.

IV. EXPERIMENTAL VALIDATION

In order to validate the effectiveness of the proposed current
harmonic injection method and also the predictions in previous
sections, a SL. 6-phase DS-SRM (12s/8p) was experimentally
tested. It is worth mentioning that this machine is converted
from an existing SL 3-phase DS-SRM which was initially
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designed in [5]. As a result, the number of turns per phase was
reduced by half (66) rather than 132 used in previous sections.
This means that the inductance will be reduced by a factor of
four, which leads to a four-fold reduction in the average torque
in the experimental validation section compared with the
simulated torque in Sections II and III. However, this will not
influence the effectiveness of the proposed method as it can be
used in any synchronous reluctance machines. Fig. 11 shows
the test rig setup for validating the proposed harmonic current
injection method.

The 6-phase machine is controlled as a dual 3-phase machine
(phases A, C and E form one set, while phases B, D and F form
the second set) with a phase shift of 60 electrical degree
between the two sets, as shown in Fig. 12. Two 3-phase winding
sets are supplied by two 3-phase half bridge voltage source
inverters (VSIs), which are controlled using conventional space
vector pulse width modulation (SV-PWM). The harmonic
injection block is detailed in [12]. It is worth noting that in
order to inject a 3™ order current harmonic into a 6-phase
machine, two extra half-bridges are required to control the zero-
sequence current. However, due to the hardware limitations,
only the 5% and 7" order harmonic injections have been carried
out in this section.

.ref

Lag 7 SVPWM 11 ace
L O b\l’“.’\llH VSII }—“f
DS-

I-Mq p PMDC
e Vg2 SRM Load
97{9; SVPWM IIH VSIII }V;[
T ig,3 0+ 60° Resistance
Harmonic _box

injection

Fig. 12. Current control block diagram of the 6-phase prototype machine.

A. Steady-State Tests

The first test evaluated the performance of the proposed
current harmonic injection method in steady-state. Therefore,
the machine is operating under current control with a reference
current level of 5SArms. A permanent magnet (PM) direct
current (DC) machine was used to provide a load for the SL 6-
phase DS-SRM machine under test. Fig. 13 shows the current,
speed and torque waveforms. As will be evident, with 5® and
7" order current harmonic injection (Listed in TABLE 1II), the
speed and torque ripple can be markedly reduced, but at the
expense of a 14% reduction in average torque. Moreover, due
to the fact that the PM DC machine provides a passive load for
the prototype machine, the average load torque is simply
proportional to the rotor speed and can be measured by torque
transducer. The average load torques are around 0.67Nm,
0.56Nm and 0.58Nm for the fundamental, 5" and 7™ order
current harmonic injection, respectively.
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Fig. 14 shows the torque spectra during one electric period.
It is apparent that the 6™ order torque harmonic can be
suppressed by 85% and 70%, respectively, with the 5" and 7%
order current harmonic injections, which generally agree with
the predictions observed in TABLE III. It is worth noting that
the active inductances which produce a contribution to the
average torque for the 5" order current harmonic are 4" and 6™
(5 + 1), while those for the 7" order current harmonic are 6"
and 8" (7 + 1). And the magnitude of the 4" order inductance
harmonic is much larger than the 8™ order inductance harmonic.
As a result, the 5™ order current harmonic is much more
sensitive to average torque than the 7" order current harmonic.
Therefore, to reduce the torque ripple by the same degree, the
reduction in average torque for the 5" order current harmonic
injection is more obvious. Moreover, the low frequency
harmonics in the torque waveform are due to unavoidable
mechanical imbalance of the test rig and also the inherent torque
ripple of the PMDC load machine.
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B. Transient-State Tests

The second test investigated the effectiveness of the current
harmonic injection method in a transient mode of operation
with the machine operating under speed control. The initial
speed was set to 100rpm and after 3s, the speed reference
increases to 400rpm. Again, both the 5% and 7" order current
harmonics were injected and the current limit of speed
controller is SArms. Fig. 15 shows the d- and g-axis current
references and feedbacks of the current regulators and Fig. 16
shows the difference between the feedback and the reference
currents. It can be found that increasing rotor speed and load
torque will indeed affect the current regulator performance. A
slight phase delay will occur when machine operates at rated
speed, leading to +0.5A current error (+£6%).
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Fig. 16 Transient-state results (a) i, error and (b) i, error.

The speed and torque responses for different harmonics are
shown in Fig. 17 (a) and (b), respectively. It can be seen that the
speed and torque ripple suppression of the proposed method is
not compromised during transient operation. However, the time
taken to accelerate from 100rpm to 400rpm increases by ~17%
and 15% with 5" and 7% order current harmonic injection
respectively, in large part as a consequence of the reduction in
the average torque resulting from harmonic current injection.
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Fig. 17 Transient-state results. The speed steps up from 50rpm to 200rpm. (a)
Speed and (b) Torque.
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C. Torque- and Efficiency-Speed Curves

In addition to the steady and transient-state tests, the torque-
and efficiency-speed curves were also derived from
experimental measusrements. The current and dc voltage limits
were set to the same values as section III.B, i.e. 7.07A (5Arms)
and 24V, respectively. Fig. 18 shows the torque- and efficiency-
speed characterisitc for the test machine. It is worth noting that
the significant reduction in the average torque level compared
with preditions in Fig. 9 is due to reduced number of turns per
phase of the protype machineas explained at the beginning of
the section IV. For the same reason, the induced voltage is
reduced by half that predicted. When due account is taken of
the scaling for the reduced number of turns, the measured
results match well with predictions. As anticipated in both in
the contant-torque and flux-weakening regions of operation, the
5% and 7" order current harmonic injections cannot produce the
same average torque as that produced with a fundmental
current.The base-speed of the torque-speed characterisitc is
reduced, due to significant voltage distortion caused by the
interation between the current and inductance harmonics.
Moreover, the 5 and 7" order current harmonic injections tend
to reduce the machine efficiency in full speed range. It is worth
mentioning that small diameter copper wires have been
delibrately used to ease the winding process of the prototype
machine resulting in a modest coil packing factor. This
inevitably increases the phase resistance. As a result, this small
prototype machine only achieved modest levels of efficiency.
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Fig. 18 Predicted and measured torque- and efficiency-speed curves. (Iqx =
7.07A and V,;=24V) (a) torque-speed curves and (b) efficiency-speed curves.

V. CONCLUSION

This paper has investigated the influence of harmonic current
injection on electromagnetic performance of multi-phase DS-
SRMs with different slot/pole combinations, winding
configurations and phase numbers. It has found that when the
v*" order current harmonic is injected in a m-phase machine,

there will be two active inductance harmonics [(v + 1)%]
producing extra average torque. Compared with other current
harmonics, the 3™ order current harmonic shows the best
potential in average torque improvement but has the drawback
of requiring reconfiguration of the drive to accommodate zero
sequence currents. Moreover, it is also found that the active
inductances for torque ripple reduction [(|mk + v + 1]) %]
depend on the phase number m and the injected current
harmonic order v. If the 2™ order inductance harmonic is one of
the active inductance harmonics, lower (in terms of magnitude)
current harmonic is required to completely compensate the
dominant torque harmonic due to fundamental current.

With appropriate selection of injected harmonic currents,
some aspects of performance of the machine such as efficiency
at constant torque region can be improved and the same flux
weakening capability as pure fundamental current supply can
be maintained. The effectiveness of the proposed method is
verified by 2D-FEA and the majority of the predictions have
been validated by experiments using a single layer 6-phase DS-
SRM.

APPENDIX

The torque production by pure fundamental current for multi-
phase DS-SRM has been investigated in [15]. It has been found
that the mk®™ order torque harmonic ( Ttrip mken ) can be
calculated by

Tfrip_mkth = TFrip Sin(mkee + (pFrip) (15)
where Tpyi;, and Qg are the resultant magnitude and phase
angle of certain order torque ripple, which can be calculated by
the analytical model developed in [15]. Based on the analytical
model in this paper, it can be demonstrated that current
harmonics can also produce the mk™ order torque harmonic,
which can be used to compensate the torque produced by
fundamental current, leading to reduced resultant torque ripple.
By way of example, in order to reduce the 6™ (mk=6) order
torque harmonic in 6-phase machines by injecting the 3™ order
current harmonic (v=3), there will be four active inductances
that contribute to the 6 order torque harmonic, viz. 2, 4, 8
and 10, respectively. It is worth noting that the self- and
mutual-torque terms due to the same active inductance
harmonic have the same factor (A, B, C or D). Moreover, the
torque terms due to two active inductance harmonics
(Jmk — v £+ 1|) show the same sign between 6, and f8,,, while
the other two (Jmk + v + 1|) present different signs. Therefore,
the torque ripple performance after current harmonic injection
can be simply written as

(2Z+1)x2
Thrip(ﬁv) = Z Ty; sin(mk@, + @x; + B,)
i=1
+ TYi Sin(mkee + Qyi — Bv)
= Txrip Sin(mkge + Pxrip .Bv)
+ TYrip Sin(mkge + Qyrip — Bv)

= Tyrip(By) sin (mk6, + @prip(B,))

(16)

with
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_B(By)
tan ((PHTip (ﬁu)) = A0, an

THrip(ﬁv) = VAZ + BZ

{A = TXrip COS((an-p + ﬁv) + TYrip COS((pYrip - ﬁv)
B = TXrip Sin(@Xrip + Bv) + TYrip Sin(¢Yrip - .Bv)
where X and Y [X,Y € (4, B, C, D)] represent the torque terms
with the same or different sign between 6, and B, ,
respectively. Ty;, Tyi, @x; and @y; [i=1, 2 ...(2Z + 1) X 2] are
all constant, representing the magnitude and phase angle for the
relative torque terms, when 3, is 0. It can be observed that the
resultant torque ripple harmonic can be controlled by £3,,. It is
worth noting that the resultant magnitude Ty, is also
proportional to the injected current harmonic magnitude i,.
Therefore, in order to minimize the resultant torque ripple, (5)
and (16) need to achieve the same magnitude and have a
phase difference, which leads to

{(pHrip (.Bv) = Qprip t T
THrip Uy, By) = TFrip

By solving (19), the harmonic magnitude and phase angle
can be predicted at which the minimum torque ripple will be
achieved.

(13)

19)
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