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Abstract — The paper develops a strategy to enhance the
torque development for a nine-phase PMSM with an
asymmetrical winding configuration and a single isolated
neutral point. The approach is based on the simultaneous
exploitation of different spatial harmonics of the magnetic flux
density in the air-gap, which requires both a non-sinusoidal set
of PM induced back-EMFs and a non-sinusoidal set of phase
currents (thus implying the injection of multiple harmonics). By
formulating the machine’s mathematical model in a proper
multiple synchronous reference frames, the electromagnetic
torque is given by the superposition of different harmonic
quadrature  current component contributions: their
simultaneous utilization allows to meet a set optimization goal.
The proposed approach focuses on the minimization of the
average stator losses for a given reference torque. The optimal
solution is found analytically and validated numerically for a
specific case study. With respect to the sole fundamental current
exploitation, the proposed technique allows for a significant
reduction of the average losses but, given the machine’s
configuration, it requires an uneven distribution of the third
harmonic current component among the nine phases.

Keywords — Multiphase drives, surface mounted PMSM,
asymmetrical winding, nine-phase, non-sinusoidal back-EMF,
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I. INTRODUCTION

I n the recent years, multiphase electric drives have become
interesting solutions both for industrial and traction
applications. Indeed, they have been identified as promising
systems in many fields, including wind turbine plants,
terrestrial (cars and trains), marine and aerospace vehicles.
When compared to the three-phase counterparts, multiphase
configurations show several advantages, such as reduced
phase currents (at equal power levels), higher fault tolerance,
higher efficiency (at least in theory) and higher torque density
[1-3].

One of the advantages of multiphase machine is the
possibility to enhance the torque development through a
proper harmonic injection into the phase currents [4-7].
Indeed, the different harmonic currents can be controlled to
properly shape the magnetic flux density in the machine’s air-
gap. When the field is non-sinusoidal, it can be equivalently
represented as the superposition of several spatial harmonics,
each of which can actively contribute to the overall torque
development. The system then presents several degrees of
freedom and allows for the optimization of the machine
performances, like the minimization of the power losses.

For permanent magnet synchronous machines (PMSMs)
the torque improvement through the exploitation of higher
order spatial harmonics can be achieved once the back-EMFs
induced by the permanent magnets (PMs) are non-sinusoidal
functions of the rotor’s electrical position.
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The simultaneous exploitation of the fundamental current
component and of an additional third harmonic injection has
been widely covered in the technical literature, especially for
five-phase machines [8-16]. A third harmonic injection
strategy has been presented in [17] for a symmetrical nine-
phase PMSM.

On the other hand, only few examples have been proposed
for the torque enhancement in asymmetrical configurations,
and most of these works focus on asymmetrical six-phase
machine [18-20]. In such cases, it has been shown that the
torque enhancement via a third harmonic injection requires a
zero-sequence current path, which can be obtained by
connecting the machine’s neutral point to either an additional
inverter leg or to the midpoint of the capacitor bank in the
inverter’s dc link [18-19].

The simultaneous utilization of multiple harmonics in
multiphase PMSMs has been investigated to a far less extent.
An example can be found in [20], where a simultaneous fifth
and seventh harmonic current injection has been exploited to
enhance the torque developed by the fundamental current
contribution while respecting a maximum peak phase current
constraint.

It has been shown in [21-22] that, even in the absence of
a neutral connection path, the third harmonic injection can be
exploited for the torque enhancement in an asymmetrical
nine-phase PMSM: the optimal injection ratio has been found
with the aim to minimize the average stator power losses for
a given reference torque, while the zero-sequence current
constraint has been met by unevenly distributing the third
harmonic current among the phases. This paper extends the
results obtained in [21], by formulating a strategy to exploit
multiple harmonics injection for the same asymmetrical nine-
phase machine configuration. The problem is formalized by
studying the machine’s mathematical model in the multiple
synchronous reference frames and solved analytically with
respect to the PMs’ induced flux parameters. The proposed
approach has been numerically validated and compared with
the fundamental harmonic exploitation only, and with the
optimal third harmonic injection strategy discussed in [21].
The results show that a significant decrease of the average
power losses can be achieved by using all the quadrature
current components in the multiple synchronous reference
frames, which leads to an optimal injection of all odd order
harmonics up to the 7™ into the machine’s phase currents.

The paper is structured as follows. Section II recalls the
machine’s mathematical model in both the phase variables
domain and the multiple synchronous reference frames.
Then, Section III formulates the power loss minimization
problem and develops its analytical solution. Section IV
particularizes the proposed approach for a specific nine-phase
case study and shows the numerical results. Finally,
Section V summarises the conclusions of the paper.
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II. MATHEMATICAL MODEL

The mathematical model of the asymmetrical nine-phase
PMSM under analysis has been presented in [21-22] and is
briefly recalled in the present section.

The nine stator windings (which are identified by the
index k=1, ...,9) are grouped in three symmetrical three-
phase sets (referred to as {a1,b1,c1}, {a2,b2,c2} and {a3,b3,c3});
with respect to the machine’s electrical angles (related to the
P, pole pairs), the windings of each set are mutually shifted
by 120°, while the different sets are shifted by 20° one from
the other. The magnetic axes configuration is synthetically
represented by the angle set (Fig. 1a):

[a]=[0°120° 240°|20° 140° 260° | 40°160° 280°] (1)

As represented in Fig. 1b, the machine’s windings are
star-connected with a single isolated neutral point and are
supplied by a voltage source inverter (VSI).

A. Model in the Phase Variables Domain
The system model in terms of phase variables is:
[uph] +von [l = [Vph] R- [th] +[L]- [lph] + [eph]
(o] [ ] = Xy =0
B . O B o . 04, @
T, = Pp '[lph] .%[ﬂ'})h] = Pp 'Zkzl I %
p =Ry 1" li]= Y Ri}

where:

[upn] 1s the set of the inverter’s leg voltages,
- voy is the voltage between the inverter’s dc-bus mid-point
O and the machine’s neutral point N,
[vpn] is the set of the stator winding voltages,
[iph] is the set of the stator winding currents,
[4pn] is the set of the PM induced fluxes,
[epn] = d[Apn]/d? is the set of the PM induced back-EMFs,
[L] is the stator winding inductance matrix (which includes
both the mutual and the leakage contributions),
- R is the equivalent stator winding resistance,
Ten is the developed electromagnetic torque,
- 0 1is the electric angle between the rotor reference axis and
the stator reference one, and
- p is the total stator winding power dissipation.

The non-sinusoidal flux density and field in the machine’s
air-gap affect the PM’s induced fluxes, which are hence
themselves non-sinusoidal functions of the rotor’s electrical
position 8. By only considering the odd-order harmonics up
to the 7-th, the k-th phase induced flux can be expressed as:

2,0) = A,,c08(0— )+ A sc08(3(0— ) + 9, ) +

ot Ayys008 (5(0— ) + @5 )+ Ay pc0s (70— ) + ;) ®

where Ayn and ¢, are the magnitude and the phase
displacement of the A-th spatial harmonic contribution.

B. Model in the Multiple Synchronous Domains

The nine-phase PMSM mathematical model (1) can be
rewritten in multiple synchronous reference frames by
applying the Vector Space Decomposition (VSD) and
rotational transformation to each phase variable set

on] = Uaroforofer faroforferfenof53.fe3]T. The final current set
[qu] = [ﬁjlzﬁllzﬁﬂzﬁﬁzﬁjszﬁlszﬁihﬁﬂ,ﬁ)]—r is a linear combination of
the phase variables obtained by left-multiplying the vector
[fon] with the transformation matrices:

[ cos([a]) |
sin([a])
cos(3-[a]) . .
sin(3-[]) with the inverse
[C]= \/g cos(5-[a]) being referred to | and 4
sin(5-[a]) Ry
cos(7:[a]) as [T]=[C]
sin(7 -[e])
LN
[D,10) [0,,] [0,,] [0,,] [0,,]
[0,.]  [D;1(0) [0,,]  [0,,] [0,,]
[D1(@)=|10,,] [0,,] [Ds1®) [0,,] [0,,]
(05,1 [0,5] [0y,] [D;1(6) [0,] )
0.1 [0,,] [0,] [0,,] 1
. _ | cos(h@+¢@,) sin(h@+gp,)
with - [D,)(6) = [—sin(h@ +¢,) cos(h6+ %)}

As shown in [21-22], while the rotational matrix [D](6)
is always unitary (i.e. [D]!(8) = [D]"(0)), the generalized
Clarke transformation matrix associated to the asymmetrical
angle configuration (1) does not meet the orthogonality
condition, meaning that [T] = [C] ' # [C]™.

The transformations between the two sets are given by:

[/:]=[DIO)[CI-[f,] < [/, 1=[TI-DI'©@)-[£,] (6)

By applying (6) to the phase variable model (2) and by
explicitly considering (3), the resulting model is written as:

14,14 Vo - [8 ](9) [ 1= R [ig 1+...
+[Lyy; 1(0)- [ldq]+w[ Ly 1(0)[igg 1+ ey ]
[000000001]-[ =0 (7)
Tm = [K]T -[i, ] quzq, +Kq3 3 +Kq51q5 +Kq7 o
p =R, [GIO)[iy]
GG B,
13 - v
123} L K 2
Of—"1 ©, —o{ (N,
U SNLENTN Vi
4 XS
Vo

Fig. 1. Asymmetrical nine-phase PMSM under analysis: a) disposition of magnetic axes; b) system architecture.
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where:

- o = d6/dt is the rotor electrical angular speed,

- [g]1(0) = [D](0)[C][lox1] is a non-dimensional vector
responsible for the coupling effects due to the neutral point
potential shifting when voy # 0,

- [Laq1](0) = [D1(®)-[C)[L]-[T]-[D]"(®) is the inductance
matrix responsible for the transformer-induced back-EMFs,

- [Lag2)(0) = [D](0)-[C)[L]-[T]-0[D]"(#)/00 is the inductance
matrix responsible for the motional-induced back-EMFs,

[K]=Py V92 [0 Zan O 3z O S5Aws O 7ham O]7 is the
equivalent torque gain vector, and

- [G](9) = [D](O)[T]™[T]-[D]"(®) is a symmetric and
positive definite matrix responsible for the non-uniform
weighting of the different synchronous current components
in the instantaneous power loss expression.

The average stator power losses can be found by
averaging the instantaneous power p along a full rotor cycle.
With a constant current set [iqq], associated with multiple
synchronous reference frames, one obtains:

1 1

= EJ-O ”p(H)dH = ZJ-O "R .[l-dq]T [G1(0)-[iy, 140 =

=R'["dq]T‘(i jj”[er)de)[idq] = R-[iy, 1" [H]-[iy, ]

The matrix [H] identifies the weighting of each synchronous
current component contribution in the average power losses.
It can be analytically computed by averaging [G](f) and it
can be verified that it is a diagonal matrix:

P
®)

(€]

SO OO oo oOoOoO
SO OO oo Oo —O
SO OO OO WnNO O
SO OO N OO
SO, OO O O
SO OO O O
[=Rel oo X=Ro N No)
=R NeloNoNoRoNoNe)
OO O

It can be noted that the (ig-ig3) current components are
weighted 5 times more than the other (igs-iqn) components.
The chosen VSD and rotational transformation allow to
simplify and to clearly highlight the influence of each
synchronous current component on both the torque and the
average power losses expressions. Nevertheless, given the
asymmetrical windings configuration, the electrical
equations show additional coupling effects which need to be
properly compensated in the feedback current control [21-
22]. It can be confirmed, using (7) that the 1%, 5* and 7%
subspace equations take the standard decoupled form:

. dian
Udan = Van = Rian + Li——

— hawLyig:
g o
Ugh = Vg = Rign + Lhd—ctlh + haLyign+ eqn

(with 2=1,5,7 and ey, =V9/2hwlyy ). The 3" subspace
equations however depend on voy through the effect of [g](0):

Us+242 cos(30+ps—7/3)von=va=Rix +L3ddl%3 wL3ip

Ug 242 coS(36+ps+7/6)von=vg=Rip +L3dd%i-3 wlsigteq

(with eq3:9/\/§w/1M3). The voltage voy is itself dependent on
the (ig3-ig3) currents and the functional relationship can be
explicitly found by considering the constraints ip =0 (and
dio/dt =0) in the zero-sequence electrical equation of (7),

(11

Authorized licensed use limited to: Universita degli Studi di Napoli Federico Il. Downloaded on November 30,2022 at 15:48:01 UTC from IEEE Xplore. Restrictions apply.

789

resulting in:
L., . dis .
Vov= 73[(2«/5 sm(39+(p3+7r/6))(w —Bwig j +...
—

dig . €0
...+(2«/5005(39+(p3+7r/6))(d—;1 Bois ﬂ+ 3
(with Ly3=L3— L; and ey= —6wi,38in(36+¢,~7/3)).

(12)

III. OPTIMAL HARMONIC INJECTION STRATEGY

The standard Field Oriented Control (FOC) for surface
mounted PMSMs controls only the ig; current component of
the [i4q] set to achieve a desired reference torque 7, while

keeping all the other terms equal to zero. The resulting
reference current is igy = T,,/kq = \/m-(Tgm/Pp)-(l/lMl).
Since Hqi,q1 = 1, the corresponding average power losses are
Prynp = R'i(flz = R'(Te*m/qu)z = (2/9)'(1/P127)'(R'Tetnz//1/21/ll)

and each phase current is a sinusoidal function of 6.

However, the machine’s mathematical model, written in
the rotating reference frames as per (7), highlights that all the
quadrature components iqn of the current set [iqq] actively
influence 7., and their contribution is proportional to the
harmonic index / and to the corresponding flux magnitude
Aun. As a result, the system has more degrees of freedom
which can be exploited to achieve certain optimization goals
while guaranteeing the desired torque 7,,,.

Given that [«] is independent of #, a constant torque can
be obtained by simply using a constant [iqq] set. With this
choice, since each (ian, ign) subset is subject to a 46 rotation in
the inverse transformations (6), all the phase currents i would
be given as the superposition of sinusoidal components
varying with 4#6. As a result, the simultaneous exploitation of
different current components is equivalent to a harmonic
injection into the phase currents.

An optimal strategy can be obtained by choosing the
current vector [igq] capable of minimizing the machine’s
average power losses. Given (7)-(8), this approach can be
formalized as the constrained optimization problem:

min

. 0 {P([i]) = Rl s = R-[igg )" [H] Ligy
igqle

subject to [x]" [igq]= T

em

(13)

where the current /zuys represents an equivalent Root Mean
Square (RMS) current for the whole machine; its
minimization for a given reference torque can be interpreted
as a Maximum-Torque-Per-Ampere (MTPA) strategy.

The problem (13) can be analytically solved by using the
Lagrange multiplier method. The associated Lagrangian is:

£l ) =%([idq 1" [H]-ligg 1)+ 2 (T, 61" ligg]) (14)

where the dependence on R has been neglected and y is the
multiplier associated to the equality constraint. By nullifying
the gradient of £, the following linear system is obtained:

[H][igg] = - [x]1=[0g]
[x1" [ig1= T,

em
Then, by solving (15) and recalling the explicit expressions
of [H] and [«], the optimal current set is found:

HI'-[k] o
T 1 Tom =
[«]"-[H]"[x]
7* [0 54, 0 32,5 0 2545 0 354, 0]
5Apn +925, +12545,5 + 24525,

(15)

AE

(16)




As expected, all the direct components iy, are kept at zero
since they do not actively contribute to the torque, while the
iy component is set to zero in accordance with the constraint
imposed by the isolated single neutral point configuration.
All the quadrature components icrh are proportional to 7,
and their weight depends both on the magnitude of the
corresponding PM’s induced flux A (via [x]) and on their
effect on the overall average power losses (via [H]).

The corresponding average power losses are:

o [ ][] (1] [«] )
=R T —1 2 ) -
([x]1" 1" - [x])
)

RA(T,) 21

*

' (Tem

5-R-(

Fopy

(a7

and, if compared with the exploitation of the fundamental
component only, they guarantee a loss reduction of:

2

n, = Popt _ qu/qu,ql _

opt _

" Buono  [x]T-[H][&] as)
52,

5An + 9244 +125255 + 24545,

As is evident, 77,; < 1, meaning that the proposed strategy
can always guarantee better results than the exploitation of
just the fundamental component. In particular, the higher the
effect of the 3%, the 5™ and the 7™ spatial harmonics in the
PM’s induced fluxes, the better the average stator loss
reduction that can be achieved. Only when these components
are absent (i.e. when Ay = Aus = Ao = 0), the result would be
that Hopt = 1 and the strategy would be equivalent to a standard
FOC, since only iq; would be useful for torque development.

It is worth noticing that the proposed approach can be
adapted to allow the exploitation of only a desired subset of
harmonic components. As an example, the optimal third
harmonic injection strategy, proposed in [21]-[22], can be
obtained by nullifying the contributions of the 5% and 7%
harmonics in the expression (16) by setting ;cqs Kq7 = 0.
Indeed, the corresponding current components 7 5 and ig;
would be set to zero since (in the modified optlmlzatlon
problem) they would contribute to the average losses without

developing any torque. In this case, the modified optimal
current set would be:

" 2 Te*;n [0 54,; 034, 0000 0]T
liag] =45 Y (19)
9 P, 54+
and the normalized power loss reduction would be:
_ RFHI,opt _ 52’;11
77TH1,opt - - 2 2 (20)
RTUND S/IM] +9/IM3

This result is coherent with [21] and, as could be expected,
Nopt < NrHL0p < 1, meaning that the simultaneous exploitation
of all the quadrature current components always gives better
results than solely the third harmonic injection.

IV.STRATEGY VALIDATION

The developed strategy has been numerically validated
using the same machine analysed in [17,21,22], whose main
parameters are summarized in Table 1.

TABLE [ NINE -PHASE MACHINE PARAMETERS
Ppy=1 R=313Q Lis=84 mH
Am =385 mWb p1=0° L1 =147 mH
Amz =119 mWb 3= 180° L3=92mH
Ams =38 mWb ps5=0° Ls =88 mH
Ay =7 mWb p7=165° L7=87mH

A. Theoretical Optimal Results

The optimal synchronous current set [igy] is computed by
substituting the numerical values of the flux magnitudes in
(16). The resulting optimal phase current set [iy,] is then
found by applying the inverse transformation (6). The current
waveforms and their harmonic spectra are depicted in Fig. 2,
normalized by Ipynp = V2/9 T, /Kq1 > which is the peak
current associated with the development of the same torque
using only the fundamental component iy,

In agreement with the analytical results, only the 1%, 3%,
5% and 7" harmonics of the spectra are present in the current
Fourier decomposition. The waveforms of each three-phase
{a,b,c} set are identical and just mutually shifted by 120°.

|—a] —Dy & I—o ay —s by c - |—. a; —s by
1.0
@ 20
2 I\ AN\ A $ e
i 0 \ / / \ E 0.5 t 0° Loe —Ix—u—a—“ 00—
I < z g o
e~ _1 2 J :f:: b
0.0 Loas U gpo 11 g ML g0 T o ops—oes] = _180°
|—a> —_—Dhy |—o ay ——s by c |—o ay ——s by C
1.0 180°
< a0
5! )/\ /\cx < & 90 l
A . - 'téo.r) ? 0“-“11—« —ee et g0 —0e 0
= 1 m & Jl S g0 ‘[[
- = =
i (0] PO | LR | VO | | VRS | VOO = 1800
|'—”:s —bg C3 1B I—‘ az —= by c3 - |—0 a3 —= b c3
o =0
2 ' 2 2 /y E 'EJD ol
20 \ N\ é 0.5 T 0° foe —n—~ WPV
=1 2 ﬂ J] = -90
[ VYV OO | VR | VR | VRIS | VRV =~ _180°
0° 90° 180° 270° 360° 0123456738 910 01 23456 78 910
0 [deg] Harmonic h Harmonic h

Fig. 2. Phase currents waveforms and harmonic spectra with the proposed optimal harmonic injection strategy.
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Nevertheless, it can be immediately noticed that the three
sets behave differently. Indeed, the third harmonic
components are distributed unevenly among the machine’s
phases in order to guarantee that the sum of all the currents is
zero. In particular, as can be seen from the harmonic spectra,
the magnitude in the first and third set is equal, while the
magnitude in the second set is /3 times higher. All the other
harmonic components (related to iqi, igs and ig7) are equally
distributed among all the phases.

Additionally, as a side effect of the harmonic injection,
despite the reduction in their RMS value, the peak values of
all the phase currents are higher than /runp, and the most
affected set is {a,b2,c2} where the peak is about 50% higher.

The unequal distribution of the currents also leads to an
unequal distribution of the power losses. For the examined
configuration it can be verified that the losses in the second
set are about 36.5% of the total, while for the other two sets
they are around 31.7% of the total. This behaviour is
consistent with the analogous result obtained in [21-22],
where only the third harmonic current injection was
considered. In such a case both the first and the third set were
responsible for the 31.3% of the total losses, while the second
set was responsible for the remaining 37.4%.

However, in agreement with the optimization procedure,
the overall power loss reduction with the proposed strategy
(which is found as per (18)) is equal to 7,y = 0.698, leading
to a power loss reduction of about 30%. This is significantly
better than the power loss reduction obtained with the
exploitation of the third harmonic only (777m70p = 0.853,
corresponding to a power loss reduction of about 15%).

B. Simulation Results

The strategy has been numerically tested in the
Matlab/Simulink environment. During the whole simulation
the machine is subject to a 2 Nm load torque and is kept at
600 rpm angular speed with a proper feedback control. The
currents have been controlled by using the modified FOC
algorithm described in [21-22], which includes an additional
decoupling action in the d3-q3 subspace to neutralize the
effect of the neutral point voltage voy.

d:

di

—iq

A digital implementation of the controller has been
executed with a 10 kHz sampling frequency, while the
supplying inverter has been simulated with an average model
to filter out the current ripple due to the pulse-width-
modulation technique. Numerical results are depicted in
Fig. 3 and show all the components of the [i,n] and [igq] sets,
the developed electromagnetic torque 7., and the stator
power losses P, obtained by averaging the instantaneous
power losses p in a moving time window of 7o = 100 ms (one
fundamental perlod) through the relation:

P(t)=— p(T)dT—— Zk R i; (r) |dr (21
T;
0 0

(=T, =T,

The simulation scenario is as follows. For the first 0.5 s
([#0,1] interval) the electromagnetic torque is developed by
only exploiting the fundamental current harmonic (driven by
iq1), while keeping at zero all the other components of the
synchronous current set [igq]. In the following 0.5 s time
window ([#1,f2] interval) the machine is controlled with the
optimal third harmonic injection strategy presented in [21-
22], therefore exploiting both iq; and i for the torque
development. In the last 0.5 s ([£,#3] interval) the proposed
strategy has been implemented, thus taking advantage of igs
and iq7, too.

By observing the current components in multiple
synchronous frames (left column of Fig.3) it can be
immediately noted that all the direct axis components ig; are
effectively kept to zero by the feedback controller, while the
zero sequence current i is constrained to zero by the machine
model (due to the single isolated neutral point configuration).
The control of the quadrature axis current components ig; is
capable of quickly reacting to step changes of each reference
and effectively stabilizes them to a desired constant value,
thus highlighting the controller performance even in the case
of fast current transients.

The optimal third harmonic injection strategy (applied
after #) allows for a reduction of iq;, while the proposed
strategy (applied after #,) makes it possible to reduce both ig
and ig3 by increasing iqs and iq7 accordingly.
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Fig. 3. Simulation results with different control strategies: [#o,#1] Fundamental current component only;
[#1,12] Optimal third harmonic current injection; [#2,#3] Optimal multiple harmonic current injection.
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The corresponding phase currents are depicted in the right

column of Fig. 3. They are purely sinusoidal during the initial
[t1,22] interval; in the [#1,#2] time interval (with the optimal

third harmonic injection) they follow the theoretical
waveforms obtained in [21], while in the final [#,#] interval
their waveforms match the results depicted in Fig. 2.

As is evident, apart from a small transient deviation
during the control strategy transitions, the electromagnetic
torque 7., is always kept equal to the required 2 Nm,
meaning that the equality constraint in the optimization
problem (13) is met.

The stator average power losses P, with an initial value of
about 188 W, are first decreased to 160 W with the optimal
igs control, and then further reduced to about 131 W with the
proposed optimal strategy, thus matching the #7w70p = 0.853
and 7o, = 0.698 values obtained with the theoretical analysis.
The smooth decrease of the power loss waveform is due to
the moving averaging procedure (18) and, indeed, takes just
one fundamental period (100 ms).

V. CONCLUSIONS

The paper presented a strategy to optimally exploit
multiple harmonic current injection for an asymmetrical nine-
phase PMSM with non-sinusoidal back-EMF and a single
isolated neutral point configuration.

By writing the machine’s mathematical model in a multiple
synchronous domain it has been possible to highlight that the
electromagnetic torque development is given by the
superposition of different quadrature current component
contributions, each of which is related to a proper spatial
harmonic of the magnetic flux density in the air-gap.

The simultaneous exploitation of all the available
quadrature current components allows to meet a defined
optimization goal. The approach has focused on the
minimization of the average stator losses for a given
reference torque. This choice represents an MTPA strategy
or, equivalently, an optimal multiple harmonics injection in
the machine’s phase currents.

The solution has been found analytically by solving a
quadratic programming problem with a linear equality
constraint. The strategy can be easily adapted to exploit only
a subset of the available harmonic components, while forcing
the other terms to zero.

The total losses can be effectively reduced with respect to
the sole exploitation of the fundamental current, but, in
contrast to the symmetrical nine-phase machine
configuration, they are not equally shared among all the
phases.

The theoretical results have been validated through
numerical analysis and simulations in the Matlab/Simulink
environment. The proposed approach has successfully led to
a significant improvement with respect to both the
fundamental current component exploitation only and to the

optimal third harmonic injection strategy developed
previously.
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