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Abstract— For a particular five-phase synchronous machine,
this paper investigates the sensitivity of a vectorial control
strategy on the required peak phase voltage whose value is
fundamental for the choice of the DC bus voltage. The specificity
of the machine is that the first and third harmonic components of
the back electromotive force (back-emf) have the same
amplitude. As a consequence, the torque can be produced by one
of them or both with suitable currents. This degree of freedom is
interesting for optimizing the efficiency and generating high
transient torque. However, using two harmonics having the same
amplitude leads to a necessity to analyze the constraints on the
required phase machine voltage. Considering a Maximum
Torque Per Ampere (MTPA) strategy, the paper examines the
impact of some parameters such as the phase shift between
currents and back-emfs or the ratio between the third and the
first harmonic of current on the torque and maximum voltage
value. Experimental tests with a limited DC bus voltage have
been carried out and compared to the results obtained by a Finite
Element Analysis.
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L INTRODUCTION

Nowadays, multiphase machines are widely used for their
fault tolerance and high torque density [1] especially in critical
applications, such as marine [2], acrospace [3] and automotive
traction [4]. Thanks to the vector control, these machines have
an ability to produce torque without pulsation even with non-
sinusoidal back-EMFs and non-sinusoidal currents, in similar
way to the classical three-phase machines [5]. Moreover, in
low voltage and/or high power applications, a high number of
phases leads to a lower current per phase and consequently
decreases the power of switches. Nevertheless, a high number
of phases impact the cost since the number of drivers and
current sensors increases, and the control is more complicated
since many harmonics can interfere in torque production.

The work addressed in this paper deals with a five-phase
PMSM that appears as a compromise when it used in critical
applications such as automotive and aerospace applications.
This machine allows creating torque from both 1% and 3™
harmonic components [6]. The contribution of each harmonic
component depends mainly on the amplitude of the harmonic
content of the back-EMF [7]-[8]. Generally, the 3™ harmonic
is used to improve the torque, which comes essentially from

the fundamental harmonic. Therefore, many researchers focus
on modifying the control strategies, the design or both to
achieve this goal. However, the torque production due to 3™
harmonic appears always to be marginal [9]-[12].

In this paper, the designed machine has a torque which
can be created, with an equal sharing ratio between two
harmonics since they have the same amplitude. This kind of
machines is called bi-harmonic machine. Furthermore, in the
machine design, many requirements for traction applications
are considered:

1) High transient torque for a boost can be achieved by

using the 3™ harmonic component.

2) Ability of control in wide speed range at constant
power: for three-phase machine, the flux-weakening
is appearing almost as the unique solution to increase
the speed above the base speed when the maximum
voltage imposed by the voltage source inverter is
reached. For the bi-harmonic machine, many
solutions exist for flux weakening operation since the
3™ harmonic offer an additional degree of freedom.
The total torque/speed characteristic is the sum of the
characteristic associated to each harmonic component
[8][13].

3) Low losses associated to eddy currents when high
frequency is required at high speed: the winding
configuration is selected so that the harmonic content
of the MMF is low. Consequently, low level of losses
can appear in magnets. Therefore, the fractional slot
concentrated winding with a number of slots per pole
and per phase equal to 0.5 is used 0-[15].

The control strategies applied to multiphase machines are
based on the Maximum Torque Per ampere MTPA [8]-0.
Consequently, a ratio p between 1% and 3™ current harmonic
components must be fixed to have collinear current and back-
EMF (these assertions are detailed in section III). Practically,
it could be appeared that the actual current differs from the
optimal (reference) ones, leading to a variation (increase or
decrease) of torque and required voltage.

The aim of this paper is to study the sensitivity of the
MTPA strategy. Taking into account the several degrees of
freedom in the case of the 5-phase bi-harmonic PMSM (5-®
B-PMSM), there are several possibilities to modify the



reference currents by acting on the phase shift (¢) between
current and back-EMF and/or the ratio between the 1% and 3™
harmonic current components (p). Consequently, in addition
to the classical MTPA method, two new strategies will be
investigated and analyzed with constraints on the voltage and
currents.

This paper will be organized as follows: Section II presents
the structure of the considered prototype. Section III presents
the MTPA supply strategies applied to the 5-® B-PMSM
machine and the other strategies derived from the MTPA but
with the variation of the phase shift ¢ and the ratio p=I;/I;. The
obtained characteristics of the studied machine under these
conditions are analyzed, taking into account the voltage and
current limits.

II.  TOPOLOGY AND VECTOR CONTROL OF INVISTIGATED
5-® BI-HARMONIC PMSM

This section aims to present the prototype of the five phase
bi-harmonic PMSM and the adopted control for operating
characteristics investigation. The investigated machine can be
used in traction applications with capability for developing
high torque during transient operation and good efficiency at
steady state [16]-[17].

A. 5-® Bi-Harmonic PMSM Topology

The prototype is depicted in Fig.1. This prototype consists
in a 5-® 40-slot/16-pole bi-harmonic PMSM [8]0. In order to
decrease the cogging torque and other torque ripples, the stator
is skewed by 2 slot step. In the next section, thanks to vector
control, the ability to produce torques with low torque ripples
even when two harmonics are injected is verified and
approved.

The back-EMF harmonic content, obtained for a 500 rpm
rotor speed, is depicted in Erreur! Source du renvoi
introuvable.Fig. 3. It comprises two main harmonic
components (E; and E;). Here, it should be noticed that
because of a high value of winding factor, the 3™ harmonic
component of the back-EMF is greater than the fundamental
harmonic, but both have comparable magnitude since they
have a ratio p = E;/E;=1.22. It should be noticed also that, for
a 5-O® 40-slot/16-pole, this ratio-value allows to maximize the
torque in low-speed region and to improve the flux-weakening
operation mode [7][8]0.

B.  Modeling of the 5-® Bi-harmonic PMSM

In this part, the basic knowledge of the reference frame
theory applied to a 5-®¢ B-PMSM is introduced to highlight
the potentialities of this concept used for vector control of
multiphase machines. The basics of the vector control for
multiphase machines [18]-[19], leads to three decoupled sub-
spaces, as shown in Fig. 4.

— First sub-space: is associated mainly with the 1%
harmonic electrical components (voltage, current, back-

(a) Stator (b) Rotor
Fig. 1. Machine prototype (5-® 40-slot/16-pole/48-pole).

S-i hi-harmonic FMSM
Prototype

Load 30 PMSM Torque sensor
Fig. 2. Test bench used for experimental validation.
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Fig. 3. Waveforms and harmonic content of the back-EMF obtained by FE and
experimentally at XX rpm

EMF) corresponding to the Main fictitious Machine
(MM) and is noted with index (af).

— Second sub-space: is associated with the 3" harmonic
component corresponding to the Secondary fictitious
Machine (SM) and is noted with index (xy).

— Third subspace: is associated with the fifth harmonic
component. Because of the star connection isolated
neutral of the PMSM, there is no path for the zero-
sequence component of current.

The transformation which allows to obtain these machines
is the generalized Concordia transform. The equivalent
components in orthogonal sub-spaces aff and xy are obtained
by:

(o] 5 [CorJx] M
[XWF\E [Co ][] @

where :
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[x,] denotes the variable in natural frame abcde (voltage,
current, back-EMF, ..). Their equivalent components in
orthogonal frames are denoted by [Xqs] and [X«y]. [Xd1q1] and
[X43q3] are variables in rotating frame.

For an easier control of the 5-® B-PMSM, the Park
transformation given in (5)-(6) is used. In such frames, the
currents, the voltages and the flux are constant in healthy
operations. Consequently, the control of the two-phase
fictitious machines can be achieved independently with two
Pl-controllers. For motor modeling, we suppose that the
magnetic saturation, the hysteresis and slot effects, and the
iron losses are neglected. Considering these assumptions, the
electrical equations that describe the 5-® Bi-harmonic PMSM,
in dg-rotating frames, are defined by:

— for the fictitious main machine (MM)

dly,
Var=Rlgp+Lg;—g—teqr —@Lyilyl
al (7)

ql
Vq] =R[q] +Lq17+eq1+a)Ld11d1

— for the fictitious Secondary machine (SM)

dl ;s
Vaz =Rlg3+Lg3—y~ +eq3+30mlyslys
d ®

q3
Vq3 =R1q3 +Lq37+eq3 —3a)de31d3

where, ([Vaqi], [laq]s [€aq1]) and ([Vags], [iag3)s [€aqs]) are the
stator voltages, the phase currents and the back-EMFs linked
to the fictitious MM and the fictitious SM, respectively. R is
the phase resistance and (Lg;, Lq) and (Lgs, Lg3) are the
equivalent self-inductances linked to the MM and SM,
respectively.  The  electrical  fundamental  pulsation
corresponding to the MM, in steady state, ®,,, is given by (9),
where p is the pair poles number, fs is the electrical supply
frequency and 0, is the mechanical rotor position. On the

Main fletitious Machine

(b) Equivalent decoupled fictitious machines in
decoupled sub-spaces

(a) Five phase PMSM in original frame

Fig.4. Configuration of the 5-®& PMSM

TABLE I
ELECTRICAL PARAMETERS OF 5-® B-PMSM
Rs =0.0324 Q; Lp =139 uH, Ls = 178 uH, p=8,
From spectrum analysis at no load for 500 rpm, amplitudes
(RMS) of emf E,;=10,2V, E;=13V

contrary, the electrical pulsation, w, corresponding to the SM,
in steady state, is three times higher than m,,, as given by (10):

do, i
a)m=p7;n:p!2:27rfs 9
do,
@y =—3p7:":—3p.0=—67rfs (10)

For the considered machine, the developed torque by the five-
phase PMSM is the sum of the torque produced by each
fictitious machine, which is given by:

5
Tom :;(Elll cos((pl)+E3l3 cos(q03)) (11)
. Tm Ty

where (E,, E;) and (I;, I;) are the 1% and the 3" harmonic
amplitude of the back-emf and current respectively, ¢;(¢s3) the
phase shift between the 1 (3™) harmonic current and the 1%
(3") harmonic of the back-emf.

III.  OPERATING CHARACTERISTICS OF 5-® BI-HARMONIC
PMSM UNDER VOLTAGE AND CURRENT LIMITS

In this section, several supply strategies will be presented
and examined in order to test the sensitivity of MTPA strategy
applied to the 5-®@ Bi-Harmonic PMSM.

A. Maximum Torque Per Ampere strategy (MTPA).

For this control strategy, the maximum torque is achieved
when the back-emf and the current vectors are collinear [19].
The two following conditions guarantee the collinearity:

1) Based on equation (11), the maximum torque is
guaranteed by setting :

9 =93 =0 (12)

2) The ratio between the 1 and the 3™ harmonic current
component must be equal to p given by :
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Fig. 5. Currrent and back-emf shape for ¢#0.
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According to Fig. 3, the ratio p must be equal to 1.22.
Assuming that the machine is supplied with -currents
characterized by equation (14):

1 =\2
1

1
2 ]Ieﬁ

. (14)
I3=\/E p Ieﬁr

\/p2+1

This strategy can be used as long as the maximum voltage
delivered by the voltage source inverter (VSI) is not reached.
When the maximum voltage is reached, the speed can still be
increased by varying the ratio p and/or the phase shifts ¢, and
¢3. This approach is different from the one used in classical
three phase machines, in which flux-weakening appears as the
only possible solution to increase speed when the voltage limit
is reached. For the bi-harmonic machine, the determination of
the current references in high speed zone requires the
resolution of four variables non-linear optimization problem
[8].

As mentioned in the introduction, the two strategies will be
considered and compared with the MTPA:

e The first strategy: the phase shift ¢, and ¢ are fixed
to zero, and the ratio p is variable.

e The second strategy: The ratio p is fixed to its
optimal value and the phase shifts ¢, and ¢@; are
varying.

For each control strategy, the required voltage is calculated
and compared with the one obtained in the MTPA strategy.
The results are mainly presented from Fig. 7 to Fig. 10.

B. Control with p and variable phase shifts ¢.

In this control strategy, the value p is always equal to 1.22.
However, the phase shifts ¢; and ¢; are changed so that the
shape of the current remains the same as the one obtained with
MTPA strategy. Therefore, we introduce a global phase shift
between the current and the back-emf, noted ¢ as presented in
Fig. 5. Consequently, the phase shift ¢; and ¢; are expressed
in function of ¢ as follows:

TABLE I1
INTERVAL OF VARIATION OF THE TORQUE AND PEAK VOLTAGE
FOR EACH STUDIED CASE.

Torque percentage Voltage peak value
variation percentage variation
J=2.5A/mm’ —283%<AT <1% —23.75%< AV £12.46%
J=5A/mm —-31.7%< AT £0.86% —-39.9% <AV <18.57%
Lea=200A —33.06% < AT <£0.25% —40.1% <AV £19.4%
J=20A/mm —35.49% < AT <1.5% —14.1% <AV <8.4%
P =9 (15)
P3 =39

The allowed variation of the phase shift ¢ belongs to the
following interval:-m/10 < ¢ < w/10. The FE simulation is
performed for a current density of 2.5 A/mm’, 5A/mm* and
20A/mm’*. Another operating point is considered when the
current peak value is equal to 200A. Here, it should be noticed
that the maximum value which can be measured by the current
sensors reaches 200A.

Each current density is injected in the machine for different
speed value so that for =0, a peak voltage value equal to the
half of DC bus voltage is obtained, for all the considered
current densities. In this work, the DC bus voltage is assumed
to be 48V. Fig. 6 and Fig. 7 present the variation of torque and
voltage respectively according to the variation of phase shift
¢. The results are determined using the FE software ANSYS
Maxwell 2D. As observed in Fig. 6, the required voltage is
greater than 24V when the phase shift ¢<0.

Regarding Table. II, it has been shown that the percentage
of the additional required voltage is within the band [8%-
20%].

On the contrary, the required voltage becomes less than 24
V when ¢>0. The percentage of required voltage decrease is
within [14%-40%] in comparison to the MTPA value (24V).

In Fig. 8, the impact of phase shift on the voltage
waveform is presented. The FE simulation is performed for
three of phase shift values (¢p=-n/10, =0 and ¢=n/10) with a
current density equal to 20A/mm?. The results show that for
¢=-1/10, the voltage exceeds for several instants the maximum
limit of 24V. Consequently, an important distortion can appear
in the voltage waveform in this case.

In addition, the torque can decrease significantly by
35.9% as depicted in table .II and Fig. 6 when the phase shift
¢<0 or ¢>0.07. In order to compensate this torque decrease,
more current density must be injected which increases
significantly the required voltage. Notice that, in all the
studied cases, a slight improvement of the torque is possible
when ¢ is within [0-0.07] (up to 1.5 % according to Table. II
and to Fig. 4), due to the slight saliency effect of the machine.

C. Control with variable value of p and phase shift ¢ equal
to zero.

In this control strategy, the phase shift ¢, and ¢; are fixed to
zero. The ratio between the 1* and the 3rd harmonic current p
is variable. This means that the error on the ratio p (<1.22)
implies that the torque is mainly produced by the 1% harmonic
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Fig. 8. Voltage waveform for three value of phase shift ¢ and a current density
of 20A/mm? obtained by FE simulation.

component. In addition, the machine should deliver the same
torque as the one delivered when the MTPA strategy is
applied. In these conditions, the toque is given by:

5

In MTPA conditions, the ratio pyrpa=1.22, this results in:

NG 1,

72(E1 +pMTPAE3)
1(p)= OTyips  _ NPures +1 (17)
S SI2(E, + pEs) (E, + pE,)

In Fig. 9, we present the ratio between the current density
due to the variation of the ratio p and the current density of the
MTPA strategy J/Jurpa. Results show that it is necessary to
inject more current density in the machine in order to

TABLE III
ADVANTAGES AND DRAWBACKS OF THE TWO STUDIED
STRATEGIES

Variation of ¢
(p=1.22)

Variation of p
(©=0)

1-Less required voltage

than MTPA strategy if

Advantages >0

2-Same current peak
value as MTPA

1-Less required voltage than
MTPA for the same torque

1-More required voltage

than the MPTA strategy if 1-More copper losses than

MTPA are obtained for the

Drawbacks ¢<0
2-Generally, lower torque same torque.
¥, ¢ qu 2-Higher peak current than
than the once in MTPA is
. MTPA strategy
obtained.

maintain the same torque as the MTPA approach. This results
in more copper losses in the 5-® Bi-Harmonic PMSM
machine. The variation of the required voltage value according
to p is given in Fig. 10. These values are measured
experimentally and compared to the ones obtained by FE
simulation. We can conclude that they are quite similar.

We show that when the variation of the ratio p is less 1.22
(MTPA ratio), the required voltage is generally lower. If p=0-
which means that there is no 3" harmonic current component-
the required voltage is 3% less than the MTPA case at
963rpm, 11% at 790 rpm and 12% at 640rpm. The lower is
the contribution of the 3™ harmonic in the total torque; the
lower is the required voltage. This is due mainly to the fact
that the 3" harmonic induces more voltage drop than the 1%
harmonic. Fig. 11 shows a comparison between the phase
voltage obtained by FE simulation and the measured voltage
obtained after elimination of PWM harmonics. Finally, by
comparing the two approaches developed in section III.B. and
III. C., it appears that the required voltage is less sensitive to
the variation of p than the variation of ¢. Finally, Table.IIl
summarizes the advantages and drawbacks of each control
strategy in terms of peak current, peak voltage, torque and
copper losses.

IV. CONCLUSION

In this paper, the sensitivity of MTPA strategy was
investigated for a particular bi-harmonic machine whose the
torque developed from the 1% harmonic is equivalent to the
one from the 3™ harmonic. Given that the MTPA is achieved
when pyrpa=Is/I;=Es/E; and ¢=0, two sensitivity tests are
performed: the first one concerns the phase shift ¢ (control
parameter) between the current and the back-emf. The second
one concerns the ratio p=I;/I;(design parameter) which is
equal in MTPA to Es/E;. The results show that if the phase
shift ¢ varies between -n/10 and n/10, the torque is thus
reduced up to 35%. Therefore, in order to obtain the desired
torque, more current density should be injected in the
machine. Furthermore, the required voltage can increase up to
20% (9<0) or decreases by 40% (¢ >0) compared to MTPA
values.

On the other hand, the variation on the ratio p can
decrease slightly the required voltage between 3% and 12%,
while keeping the same torque as the one provided in MTPA



strategy. But for this kind of variation, the current density
must be increased.

In conclusion, the sensitivity of the required voltage and
current with respect to p and ¢ should be taken into account
when sizing the VSI. The presented results allow to define the
security margin to be considered when fixing the volt-ampere
rating of the VSI. Consequently, the machine remains able
to provide the same torque as the one delivered in MTPA
when the values of p and ¢ are not precisely determined.
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