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Abstract

This contribution suggests an approach to determine the optimal parameter values of permanent magnet
flux linkage and saliency ratio of Permanent Magnet Synchronous Motors with multi-phase windings
and coil configuration switching. Therein, their influence on volume is calculated analytically for both
motor and power electronics in a unified manner identifying promising designs. Of the exemplary design
parameters, a maximum volume reduction of 27% can be achieved. An experimental validation supports
the analytic calculation of the motor torque vs. speed behavior.

Introduction

A driving topic in the development of the electric propulsion system in modern electric and hybrid electric
vehicles is the improvement of power density because a reduction of volume and weight promises an
increase in the cruising range [1,2]. Permanent Magnet Synchronous Motors (PMSM) are well suited to
fulfill this task [3]. Nevertheless, there are efforts to improve the performance of the motor further. One
approach is the rise in applicable coil configurations, as e.g. with a star-delta-configuration switching [4].
The possible expansion in operating range is shown in [5]. Multi-phase windings are also proposed to
deal with it [6-8]. They improve the usage of the DC-link voltage at space vector pulse width modulation,
reduce the common mode voltage while enhancing the electromagnetic coupling of stator and rotor [6].

[9] introduced a way to calculate the effects of both options analytically in relation to each other with
a rough estimation of the additional effort isolated on the semiconductors. Since the volume of the
whole propulsion system is the crucial value to optimize, this contribution focuses on the analytical
determination of the entire change in volume by coil configuration switching and multi-phase windings
of both the motor and the power electronics. The analytical approach holds the advantage, that no time
consuming optimization process with Finite Element Analysis has to be carried out with a huge number
of input values to identify the area of interest or to exclude some designs or options. The approach is done
by the extended parameter plane [5,9, 10], which calculates the torque speed characteristic dependent on
the permanent magnet flux linkage and the saliency of a motor in the right relation to each other. With
the results and a base motor and power electronics design, the difference in the needed apparent power
and the output power results in changed volume demands. These deviations and promising areas are
presented in this paper.



In this contribution, the parameter plane and its extension are first described shortly. In the following
section, the equations and the procedure for determining the volume change of the motor and the con-
verter due to the coil configuration switching and multi-phase windings are submitted. Afterwards, the
procedure is applied using an assessment criterion and a base design for the evaluation is chosen. The
analytical results are introduced thereafter. This contribution concludes with an experimental setup and
testbench results for validating the extended parameter plane.

Extended Parameter Plane

[10] proposed the parameter plane as basis for the calculation of the torque speed characteristic of
motors. It can be calculated by only two parameters, the permanent magnet flux linkage ypy and the
saliency ¢, which is the ratio of the quadrature inductance L, to the direct inductance Ly under some
assumptions as linear material characteristics, a neglect of losses and sinusoidal excitation [10].

In a second step, the motor values are normalized with the result that the maximum current ip.y, the
maximum voltage vy, the maximum ideal torque ¢ and power p are set to one [10] allowing the deter-
mination of the torque speed characteristic for each tuple of ypy and § with eq. (3), eq. (4) and eq. (5).
The field weakening area therefore starts at speed @ = 1. An exemplary result is given in Fig. 1 a).

If e.g. the results of the coil configuration switching are to be assessed, the original parameter plane
cannot be used but has to be extendend [5,9]. In this contribution, the variables taken into account are
the phase number m, the number of windings in series per phase w and the winding factor &. Since the
dependence of the normalized inductances /3 4 and Ypy can be written as [9]

lag o< m-w?- &2 (1) and ey o< w- &, 2)
ratio factors describing the change to a base design are introduced. This is done in that way, that it results
in ky = wﬂb for coil configuration changes, kg = % for winding factor changes and ky, = mﬂbfor phase

number changes [9]. Therein, the index b marks the base design value for the phase number, the winding
factor or the number of windings in series per phase. The ratio factors themselves can attain values
between 0 < kyj,—,,¢ , < 1 and the original motor equations [10] on the left hand side are extended to
those on the right hand side [9]:

va = —0Clgig 3) = va = —kgkikm ©Claig (6)
vq = @lgiq + OWpm 4) = Vg = kyktkm ©laia + kwkz @ Yey (7)
t = Wpmiq — (& — 1laigiq  (5) — 1= kukg /km Womiq — ko kZ (§ —1)laiaiq (8)

where vy and v are the normalized voltages in d- and g-axis and iq and iq are the normalized currents
respectively. If the number of phases is changed from three to m, it is assumed in this contribution that
the number of windings per coil has to be increased by m/3 to get the same winding number w at a
reduced phase current imax = imax,b/km [9]. The result of torque speed characteristics calculated with the
extended equations is shown in Fig. 1 ¢).

The design space of the extended parameter plane is however restricted by the maximum allowed induced
voltage as depicted in Fig. 1 b). If the induced voltage increases above the maximum blocking voltage
of the semiconductors vy, this would lead to their destruction. The equation for the maximum induced
voltage vipg at maximum speed ®e,q for normal multi-phase systems can be written as [9]

m—1
Vind = kwkg Qend Yem \/2 <1 —Cos < - 7r>> )
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Fig. 1: a) Result of the parameter plane regarding the maximum base torque. b) The maximum induced
voltage constraining the design space. ¢) Torque speed characteristics c1 and c2 obtained by the extended
parameter plane at Ypy = 0.9 and § = 1 with cl: ky = 1, kiy = 1, kg = 1 and ¢2: ky = 0.5, ky, = 1/3,
ke =0.96

Calculation of the Motor and Converter Volumes

The previous section established the baseline for the estimation of the volume. For the calculation itself,
some further assumptions have to be made: The material characteristics and cooling mechanism and
therefore the cooling ability are not changed during the comparison. Moreover having the same coil
pitches, the dimensions of the motor (stator outer diameter, end winding, housing,...) therefore scale
to the inner stator volume. Regarding radial flux motors, the inner volume of the stator is proportional
to the torque [14]. This is set in relation to a criterion value C - it will be explained in more detail in
the next section - which describes the performance of the motor. For the comparison, a base design
(WpM pase and Cpase) With Chyee is chosen which sets the requirements for other designs. If the criterion
value Cy,ge 1s exceeded by other designs, they can reach the same value with lower apparent power, that
means that p = u - i is lowered by the same ratio p as Cp,se is exceeded (see eq. (10)). As the ideal motor
is proportional to a volume, this means also a reduction in motor volume Voly,, compared to the base
design volume Volyot pase-

Chas Chas
— gﬁe * Pbase = P * Pbase (10) Volmor = % : VOlmot,base =p- VOlmot,base (11)

p

The volume of the converter is significantly determined by the cooling [13]. Hence, the maximum losses
of the converter are taken as a measure of the volume of the converter itself. These losses consist in good
approximation of conduction and switching losses [15]. As shown in [6], the power losses in m-leg-
inverters with IGBTs and diodes stay the same for different m if the same semiconductor area is used.
This can also be applied to MOSFETSs, which are used as semiconductor switches in this contribution.
With the equations from [15], the conduction losses for one MOSFET Pong MOSFET are

0 1 .
'RDSon‘22 = Z'RDSon'22 (12)

2 a-cos(¢p) oa-cos(9)
Peond MOSFET = 3 + . an

if the MOSFET is conducting both current directions. Rpson is the channel resistance of the MOSFET,
o is the modulation degree and cos(¢) is the power factor. This leads to the conduction losses of an
m-leg inverter Peong to €q. (13). Hereby, the Rpson for m =9, Rpson,m9, has to be 3 times higher than
the Rpson for m = 3, Rpson m3, due to the assumed same semiconductor area. Rpson,ms3 1S set t0 Rpgon in
the following for a better readability. The current i is simultaneously reduced by that factor. To simplify
the equations, the switching losses of the base design Py pase are only given with the ratio x; of Peond base

(eq. (14)):



hase j hase j phase j+1 1
p J p Jp J 34 [
*
b g \
* ° |—| § g‘ 0.5 series
-I ,:J ,8 star series
g polygon paralle \
* E = star  Darallel
131 polygon
g ! 0 1 2 3 4
/ I—| S
/ polygon =
parallel potyeor < w
Fig. 2: Exemplary switching options with bidi- Fig. 3: Switched on areas of exemplary configu-
rectional switches rations shown with different colors
m /m 3 \* 3 9
Peond = B : (g : RDSon,mS) : % ) = B “Rpson-1” (13) Py base = X1 * Peond,base (14)

These equations contain the option to find an optimum under a reduced parameter set, which is never-
theless adaptable to the behavior of distinct semiconductors if necessary. Due to the linear dependency
of Py, on i and the quadratic dependency of P.ong on i [15], the volume of the power electronics needed
by a certain design Fogss pe can be written with Pogs pe base = 1

, 1
Ploss,quase = Psw,base + Pcond,base = (xl + 1)Pc0nd,base =1 — Pcond,base = m (15)
X1 X1 X1+
Ploss,pe =p 'Psw,base +P2 'Pcond,base =p 1 T +P2 1 T = 1 +XI: (16)

If fixed coil configurations are used, eq. (16) provides the estimation of the converter volume. If coil
configurations are switched (see Fig. 2 cf. [9]), additional conduction losses occur caused by the bidirec-
tional switches. Switching losses can be neglected for those semiconductors as their switching frequency
is substantially lower than the switching frequency of the m-leg-inverter. Since only one configuration
is switched on and is consequently the only one producing losses at one point of time (with the neglect
of blocking losses), the configuration with the highest losses dimensions the needed volume. Exemplary
areas for the conduction losses of one configuration are given in Fig. 3, where one color depicts the
switched on state of one coil configuration. The number of bidirectional switches of this configuration is
given by 7y siae- By implication, this also means that the used MOSFETS for the bidirectional switches
can be only chosen due to their low Rpgon csw Without considering switching losses. Rpson,csw can there-
fore be given by a ratio x, compared to the Rpgson of the m-leg-inverter. This leads to the equation of the
power electronics volume Vol csw, Which includes the converter and the coil configuration switching
unit:

. P (3 +X2XSW) 3xl
3—1—3)61

VOlpe,csw = with RDSon,csw = X2 - Rpson (17

Xsw hereby contains the ratio of the conduction losses of the coil configuration switching unit to the
conduction losses of the base m-leg-inverter (see eq. (18)). The values are shown in Table I. The laws of
volume growth by calculation of the maximum conduction power losses are introduced by [12] and one
possible application appears in [9]. For this contribution, the current is set as scaling value which leads
to slightly different values than in [9]:



Table I: Design Choices (Serial(Ser),Parallel(Par),Star(Y),A and Polygon(PG) configuration), xg and

Xsw,ext

Designno. m  Switching max {Peond fstate  Mpssae  VOlconfig. Xew Xow ext
1 3 Y/A Y m—1 1.88 Vol3pg pase 4 3.79
2 3 Ser/Par/Y/A Ser+Y 2m—1 2.94Volspppae 10 9.29
3 9 Ser/Par/Y/3xPG Ser+Y 2m—1 6.11 Volzpg pase 3.778 4.01
. 2 2
Xsw = Max { Pc;ndpsw } =2- Nps state * ( .lmax > =2 Nbs state * <3> (18)
cond Imax.,b m

Since the calculation of the maximum conduction power losses of the coil configurations does not take
into account a growth in switching options with lower power losses than in the configuration with the
maximum losses, an additional criterion punishes the growth in the overall semiconductor volume.
eq. (20) provides the fundamental calculation rule for the cost function embodied by Xy ex¢ Which is
an extension to the previous introduced xgy (cf. eq. (18)). The cost factors are chosen because of the
different influence of cooling and passives and semiconductors on the volume. According to [13], a typ-
ical converter volume consists of about 90% of cooling and passives and 10% of semiconductor if only
components themselves and not air are considered.

Knowing the relation in volume between the base motor xy,¢ and the base power electronics xp. (e.g. due
to a commercial propulsion system), the overall volume of motor and converter Volg,,, can be written as

3+ X0 3x .
Volsum = P - | Xmot +xpep ( 2 SW@Xt) ! with VOlsum,base = Xmot +Xpe = 1 (19)
34 3x;
Vol
With Xgwext = 0.9 xgy + 0.1 - e (20)

V013PB ,base

with the semiconductor volume of the base design 3-leg-inverter Volspg pase and the semiconductor vol-
ume of the inverter and the coil configuration Volconfig.

Application of Procedure

For applying the introduced procedure, a base design of a motor with a corresponding power electronics
has to be chosen, which delivers the base volume and maximum values of current and voltage. Moreover,
the criterion value C has to be defined determining the performance of a motor design in one parameter.
One option for the respective calculation is introduced in the following: the operating-range-criterion.

Operating Range Criterion

The operating-range-criterion Ap, can be chosen as the criterion value C giving the ratio of the area under
the torque speed characteristic compared to the area of the ideal torque speed characteristic [5]:

waend Imax (O), kx\x:w,ﬁ m ) do
o tigear (@) d @

Apn = and 0<Ap, <1 @21)

whereby #,« is the maximum torque concerning ky for one design at a specific speed ® and tigey is the
torque of an ideal motor. Fig. 4 depicts the operating range criterion Apy,.

Base Design

The base motor and power electronics designs are created by parameters of an available commercial
design for EVs [16]. The maximum torque speed characteristics are approximated to get the Wpm pase
and Cpase. With this a mean value of Ypn pase = 0.41 and Cpyee = 2.4 can be stated.
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Fig. 4: The area of the torque(#mnax)-speed-curve of an exemplary configuration and the area of the ideal
characteristic illustrating the calculation of Ap, [9]
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Fig. 5: a) Volume decrease of design 1 compared to the base design, b) volume decrease of design 2
compared to the base design, c) volume decrease of design 3 compared to the base design.

As the total volume of power electronics and motor is set to 1 for the base design, this leaves 0.688 and
0.312 for xme and x,e respectively with the data of [16]. The maximum induced voltage is used as a
constraint for the parameter plane. Moreover, the ratio of the maximum speed @epq to the maximum
base speed @y is about 3 for the designs. Often, the semiconductors are designed in that way that the
conduction losses in the power electronics equal the switching losses. Therefore, x; is also set to 1.
However, the case is different for the switching unit. As the frequency of the configuration switching
is very small compared to the one in the power electronics, semiconductors only optimized for low
conduction losses can be chosen. This reduces the Rpgson in this example by xp = 0.1. kygafe gives
the safety margin between Ving max and Vir: Vor = ky safe * Vind,max» Which is set here to 1.2 [16]. The total
volume for different designs in the parameter plane can now be calculated with eq. (19) and the parameter
defined in Table II.

Table II: Choice of Parameters

Parameter  xpo Xpe X1 X2 Coase ku7safe a)end/ (0))
Value 0.688 0.312 1 0.1 0.7309 1.2 3

Results of the Analytic Approach
The results for the design choices are shown in Fig. 5 a), b) and c).

Hereby, only the designs fulfilling the maximum induced voltage constraint and with a volume reduction
are depicted. Moreover, the figures represent a Pareto optimality: Designs which are dominated by
others in volume reduction, in smaller { or ypy are also not considered. The ’x’ indicates the base
design parameters. Comparing the two three-phase designs, it can be stated, that the star-delta-switching



(Fig. 5 a)) already pays off at lower ypy than that design with the additional series-parallel switching
(Fig. 5b)). Besides, the maximum achievable gain in volume is also higher (19.3 % compared to 18.5 %).
In spite of that, the design 2 performs better than design 1 at ypy higher than 0.75 and { smaller than
2. If the m = 9 design in Fig. 5 ¢) is compared to the m = 3 designs, it can be seen, that it is superior
to both in the achievable area as well as in the maximum volume reduction of 27%. All in all, it can
be asserted that improvements in volume are possible due to a higher saliency. The effect however is
reduced at rising ypy (cf. Fig. 5 b) and c)). Nevertheless, a high saliency cannot compensate for a
very low ypp. Moreover, the more switching options the higher wpy; values can be reached leading to
a volume reduction at small {. Furthermore, less switching options can lead to an improved volume
reduction compared to more switching configurations (cf. m = 3 designs). Therefore, the number of
switching options has to be chosen carefully for a distinct application.

Experimental Validation of the Extended Parameter Plane

A prototype, called device under test (DUT) in the following, and a converter were built up to validate the
calculation of the extended parameter plane. The DUT is a PMSM with surface magnets and concentrated
windings. It is built with an open coil configuration so that the coils can be connected in different ways.
The motor can realize three and nine phase configurations due to its number of slots and pole pair number.
The machine data is summed up in Table III. Fig. 6 a) shows the nine-leg-inverter feeding the DUT and
Fig. 6 b) the prototype motor. The testbench converter signal processing devices are explained in [11].
The measurements are realized with a Yokogawa WT3000, whereby the currents are measured with high
precision current sensors. For the three phase motor, this is sufficient for all input values. For the nine
phase configuration, only one 3 phase system out of 3 is measured. This is valid due to the current and
voltage symmetry. The torque and speed of the motor are measured by a torque measuring flange which
transmits the measured data to the Yokogawa WT3000.

a)

Table III: Machine Data

Data Value | ? g g 1
rated current 10.5A I |
DC-link voltage m =3 74.3V - X 3.
DC-link voltage m =9 23.8V T
coil winding number 32 e Ml
number of slots 36
winding factorm =3 0.9525
winding factorm =9  0.9923
pole pair number 17

=]

A w0

L IR

Winding configuration m =3, m =9

3 phases - slot layout
123456 7 8 91011121314151617 18

17 poles
Symmetry (Odd)
9 phases - slot layout
123456 7 8 91011121314151617 18

17 poles
Symmetry (Odd)

Fig. 6: a) Nine-leg inverter and b) Prototype

Prototype Configurations

Concerning the prototype, there are 36 coils, which means that there are twelve coils per phase for a
three phase configuration and four coils per phase for a nine phase configuration. As circulating currents
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Fig. 7: Results of measurements: a) all configurations of 3 and 9 phases, b) comparison of 9 phase
configuration measurements (solid lines) and their analytic calculation (circles). The stator resistance is
included in the analytic calculation for the comparison.

due to different induced voltages shall be prevented, coils can be only connected in parallel if the angle
to a rotor pole at a certain step of time is the same. This means for the motor, that there is one parallel
configuration for m = 3 as well as for m = 9 (cf. Table III Winding configurations). As introduced in [5],
this leads to a total number of configurations for the 3-phase motor of 4 configurations: a Wye- and
a Delta-connection carried out in series or with two parallel groups of six coils in series. The 9-phase
motor consists of 10 configurations in total: one Wye- and four polygon connections, where the coils of a
phase are all in series or where two groups consisting of two coils in series are connected in parallel. For
the measurements of the prototype, the DC-link-voltage is reduced for the 9-phase configuration to get
the same input power as for the three phase configuration. The current cannot be reduced because the coil
winding number cannot be changed. If that was possible, the current could be reduced by simultaneously
increasing the coil winding number by the same amount.

Validation results

Fig. 7 depicts the measurement results of the prototype. The maximum measured torque speed charac-
teristics with the given input parameters (cf. Table III) are shown in Fig. 7 a). The 9-phase characteristics
are represented by solid lines and the 3-phase ones in dashed lines. Since the 9-phase motor can utilize
the DC-link-voltage better than a 3-phase motor with a Space Vector Pulse Width Modulation [6], the
DC-link-voltage for m = 9 is not only reduced by 3 compared to m = 3 but by 3.12 in order to lead to
the same maximum base speed @y. As can be seen, the maximum torque of the nine phase configuration
is higher than the corresponding three phase configuration. Due to the reduction of the DC-link-voltage,
there is a intersection of the respective m = 3 and m = 9 curves. This can be avoided by using a DC-link-
voltage for m = 9 which is a exactly a third of the DC-link-voltage for m = 3.

Fig. 7 b) depicts the measured torque speed characteristics of the nine phase motor in solid lines com-
pared to the analytic calculation of the extended parameter plane in circles. The colors of the lines and
circles correspond to the legend of Fig. 7 a). The calculation obviously matches the measurement very
well. The voltage drop at the stator resistance is considered in the analytic calculation for this compari-
son because it cannot be neglected for the prototype. The voltage drop is within in the range of a fourth
of the stator voltage at maximum base speed (Wye-configuration). Calculation and measurement deviate
from each other for increasing speed. The reason for this behavior is based on the neglect of friction and
iron losses in the extended parameter plane.



Conclusion

This contribution presents a way of analytically assessing the changes in volume evoked by multi-phase
windings and coil configuration switching. This is used to predict areas where the higher effort of these
two options leads to an improvement of the propulsion unit culminating in a maximum volume reduction
of 27%. The calculations of the extended parameter plane are validated by measurements. The torque
speed characteristics show a very good accordance to the analytical calculation. The occurring difference
can be explained by friction and iron losses which are not implemented in the analytical calculation.
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