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Abstract

A Three-Phase machine with independent phases could be an efficient solution. The main
drawback of such configuration is the control of the zero-sequence (ZS) currents. The ZS inductance is
not a usual criterion for the electrical machine selection. This paper describes the zero-sequence
inductance issue and proposes a method to quickly evaluate the intrinsic ZS inductance.

Introduction

Currently, the automotive industry is investing heavily on the electrification of vehicles. The
overall efficiency could be improved by means of new topologies [1]. A Three-Phase machine with
independent phases [2] could be an efficient solution to increase the effective voltage and reduce the
current and then to increase the efficiency. In addition, this new electric drive is reconfigurable as a
Single-Phase or Three-Phase battery charger [3],[4],[5]. This feature is very interesting for EVs which
need a fast charging solution and cost reduction. The fast charging option is implemented without any
additional components except the EMI filters and also without any drivability performances
downgrading. In the contrary, the performances of the system are also enhanced [2]. Other topologies
have been proposed [6], [7], [8], [9], [10], [11], [12]. Most of the solutions mentioned above, except
[9] and [10], reusing the motor and the inverter as battery charger, cannot offer a three-phase solution
with any type of electric motor.

Nevertheless, this solution is based on three independent phases. There is no neutral point. The sum
of the three-phase currents could be non null in traction mode. This current is called Zero-Sequence
current. The main drawback of such configuration is the control of the ZS currents. The ZS inductance
is not a usual criterion for the electrical machine selection. This is reason why this paper proposes a
method to quickly evaluate the intrinsic ZS inductance. The method is based on the air gap energy
calculation. A ratio between the ZS inductance and the self inductance is easily calculated. By this
way, a new criterion is built: the ZS inductance ratio.

1. Topology of the combined electric drive and fast battery charger

The topology is based on a 3H-Bridge inverter and a three-phase machine with electrically
independent phases. From a magnetic point of view, some couplings between phases are possible: this
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is the purpose of the paper which deals with ZS inductance. The Fig.1 shows such machine in a split-
phase configuration. The split-phase machine allows to the electric drive to be reconfigured in fast
battery charger. The grid currents flow in the midpoints of the coils and go through the winding in
opposite direction. By this way, no rotating field is generated in the air gap and the motor shaft cannot
move during the battery charge. In traction mode, the grid is not connected to the EM. The midpoints
are floating but the main difference with a classical three-phase electric drive is that the neutral point is
missing. The neutral point connection is a kind of electric coupling that cancels the zero-sequence
currents. This is the reason why a ZS inductance is required firstly to make the EM controllable and
secondly to limit ZS currents harmonics.
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Fig. 1: Combined Electric Drive and Fast Battery Charger: a) overview b) in Battery Charger Mode

o

As shown in fig.2a, the proposed topology cannot cancel the ZS current. The sum of current flowing
through each phase may be not null. In contrary, Fig.2b shows the standard Three-Phase inverter with
a wye connection. The floating Neutral point prevents the zero-sequence current to flow. The open
winding configuration, we cannot guarantee that the ZS current is null. We define i, the ZS current:

i, +iy+i. =i, #0 (1)

Fig. 2: Three-Phase Electric Drive: a) open winding configuration b) wye configuration
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ZS currents take place because of ZS voltage. DC, Low and high frequency zero-sequence voltages
may be generated by the inverter (PWM, unbalanced delays...) or the machine itself (Third harmonics
on the back-EMF). It is impossible to ensure a perfect zero offset on the command.

V,tvy+v.=v,#0 2)

2. The Zero-Sequence Inductance in Electrical Machine
2.1. Definition

The zero-sequence inductance is flux to current ratio if a winding is excited by a zero-
sequence current. Zero-sequence currents are homopolar currents. The standard [13] defines the

measurement method. Vo/N
—
in .
L]ZN] . - .
°
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T N, N ———o-4 Ny

Fig. 3: Zero-sequence inductance measurement: a) series b) parallel

The fig.3 shows two equivalent methods to measure the ZS inductance. The phases are wired either in
series or parallel. Usually, it is more practical in parallel because all the phases are already linked to a
neutral point. The ZS inductance is defined as:

Vo

Z =
° N*i,

3)

In case of a multiphase machine, we define an inductance matrix in Eq.4 which links all the voltages
and the currents of the EM. The diagonal elements of the matrix represent the self inductance of each
phase. The other elements represent the mutual inductances that bind each phase with each other.
These inductances may depend on the rotor position.

o1 [ L) M,0) . M,(0)][i

0, |_| M,y(6)  L,(6) .. M,,(6)],|0
I - “)

o] |,,0) M0) .. 1.00) | i,

By applying the measurement method seen previously, we calculate the ZS inductance. We assume
that the current is equal in each phase. Then, the summation of all the lines gives the ZS flux or the ZS
voltage.

1 N N
L, :N[ZLk ©)+> M, (0)J (5)
k=1 k=1

In the particular case of a balanced three-phase EM having no saliency, we guess from Eq.4:
L,=L+2M (6)
where L is the self inductance and M the mutual inductance. It is interesting to normalize the ZS
inductance in order to compare every machine regardless the design in terms of size, of number of

turns, of air gap or anything that might affect the self inductance. We define the ZS inductance ratio as
the ZS inductance to self inductance ratio.

Zero—Sequence InductanceRatio = LTO (7)

This paper shows that this ratio is easily calculated with no assumptions on the design of the machine.
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2.2. Singularities and non-singularities

It is interesting to study the singularity of the matrix. If the matrix is non invertible, it means that the
current are not defined, mathematically speaking, when the voltage across each phase is forced. We
consider an ideal machine in Eq.9 with no leakage and with no saliency. The determinant is calculated
in Eq.10.

¢Ll L M M icl
g, |=|M L M *i )
6| |M M LI||i
L M M I o
det||M L M =0:L3+2M3—3LM2=0:(L+2M)*(L—M)=O:>{ o (10)
N L=M
M M L L,

The first case related to a machine having a null ZS inductance (L,~0) is not driveable by a 3H-bridge
inverter because the voltage of each phase is forced at every moment. The second case (L=M) is not a
three-phase machine but a single-phase transformer. One way to remove the singularities is to reduce
the dimension of the problem. An additional equation could link either the voltages or the current. For
example, a standard three-phase inverter controlling a wye connected machine not imposes the voltage
across the phase but the phase-to-phase voltage. The neutral point is in fact a degree of freedom. Zero-
sequence current cannot flow through the neutral because it is opened. The additional equation is
therefore:

i +i,+i. =0 (1)

We demonstrate in Eq.12 that the system becomes invertible thanks to the wye connection if M=L

o1 [L M M) [i] [L M M][i 11 1] [ [L-m 0 0o 7 1Ti
g |=\M L M|*i|=|M L M[*i|-M*1 1 1]*i|=| 0 L-M 0 [*i| (12)
o | |M M L||i| |M M L||i 111 | 0 0 L-M||i

Null Quantitie

In conclusion, an electric machine having a ZS inductance (L) equal to zero is not controllable with a
conventional wye connection but it is not controllable with an open winding connection (3H-Bridge).

2.3. Leakage inductance

Even if a machine having a null ZS inductance exists from a mathematic point of view, from a
physical point of view a machine has always a minimum of ZS inductance. The leakage inductance is
a part of the ZS inductance but its nature is fully different from the intrinsic ZS inductance. The flux
linked to the leakage inductance goes through the winding ends or through the slots normally reserved
for the winding and not for the flux. This flux generates EMI noise, additional skin effect and
proximity effect on the windings. We may qualify this ZS inductance by stray ZS inductance. This is a
“bad” ZS inductance. According to Eq.5, we show in Eq.13 that the ZS inductance includes the
leakage.

¢a L + Lleak M M ia
P |= M L+ Ly, M iy | = Lo = Ligw (13)
¢c M M L + Lleak ic

Therefore, the method described in this paper calculates the “pure” or theoretical ZS inductance. This
means that the leakage inductance is not considered since the calculation assumes ideal conditions: no
flux leakage, infinite permeability of the magnetic material and a uniform air gap.
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2.4 Example of Electrical Machine having a zero-sequence inductance null and non null

It is known in the academic literature that an ideal machine with no saliency and a perfectly sinusoidal
winding distribution has a coupling factor of “%. The mutual inductance is half the self inductance.
According to Eq.6, this ideal machine has a null ZS inductance (L,=0). But this machine does not exist
because the winding is never purely sinusoidal at least because of the discretization effect. A machine
has a finite number of slots and conductors. Even if the shapes of the teeth are studied, the winding
cannot generate a pure sinusoidal Magneto-Motive Force (MMF) along the stator. The tooth operates
like a Zero-Order-Hold (ZOH).

Of course, with a high number of slots and a sinusoidal distribution of the winding, the ZS inductance
tends toward zero. What is amusing is that the machine with a null ZS inductance is a machine not
having a sinusoidal distribution but rectangular. A conventional concentrated winding “A B C” has no
ZS inductance. All the family of double layer concentrated winding like 3 slots-2 poles, 6 slots-4 poles
or 12 slots-8 poles represented in Figd.a) has no ZS inductance.

Fig. 4: Example of machines: a) Conventional 12-8 b) Zero mutual 12-8 c¢) Conventional 12-10

Moreover, with the same number of slot and pole, another winding can be built to produce a non null
ZS inductance. The winding with the following elementary sequence “AABBCC” generate no mutual
inductance between the phases like the Zero Mutual 12slots-8poles of Fig.4. This is explained by the
fact that one coil is pushing the flux toward the rotor and another one of the same phase is sinking it.
By this way, no flux is shared with the other two phases. Therefore, there is no mutual and then the ZS
inductance ratio is 1.

¢ ] [L o 0] [i
o, =10 L 0% |=>=2=1 (14)
.| 10 0 L| |

c

a

Another example of famous machine having its phases fully decoupled is the double layer
concentrated winding 12 slots -10 poles family with the following elementary winding sequence: “AA
CC BB AA CC BB”. This winding is more popular because its winding factor is much higher (93%).
We have seen machine with a negative coupling, with no coupling but it is also possible to build a
positive coupling (positive mutual). Assuming some symmetry, we guess that the maximum possible
mutual factor is 2 for a three-phase machine. One phase cannot share more than half of its own flux
with one of two others. Finally, the maximum ZS inductance ratio is 2 which is reached with the
maximum positive coupling factor (+ %2). The minimum one is 0 which is reached with the maximum
negative coupling factor (- %2) and the neutral value 1 is reached for an uncoupled machine.

L, Negative Coupling , _ Positive Coupling

L
_ T

0 1 2
Fig. 5: Range of the Zero-Sequence Inductance Ratio
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The following example has the maximum ZS inductance ratio. A four layer concentrated winding with
12 slots is shown in fig.6. This machine has no interest for industrial application because it winding
factor is very small (33%). Nevertheless, from an academic point of view, it is interesting to study it
because of it high positive coupling.

Fig. 6: Positive Mutual Machine

3. The Zero-Sequence Inductance Ratio calculation
3.1. Hypothesis and method

For the calculation, we assumed that
e The machine has no magnetic leakage
e The reluctance of the magnetic material is considered null or negligible compared to the non
magnetic material (air).
e The air gap is constant.
e The reluctance of the rotor is also null or negligible compared to the non magnetic material.

The method is based on the calculation of the air gap energy when only one phase is fed by a current.
It is the “self” energy. The air gap energy when all the phases are crossed by the same current is also
calculated. It is the zero-sequence energy.

1

— 7 %72
Bmgh™ o 1m (15)
3 2 L 3F
E =_L *1 S S
0 ) 0

The ratio of these two energies gives the ratio between the ZS inductance and the self inductance. The
air gap energy is calculated by summing the energy of elementary volumes whose length is d@ , height
is the air gap e, and the depth is /.

_e*]
2u,

We consider a discrete distribution of the winding and a finite number N of tooth. The width of the

E

B%d6 (16)

teeth is constant and equal to g - 27 . The cross section of the tooth normal to the magnetic field
N

isS=6,*!.

_e*Iq [, _e*Id| 4.8 e 49 R
E= ﬂo;[Bn aN]:>E_2 O;{Sz z :E_zﬂosg ; :E_ZHZI:;» (17)

Ris the reluctance of the air gap under one tooth. Now, we can express the ZS inductance ratio
according to the ZS flux, @, and the self flux, @,:

ﬁ«zzf
I8
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In order to calculate the energy, we need to calculate first the MMF, the air gap flux and then the air
gap energy. These steps could be easily done by small calculations or graphically by counting the
surface of the piecewise waveforms. With a similar approach, it is possible to calculate the mutual
coefficient of the inductance matrix:

v 2079)
= :é i (19)
’ ¢S2

3.2. Magneto-Motive force calculation

The calculation of the zero-sequence inductance needs the knowledge of the winding function of the
stator. For each phase, we need to know the number of positive and negative turns on each slot. The
absolute number of turns is useless. A normalization is enough and easier. The following example
shows the winding of a 24 slots- 4 poles three-phase machine.

N 7

L s
72BN Bl i St e TR ’

Vi)

L
1
1
1
1
\

Al \
>

.'C%.
O-—--4--|----[c=—==3

a

Fig. 7: 24slots-4poles winding arrangement

First, the MMF when only one phase (A for example) is supplied is plotted in Fig.8 a). The MMF is
obtained by integrating the number of turns. The FMM is incremented or decremented following the
sign and number of turns. It is assumed that i,=1, i;=0, i.=0. The results called MMF(1,0,0) is
represented in Fig.8 a). The same work is done when all the phase are supplied (i,=1, i,=1, i.=1). The
results is the Zero-Sequence MMF, MMF(1,1,1). The plot is shown in Fig.8b).

3.2 Airg-gap flux and energy calculation

Since the air gap is assumed constant and the reluctance of the magnetic is considered infinitely high
regarding the air, the relation between the MMF and the flux along the air gap is linear and linked only
to reluctance of the air. It is worth to introduce this reluctance value because the final result is a ratio.
Finally the air gap flux @ is deduced directly from the MMF plot. Nevertheless, the average is
removed because the average flux along the stator shall be zero (V.B=0). This is the reason why the
average of the MMF is subtracted to the plot so that the flux @(7,0,0) and &(1,1,1) are represented.

As explained in §.3.1, the energy is calculated by integrating the square of the flux. The integration is
easy: In Fig.8 the bricks are numbered for the “self” energy and for the zero-sequence energy.

29 =2 ¢°(1,0,0)=20 (20)
2.8 =28 (LL)=12

3.3 Zero-sequence inductance ratio examples

According to Eq.18, the ZS inductance ratio for the 24slots-4poles is one third of 12/20 i.e 20%.
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Fig. 8: Graphical Method: a) One phase is supplied b) all the phases are supplied

A computational program (M-file) is given in appendix for evaluate the inductance matrix and then the
7S inductance ratio just by entering the winding matrix. In §4, the results is checked by simulation. A
new example of stator is given to be confronted with 2D Finite Element simulations. A 36slots —10
poles machine and 36slots — 8poles machine has respectively the winding matrix W;qs.;oand Wis. .

21 0-1-=20011000=2001T1©00=20-101200-1-10202H0-1-020
We=/0 -1 -1 0 02 0 0-1-100210-1-20011 00-20011 020-2-101 2 0 (21)
oo01100-2-101200-1-10202006-1-100210-1-2001T1H0 0 -2

21 00-1-200 021 00-1=200021200-12002021200-1=200 0
Wog=/0 0 0 21 00-1-200 021 00-1-200021200-1-200021100-1- (22)
0-1-200 021 00-1-200021 00-1-200021 00-1-20002T1 0

4. Comparison with Finite Elements Simulations

The theoretical ZS inductance ratio is checked by 2D Finite Element (FE) simulations. Nevertheless,
the conclusion would be not satisfactory if the effect of leakage flux is not considered. This is why
several simulations have been performed with different air gap and magnetic permeability. The
objective is to demonstrate that the simulation results tend close to the theoretical value when the
leakage is minimized. The leakage is reduced by decreasing the air gap and increasing the magnetic
permeability of the material. A fictive material has been introduced with a relative permeability of 1e-
6. The tables 1 et 2 show that the deviation is lower than 4% with an air gap of 0.1mm. In normal
condition (air gap=0.8mm, real rotor, M330 magnetic material) the deviation is about 36%. This is
explained by the leakage inductance. In proportion to the self inductance, the 36-8 machine has
16,44% of “pure” ZS inductance and 5,9% of leakage. In the same condition, the 36-10 machine has
27,27% of “pure” ZS inductance and 9% of leakage.
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Fig. 9: 2D Finite Element Simutaion

Table I: 36-10 Zero-Sequence Inductance Ratio evaluation in FE

Air Gap Rotor topology Relative Permeability of the ZS inductance Ratio Deviation with the
magnetic material evaluation with FE theoretical value
0.8mm Radial magnets M330 36,21% +33%
0.8mm Full rotor le6 31.53% +16%
0.2mm Full rotor le6 28.36% +4%
0.lmm Full rotor le6 27,83% +2%

Table I1: 36-8 Zero-Sequence Inductance Ratio evaluation in FE

Air Gap Rotor topology Relative Permeability of the ZS inductance Ratio Deviation with the
magnetic material evaluation with FE theoretical value
0.8mm Radial magnets M330 25.91% +36%
0.8mm Full rotor le6 20.43% +24%
0.2mm Full rotor le6 17,46% +6%
0.lmm Full rotor le6 17,04% +4%

Fig.10 shows for each machine that the measured ZS inductance ratio tends toward the theoretical
value when the leakage flux is minimized. Except for the nominal case, these simulations have been
carried out with a full rotor (no cutting for the magnets).

36 slots - 8 poles Comparison F.E vs Theory 36 slots - 10 poles - Comparison F.E vs Theory
03 T T T T 0.0% L
—_— FEEERTRREROLRR
i N _ inite Element with pr=1e [
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Fig. 11: ZS Inductance deviation : a)36/8  b) 36/10

Conclusion

The behavior of A connected or Wye connected electric machines are well known. A topology able to
combine the electric powertrain and the fast battery charger is proposed. Nevertheless, a 3H-bridge
inverter is used. The H-bridges bring an additional degree of freedom but the design of the machine
has to consider the zero-sequence inductance. This paper deals with machines having low or high
zero-sequence inductance and a method is proposed to evaluate the theoretical zero-sequence
inductance ratio. Some examples are given and confronted with Finite-Element simulations. The
graphical or computational method is therefore able to give the zero-sequence inductance ratio and the
normalized inductance matrix.
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Appendix

% Inductance Matrix Calculation M-File
% Luis DE SOUSA, [EEE Member

%

% This M-File (MATLAB) is able to compute the inductance matrix (M) and the Zero-Sequence Inductance ratio
Sfunction[M,MMF,N,P,Ls,Lo] =Inductance_Matrix(X);
% X is the winding matrix. The row represents the slots. Each value represents the normalized number of turns

N=size(X,2), % N is the number of slot

P=size(X,1); % M is the number of phase

x=X(:,1); % Phi

for k=1:N-1 x(:,k+1)=x(-,k)+X(:,1+k); end % Integration of the winding matrix ---> MMF matrix.
avg=sum(x,2)/N;

x=x-avg*ones(1,N); % The DC component is removed to obtain the flux

% the air gap mutual energy is calculated ( Flux(Phase x) X flux (Phase y))
forj=1:P; fork=I1:P; MG, k)=sum(x(,.). *x(k,:),2); end; end;
% Normalized to the self inductance

Ls=M(1,1) ;

M=M/Ls;

MMF=x(1,:);

% Compute the Zero-Sequence Inductance

Lo= sum(sum(M))/P; end
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