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Summary

This thesis focuses on Permanent Magnet Synchronous Motors (PMSMs) with
three or more phases, specifically addressing the multi-threephase structures.

At the beginning of the last century, multi-phase solutions were adopted in genera-
tors with power greater than 1MW to overcome current limitations imposed by
the circuit breakers of that period. However, with the advancement of new power
electronics devices, multi-phase technology is now used in various applications, such
as naval and aircraft motors, due to their improved efficiency and fault-tolerance,
respectively.

Multi-phase solutions are increasingly being adopted in industrial applications to
achieve better torque performance and improved utilization of individual compo-
nents, thanks to the increased focus on efficiency and cost optimization. Moreover,
the reduction in size of individual power electronics components in the multi-phase
structures facilitates the integration of components in a complete structure com-
posed of power converter and electric motor. New power electronics technologies
such as SiC and GaN devices enable the use of multi-phase solutions to achieve
these objectives, in line with the latest market trends.

The aim of this work is to demonstrate how an existing ETEL motor can be
upgraded by modifying only the control strategy from a standard three-phase
configuration to enable the control of four three-phase systems in an Internal
Permanent Magnets synchronous motor. Additionally, this thesis will highlight the
study of the windings configuration to ensure proper motor operation without the
need for modifying any active motor parts.

The aforementioned solutions are justified by the significant improvements obtained
in terms of torque, efficiency, and speed range.

If a threephase and a four-threephase solution are compared at the same operating
point, the torque increases by approximately more than 4%, and the torque ripple
is significantly reduced by about 91%. Additionally, the efficiency is increased by
2%, as the power factor, at the rated working condition. Furthermore, the speed
range is extended by approximately 14% while maintaining a constant efficiency of
87%. In terms of the single power converter rated current, it has been reduced by
75% compared to the standard three-phase solution.
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The just mentioned results evidence how a multi-threephase solution could represent
a solution to improve the performance of a motor and allow to integrate all the
component in a single structure easier.

Software like Matlab, Simulink, FEMM and Syre have been used to study the con-
trol’s dynamic and windings configuration of the system. Finite Element Method
analysis was used to study improvements in torque, efficiency, speed range, and
power factor. Simulations in Simulink were conducted to verify the control strategy
and propose a new decoupling method in a safe working conditions.

Finally, the results of the work are shown in order to demonstrate that reconfiguring
multi-phase machines is not so complex as it seems and it could brings new product
in the future even for an industrial application.
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Introduction and Motivation

With the rapid development of power electronics even an increase of more complex
structures can be seen, in order to achieve better performances and guarantee
greater efficiency. It is interesting to observe that the dawn of multiphase machines
dates back to 1920s in a field not directly related to the propulsion applications.
In particular, to satisfy the demand for higher power generators, a three-phase
machine was converted into a six-phase one to overcome the current limit imposed
by the circuit breakers of that period. However, the development of multiphase
solutions slowed sharply after the increase of the maximum allowable current of
the circuit breakers[1].

During the end of the last century new technologies have been developed with the
increasing of power electronic components’ performances. So, motors with more
phases than the standard three began to came up into the market with the aim to
reach better behaviour and higher reliability. With studies like [2] was started the
analysis of new structures that allowed more torque, less torque-ripple, cheaper
power electronics and more degrees of freedom about the control side.

Nowadays, the main field in which this new technology is a standard are sheep
and aircraft applications, because they clearly need safe and continuous working
operations. In this context, they use multiphase motors that are already a robust
and consolidated technology which allows them to have better dynamics as regards
the fault-tolerance behaviour [3], [4].

However, structures like the latter are going to be used even in industrial applications
with the goal to reach better torque performances and better exploitation of the
single components. In this way, obtaining more degrees of freedom and different
kind of control strategies with which the customers may be facilitated to use new
techniques is easier, understanding in addiction which kind of motor is better for
the application, if an Internal Permanent Magnets (IPM) or a Surface Permanent
Magnets (SPM) one, as in [5], which are the trend in industrial applications.
Besides, with multiphase motors optimizing volumes, costs and efficiencies is
possible, thanks to the better modularity given by the system, now composed on
more smaller components as regards the power electronics side.

Finally, summarizing the positive effect of a multiphase machine, it is possible to
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Introduction and Motivation

obtain:

- slightly higher torque value

- reduced torque ripple

- better efficiency

- improved power factor for high load

- extended speed range

- more fault tolerance

- modularity of power electronics (cheaper components and optimised volumes)

- more degrees of freedom with the control strategy

However, the complexity of the control and of the hardware system is increased.

Another aspect has to be considered, since not all the windings configurations
are possible for each machine, because each kind of multiphase motor needs a proper
shift angle between the different windings, in order to obtain the correct spatial
positioning, as presented in [6], [7] and [8]. As regards the problem just mentioned,
Finite Element Analysis (FEM) were used in order to study the correctness of the
windings distribution, following the suggestions of [9], [10] and [11]: FEM studies
have been used to analyse the machine and to extract currents, fluxes and torque
from the model.

The control of a system with multiple phases has to take into account the mutual
coupling between each different system, so even the technique used to control the
motor has to be changed, considering a decoupling algorithm and different kind
of Clarke transformation [12], [13]. They will be presented and explained in the
following paragraphs, as shown in [1], [14], [15], [16]: a common and differential
mode control will be presented.

In conclusion. the model does not take into account a lumped approach but a 2D
or 3D maps based one, thanks to flux-maps obtained with procedures as described
in [17].

The aim of the following work is to study multiphase configurations and how they
can be adopted in an industrial application, showing as an already existing motor
used in ETEL can be renovated: starting from a standard three-phase configuration
the presented thesis will show how the control strategy can be modified and what
change there are in it, with the purpose to achieve the control of four threephase
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systems of an Internal Permanent Magnets (IPM) motor. Besides, even the supply
source has chosen, considering different single threephase inverters independently,
in order to achieve a better modularity, as it can be seen in [18].

The approach adopted took into account a simulation ambient, using finite

element software to study the proper windings configuration and the own behaviour
of the motor, and then combining it with block logic simulation and C-language in
order to design the new control chosen.
Software like Matlab, Simulink, FEMM and Syre have been used to simulate the
control’s dynamic and the windings configuration of the system. Values are ob-
tained via 2D simulations for the sake of comparison of the different configurations
presented.

The work is organised as follow:

- Introduction to the theory of multiphase motor (windings configuration, motor
model and control) and explanation of the software used, presenting even the
approach adopted.

- Presentation of the Finite Element Method simulations and comparing them
with the Syre’s ones, introducing the new software. The improvements due to
the increasing number of phases will be shown.

- Control simulation ambient: description in details of the Simulink system used
and C-script adopted to design the control of the motor drive, comparing the
results between the standard threephase system, the dual-threephase one and
the four-threephase machine.

- Conclusion as overview of obtained results and used to suggest the possible
future works related to this thesis.

Finally, the thesis will give to the readers all the elements to analyse the
advantages of a multiphase structure and to understand the feasibility of the
presented design of motor, showing that industrially speaking it is a solution which
should be taken into account, even for future products.



Chapter 1

State of the art and machine
model

1.1 Model of multiphase machines

1.1.1 Multiphase machines windings

When a threephase motor has to be redesigned in a multiphase one, several different
aspects have to be considered: firstly the kind of windings to choose represents
the main problem which comes up at the beginning. Not all the motors can be
adapted with any number of phases because each one of the latter need a specific
shift angle between two adjacent windings, especially if they are studied with the
most used Vector Space Decomposition (VSD) technique, as explained later.
From the stator winding point of view, multiphase machines can be equipped with
Distributed Windings (DWs) as well as with Fractional-Slot Concentrated Windings
(FSCWs). With respect to the DWs, the second solution is characterized by shorter
end-windings length. This results in lower machine axial length and lower Joule
losses, and thus in an enhanced power and torque density of the machine. For this
reason, the FSCWs are often used for surface mounted PM and SR machines in
many industrial sectors. In addiction, FSCWs allow to have an increased value of
inductance, which is reflected in less short-circuit current within the system. So, in
the following paragraphs, only windings typology as FSCWs will be considered.
As shown in Fig.1.1, two main layouts for FSCWs are possible: the Double-Layer
(DL) and the Single-Layer (SL). In particular, in the DL configuration each stator
tooth carries a coil; therefore, in each slot there are conductors of two different
phases or coils. In the SL configuration, the stator teeth are wound alternatively;
thus in each slot there are conductors of the same phase only [1]: as regards the
flux oscillations,the first option has to be preferred, which guarantees the best
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uniformity of the rotating field. In this way, even the reluctance seen from each
winding has not huge oscillations and the torque ripple due to rotor’s asymmetric
components is reduced.

@)

Figure 1.1: Fractional-slot concentrated windings: a) Single Layer (SL); b) Double
Layer (DL).

An other aspect that has to be taken into account is the power supply. There is
the possibility to consider an independent single coil configuration, in which each
coils is supplied by an own inverter, or the multi threephase one, in which the
windings are managed in order to create several threephase stars [1], like in Figg.1.2-
1.3. At the end, there is also the possibility to obtain the same configuration of
Fig.1.2 but with a common point in order to create a multiphase star: this case
was not considered in this work since it needs a proper control of the common
mode that influences the dynamic of the motor. For the same reasons, also the
drive with multiple threephase with the same neutral point was ignored.

— AC/AC — AC/AC

—
— AC/AC % — AC/AC
o1 1 -

3-phase input, 3-phase output

1
3-phase input, 1-phase output ; >
conversion units

conversion units
' .
.

N Y ] AC/AC

Figure 1.2: Drive with multiple single- Figure 1.3: Drive with multiple threep-
phase units, [4]. hase units,[4].

The main advantage of the first solution is the maximum number of degrees of
freedom, because each coil can be controlled properly in order to obtain the best
exploitation of the power electronics and the best quality of the motor performances.
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However the control of the latter structure is more complex because a synchro-
nization among all the inverters is needed and there are the power oscillation at
a doubled frequency of the supply that incomes for each inverter, since each one
of them is a singlephase system: from the perspective of a commercial industrial
product it is less attractive.

Often is therefore chosen the second kind of structure, in Fig.1.3, that allows to
manage more three phase systems, well known in the standard applications and
feasible even for customers that want to improve their product easier. Clearly, as
regards the fault tolerant condition, multiple threephase solution reaches a lower
level of modularity than the singlephase one: if a fault occurs, an entire threephase
system has to be switched off, while with the first solution only a phase can be
separeted from the system and all the other ones can continue to work with a small
overload.

At the end, multiple threephase units is a good trade-off between complexity and
improvement of performances, so it was the solution adopted in the present thesis.

Then, considering some FSCWs, DL windings in this work, Fig.1.4 shows the
different kind of connections possible for a sixphase motor (the simplest version),
representing only a three-phase system: depending on the distribution of the wind-
ings the torque and its ripple can change, reaching the best values for the case (c),
as described in [6].

In addiction, the symmetrical arrangement of the coils yields the DL-3 configuration
to achieve the higher overload and thermal performance, which results to be useful
in order to improve the torque capability under a fault.

(a) (b) (c)

Figure 1.4: Three examples of the remaining phase coils after removing one of
the two three-phase DL windings. (a) DL-1. (b) DL-2. (c) DL-3, [6].

The main drawback of the DL-3 configuration is the mutual coupling between

6
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the spatial phases of two windings. It involves a lower torque during a threephase
short-circuit fault and the presence of undesired mutual EMF in the windings [3].
In addiction, the choice selected has the best performances in fault conditions, in
which the distribution of the windings remains more uniform along the circum-
ference of the air-gap, showing dynamics similar to a threephase engine; while in
the case (a) of Fig.1.4 the oscillations are too huge to be used, and in the case (b)
they are still high enough to be considered not useful as motor focused on a fault
tolerance condition.

For the reasons just presented, the third configuration was chosen for the motor
analysed in the thesis.

In addiction, depending on the own structure and shape of the motor used, an
other choice about configuration of the windings can be made by the designer.

In literature it is known that there are two main "families" of multiphase motor:
symmetrical and asymmetrical. When a "symmetric" machine is chosen, it means
that the first phases of the two stars have to be spaced by < 360° electrlcal degrees,

like in Fig.1.5.
However, when the number of phases N, is multiple of three and an even number
(e.g., Npn = 6,12), the machine is usually designed as "asymmetric", with the

electrical displacement between the magnetic axes of two adjacent stator phases of

;a};o as shown in Fig.1.6, [1], [4],[13].

The latter are machines more interesting than the first ones, since they avoid the
sixth torque harmonic, as mentioned even in [13].

In this context, considering twelve phases, the displacement angle between two
stars needed is of 15° electrical degrees, if an asymetric machine is considered.
Certainly, having a stator that allows any kind of multiphase motor is not always
possible: for this reason, different kind of modelling techniques have been created,
and in the following chapter the two main ones will be described in detail.
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Figure 1.5: Symmetric windings Figure 1.6: Asymmetric windings
star for a sixphase motor. star for a sixphase motor.

At the end, as regards the winding configuration considered in this work, some
FSCWs, DL-3, multiple threephase, asymmetric structures was chosen.

1.1.2 Multistator Vector Space Decomposition technique’s
fundamentals

One of the most used techniques to represent a multiphase motor is the so called
"Multistator" (MS) approach. The name derives from considering the machine as the
sum of several independent machines, each one with an own Clarke transformation,
like 1.1, that allows to control the drive totally even if the structure has not the
possibility to have the standard displacement angle for a specific number of phases.
For instance, if a four threephase machine is required but the stator structure does
not permit to use the 15° common for an asymmetric machine, with MS approach
is possible to describe the motor considering each star as an independent motor
with its proper (d,q) domain but coincident with the other ones. Of course the
torque will be split depending of the sharing-ratio chosen for each set.

cos(s,) cos(7s, +2m/3)  cos(vs, +4m/3)
(Cy] = 3" sin(vs,) stn(vs, +2m/3)  sin(ys, + 47/3) (1.1)
1/2 1/2 1/2
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In the previous equation <, is the characteristic angle of the considered set
(m/6,m/12, ...).
In fact, the aim of the MS method is to described each star into the same (d,q)
frame, in order to make coincident the d-axis with the main flux direction, equal
for all the threephase systems, as in Fig.1.7.

Figure 1.7: (d,q) frame adopted in MS approach.

Finally, the technique just described has to take into account the natural cou-
pling between the different threephase sets, which needs a decoupling algorithm in
order to improve the dynamics and make the motor usable.

MS approach, however, was not used in the present work for its complexity in the
control strategy but it was mandatory presenting it to show how a multiphase
machine can be represented with the greatest number of degrees of freedom available.

In contrast, VSD approach simplifies the analysis of the multiphase motors
considering them as a whole structure and neglecting their modularity as multi
threephase systems. A sixphase machine will be considered in the following
paragraphs in order to make simpler the treatment.

Since a sixphase machine has six independent currents, the structure can be
considered as a system with six possible variables, which mathematically speaking
is like describing a space with six dimensions. Geometrically speaking is like
rotating a vector around the origin at a certain speed, spanning a surface in the
six-dimensions space. However, controlling this kind of system is really hard and it
can be seen from a different point of view, making the whole problem easier to be
studied.

The main idea, in fact, is creating a new vectors’ base with which describing the

9
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entire system is more feasible, choosing the new six vectors that, being orthogonal
each other, allow to analyse the motor more quickly.

Considering the general vector in the following equation 1.2 it can be seen that each
vector obtained with v = 7/6 and k = 0,1,3,5, .. harmonics spans a two-dimensional
surface, which can be considered as a subspace of the original six-dimensional one.

S (wt) = [cos k(wt), cos k(wt — ), cos k(wt — 47),

- (1.2)
cos k(wt —57y), cos k(wt — 8Y), cos k(wt — 97v)]

It is known that the electromechanical energy conversion is brought by the
fundamental component which spans an own surface: inside the latter two vector
will be found in order to describe the system as a standard one, along the (d,q)
frame.

Consequently, selecting values of £k = 1 in 1.2 and the two instants wt = 0 and
wt = m/2 to obtain two orthogonal vectors, the d and q axis are found, as follow:

d = [1,cos(7), cos(47), cos(57), cos(87), cos(y)]*, wt =0

q = [0, sin(v), sin(4y), sin(57), sin(87), sin(y)]*, wt = /2 (1:3)

Replacing in the latter relation 7 = 7/6 consistently with the sixphase motor
drive, it can be noticed that the 1.3 is related to the configuration in Fig.1.6 with
the variables’ order of 1.4.

[X] = [Za1, Taz, To1, Tha, Ter, Tea] (1.4)

Now the other four vectors have to be orthogonal and other order of harmonics
from 1.2 have to be considered in order to complete the six-dimensional space. It
is noticed that surfaces with £ = 1,3,5 are orthogonal each other, as follow:

ST eS;=5Te5;=5] €S5=0 0<wt<2n (1.5)

The same results can be obtained with higher order of harmonics (k = 8,9, ..)
which were not considered since they generate the same surfaces of the previous
ones. Then, considering k = 3:

01 =1[1,0,1,0,1,0]" wt=0

1.6
0y =1[0,1,0,1,0,1]" wt=mn/2 (1.6)

While, considering £ = 5 can be obtained:
10



State of the art and machine model

x = [1,cos(57), cos(87), cos(7), cos(47), cos(97)]"  wt =0 )
y = [0, sin(57), sin(8y), sin(y), sin(47y), sin(9)]"  wt = 7/2 '

Six vectors have been obtained and a new base of six orthogonal vectors can be
taken into account. The new reference has different properties:

1. Ky, harmonics orders represents the energy conversion of the machine, with
k=12m £ 1(m =1,2,3,..) , and they are transformed in the (d,q) plane as a
standard threephase motor.

2. all the harmonics with the order k = 6m + 1(m = 1,3,5, ..) are represented in
the (x,y) reference, in which the phenomena regard each sub-harmonic and
leakage fluxes.

3. Zero sequence harmonics are mapped into (01, 02) frame to form the conven-

tional zero sequence not related with energy conversion of the system.

1.1.3 Machine model

The following hypothesis have to be taken into account to study properly the model
of the motor. As regards the latter, an IPM engine has taken into account:

1. The windings of the machine are ideal and sinusoidally distributed.
2. All the parameters of the different threephase systems are the same.
3. Effects in the windings like proximity and skin effect are neglected.

4. The magnetic linearity is considered for the equations.

In the original sixphase space the motor can be described with the conventional
equations, as follow.
As regards the stator voltage equation:

(V] = [Ry] - [is] + d[jj] (1.8)
while for the magnetic equation:
[As] = [Ls] - [is] + [Am] (1.9)

where each vector can be represented as the general one, in which the first
three terms are for the first star, while the second three ones represent the second
threphase system, in a different way of 1.4:

11
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[(X] = [Ta1, To1, Tet s Ta2, Ti2, xcz]T (1.10)

Replacing 1.9 in 1.8, a more complete equation can be reached, in order to be
transformed in the new six dimensional space:

d([Ls] - [is] + [Am])

Vil = [R] - [is] + p (1.11)
where the inductances matrix is:
) _ - N .
100000 1 -5 -5 ¥ =% 0
010000 T L
[l_g . j001ro000 o -5 =5 1 =g 0 P
[S]_l8000100+m'§ o -4 1 1 1
000O0T1O0 V3 3 g 1 | _1
000001 22 2 2
L | 0 —¥3 3 1 _1 1
L 2 2 2 2 -
(1.12)

As for the conventional standard model is made, each equation is multiplied
by a transformation matrix which allows to obtain the (d, g, z,y, 01, 02) system, as
mentioned before. As consequence, the multiplication can be written:

[To] - [Vi] = [To) - [Ry) - [Tg 1] - [T - [is]+
d([Ts) - (L) - [T - [Ts) - [is] + [Ts] - M) (1.13)
dt

Considering the transformation matrix as result of the different transformation
described in 1.3, 1.6 and 1.7 and taking into account of the order of the variables
in 1.10, writing the extended transformation matrix is possible:

B _1 V3 V3 0]
2 2 2 2

0 ¥ _v3 1 L

P R
I e B

[TG]_?) 0 _é i?? 12 i —1 (1.14)

2 2 2 2

1 1 1 0 0 0

0 0 0 1 1 1]

The just written matrix is fundamental in the future model of the motor
in Simulink because it gives the possibility to represents the sixphase machine,
changing from the six dimensional representation to the («,f,z,y,01,02) and
treating the («, ) space as the conventional threephase one. Then, multiplying the

12
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latter for the following well known rotational matrix, obtaining the (d,q) domain
is possible in order to control the machine as the standard technique. The zero
sequence has been neglected since the neutral point of each threphase system has
been considered isolated.

cos(6,) sm(@n)l (1.15)

[R]a,ﬁf>d,q = [—sz’n(ﬁr) cos(@r)

Now the stator machine model in (d,q) subspace is available, if 1.15 is inserted
in 1.13, and the new model is:

S e ) A R

where J is for the mutual coupling in (d,q) frame:

] = [(1) _01] (1.17)

while w, = p - wy, and [Ag, A]7 is:

)\d . 14 n- Md 0 14 /\m
[)\J = Lus M +l 0 n-M| i T]o (1.18)
with n that is the number of threephase sets.
The main difference between a model of sixphase motor and a standard one is the
presence of a new subspace, the x —y, which represents the unbalancing phenomenon

of the stars. The equation 1.19 gives the information about the subspace just
mentioned and represents the dynamic of the leakage fluxes.

R AR o R 2 | A R B

And finally even the zero-sequence subspace can be written, with the same
meaning of the standard threephase motor:

= o] o e alls o) 2 am

As can be noticed, 1.19 and 1.20 are quite similar in the form. The reasons
is that they represent two different subspace but always relative to fluxes that
do not contribute to energy conversion and torque generation. In fact, as can be
seen in 1.21 after a power balancing of the system, the torque expressed with (d,q)
variables of the multiphase machine is in general:

13
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frzg-Qd4¢—M-m) (1.21)
where n represents the number of phases of the system. The final result is that
each star can share a certain amount of torque with the other ones: in this way,
the total torque available is the sum of the single contribute of every stars, which
sees the own torque reduced in a inversely proportional respect to the number of
the phases.
The main difference that comes up is the multiplication factor that in the sixphase
model is 3 and not more 3/2 as in the traditional threephase motor, as below.

T =3-(Ag-ig— A ia) (1.22)

The sixphase case has been showed, and now a brief presentation of the theory
regard the twelvephase will be presented.
The model of the motor with twelve phases can be considered analogous to the one
presented in equations 1.8 and 1.9, but instead of the general vector of 1.10, it has
to be used the following one:

[X] = [Ia17 Tp1y Lely La2; T2y L2y Ta3y Lv3s Le3y Lady Tha, xc4]T (123)

Th rotational matrix of 1.15 used for the previous version is still correct, since

the VSD approach has the aim to describe the motor in the («, 8) domain, the
same for all the stars: the transformation from (a, 3) to (d,q) frame is always the
same, independently if the original model has three, six or twelve phases.
The transformation matrix is the factor that changes and allows to describe the
system from the original twelve phases to the six bidimensional sub-spaces, according
to the new variables’ description similar to the sixphase already seen in the previous
paragraphs:

[qu] == [xd> mqa Lzl xyla L2, nya L3, $y3a Lo1y Lo2y Lo3, xo4]T (124)

The matrix that allows the transformation just mentioned is the following one,
with which is possible to describe the system using a (d,q) domain for the energy
convertion phenomena, three bidimensional sub-planes linked to the leakage fluxes
and not related to the torque production, and finally the four zero-sequence sub-
planes that represent the common voltage mode (one for each threephase system),
which are negligible since the four threephase system have not a common neutral
point:

14
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Ug=bx | 2in (1.25)

=)

=) 5
D 0000000
0 200000 0
0 0222000
0 000022 2

where [ = 1,5,7,11 and g = 1,2,3,4. Implementing the algorithm of 1.25 with a
MATLAB function, an example of result can be gave even with inverse matrix:

0.1667 -0.0833 -0.0833 .1610 -0.1179 -0.04321 0.1443 -0.1443 0.0000 0.1179% -0.1610 0.0431
0 0.1443 -0.1443 -0431 0.117% -0.1610 0.0833 0.0833 -0.1667 0.1179 0.0431 -0.1810
0.1667 -0.0833 -0.0833 .0431 0.117¢ -0.1610 -0.1443 0.1443 0.0000 -0.1179 -0.0431 0.1610

0
0
0
0 -0.1443 0.1443 0.1610 -0.1179 -0.0431 0.0833 0.0833 -0.1667 -0.1179 0.1610 -0.0431
0
0
0

0.1667 -0.0833 -0.0833 -0.0431 -0.1179 0.1610 -0.1443 0.1443 -0.0000 0.1179 0.0431 -0.1610
0 0.1443 -0.1443 -1610 -0.1179 -0.0431 -0.0833 -0.0833 0.1687 -0.1179 0.1610 -0.0431
0.1667 -0.0833 -0.0833 -0.1610 0.117¢ 0.0431 0.1443 -0.1443 -0.0000 -0.1179 0.1610 -0.0431
0 -0.1443 0.1443 0.0431 0.117¢9 -0.1610 -0.0833 -0.0833 0.16867 0.1179 0.0431 -0.1610
0.3333 0.3333 0.3333 0 0 0 0 0 0 0 0 0
0 0 0 0.3333 0.3333 0.3333 0 0 0 0 0 0
0 0 0 0 0 0 0.3333 0.3333 0.3333 0 0 0
0 0 0 0 0 0 0 0 0 0.3333 0.3333 0.3333
T 12 inv =

1.0000 -0.0000 1.0000 -0.0000 1.0000 0.0000 1.0000 0.0000 .0000 -0.0000 0.0000 -0.0000
-0.5000 0.8660 -0.5000 -0.8660 -0.5000 0.8660 -0.5000 -0.8660 .0000 -0.0000 -0.0000 0.0000
-0.5000 -0.88660 -0.5000 0.8660 -0.5000 -0.8660 -0.5000 0.8660 1.0000 0.0000 -0.0000 0.0000

0.9659 0.2588 0.2588 0.9659 -0.2588 0.9659 -0.9659 0.2588 -0.0000 1.0000 -0.0000 0.0000
-0.7071 0.7071 0.7071 -0.7071 -0.7071 -0.7071 0.7071 0.7071 0.0000 .0000 0.0000 -0.0000
-0.2588 -0.9659 -0.9659 -0.2588 0.9658 -0.2588 0.2588 -0.865% 0 -0000 0.0000 -0.0000

e

1

1
0.8660 0.5000 -0.B660 0.5000 -0.88660 -0.5000 0.8660 -0.5000 0.0000 -0.0000 1.0000 -0.0000
-0.8660 0.5000 0.8660 0.5000 0.86860 -0.5000 -0.8660 —-0.5000 -0.0000 0.0000 1.0000 0.0000
-0.0000 -1.0000 0.0000 -1.0000 -0.0000 1.0000 0.0000 1.0000 -0.0000 0.0000 1.0000 0
0.7071 0.7071 -0.7071 -0.7071 0.7071 -0.7071 -0.7071 0.7071 -0.0000 0.0000 -0.0000 1.0000
-0.8659 0.2588 -0.2588 0.9659 0.2588 0.9659 0.9659 0.2588 0.0000 -0.0000 0.0000 1.0000
0.2588 -0.9659 0.9659 -0.2588 -0.98659 -0.2588 -0.2588 -0.9659 0 -0.0000 0.0000 1.0000

Figure 1.8: Example of the matrix T}, and T}5' used for the VSD technique in
the four-threephase motor drive model.

Besides, considering variables like in 1.24, writing the following relation in (d,q)
subspace and the other ones is possible. The new representation of the system is
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easier to be studied, in fact the different subspaces are completely decoupled and
independently treated. The great advantage of the VSD approach will be seen in
the following section, in which the used control strategy is explained and the fact
that the sub-planes are decoupled will have a crucial importance.

o) = () - i) + (L) D845 (L] i) 0 Do)
i (1.26)
[Uriyi] = {RS] ’ [szyz] + [szyz] ’ ;;fyl +J - we [szyz]

In the previous equations the several matrices can be considered as below:

[Vaq) = [V, vy
(Vi) = (Vs in]T
[idq] - [id>iq]T
[lxzyz] - [_Z.l"wiyi]T

R, 0
[Rs] = _ 0 Rs] (1.27)
[Lqy O
al= | 7]
[Lis 0
Ll =5 1]
Al = [0, Apa]”

where ¢ = 1,2,3,4, L, is for the leakage inductance and L4, = L;s +n- Mg,. The
matrix J is the same of the previously seen in 1.17.
However, since for the control dynamics flux-maps will be used instead of the
lumped model with the inductance, the matrix of all the self and mutual coupling
inductances in the original twelve-dimensional plane is not shown and not more
considered.
Finally, the torque equation can be written even for a twelve phases motor, consid-
ering 1.21:

T=06-(Ag-iqg— A i) (1.28)

A final comment has to be done for the equations 1.22 and 1.28 because the
fluxes and currents used to compute the torque are related to the single threephase
system. In fact, while the VSD theory described the whole motor in a common
(d,q) domain, the flux-maps are related to a single system, because the simulations
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used to compute them had as output that kind of matrices. For the just mentioned
reason, the torque has to be computed as seen, multiplying for a constant factor
which takes into account the stars’ number.

In the following paragraphs the control logic will be explained.

1.2 Field-oriented control of the multiphase ma-
chine

1.2.1 Simulation ambient and type of the data used

Even if the software Syre will be described in the following chapters, in the present
section it will be briefly introduced as regards its output results, in order to un-
derstand what kind of data can be used for the control strategy and which is the
simulation ambient for the control.

Firstly, the general simulation ambient has to be shown, in order to understand
how the model is organised making the control theory also clearer.

Syre has the possibility to select from a folder the file which has inside the Simulink
model of the whole motor drive and use it with the correct parameters of the studied
machine. The model represents the dynamic of each motor drive’s component,
from the microprocessor to the motor, considering even the inverter and all the
sampling phenomena that characterize the digital control method.

What is shown in Fig.1.9 is the default Simulink model about a threephase system:
the model will be different if compared with a multi-phase motor, but describing
how to simulate the whole motor drive is not the aim of this section, which has as
purpose to explain the logic flow of the data and describing the control scheme.
Below the main features of the system used in Simulink, representing the general
model in Fig.1.9 and the mechanical coupling between the motor and the load in
Fig.1.10.

17
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Figure 1.9: Example of a 3-phase Simulink model as Syre output.
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Figure 1.10: Components of Simulink’s "Motor model" block.

As discussed in the previous section, it has not been used a lumped approach
for the (d,q) plane because the model of the electric motor was mapped along the
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whole working area and the relationship between currents and fluxes is described
thanks to 1D or 2D LUTs (Look Up Tables). The lumped approach was used only
for the (z;,y;) plane, for which considering LUTs for the leakage inductances is
hard or almost negligible phenomenon.

Using Syre, obtaining the relation between fluxes and currents (direct and inverse
maps) is possible like in Figg.1.11-1.12, as well as for the iron losses, which are
related with the currents always thanks to some maps and with each different
contribution independently: harmonics, permanent magnets and eddy currents
contribution are considered separately and then summed together.

= 0.2
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Figure 1.11: Direct flux-maps Agq (%4, 7,)-
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Figure 1.12: Inverse flux-maps ig,(Aa, Ag)-

The different machine models are represented as several threephase system and
then the different variables are transformed into the (d,q) domain as explained in
section 1.1.3 and shown in chapter 3.1. Then, LUTs related to inverted matrix
and inverse maps like in Fig.1.12 are computed and the physical 3/6/12-phases
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quantities are extracted and used as feedback in the control logic using the just
shown inverse transformations. More details there are in the following paragraphs.
Obtaining the currents in the motor model from the fluxes (computed by integra-
tion of the back electromotive force) and as consequence emulating the machine
behaviour is at the end possible; besides, with 1.11 used in the digital control,
implementing the flux-observer algorithm is a possibility.

Finally, with all the information gave by Syre about the motor, even the Maximum
Torque Per Ampere (MTPA) characteristic can be obtained and used to control
the motor drive: the MTPA represents the minimum current’s value to be used
in order to give to the load the required torque, so in this way minimizing the
current and reducing the Joule losses is possible thanks to a 1D LUTs. Therefore,
the MTPA takes into account the anisotropy of the machine using the flux-maps.
It has to be highlighted that the flux-weakening behaviour has not taken into ac-
count in this work, so the Maximum Torque Per Voltage (MTPV) characteristic has
been computed to obtain the mechanical behaviour, but it has not been considered
in the control side.

An example of the both characteristics are shown in Fig.1.13.

’ ' ' ’ ' : oD
30 b S y>T [Nm]| 4
L > ST [A]
2, - — MTPA ]
<2 0 —— MTPV |5
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Figure 1.13: MTPA and MTPYV curves as function of torque and currents along
d and q axis.

The several variables needed for the control’s study and just introduced before
are computed thanks to several FEM simulations using FEMM and Syre.
As can be seen in Fig.1.14, the idea is to create a currents’ grid, in which currents
in the available (d,q) range are considered. Selecting each point in the (d,q) plane,
and using the inverse Clarke and rotational transformation, the proper current can
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be applied to each threephase set of the motor and then, using the direct ones,
results like Lg, and Agq can be computed and saved in LUTs and used in a second
moment in order to be interpolated during the simulation time. The explanation
of the method to obtain the LUTs is not the aim of the present thesis, but it can
be found a deep study in papers like [17]. An example of the results is shown
in Fig.1.15, in which the flux along d and ¢ axis is identified thanks the method
explained before.
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Figure 1.14: Current grid in (d,q) plane used to compute the fluxes’ maps.
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Figure 1.15: Flux identification using i4, currents.
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As regards the method to obtain the voltages to apply to each phase, the
traditional PWM technique has been considered, obtaining the voltages thanks
to the comparison between an high-frequency triangular waveform and a carrier
signal that is compared with the latter. A more detailed analysis there is in section
3.1, in which each Simulink’s simulation component is described.

After a summary about the kind of data that will be treated in the study of
the control, it is the moment to describe the control strategy and how it was
implemented.

1.2.2 Control strategy and logic-block schemes

With the present work an alternative hybrid method to control a multiphase
engine is proposed, considering the work of [12] but taking into account a different
decoupling algorithm. The aim of the study is merging the two different techniques
presented in section 1.1.2 and used to model the multi-threephase electric motor:
the advantages are the modularity of MS and the easier way to represent the motor
behaviour with the VSD, avoiding the more complex coupling algorithm to be
considered with the first one. The goal to be reached is decomposing the (d,q)
model of 1.16 and obtaining a multiple subspaces sets which represent the common
and differential mode of the machine. The first one is directly related to the energy
conversion with 1.16 and 1.21, with the meaning of the subspace that represent
the real "power transmission". The differential mode is related to the unbalances
between the different phases along the (d,q) domain, and its purpose is to be set to
zero by the control side in order to have the most balanced and symmetrical system
possible. Then, there is a decoupling matrix proposed in this thesis, that allows to
change each threephase system (d,q) quantities into the decoupled sub-planes in
common and differential mode, as below:

fcm,dq 'i'dq—l

T _ Tdg—
dm,dg—1 _ [D] . dq—2 (129)

jdm,dq—(k—l) idqfk

As already explained, the common mode has the meaning of the torque produc-
tion while the differential one represents the differences between the several stars,
the both in (d,q) coordinates. An inverse matrix has to be considered too, since
some quantities have to be returned in the original (d,q) sub-planes for the PWM
comparison.

For this reason, [D] depends of how many sets there are into the system.
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!qu—1 jcm,dq
Tdg—2 — [D]_l X Ldm,dqg—1 (1 30)
Tdg—k Tam,dg—(k—1)

Once the that the decoupling matrices have been introduced, the general control
scheme can be presented, valid for every number of asymmetrical multi-trheephase
machine and related to a direct torque-control, so it misses the speed loop, that is
the standard one and depends from the mechanical physical world.

0.

v ¢ v v
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Figure 1.16: General torque-control scheme adopted using a novel decoupling
matrix for common and differential mode control.

The torque-control starts imposing obviously a torque reference and thanks to
two 1D-LUTs (related to Fig.1.13) choosing properly the common mode currents
along d and q axis as reference is possible. In addiction the reference of differential
mode is set to zero as explained before, trying to reduce the unbalancing dynamics
between the phases.

Then the standard PI-controller is applied in which the parameters are set as in
1.31, depending on the switching frequency of the inverters and adjusting the band
frequency at least one decade lower.
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kpema=wy - Lg=2-7- fy- Lq
kpemg=wp-Lg=2-m-f,- L,
Kiema=wp-Rs =2-7- fp- Ry
Kiemg=wp - Rs =2-m- fi - Ry
kpam,a = wy - Lis =27 fy - Ly,
Epdam,g = wp - Lis =2 -7+ fi - Ly
Kigma=wp  Rs =27 f, - Ry
Kigmg=wp  Rs =27 f - Ry

Once that the reference voltage in common and differential planes are computed,
they are summed with some feedforward components in order to make faster
the dynamics. The feedforward is taken from equation 1.16 and 1.19. Now the
inverse-decoupling matrix is considered, in order to allow to the control to take
into account the real voltage in (d-q) domain, for each threephase system. Besides,
a phase-advancing algorithm is applied to the latter to compensate the delay due
to the inverter’s dynamics.
with a well known rotational matrix all the voltages in the shared («, ) plane
are transferred and so for each star the own correct Clarke transformation is used,
reaching the original plane (a,b,c) quantities to use for each single threephase
inverter through the PWM modulation. Then "PWM" and "N-phase motor" will
model the inverters and machine’s dynamics, as will be explained later.

In this kind of control an encoder is considered, in fact the mechanical angle 6, is
used directly from the motor system.

Finally, the only ones feedback used in the machine’s control are the (a,b,c) currents,
measured, which are traced back in the common-differential mode system thanks
to inverse Clarke transformations, inverse rotational ones and the direct coupling
matrix.

The flux observer is needed to predict the flux’s variations for the feedforward, so
its logic block uses as input the reference voltages and the measured currents, all
in the (a, ) domain.

From the scheme point of view it depends from the number of phases considered
for the system: they are similar to a classical threephase one but the fact that
there is a single general flux for the several threephase systems has to be taken into
account. A general block logic scheme was hard to be found, so in Figg.1.17-1.18
the schemes for the used sixphase and twelvephase motor are shown.
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Figure 1.18: Flux-observer scheme for a twelvephase machine.
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Neglecting the fact that there are several duplicated standard threephase schemes
in the previous observer pictures, a single final value of the flux in (d,q) reference
is reached. There is a magnetic model of the system represented by the flux-map
related to a phase, which is the direct relationship between the flux and the current
in (d,q)-axis. For computational reasons, a flux-map for each threephase system
was not used, and to reduce the computational time and the complexity of the
control, only a single map has been taken into account considering the common
mode, the latter useful for the torque generation. The current to take into account
is that computed in (o) domain, considering the average between the different
sets. Besides, the electric model is implemented with the electric equation that
links the flux with voltage, and the voltage drop across the resistance, for each
star, like in 1.31.

Vaslk = [Rs] - [iaglk + D [Aaglk (1.31)

Then, as can be seen even in Figg.1.17-1.18, the two model are merged using a
feedback quantity multiplied for ¢, the switch-frequency between the two models.
At the end, a unique value of the flux is obtained computing the average among
the several threephase systems and rotating it in the (d,q)-plane.

After the different schemes which explain the different blocks, only the coupling-
decoupling one has remained.
The simplest case is the two-threephase one, in which the common mode is repre-
sented by the average of the machine (d,q) quantities, while the differential mode
is the easy subtraction of the both. in 1.32 there is an example.

i'cm,dq — 1 . ]' ]' . jdq—l 1 32
[xdm,dq] 2 |£l —1 i‘dq—2 ( ’ )
In order to come back to the original variables an inverse matrix [D]~! is needed,
as below:
i‘dqfl _ 1 1 . jcm,dq 1.33
)= A B 459

The meaning of the previous equation is to add to the common mode the
differential one for a star, and remove it for the other, in order to compensate the
unbalancing.

The problem is different for a multi-threephase motor drive, for which a lot of
algorithms have been written in literature.

In the present work a simple and intuitive algorithm is proposed for multiphase
machines with a number of threephase systems greater than two (in this case they
will be twelve).
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The main principle is to compute the common mode with the same logic of the
sixphase motor, obtaining an arithmetic average through the different sets. The
crucial difference from the method shown in [12] is how to compute the differential
mode. Instead to link all the phases each together, since the leakage phenomena
are not so decisive for the torque production, a new method has be chosen to obtain
them, as follows:

Fem.da 1 1 1 17 [T
:fdmfl,dq _ 1 . 2 =2 0 0 . jdq72 1.34
Tdm—2,dg 4 10 2 =2 0 Tdg-3 (1.34)
Tdm—3,dg 0 0 2 =2] |[Tag4

Remembering that the differential mode embodies the differences between two
or more phases, the purpose of 1.34 is linking the second star to the first one, the
third to the second, the fourth to the third and so on, in order to reduce their
unbalances as soon as one of them is different to the other with which is correlated.
with the presented algorithm a sparse matrix can be reached and the computational
complexity is low.

Since the inverted relationship is also needed in the control, the inverse matrix of
1.34 is reported in 1.35

Tdg—1 1 2 1 2 Lem,dg

Tdg—2 _ 1 D) 1 2 Ldm—1,dq (1 35)
Tdq—3 -5 3 Ldm—2,dq

Tdg—4 1 ) —1 ) Ldm—3,dq

Once the that the decoupling matrices are shown, their blocks can be integrated
in Fig.1.16 depending of the number of threephase sets taken into account.

1.3 Simulation toolchain

Different kind of software have been used in this work. Presenting them in chrono-
logical order in which they have been used, the open source FEMM is briefly
introduced.

The latter was used to draw the motor for an electromagnetic finite elements analysis
(FEM), in order to understand the magnetic behaviour of the motor and choose the
proper windings configuration. So, thanks to the technical drawing of the motor, all
the shapes have been reported in FEMM with a MATLAB parametric code which
was written in order to be able to represent the motor easily, simply changing some
parameters for each desired change, using the "octave-FEMM" interface. Then, a
magnetic analysis has been done for the different cases of configuration, three and
twelve phases. At the end, the drawing was saved in dzf format in order to be used
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in Syre, the other software used for the thesis.

In fact, Syre has the possibility to modify and consider several already uploaded
kind of rotor, from a so called V-type to a SPM one and other ones. But in the
case of the TMK motor used in this work, the shape of the rotor and its magnets
is particular and unique, so a personal draw was mandatory. Finally, the model
built on FEMM was used even to compare the results with Syre, to be sure that
the simulations were correct.

Besides, Syre was used to simulate the dynamic behaviour of the motor using the
FEM analysis and a MATLAB’s app designed by the Politecnico di Torino. Syre
allows to simulate the machine using a 2D FEM simulation interface with FEMM,
and also obtaining flux maps, iron losses maps, inductance maps and other results
is possible.

The fundamental output of Syre is the Simulink model already seen in Fig.1.9,
designed with the proper parameters of the considered motor and the possibility,
as introduced before, to simulate the digital control dynamics and the behaviour of
the coupled motor-load system and the inverters” PWM phenomena.

In this context studying a whole machine is easier because one can simulate the
magnetic behaviour and optimize it changing the parameters, and at the same time
even the control strategy of the whole drive can be considered and analysing it for
a commercial product.

Finally, starting from a threephase Simulink model, several change were introduced
in order to adapt the simulation for a multi-threephase, since Syre can manage a
multi threephase motor only magnetically speaking (flux-maps, torque maps, iron
losses,...), but not for the control side yet.
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Chapter 2

Automated FEM simulation
of the multi-phase machine

2.1 Introduction to the motor used and windings
configuration adopted

ETEL is a company that produces even electric motors, and the model called "TMK"
is one of their products. The used model is the torque-motor "TMK0291-050", a
kind of IPM motor.

Since the TMK is a torque-motor, its main characteristic is an high torque value,
obtained without any gear-box, to the disadvantages of the maximum speed range
available. In contrast with the automotive world, in these kinds of motor, the main
problem which brings then a flux-weakening is not the maximum voltage reached
but the heating phenomena of the magnets, due to the high values of magnetic
induction.

Some representative data are shown in table 2.1 and they have been taken from the
public datasheet of the motor considered. If the official datasheet is considered, two
version of the same motor can be noticed, depending of the connection configuration
selected: the 3VBS and the 3VDS. It depends on the number of series/parallel
circuits chosen and model considered in the present work is the first one.

Besides has to be considered that in this thesis some magnets slightly more
performing than the real motor have been used: the results about the torque
will be a bit greater but for the reason just mentioned they are consistent with the
datasheet’s one. Finally, some data could be different for the reason that Syre uses
a 2D software (FEMM) that needs an additional analytical computations.
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Motor Performance Unit Value
Peak torque Ty Nm 440
Continuous torque T, Nm 271
Continuous current I, A 32.5
Electrical resistance R, @20°C Q 0.66
Electrical inductances Ly/L, mH  6.5/5.05
Base speed wy rpm 436
Max speed with flux-weakening wy,., rpm 2410
Rated speed wyq rpm 387
Number of poles - 44
Nomimal DC bus voltage Vpe A% 600
External diameter cm 310
Length cm 50

Table 2.1: Main data of TMKO0291-050-3VBS motor, in order to represent its
main characteristics.

For company secret’s reasons it was not possible to show the real and detailed
shape of the motor in order to show it better with air-gaps close to the magnets and
other parameters used, but it will be not a crucial problem to the the explanation
of the whole work.

In Fig.2.1 a general model of an IPM motor is shown, where observing the approach
used to study is possible. Only a quarter of the whole machine has been considered
for periodicity reasons, and in Fig.2.1 the green arrows indicate some example
of the quantities that are introduced in the parametric model, made in FEMM
and an interface with MATLAB, and which could be changed using parameters;
the zoom represents the same aspects for the magnets. The latter have different
materials speaking about the values of the magnetic density and the sizes. The
kind of magnets used for each pole serve to concentrate the flux to the air-gap and
obtaining greater values of torque, as can be noticed in the figure below.

For confidentiality reasons, the drawing of the motor can not be shown in detail.
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N

|0
|
Figure 2.1: Example of the initial parametric approach used to model the machine

Once that the general model has been introduced, some example of the code
used to generate the previous figure is reported in order to make it clearer.
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Listing 2.1: Stator coordinates’ definition.

YSTATOR

s|AAx=r_s_i; AAy=0;

BBx=r_s_ixcosd (AngTooth/2); BBy=0;%r_s_ixsind (AngTooth/2);

CCx=AAxthc; CCy=0;%r_s_ixsind (AngTooth/2);

DDx=r_s_ixcosd (AngTooth/24+AngCave)+hc*cosd (0.5« AngSecStat); DDy=r_s_i
xsind (AngTooth/2+AngCave )+hcxsind (0.5% AngSecStat) ;

EEx=r_s_ixcosd (AngTooth/2+AngCave); EEy= r_s_ixsind (AngTooth/2+
AngCave) ;

FFx=r_s_ixcosd (AngTooth/2+AngCave+AngTooth); FFy=r_ s ixsind (AngTooth
/2+AngCavet+AngTooth) ;

GGx=r_s_ixcosd (AngTooth/24+AngCavet+AngTooth)+hc*cosd (0.5% AngSecStat) ;

GGy=r_s_ixsind (AngTooth/24+AngCave+AngTooth)+hc*sind (0.5% AngSecStat

)5

HHx=r_s_ixcosd (AngSecStat)+hcxcosd (AngSecStat); HHy=r_s_ixsind (
AngSecStat)+hcxsind (AngSecStat) ;

LLx=(r_s_i)*cosd (AngSecStat); LLy=(r_s_i)*sind (AngSecStat);

IIx=LLx; IIy=LLy;

sIMMx=(r_s_e)*xcosd (AngSecStat); MMy=(r_s_e)*sind (AngSecStat) ;

NNx=r_s_e; NNy=0;

5| PP1x=EEx+cs*cosd (0.5% AngSecStat); PPly=EEy+cs=sind (0.5% AngSecStat) ;
5| O01x=AAx+cs ; OOly=BBy;

1 QQ1x=0.5%(001x+PP1x) ; QQly=0.5%(001y+PPly) ;

| RR1x=0.5001%(CCx+DDx) ; RR1y=0.5001%(CCy+DDy) ;

002x=FFx+cs*cosd (0.5%x AngSecStat); OO2y=FFy+cs*sind (0.5% AngSecStat) ;
PP2x=IIx+cs*cosd (AngSecStat); PP2y=IIy+cs*sind (AngSecStat) ;
QQ2x=0.5%(002x+PP2x) ; QQ2y=0.5%(002y+PP2y) ;

RR2x=0.5001+ (GGxtHIx) ; RR2y=0.5001%(GCy+HHy) ;

As can be seen, all the points of the model have been written by code in MATLAB
using the OctaveFEMM ambient and then, from the boundary conditions and
material’s definition, up to the windings configuration, the drawing has been
completed used the same method.

As described in 1.1.1, not all the windings configuration are possible for a given
machine, but fortunately the used motor allows to configure the both sixphase
and twelvephase motor. However, the windings can not be connected with the
same order as they are spatially distributed since the electrical angle has to be
taken into account instead the mechanical one. So, after a reorganization of the
windings, a correct configuration of them has reached and some general example
are given below with the voltage vectors diagrams with the aim to understand the
logic followed.

In Figg. 2.2-2.3 the angle v represents the electrical angle between two adjacent coils
(as can be seen with the numbers next to the vectors that indicate the mechanical
order of the coils in the counter-clockwise), while € is the angle needed in order to
obtain an asymmetrical multi-threephase machine. The latter, for this particular
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motor, could be obtained so it was possible to obtain a sixphase or a twelvephase
machine as multi-threephase one.

Then, each color represents a different threephase system and for this reason only
two different ones (blue and red) can be noticed in the first figure, while four
different colors are used in the scheme related to the twelvephase system, which
has four threephase sets.

The graphs below were obtained with all the coils equally wound, so the dotted
vectors mean that, starting from a conventional positive verse of winding, an
opposite one has to be considered in order to obtain the proper polarity of the
electromotive force, while the voltages with continuous lines are already in the
correct direction.

Besides, it is clear in Figg.2.2-2.3 that, in order to obtain the proper verse for the
second coil (electrically speaking), inverting the direction of the latter is needed
rewinding it in the opposite way. Taking into account Fig.2.2, since the minimum
angle is # = 15° and the needed one to have a sixphase machine is § = 30°, two
voltage vectors for the same phase have to be connected in the example given below
(the first two vectors of each threephase system are colored with the same color).
As regards the preliminary FEMM model, only two version of the motor have been
taken into account, in order to have an initial idea about the expected results at
the end of the work, and to be able to compare them with the Syre’s ones and
make a check of them. So only the threephase machine and the twelve one were
considered, as follows.

Firstly, the threephase windings configuration is considered and the first study is
about the no-load fluxes in order to understand the initial electric phase of the
motor and to check the correctness of the same configuration. As can be seen on
the top of Fig.2.4 the three fluxes were obtained and in order to verify the value of
the torque, it was decided to inject a current along the ¢-axis in order to get about
the rated torque, using the convention of Fig.1.7: the considered machine has not
an huge anisotropy, as can be noticed in table 2.1 and at the beginning the motor
can be controlled without following the MTPA-trajectory, not available yet at this
point of the study, as in graphs (b) and (c).
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Figure 2.2: Example of a sixphase voltage vector configuration of a machine.

Figure 2.3: Example of a twelvephase voltage vector configuration of a machine.
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(a) no-load fluxes, (b) fluxes with load, (c) currents injected. The load-
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angle between (a) and (b) can be noticed.

In the first study done, at no-load, in fact the torque has a value of zero as
regards the average value, like in Fig.2.5, while when the rated current is injected
the torque value reaches an average value of about 302.5 Nm with an evident peak
to peak torque ripple. An other fact that has to be seen, is the sixth harmonic
that characterizes the behaviour of a threephase machine: Fig.2.6 shows

dynamic

what just said.
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Figure 2.5: Threephase machine preliminary simulation. Torque obtained at

no-load working condition, with zero average value.
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Figure 2.6: Threephase machine preliminary simulation. Result of the torque got
with the rated value of TMK motor. T"= 302.5Nm.

The torque in Fig.2.6, taking into account the rated value of table 2.1 and
the fact the more performing magnets are considered, seems being in accordance
with the real motor and the phase between fluxes at no-load and with the latter
represents the same value of the real motor, with about forty four electrical degrees
in the same working condition.
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The next step was to make the same analysis for the twelve version of the same
motor, in order to understand what kind of results should be obtained at the end
of the study. Even in this case, a first analysis was about the no-load condition, to
check if the coils are connected correctly or not, following the suggestions of Fig.2.3.
There is what has been just said into the first diagram in Fig.2.7. Then, as already
done for the threephase motor, a current in quadrature with the no-load flux has
been used, with the same value of ampere-turns, in order to make a consistent
comparison with the previous study. Only in post-processing analysis, the current
was scaled to represent the correct value because, as it will be seen after, the
bus DC-voltage is the same of the standard machine, so four time the number of
turns are needed in order to use a quarter of the rated current and being able to
use smaller power electronics in terms of power. Finally, the currents properly
controlled and shifted for each phase are shown in the rest of the graphs below,
with the related fluxes in a working condition with load.
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Figure 2.7: Twelvephase machine preliminary simulation. From the top to the
bottom: (a) no-load fluxes, (b) fluxes with load, (¢) currents injected. The load-
angle between (a) and (b) can be noticed.
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In the previous picture there is the same load-angle seen for the threephase
case between the fluxes in different working conditions and even the fifteen electric
degrees between the different phases can be noticed in the second plot. Finally, the
peak current of the current is reduced four times if compared with the first model.
At the end, the torques are reported in order to see how the behaviour changes.
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Figure 2.8: Twelvephase machine preliminary simulation. Torque obtained at

no-load working condition.
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Figure 2.9: Twelvephase machine preliminary simulation. Result of the torque
got with the rated value of new version of TMK motor. T = 313.6Nm and
Tok—pk% = —98% respect to the threephase machine.
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It is clear thanks to the Figg.2.8-2.9 that as already mentioned in the chapter
1, the torque is increased of about 3.7% while the ripple is drastically reduced of
about 98% if compared with the original machine, avoiding the sixth harmonic
distortion. Besides, the power electronics should use a quart of the current respect
to the threephase machine, allowing to use more smaller components, easier to be
managed in terms of space and volume and more helpful thermally speaking.
The same study was considered with Syre and some other results were reached,
considering even the sixphase motor.

2.2 Syre: standard and multi-threephase motor
study

2.2.1 Introduction to the software

Syre was born in a MATLAB ambient and it allows to study a machine with an
interface with FEMM. In fact it uses FEMM for each simulation point and in
this way currents, fluxes and torque can be obtained. However, since FEMM is a
static FEM software and it does not have any time-harmonic analysis, some result
like iron losses and permanent magnets’ ones are obtained thanks to an analytical
approach using equations.

Since showing the real shape of the used motor is not possible, an example is
presented to understand how the software works. To do it, an already existing
model is used from the folder "motorExamples’, so called "THOR". As in Fig 2.10,
with the GUI__Syre "Main Data" section is possible to select the main characteristics
of the motor. They are needed to choose the desire kind of machine and the main
sizes of the motor, like the inner and outer diameters and so on, or the number of
pole pairs and the number of slots per pole per phase.

The second section used with GUI__Syre is the "Geometry" one, with which is
possible to choose the detailed geometry of the stator slot and the rotor barriers, if
we are speaking about a SR or PM motor. As is shown in Fig.2.11, slot shape can
be selected, between trapezoidal and rectangular one, or it is possible to change
the sizes of it or the amplitude of the opened side.Besides, as can be seen on the
right of the figure below, the number of the barriers is an option to choose, like for
their angular direction, sizes and radial position along the rotor. Finally one can
select even the angle with which terminate the barriers.

Then, with "Options" is possible to insert the material’s exploitation, inserting
the value of current density and the admitted copper losses and so one, choosing
only some of them since the are linked to each other and is not possible to obtain
everything. Even the optimisation of the mesh has to be chosen, as for the limits
of the speed range. At the end, optimising the geometry of the ribs is possible
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changing the details about their angle and inclination. An example is given in
Fig.2.12.

After have optimised the whole geometric side, the windings have to been configured
in order to use the correct connections. Some settings like the number of turns in
series per phase or the number of conductors needed in the slot there are, and at
the same time one can choose how many threephase sets have to be considered. An
other aspect to be considered is the kind of the slot layer position: stacked (like
in Fig.2.13) or side-by-side one. At the end, the software considers a distributed
windings scheme by default, but even a concentrated one can be design manually
and saving it as new configuration.

Once that the main geometric parameters and the windings type are chosen, it
is the moment for the material to be used inside each region, in fact there is a
proper section called "Materials" with which is possible to use a different for each
region: the iron for the stator and the rotor, the copper and its insulation, and
even if one would use magnets or not, selecting the material for the barriers and
designing the geometry of the same magnets. Besides, thank to FEMM computation
and analytical adjustments, the mass and inertia of the motor can estimated and
customized materials can be introduced in the software, like the iron’s characteristic
or the behaviour of some new magnets with the changing of the temperature. The
related picture in Fig.2.14.

# GUI Syre - X

Main Data | Geometry  Options | Windings  Materials  Optimization  Simulation  Motor-CAD  Utilities

Main Motor Parameters Preliminary Design ‘ Load Machine
Number of pole pairs 2 N
syrmDesignix,b) FEAfix Save machine
Number of slots/(pole"phase) ‘ 3
‘ Close all Clear tmp
Airgap thickness [mm] ‘ 04
Stator outer radius [mm] ‘ 85 Range of x (rotor/stator split) 0507] Current mot file is:
THOR mat
Airgap radius [mm] \ 51 Range of b (airgapfiron spiit) \ [0407]
Shaft radius [mm] | 16.79 Iron Loading [T] 15
Stack length [mm] ‘ 120 Thermal Loading kj [W/m"2] a1
Type of rotor | Seg v Current Density [Arms/mm2] 46969
Tooth size factor [p.u ] 0.901

‘Stator yoke factor [p.u] 1

Rotor yoke factor [p.u.] 1

PM filling factor [p.u.] 1
# of FEAfix simulations | 1 v

Custom Geometry
| Constant flux barrier permeance v
<@ Import from FEMM
| Constant flux carrier thickness v
Clear

| Compute saturation factor v
| Constant thermal loading kj v
[ Current angle imposed v

Figure 2.10: GUI-Syre.app interface. The main page is shown with the uploaded
model.
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[ THOR mat |

& GULSyre - >
Main Data Geometry Options Windings Materials Optimization Simulation Motor-CAD Utilities
Stator Parameters Rotor Parameters { EeadAehins ‘
Tooth length [mm)] 1738 Number of rotor barriers. 3 { Save machine
Tooth width [mm] 481 Barriers angles alpha [p.u] |[0.2850.2850.2¢ -
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Stator slot opening [p.u.]
Tooth tang. depth [mm]
Tooth tang angle [7] IIl
Fillet at slot bottom [mm]
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Inner branch radial shift [mm]
Outer branch narrowing factor [p.u.]
PM shape factor beta [p.u]
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21462683

100.16 0.08]
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[11]

IM Rotor Parameters

Number of rotor bars 44
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027

17.38

Rotor slot open

Rotor tooth tang. [mm]
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Fillet at rotor slot bottom [mm]

0.
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Figure 2.11: GUI Syre.app interface. The geometric section is shown with the

uploaded model.

& GULSyre = X
Main Data ‘Geometry Opticns Windings Matenals Optimization Simulation Mator-CAD Utilities
Thermal Parameters l Load Machine ‘
Thermal loading ki [Wim2] 3121 Admitted copper loss [W) | 2000202 [ Save machine
Target copper temperature [*C] 130 Estimated copper temperature [*C] 84,6072 -
Housing temperature [C] 70 RMS current density [Amm*2] 46969 l Clow sl J l Cloar Ymp
Calculated rated current [A] Ph. resistance @target temperature [Ohm] Current mot file is:
\ THOR mat |
Mesh Control Structural Parameters
Mesh [ 5 | Overspeed [rpm]
Mesh_MOOA Minimum mech. tolerance [mm]
Rotor slesve thickness [mm] | 0 |
Ribs Design |
Tangential ribs width [mm] Radial ribs width [mm]
Tangential ribs fillet in [mm] Radial ribs filet in [mm)
Tangential ribs fillet out [mm] Radial ribs filet out [mm] |
Split ribs Radial ribs angle [deg]
[ Manual tan ribs ]
( Manual rad ribs ) L

Figure 2.12: GUI_Syre.app interface.

uploaded model.

The options section is shown with the
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‘B GUI_Syre
| Main Data Geometry Options Windings Materials Optimization Simulation Motor-CAD Utilities
Main Winding Data
Slot filing factor 0428 Slot layer position | Stacked v ‘
Tums in sefies per phase 72 Number of simulated slots 9
Pitch shortening factor 1 Number of 3-phase sets 1
Slot.... |Slo|... Slot... ISIQIA.. Slot... ISIMA.. Slot.... I!Ix‘.
[ save =t 1 1 1 3 3 = 2 2
Layer 2 1 J 1 1J ) = 3 2 2
[ Default
‘ »
Slot Model
Number of conductors Number of parallels 3
Conductortype (Round ¥ | Conductor width [mm]
Insulation thickness [mm] Conductor height [mm]
Conductor-slot gap [mm)] ’7‘ Conductor radius [mm] ,T‘
Frequency vector [Hz] ‘ [1 10 50 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500] ‘
Temperature vector [°C] ‘ 817 ‘
[ Draw slot model ) ( Evaluate slot model )
L

{ Load Machine ‘

[ Save maohine

EaiE

syre

ver. 3.4

Current mot file is:
[ THOR mat |

)

Figure 2.13: GUI_Syre.app interface. The windings configuration

shown with the uploaded model.

‘B GUI_Syre
Main Data ‘Geomelry Options Windings Materials Optimization Simulatien Motor-CAD Utilities
Matenal Data Material Library
Stator core material | M330-50A v | [ 100289 | xa) [ won | [Acs | (Remove)

Stator slot material | Gopper v [ 23084 | ikal

Conductor ] [T] -

Rotor core material | M330-50A v [ 4013 | kal

Flux bariier material | BMN-38EHS v [076999 | [kl

(
g | e | ()
e | () (00

Rotor slot material | Aluminium [ o

v |
Sleeve material |DW235

|
Total motor mass [kal

| o

Shaft material (Air

PM temperature [*C] 20
Target characteristic current [p.u.] 1

Rotor Inertia | 0.004512| [kg*m*2]
Permanent Magnet
Layer 1 Layer2 Layer 3 Layer 1 Layer 2 Layer 3
Central width [mm] 1.9000 65700 10.5300| |Central PM gap [mm] 0.1000 0.1000 01g -
External width [mm] ] ) 9| |External PM gap [mm] ] [
« » ‘ »
PM remanence [T] 1.26

-

selections are

l Load Machine |

[ Save machine

o | [

syre

ver. 34

Current mot file is:
[ THOR mat |

Figure 2.14: GUI_Syre.app interface. The materials’ settings available for a

model.
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Neglecting the sections like "Optimization", "Motor-CAD" and "Utilities" which

were not used in the present thesis, the last one to be explained is "Simulation', in
which the user can select the working point and the number of points simulated
or the electric angular excursion spanned. The latter can be equal to 60° electric
degrees if a single working point or a flux map has to be computed, but if one
needs an iron losses map, he needs to change the value to 180° in order to take
into account the whole harmonic dynamic. The same is for the number of positions
simulated: it can be chosen any number but if the iron losses are the aim of the
study, they have to be 90 or 180, coherent with the electric period considered.
As is shown in Fig.2.15, the convention about the direction of magnetic flux has to
be chosen: "SR'" if it has to coincide with the ¢-axis, "PM" if it will be on the d-axis,
as in the example used. Then, even the temperature of the magnet has been taken
into account in order to change automatically their behaviour, inserted before in
the previous section. Other aspect that can be considered are the value/range of
the current used for the simulation, the speed and the number of active sets (For
more sets than one, for example four, they have to be activated using a vector like
[1111]or[1011]if one wants to turn off the second star).

"% Guisye - x

MainData  Geometry ~ Options  Windings  Materials  Optimization  Simulaton  Motor-CAD  Utiliies

Simulation Setup Custom Current | Load Machine

o (_JiP on |

Rotor angular excursion [elt ] 60
& fon fek ) Save machine

Number of rotor positions. 6 \ Load Custom Current

Current phase angle [elt °] 90 Custom Current file is | Close all Clear itmp

THOR mat ver. 3.4
Phase current [A] 22 5372456990768

PM remanence [T] 1.17684

)
\
(o
‘ syre
Current load [p.u.] 1 ‘ ‘ - Current mot file is:
)
\
\

PM temperature [*C] 80

Number of points in [0, Imax]
Number of map quadrants

Rotor speed [rpm] 387

Axis type | PM

\
Active 3-phase sets 1 \
J
J

Evaluation type | Single Point

Start

Figure 2.15: GUI_Syre.app interface. The parameters selection used for the
simulation.

As introduced before, the TMK motor shape was not already designed in Syre,
so firsly the closer structure was drwan in order to assign properly the materials
in the right points of the space, and then the rotor structure was imported in the
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FEMM linked file in order to study it. The stator shipe used was the Syre’s one so
some different results between Syre and the preliminary study could due to the
some details about the slot geometry and the different mesh used. However the
values obtained are consistent and they can be considered good.

2.2.2 Different models comparison

The first results shown are regard the threephase system, the original system
considered that can be compared with the first values had in the preliminary
analysis. Considering a working point related to the rated current in quadrature
with no-load flux, in Fig.2.16 can be observed almost the same values showed in
Fig.2.4, with same peak current and peak flux values and with the same phase-shift
between the both.

Phase flux linkages

Mean Ay = 0.20124 Vs

0.27 X 220 ] 0.205 [
= Y 0.265446 =
By | =
5 = 02t
< ~<

0.2 |

h h : 0.195 . " . . .
0 60 120 180 240 300 360 0 60 120 180 240 300 360
8 [elt deg] 9 [elt deg]
50 Phase currents Mean A, = 0.20425 Vs
' _— 0.205
X170 — M

= Y 45.9049 b m 0.204 F
0t ; i | Ll
- ~< 0.203 b

50 0.202

0 G0 120 180 240 300 360
# [elt deg)

Figure 2.16: Results obtained with

60 120 180 240 300 360
0 [elt deg]

Figure 2.17: Fluxes transformed in

load about the threephase machine. (d,q) domain thanks the Clarke and
rotational transformation in the three-

phase system.

In fact, even the torque can be considered similar to the previous results got,
since it is different only for about 1% from the initial study, as can be noticed in
Fig.2.18. The same is for the torque ripple, not so far from the FEMM simulations
seen before. The main cause of the differences are surely the different mesh used
and even the rotor positions spanned: while in the preliminary study each step
was one mechanical angle until the end of the related electrical period, in Syre
only the first sixty electrical angle are simulated and the rest of the quantities
are interpolated as post-processing. An other factor could be the slightly different
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stator geometry, since in Syre the slot has a less angular geometry respect to the
real one.

Finally, the IPF’s value coincides with the shift angle noticed between the fluxes in
Fig.2.4, in load and no-load conditions.

Mean Torque = 304.9186 Nm

0 60 120 180 240 300 360
# [elt deg]
Mean IPF = 0.70183

0 60 120 180 240 300 360
0 [elt deg]

Figure 2.18: Torque value obtained for threephase electric motor with the Syre
simulation in the single working point.

The second step to verify the correctness of the Syre model is to check if it
works in the same way with the multi-threephase system, since it was not the
main purpose of the software. But firstly, since not only the twelve phase will be
considered in the work, an intermediate step has been considered: the sixphase
version.

For the sixphase motor the number of turns in series per phase has not been
modified while the number of conductor into the slot model has been doubled, in
order to obtain the same Vpeo on the DC-link.

Then, the configuration of the windings has been modified following the theory
described before. Values in the middle, between threephase and twelvephase, are
expected and at the beginning it seems to be in accordance with this statement.
In fact, as can be seen in the initial results in Figg.2.19-2.20-2.21, the fluxes have
quite the same peak value, but the current is reduced of an half and th torque is
increased.

Besides, the torque ripple range is reduced: the sixphase has only the 14% of peak
to peak ripple respect to the original model. In addiction, the average torque value
has been improved of about 2.7%. The inductive behaviour seems to be similar,
since the IPF value can be considered practically the same.
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Figure 2.19: Results obtained with Figure 2.20: Fluxes transformed in
load about the sixphase machine. (d,q) domain in the sixphase system.
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Figure 2.21: Torque value obtained for sixphase electric motor with the Syre
simulation in the single working point.

Of course, the total ampere-turns into the motor are the same because even
if the current is halved, there are two threephase system to be supplied and the
doubled turns (with halved diameter) in order to reach the same voltage on the bus
with the same stator slot: thermally speaking the stator has the same behaviour,
what changes is the possibility to have a modularity with smaller components as
regards the power electronics and they can be organised better in the space and in
the volume of the system.

Speaking about the twelvephase, the same approach has to be used and in fact the

46



Automated FEM simulation of the multi-phase machine

same trend can be observed. Taking into account the Figg.2.22-2.23-2.24, again,
the fluxes’ maximum value and the displacement between the several phases is
coherent with what has been mentioned in the previous chapters and obtained in
Fig.2.7. Besides, the average torque value is increase respect to the threephase
machine and the sixphase one, and even in this case, the ripple peak peak about
the torque is the smallest one.

Mean Ay = 0.20797 Vs
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= 202081
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Figure 2.22: Results obtained with Figure 2.23: Fluxes transformed in
load about the twelvephase machine. (d,q) domain in the twelvephase system.
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Figure 2.24: Torque value obtained for twelvephase electric motor with the Syre
simulation in the single working point.
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In terms of percentage, comparing the twelvephase with the standard threep-
hase one, there is an increment of about 4.2% regard the average torque value,
while the peak to peak torque ripple is only the 8.6% of the first case: so the
latter has been reduced of about the 91.4%. Then, the computation of the torque
and fluxes with Syre, if compared with the results seen in the preliminary study,
are almost the same and the differences are due to the same reasons described before.

Some other interesting results could be the torque-maps and the iron losses-maps

which represent, at a certain speed, the behaviour of the machine for each couple
of points (i4,4,), as explained before in section 1.2.
A first relevant comparison between the several models is the torque, the main
objective of TMK motor. Firstly, as shown in Figg.2.25-2.26-2.27, the average
torque values can be compared for the same relative rated working point. The
current injected into the model is shifted of 90° electrical degrees respect to the the
d-axis, in which there is the whole magnetic flux of the motor. It can be considered
as the rated working point as regards the torque reached since the TMK motor,
even if it an IPM machine, has not an huge reluctance and the inductances in
the sixphase and twelvephase models decrease linearly with the increasing of the
number of the threephase system: the ratio between Lq and L, will be the same.
So, with maps/LUTs related to Figg.2.25-2.26-2.27 is possible to know each value
of the torque for each couple (i4,1,) in a plane that considers a current range up to
three times the rated one.
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Figure 2.25: Torque maps for threep-
hase motor.
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Figure 2.26: Torque maps for sixphase
motor.
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Figure 2.27: Torque maps for
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The second main results are the iron losses maps, computed for a fixed speed
value. In order to extend the results of iron losses even to a greater speed range,
the equation from [19] taken into account are:

« 2
Pre = Py - <j];> + P <]{;> (2.1)

where P, o and P, are respectively the hysteresis and eddy-currents losses at
the rated frequency fy. The same thing can be written for the magnets loss:

Pors = Prasg - () (22)

The factor Pp. and P, are obtained with Steinmetz equations analytically
using the results of the FEM simulations.
An example of maps is given in Figg.2.28-2.29-2.30-2.31-2.32, in which iron losses
maps are computed for several speed values: half rated speed, rated speed and
doubled one. As can be noticed in the pictures, the losses increase almost quadrati-
cally with the speed and they are function of the currents.
However, once that an example is given, it is enough to compare the different
machine configurations with a fixed speed value, the same for of the three different
models.
Considering the losses about the iron only, their 3D map can be computed repre-
senting, at the fixed rated speed, the iron losses as function of current in the (d,q)
plane, as in Fig.2.33.
For confidentiality reasons, the values of the graphs are shown between zero and
the maximum available.
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Figure 2.28: Threephase ma-
chine’s permanent magnets losses-
map as function of the speed.
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3-PHASE

PFe,Max

Iron losses [W]
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Figure 2.33: Iron losses-map of threephase motor: point 1 is related to rated cur-
rent along g-axis, point 2 is for the same torque following the MTPA characteristic.

Considering the point "1" of the threephase machine as reference, it can be built
a comparative matrix respect the mentioned point, in order to understand the
multi-phase advantages in terms of iron losses, as in Table 2.2.

Number of phases Point 1 Point 2
3 - —10%
6 —2% —11%
12 —5% —16%

Table 2.2: Iron losses comparison respect to the "Point 1" of the threephase motor.
The values considered are related to the nominal performance requirements.

In the previous graph the point 1 is related to the rated current injected entirely
along the ¢-axis, while the second one represents the iron losses when the control
follows the MTPA trajectory for the same torque. It was possible to estimate the
latter thanks to the FEM analysis that allow to study the machine in each physical
aspect. In fact, diagrams like that in Fig.2.34 are possible to be obtained, in which
the values to have the smallest current amplitude possible to reach the required
torque are available.
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Figure 2.34: Values of d and ¢ currents to use the MTPA characteristic.

Coming back to Fig.2.33, it can be observed that using MTPA trajectory to
control the machine can make save some dissipated power because of the smaller
current used, exploiting the materials better. The same graphs are available even
for sixphase and twelve versions with the difference that the current’s values are
scaled respectively to one half or a quarter respect to Fig.2.34.

For all the motors considered in the present work, the decreasing of the iron losses
is about of 10% for each one if the MTPA trajectory is used, allowing a thermal
benefit at the rated working point.

The same maps related to the other two versions have been shown before, noticing
that with the increasing of the number of the threephase systems, due to a lower
harmonic distortion, the iron losses decrease and thermally speaking it can represent
ad advantage because the iron and the magnets will be colder or at least managing
the thermal behaviour will be easier.
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2.3 Results and final comments

After an analysis about the accuracy of the FEM results obtained with Syre,
some final conclusion can comes up using the post-processing tool whose name
is "Syre. MMM" (Syre Magnetic Model Manipulation), with which analysing the
data already computed and reaching interesting analysis is possible, in order to
take some decision about the design and the convenience o the choices. The main
results available with Syre. MMM, which will be used in the present chapter, are
surely the several quantities (like power factor, efficiency, DC-bus voltage, iron
losses, ...) represented under the mechanical characteristic, helpful to understand
and to predict the behaviour of the motor in every working point, at a certain
torque and speed. Below there will be some comparison between the three motors.
As first decision to take to build the mechanical characteristic, the maximum limits
regard the torque and the speed are needed. The both are remained the same of
the threephase model, since at a certain point of working area, some mechanical
high stress can arise independently if the motor has one, two or four sets. So, the
peak torque value and the maximum speed have been considered from table 2.1.
Finally, to compute each working point, fifty five points have been used along the
whole rectangle.

Considering the results in order of relevance, the efficiency motor maps are taken
into account. In Fig.2.35 the efficiency in the working area of the three considered
models are present. As is clear with the pictures below, the maximum efficiency
value is increased at low load, and the same trend can be noticed even at about
the rated working condition, where the efficiency is increased of almost the 2%
from the threephase machine to the twelvephase one. Even if the increment is
not so relevant, however is highlighted the constant efficiency curve at the value
of 87% in red, and it is shown how its speed range at low load is extend through
the different models, allowing better performances for faster applications. For the
efficiency value of 87%, for example, the speed range is increased of about the 7%
between sixphase system and threephase one, while the ratio between twelvephase
and threephase solution is of 14%. Besides, the lower is the efficiency value, the
greater is the improvement regard the speed range spanned.

For confidentiality reasons, the values of the graphs are shown between zero and
the maximum available.
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Figure 2.35: Efficiency maps for the three machines.

Secondly, since the the TMK is a torque motor, also analysing the torque ripple
behaviour could be interesting. For company reason’s secret the graphs can not
be shown in detail, however they evidence that using more number of threephase
systems allows to reduce it drastically. Especially at high speed-low load and at
rated working point it seems completely reduced, improving the performances in a
such a way to justify the choice to change the number of phases.
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Peak-to-peak torque ripple [Nm] Peak-to-peak torque ripple [Nm] T Peak-to-peak torque ripple [Nm]
5 Imax
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Figure 2.36: Torque ripple maps for the three machines.

Thanks to equations like 2.1-2.2 computing the iron losses of each speed value
is possible and drawing the mechanical characteristic with the iron losses values is
a Syre_ M M M possibility.

In Fig.2.37 the value of 200W has been evidenced in all graph (as said, numerical
values comes from 2D computations and are used for the sake of comparison).
It is evident that for the rated working points of the three types of machine the
improvement is not huge, but if it is considered a low-load working condition, the
main advantage thanks to the increasing of the number of phases is surely the
extended speed range available for the same value of losses. In fact, as regards
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the value of 200W, the speed-range is increased of about 80% between sixphase
and threephase motor, while if the four-threephase machine is compared with the
threephase one, the range is increased of about 100%. Taking into account more
threephase systems could represent a good solution to use the motor for higher
speeds, allowing a better thermal behaviour of the system.

Finally, one last important aspect has been remained and it concerns the inductive
behaviour: the power factor.

No great differences have been found comparing the threephase, sixphase and
twelve systems, highlighting only a performances’ improvement only with high-
load working conditions. In fact, as regards about the rated working point a
better power factor of 2.2% has been found in the sixphase model respect to the
threephase machine. The same comparison done between twelvephase motor and
the threephase one brings an improvement of 2.3%, for the same working condition.
So, if the aim of the re-design of the machine is to reach better power factor values,
the increasing of the machine’s number of phases does not arise evident advantages,
except if the machine has to work in an intermittent working cycle, in which an
high load for a limited time period has to be considered and power factor can be
improved more.

3-phase 6-phase 12-phase
Tron loss [W] Iron loss [W] Tron loss [W]

1400 TMax

200 Thax

TMAX
1200

1000

T [Nm|
T [Nm|

0 0
0 Npax 0 0
n [rpm] n [rpm] n [rpm]

Figure 2.37: Iron losses maps for threephase machine.

After that all the main results have been shown, a final comparison table can
be used in order to have an overview about the new technology proposed in this
work. The table 2.3 does it and compare the sixphase and twelvephase machines
respect to the threephase one.
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Quantities 6-phase 12-phase
Torque ripple peak to peak Tpi_p —86% —91.4%
Average torque T +2.7% +4.2%
Iron losses @Rated working-point —2% —6%
Efficiency speed range @87% +7% +14%
Efficiency @Rated working-point +1.7% +2%
Iron losses speed range @200W-Low load — +180% +200%
Power factor @Rated working-point +2.2% +2.3%
DC Bus-voltage Vpe = =
Power electronics rated current —50% —75%

Table 2.3: Sixphase and twelvephase motors’ quantities comparison respect to
the threephase one.

As it is clear in the previous table, changing from a threephase system to
multi-threephase one brings several advantages, and how mach they are convenient
depends from the number of threephase systems are considered. The DC-link is
remained the same of the threephase version because of the re-windings technique
adopted for the new models: in this way the coils have been doubled or considered
four times in terms of number of turns, but in contrast the current has been halved
o divided four times in order to maintain the some total power of the motor drive.
So, a reduced torque ripple could be noticed in the both versions sixphase and
twelvephase, while the average value of the torque is increased a bit respect to the
original machine. Due to the less harmonic distortions in the multi-threephase
solutions, a less amount of losses in the iron are present and it means a better
value of efficiency; an extended speed range at low load can be reached, since at
high-load the behaviour is quite the same and changes only about the power factor.
The interesting aspect of the new design is that it does not need a new design of the
structural side, but with only re-designing the coils and the windings connection
all the benefits of table 2.3 are accessible by the customer without too many
complications as regards the hardware aspects.

Another design that can be available is that obtained considering the same windings
of the threephase machine. In this way, the current is the quantity that remains
with the same values, while the DC-link voltage is decreased since less flux is seen
from each windings: it will be an half for the sixphase, a quarter for the twelve
phase. It could be a good solutions for the customers which ask to Etel, for example,
applications with the same rated current but they have some problems with the
power electronics’ too high voltage.

If the flux is reduced but the DC-link voltage is considered the same of the
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threephase solution, the speed reached is inversely proportional to it, and the base
speed is increased twice for the sixphase machine, four times for the twelvephase
one. The last solution needs a more detailed thermal analysis about the motor
side, because even if the thermal behaviour of the coils should be almost the
same,increasing the speed there are more harmonics and the iron and the magnets
might suffer.
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Control Simulation

3.1 Control of n 3-phase machine

Coming back to Fig.1.9, the simulation ambient has been shown in order to
understand where and how the control strategy is modeled and studied. Besides,
as first example the description of each simulation’s components in the threephase
machine will be given. Then, as regards the sixphase and twelvephase motors,
there will be the explanations of the changes added to each version, in order to
understand the modifications considered respect to the original simulation.

The whole motor drive is represented by three main blocks: the control side, the
power electronics inverter and the motor model. The latter is zoomed in Fig.1.10,
in which two subsystems there are, one is for the real motor model while the other
one is for mechanical load. Firstly, the motor model will be explained in details in
the following sub-section. After,the power electronics side will be also described
and at the end the control strategy written in C-language will be shown in details,
in order to allow the readers to understand how the simulation works. In the last
two sections, however, the modifications adopted to obtain a multi-threephase
engine will be presented and at the end of each one even the final results about the
torque-control are presented.

3.1.1 Motor model

If the block "Motor model" in Fig.1.10 is opened, what is shown in Fig.3.1 can be
observed. The model representation starts with the three voltages given by the
inverter, which supply the "Simscape" threephase electrical model: the three phases
have a common neutral point and each one is composed of a series resistance and a
parallel between a resistance and a driven current generator, which represent the
iron resistance behaviour and the current injected into the motor respectively. In
this way extracting the voltages used for the energy conversion of the motor is
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possible, and they go inside the "Flux integration" block, the green one, in which
the fluxes are computed by integration. Then, thanks to the inverted LUTs, the
currents are calculated together with the torque, in the red block. After, using
into the light blue block the already computed fluxes and currents, the calculation
of the iron losses is done with several LUTs and the total currents are obtained.
Finally, the currents in the (a,b,c) domain are obtained in the magenta block and
they represent even the output, with the torque, of the "Motor model" block.
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Figure 3.1: Motor model block, with which representing the whole dynamic of
the motor is possible using a physical model combined with 1D-2D LUTs model.

Before to describe in detail each block used in "Motor model", the last block has
to be introduced, which allows to compute the angular position in the trigonometric
coordinates. In Fig.3.2 is shown how it is made, changing the angular absolute
position value with the related sinusoidal and cosinusoidal value. The latter
technique is used in order to have a continuous value of the angular position
instead of the classic discontinuous ramp waveform which characterize the encoder
measurement. Then, with a mathematical transformation, is possible to obtain the
angular position for each instant, without any discontinuity.
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sin
theta_r I SinCos
» cos

Figure 3.2: Trigonometric transformation from the absolute angular position to
the sinusoidal-cosinusoidal related coordinates.

Flux integration

The "Flux integration" block, in green, has as inputs the back electromotive force
of the motor, measured on the resistance that represents the iron dynamic. As can
be seen in Fig.3.3, after a Clarke transformation, the back-EMF are integrated in
the («, 5,0) plane: in this way the cross coupling due to the (d,q) representation
is avoided. Then, the fluxes along («, ) plane are rotated with the well known
rotational transformation implemented in block logic, obtaining the fluxes in (d,q)
domain; while the zero-sequence flux is left as output.
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Figure 3.3: Fluxes computation, from the back-EMF to the fluxes in (d,q) domain.

Inverse maps

The Syre’s Simulink model is a general one, so it has to be adaptable for each kind
of situation. In fact, in Fig.3.4 the block "Quad_Maps'"is a constant value with
which is possible to suggest the correct convention with which the motor has to be
treated: SR, IPM or an induction motor. Depending of the convention chosen, the
different quantities will be taken with the positive value only or not. The same
block will be used even for the other blocks.

In "Inverse maps' logic block the inputs are the fluxes in the (d,q) frame and in
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"Maps_ Input" they are modified depending with the convention adopted. After,
in "LUTs" block the currents and the torque are computed, as shown in Fig.3.5.
Then, one the currents and the torque are obtained, in "Maps Outputs" they are
modified again for the convention used in order to be consistent with the problem
approach.

[Fdql
Adq
lambda_dg I
2D LUT d
Fdq a idq_Maps
lamnda_dq_Maps P Fdg idg_ T idq —F.
Torque T meps 1dg
Quad_Maps P Quad_Maps w)
LUTS
[Fdq] lambda_dq
Maps Inputs T _>.
Quad_Maps P Quad_Maps T
Maps Outputs

Figure 3.4: "Inverse maps' logic block, in which the currents and the torque are
computed with the right convention.

The "LUTSs" block, represented in Fig.3.5, takes the fluxes and use two identical
"Prelookup" blocks to compute the index position along an interval. Their outputs
are used for the currents computation. The "Torque calculation" block in Fig.3.5
represents with the block-logic the equation 1.21, with the cross-multiplication
between the fluxes and the currents.
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Idg
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P Fdq

Torque calculation

Figure 3.5: Torque and currents calculation. For the first the cross.multiplication
is used, while for the latter some 2D LUTs are used.
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Iron losses calculation

The iron represents an amount of losses that can be taken into account as an
additional current to the torque generation’s required one, as explained in Fig.3.6.
In the dark green block, zoomed in Fig.3.7, the amount of additional current
due to the iron losses is calculated and summed to the current required for the
torque generation. In this way the whole current to inject in the physical model
representation is obtained.

Total I,

c1) P Ildg_m ::I—'
ldq_m I4q motor Idg
: Motor speed

n_m

Iron loss Maps

Figure 3.6: Iron losses addition in terms of current to the required one for the
energy conversion.

In Fig.3.7 is explained how the "Iron Loss Maps" works. After that the currents
are managed depending of the type of the motor’s convention is used, three 2D
LUTs are interpolated to reach each loss contributions: the losses due to the iron,
the eddy currents and the permanent magnets are used, the same kind seen in
Fig.2.33 in the previous chapter. As explained in section 2.2.2 with the equations
2.1.2.2, the speed adaptation is taken into account and it is multiplied with the
losses considered at the rated speed, in order to obtain the proper losses for each
speed.

Since the VSD technique is considered to model the machine, the power to be
considered i order to have the current has to be re-scaled, because the VSD approach
consider the whole machine but the quantities represented are related only to a
system: the scaling factor of 2/3 has to be taken into account for the threephase
motor.

Finally, in the MATLAB function the method introduced in [19] has been adopted
to compute the currents contributions.
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Figure 3.7: Iron losses-map of threephase motor: point 1 is related to rated current
along ¢-axis, point 2 is for the same torque following the MTPA characteristic.

Currents calculation

The last block of the "Motor model" one is the "Currents calculation", in which
the currents in the threephase (a,b,c) frame represent the outputs, after an inverse
rotational and Clarke transformation. The zero-sequence fluxes are not taken into
account (summed with null values) since the neutral point is isolated.

Idq A(theta) Lap

larke_inv*uvec

dg->ab

Figure 3.8: 2D-LUTs used approach to compute the iron losses with the speed
adaptation. Then the contribution of the iron to the currents is computed.

3.1.2 Mechanical equations

Asin Fig.1.10, the Motor model just described is linked with the load representation,
called "Mechanical equations'. Depending on the type of the control adopted, the

64



Control Simulation

load is represented in different waves. Several type of control are available in
the model, managed by the parameter "Ctrl_type": current, flux, torque and
speed control. As regards the first three ones, the load is considered as a dragged
mechanical load, which impose its speed as dynamic behaviour, thanks to a external
signal. The case is in rectangle numbered with "1". But, if the considered control
is a speed one, the load is represented as the red rectangle "2", in which the load
has an own dynamic as function of the inertia and the three settable parameters
"Tf", "Tv" and "Bm". The latter are respectively the friction loss, the ventilation
loss component and the damping constant.

Besides, the "Tm" is the motor’s torque that arrives from the "Motor model", while
the "Tload" is from an external signal and represent the main torque load. In
addiction, if properly set, the load can be modeled as in the rectangle '2" even if
the control is not a speed one, just changing the terminal links.

"Tf", "Tv" and "Bm" parameters are set as zero for the final results.

Figure 3.9: Mechanical load’s representation depending on the control type
adopted: current, flux, torque or speed control.

Finally, the rectangle "2" in Fig.3.9, analytically speaking, represents the equa-
tions system of the 3.1, allowing to obtain the mechanical speed and the angular
mechanical position of the motor.

d
J S8 =T = Ty — [ By + sgn(w) - (T + wf? - Ty)
- (3.1)

0 = / w(t)dt + 6,
0

3.2 Inverter Model

The second "main" block analysed is the inverter’s one.
The inverter model adopted for the simulation represents the dynamic behaviour of
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the PWM technique, using the comparison between a carrier signal and a triangular
one, in order to switch from the duty-cycles to the real binary commands that the
switches need to impose the voltages.

As it is reported in Fig.3.10, the duty-cycles which come from the microprocessor are
used for the computation of the inverter’s commands. The outputs of "PWM" block
are the binary signals that need to be converted in a "physical" quantities because
of the realistic inverter model of Simulink. The model for the power electronics
side is a standard block already present in Simulink and allows to consider different
kinds of switches: IGBT, MOSFET, thyristor and ideal one. The latter has been
considered in the thesis. So, even physical quantities like the on-resistance or the
voltage drop could be taken in consideration. Finally, neglecting the fast-switching
phenomena, the voltage to apply to the motor’s phases are given as outputs.
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Figure 3.10: Inverter model used to represent the real dynamics of the power
electronics.

As a better explanation, in the following picture is shown the logic used to obtain
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the PWM binary signals, using the comparison between the triangular waveform
and the carrier one, enabled by an external signal which comes from the control
from safety reasons.
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Figure 3.11: PWM logic used to obtain the gate-signals from the duty-cycles due
to the control side.

In Fig.3.11 all the signals are summed /subtracted with a delay to avoid the
short-circuit during the real utilization of the inverter. After that they are saturated
to +1, they are compared with a triangular waveform with a unit amplitude. The
results are used in a logic "and" with the "Enable" signals, obtaining the final
gate-signals.

3.3 Digital Control

In the threephase model the control logic is already implemented by default, using
more or less the classical technique available for a standard threephase motor,
similar to the one in Fig.1.16. Even if its study is not the aim of this work, only an
introduction about it will be given to the reader in order to understand what has
been changed to achieve the control of a multi-threephase.

After some initial commissioning instructions that the motor has to do before
the beginning (set the offsets, charge the bootstraps if needed, set the initial A4,
values,...), the control starts with the case so called "START".

In the listing 3.1 can be observed how the control begins, with the angular position
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theta recognition and the related speed calculation. After the angular position is
saturated to 42, the related sinusoidal and cosinusoidal values are computed, as
described in the previous section. Then with the function "speed compute sc'
explained in the listing 3.2 the speed is computed and then filtered thanks to the
macro '_ Filter", represented in the listing 3.3. Then, the speed value is saved for
the next iteration as "old" and easier name to be used are saved as "SinCos__elt"
for the electrical angular position and the "omega_elt" for the filtered electrical

speed value.

Listing 3.1: Position detection and speed computation.

NONN NN
w N

=

case START:
//—Speed Compute———//

theta elt meas = PP % theta_mec_meas;
while (theta_elt__meas > PI)

theta_elt__meas —= TWOPI,;
while (theta_elt_meas < —PI)

theta_elt__meas += TWOPI;
SinCos_elt__meas.sin = sin (theta_elt_ meas);
SinCos_elt__meas.cos = cos(theta_elt_meas);

speed__compute_sc(SinCos_elt_meas, &SinCos_elt_meas_old, &

omega_ elt_meas) ;

__Filter (omega_elt_meas, omega_elt_meas_f, Ts¥TWOPIx10);

omega_ mec_meas = omega_ elt__meas/PP;
omega_ mec_ meas_ f = omega_ elt__meas_{/PP;
omega_mec_meas_rpm = omega_mec_meas_{x30 / PI;
SinCos_ elt__meas_old.sin = SinCos_elt__meas. sin;
SinCos_elt_meas_old.cos = SinCos_ elt_ meas. cos;
SinCos_elt.sin = sin(theta_elt_meas);
SinCos_elt.cos = cos(theta_elt_meas);

omega_ elt = omega_elt__meas_f;

Listing 3.2: Function "speed_compute_sc" for the speed computation.

void speed__compute_sc(Xsc sincos, Xsc xsincos_old, float* omega) {

float tmpl, tmp2;

tmpl = sincos.sin % sincos_old —> cos;
tmp2 = sincos.cos *x sincos_old —> sin;

tmpl = tmpl—tmp2;
xomega = fs x tmpl;
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sincos__old —> sin = sincos.sin;
sincos_old —> cos = sincos.cos;

Listing 3.3: Filter macros.

#define _ Filter ( x, x_filt, k_filt) x_filt= x_ filt + k_ filt *(x—
x_ filt) ;

After the angular position and speed calculation, depending on the type of
the control adopted, the reference for the currents has obtained to be used in
the current-loop control, as in listing 3.4. Since it is a general control code, with
"Quad Maps" can selected the convention used for the studied motor, as mentioned
in the Simulink model explanation before.

Listing 3.4: Currents’ reference computation.

switch (Ctrl_type){

case 0: //CurrentControl
isdq_ref.d = isdq_ext.d;
isdq_ref.q = isdq_ext.q;
break ;

case 2: //TorqueControl
ReadLut(&ID_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref.d);
ReadLut(&IQ_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref.q);
switch (Quad_Maps){

case 0:
isdq_ref.d = sgn(T_ext)*xisdq_ref.d;
break;
case 1:
isdq_ref.d = sgn(T_ext)xisdq_ref.d;
break ;
case 2:
isdq_ref.q = sgn(T_ext)*isdq_ref.q;
break ;
}
break ;

case 3: //SpeedControl
omega_ref in = n_ref in x RPM2RAD;
ramp (omega_ref in, accel x RPM2RAD«Ts, &
omega_ref ramp);
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sp_var.ref =

omega_ ref ramp;

sp_var.fbk = omega_elt/PP;
sp_par.lim = T_rated;

2 kp w = 2+«0MEGA BWxJ ;

3 ki_w = pow (OMEGA BW,2) xJ ;
sp_ par. ki = ki_wxTs;
sp_ par.kp = kp_w;
PIReg(&sp_par, &sp_var);

7 T_ext = sp__var.out;
ReadLut(&ID_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref.d);
ReadLut(&IQ_REF[0], fabs(T_ext), TMAX, TMIN, DT,

INV_DT, &isdq_ref.q);

switch (Quad_Maps){

1
2 case O0:
3 isdq_ref.d = sgn(T_ext)*xisdq_ref.d;
1 break ;
case 1:
17 isdq_ref.d = sgn(T_ext)*isdq_ref.d;
break ;
case 2:
isdq_ref.q = sgn(T_ext)*isdq_ref.q;
break ;
}
break ;

}

For the current control the reference are imposed automatically with external
values. For the torque control, however, once that the torque reference is given
by an external signal, the currents are extracted from the 1D LUTs which have
the related current on the MTPA trajectory: it could be modified with a simpler
characteristic vertical direction along the g-axis. Finally, if a speed control is
adopted, since the speed control has less dynamic than the torque one, the reference
is saturated regard the acceleration with a ramp. The latter is describe in the
following listing 3.5. At the end, in order to have the torque reference to insert in
the LUTSs, the PI controller is set with the related values k,, k; and the speed-loop
is solved thank to the PIReg function, as in listing 3.6.

Listing 3.5: Ramp function used to satured any kind of acceleration about a
certain quantity.

void ramp(float target, float delta, float xoutput) {

if (xoutput <= target) {
xoutput = (xoutput + delta);
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5 if (xoutput>target)
6 soutput=target ;

8 else {

9 xoutput = (*output — delta);
10 if (xoutput<target)

11 *output=target ;

Listing 3.6: PIReg function adopted to compute a loop in the control strategy.

1| void PIReg(XPIRegPars spar,XPIRegVars svar)
|

float int_lim;

5 //Error computation

6 var—>err = var—>ref—var—>fbk; //Proportional regulator
7 var—>prop = par—>kpkxvar—>err;

8 //Saturation of the proportional part to lim

9 if (var—>prop>par—>lim)

10 var—>prop=par—>lim ;

11 it (var—>prop<(—par—>lim))

12 var—>prop=—par—>lim;

14 //Limit of the intg part

15 int_lim = par—>lim—fabs (var—>prop);

16

17 //Integral part

18 var—>intgt+=par—>kixvar—>err;

19

//Saturation of the intg part

if (var—intg int_lim)
var—>intg int_lim;

if (var—intg (—int_lim))
var—>intg —int_ lim;

o

>
<

//Output computation
var—>out=var—>prop+var—>intg;

3

DN NN NN NN
> ) 7

N
00
——

The last listing about the regulator is characterised by the error computation
and then the "anti-windup" technique is implemented in order to obtain better
performances and do not allow the integral part to accumulate too much error in
case of high dynamic. In this way, the integrator will reach only the error needed
at steady-state to avoid any error in a constant dynamic. After the anti-windup,
the integral error is calculated and then the both proportional and integral parts
are limited to the limits in order to obtain the output values: the torque and
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the voltages will be the results of PIReg function for the speed and current loops
respectively.

After the currents references have been computed, it is the time to start the real
control.

Firstly, the Clarke transformation is applied to the feedback currents, in order to
describe them in («, ) domain and after even the rotational transformation is
considered to bring them in the (d,q) plane using the already computation of sine
and cosine of the electrical angle.

The, vag(k — 1) is saved, taking the value of v, from the previous step and it
will be used in the "FluxObserver" function, shown below in listing 3.8 below. It
uses "KOBS" parameters instead of the "g" used in the control scheme seen in the
theory chapter, but the meaning is the same. In fact, the "FluxObserver" function
represents in C-language the flux observer scheme for a threephase system. Firstly,
with a LUTSs, the flux is estimated using the current’s values. Then, the latter is
compared with the previous obtained result in order to create the error quantity
to be added as feedback. As last step, the flux is observed as integration of an
error due to the (a, 3) voltages, the voltage drop on the phase resistance and the
feedback just calculated and weighted with the parameter "KOBS".

The following step is the setting of the current loop parameters and the "Cur-
rent_ loop" function is applied. The latter is in listing 3.9. The current loop has
as output the voltage references to which the feedforward is summed in order to
improve the dynamic behaviour of the system.

After it is the turn of the phase-advance algorithm, with which the execution’s
delay is taken into account. Finally, with the inverse transformations is possible
to come back to the (a,b,c) plane and use the voltages obtained to compute the
duty using the "PWMduty" function, the last one analysed here, in listing 3.10.
The latter use the introduction of the third harmonic inside the duties and the
compensation of the dead-time is taken into account.

The last action done by the control is the saturation of the duty-cycles, in this
case 0.99, and the check in case of fault using the variable "pwm_ stop" thanks to
the "CurrentProtection" function: the latter checks if the feedback-currents exceed
the maximum value possible and if they do it, the function changes the "State" in
'"ERROR" and switches the "pwm_ stop" value in 1.

Listing 3.7: Duty-cycles computation.

_clarke(isabc, isab);
_rot(isab, SinCos_elt, isdq);

//vsab_kml is voltage reference at the previous step
vsab_kml = vsab_ref;

FluxObserver () ;

kp_id = OMEGA_BIxLd_ inic;
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ol ki__id kp_ id«OMEGA_BI/10;
10| kp_iq = OMEGA_BIxLq_ inic;
1l ki_iq = kp_iqxOMEGA BI/10;

131 id__par.kp = kp_id;
14| id__par. ki = ki_id«Ts;
15|iq__par . kp = kp_iq;
16| iq__par . ki = ki_iqxTs;

18| //Current loop
19| Current_loop(vdce, Imax mot, isdq_ref, isdq, &id_par, &id var, &iq par
, &iq_var, &vsdq_ref);

//Feedforward
vsdq_ref.d += RSxisdq.d — omega_ eltxlambda_dq.q;
vsdq_ref.q += RSxisdq.q + omega_ eltxlambda_dq.d;

N N R

o

//Phase advance
dTheta = 1.5 fxomega_ elt*Ts;
SinCos_elt__dTheta.sin = SinCos_elt.sin*cosf(dTheta) +SinCos_elt.cos*
sinf (dTheta) ;
25| SinCos__elt__dTheta.cos = SinCos_elt.cos*xcosf(dTheta) —SinCos__elt.sinx
sinf (dTheta) ;

NONONON NN NN

N

30| //Compensation of delay execution with phase advance
31| _invrot(vsdq_ref, SinCos_elt _dTheta, vsab_ref);

32| _invclarke (vsab_ref, vsabc_ref);

33| PWMduty ( vsabe__ref , vde,&duty_abc, deadtime, isabc);

35| //Duty cycles saturation

36| if (duty_abc.a > 0.99f) duty_abc.a=0.99f;
s7| if (duty_abc.b > 0.99f) duty abc.b=0.99f;
35| if (duty_abc.c > 0.99f) duty_abc.c=0.99f;

10| if (duty_abc.a < 0.01f) duty_abc.a=0.01f;
41| if (duty_abec.b < 0.01f) duty_abc.b=0.01f;
2| if (duty_abc.c < 0.01f) duty_abc.c=0.01f;

1| //Safe control

15| CurrentProtection (isabc , &State, &pwm_ stop) ;
16| 1f (pwm__stop) {

7 duty_abc.a=0.0f;

18 duty_abc.b=0.0f;

19 duty_abc.c=0.0f;

50 }

Listing 3.8: "FluxObserver" function.

1‘ void FluxObserver (void) {
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lambda_ CM_ab_kml = lambda_CM_ab;

switch (Quad_Maps){
case O0:
ReadLut2d (&FD_LUT[0][0], fabs(isdq.d), fabs(isdq.q), DIDD
, INV_DIDD, DIQD, INV_DIQD , ID TAB MAX, ID TAB MIN, IQ TAB MAX |,
IQ TAB MIN, n_size, &lambda_CM_dq.d);
ReadLut2d(&FQ _LUT[0][0], fabs(isdq.q), fabs(isdq.d), DIQQ
, INV_DIQQ, DIQD, INV_DIQD , IQ TAB MAX, IQ TAB MIN, ID TAB MAX |,
ID_TAB_MIN, n_size, &lambda CM_dq.q);
if (isdq.d < 0)
lambda_ CM_dq.d = —lambda_ CM_dq.d;
if (isdq.q < 0)
lambda. CM_dq.q = —lambda_ CM_dq.q;
break;

case 1:

ReadLut2d(&FD_LUT[0][0], fabs(isdq.d), isdq.q, DIDD,
INV_DIDD, DIQD, INV_DIQD , ID_TAB MAX, ID TAB MIN, IQ TAB MAX |,
IQ TAB MIN, n_size, &lambda CM dq.d);

ReadLut2d (&FQ_LUT[0][0], isdq.q, fabs(isdq.d), DIQQ,
INV_DIQQ, DIDQ, INV_DIDQ , IQ TAB MAX, IQ TAB MIN, ID TAB MAX ,
ID TAB MIN, n_size, &lambda_CM_dq.q);

if (isdq.d < 0)

lambda, CM_dq.d = —lambda_ CM_dq.d;
break;

case 2:

ReadLut2d(&FD_LUT[0][0], isdq.d, fabs(isdq.q), DIDD,
INV_DIDD, DIQD, INV_DIQD , ID_TAB MAX, ID TAB MIN, IQ TAB MAX |,
IQ TAB MIN, n_size, &lambda_CM_dq.d);

ReadLut2d (&FQ_LUT[0][0], fabs(isdq.q), isdq.d, DIQQ,
INV_DIQQ, DIDQ, INV_DIDQ , IQ TAB MAX, IQ TAB MIN, ID TAB MAX ,
ID TAB MIN, n_size, &lambda_ CM dq.q);

if (isdq.q < 0)

lambda, CM_dq.q = —lambda_ CM_dq.q;

break;
}
_invrot (lambda_CM_dq, SinCos_elt_dTheta, lambda CM_ab);
feedback__OBS.alpha = lambda, CM_ab_ kml.alpha — lambda_ OBS.alpha
;feedbackiOBS .beta = lambda, CM_ab kml. beta — lambda_ OBS.
beta ;

// Integration
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37 lambda_ OBS. alpha += Tsx(vsab_kml.alpha — RSxisab.alpha 4+ KOBSx
feedback__OBS. alpha) ;

38 lambda_OBS. beta += Tsx*(vsab_kml.beta — RSxisab.beta + KOBSx
feedback__OBS.beta);

39 lambda__ OBS .amp = sqrt (pow(lambda_OBS.alpha ,2) + pow(
lambda_ OBS. beta ,2) ) ;

41 _rot (lambda_OBS, SinCos_elt_dTheta, lambda_dq);

42 T_elt = 1.5f{«PPx(lambda_OBS. alphaxisab.beta — lambda_OBS. betax

isab.alpha);
13 delta = atan(lambda_dq.q/lambda_dq.d);

Listing 3.9: "Current_ loop" function.

void Current_loop(float vde, float Imax, Xdq isdq_ref, Xdq isdq,
XPIRegPars* id_par, XPIRegVars*x id_var, XPIRegPars*x iq_par,
XPIRegVarsx iq_var,Xdgx vsdq_ref) {

float vs_max;
float tmpl;

AW N

7 vs_ max = vdc * SQRTIOVER3;

0 //d—axis control loop

10 id_par—lim = vs_max;
11 id_var—>ref = isdq_ref.d;

12 id_var—>fbk = isdq.d;
3 PIReg(id_par, id_var);
14 vsdq_ ref—>d=id_ var—>out;

16 // saturation to Imax

17 tmpl = sqrtf(ImaxxImax—isdq_ref.d*xisdq_ref.d);
18 if (isdq_ref.g>tmpl) isdq_ref.q = tmpl;

if (isdq_ref.q<—tmpl) isdq_ref.q =tmpl;

//q—axis control loop
iq_par—>lim =VS_ max;
iq_var—>ref =isdq_ref.q;
iq_ var—>fbk =isdq.q;
PIReg(iq_par, iq_var);
vsdq_ ref—>qg=iq__ var—>out;

¥]

~
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Listing 3.10: "PWMduty" function.
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void PWMduty(Xabc vsabc_ref, float vdc, Xabcx duty_ abc, float
deadtime , Xabc isabc) {

float tmpl, tmp2, tmp3, vdc_inv, vzs;

if (vde>0) wvde_inv = 1.0f/vde; // avoid division by zero
// zero—sequence detection:

// tmpl = max, tmp2 = min

// tmp3 is the phase in between: tmp3 = —(max + min)

tmpl = vsabc_ref.a; // max
tmp2 = vsabc_ref.b; // min

if (vsabc_ref.a < vsabc_ref.b) {

tmpl = vsabc_ref.b; // max

tmp2 = vsabc_ref.a; // min
}
if (tmpl<vsabc_ref.c) tmp3 = tmpl;
else {

if (tmp2>vsabc_ref.c) tmp3 = tmp2;

else tmp3 = vsabc_ref.c;
}
vzs=tmp3*0.5f; // zero sequence voltage
// Duty—cycles , with zero—sequence
duty_abc—>a = 0.5f + (vsabc_ref.a + vzs)xvdc_inv;;
duty_abe—=>b = 0.5f + (vsabc_ref.b + vzs)xvdc_inv;;
duty_abc—>c = 0.5f + (vsabc_ref.c + vzs)xvdc_inv;;
duty_abc—>a += deadtime/Tsx*sgn (isabc.a);
duty_abc—>b += deadtime/Tsx*sgn (isabc.b);
duty_abc—>c += deadtime/Ts*sgn(isabc.c);

}

Only two functions are remained to be shown and they are not related to the
physic of the machine used. They are regard the interpolation of 1D and 2D LUTs
and they have been used to obtain the values of reference-current and the fluxes for
the flux observer. Their explanation is not interesting for a better understanding
of the theory, so they will be only reported below.

Listing 3.11: "ReadLut" and "ReadLut2d" functions.

void ReadLut(float *xtab0, float Xin, float Xmax, float Xmin, float DX
, float inv_DX, float* Yout)
{
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int XO0;

//Limit input range

if (Xin > Xmax) Xin = Xmax;
if (Xin < Xmin) Xin = Xmin;

//Select element X0

X0=floor ((Xin—Xmin) *inv_DX) ;

//address of X0

tab0 = tab0 + XO;

//Interpolate between Y(tab0) and Y(tab0+1)

*Yout=+xtab0 +(*(tab0+1)—+tab0)+inv_DXx*(Xin—Xmin—-DX+X0) ;

}

// Read a 2 dimensional look—up—table (matrix)

void ReadLut2d(float xtab0,float x,float y,float Dx, float invDx, float

Dy, float invDy, float Xmax, float Xmin, float Ymax, float Ymin, int
Npointx , float * V)

float ix, iy;
float rx, ry;
float V1, V2;
int delta;

//Limit input
if (x > Xmax)
if (x < Xmin)
if (y > Ymax)
if (y < Ymin)

range

{x=Xmax—0.1f+Dx;}
{x=Xmin+0.1 {«Dx; }
{y=Ymax—0.1{«Dy; }
{y=Ymin+0.1{+Dy;}

//Select element 0 for x and y
rx=(x—Xmin ) xinvDx ;
ry=(y—Ymin) *invDy ;

// indexes of element 0

ix=floor (rx);
iy=floor (ry);

// distance from element 0

IX=rX—ix ;
ry=ry—1y;

//address of element 0
delta=(ix)+(iy )*Npointx;

tabO=tab0+delta ;

//interpolate on x

//V1 is exact on x and FLOOR along y
Vi=xtab0+(x(tab0+1)—+tab0)*rx;

//V2 is exact on x and CEIL along y
tab0=tab0+Npointx ;
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V2=xtab0+(x(tab04+1)—+tab0)*rx;
// interpolate on y

*V=V14+(V2-V1)*ry ;

In the following section, since the threephase simulation has been already treated,
only some considerations and the results will be explained, in order to check the
correctness of the control strategy adopted. In order to simplify the argumentation,
the simulation results will be described after the commissioning states of the control
which finish after 0.1s.

3.4 Simulation of the 3-phase motor drive

The threephase model has been already used as example to explain the simulation’s
structure in Simulink. So, the control has been already shown and now it is the
time to show the results obtained, in order to check if the control works or not.
Several quantities will be presented to have a complete overview about the system
studied and dynamics considered.

In table 3.1 there are the frequencies set to obtain the stable control in the
threephase model.

Quantities value

Switching frequency f, [kHz] 10
Current loop band-pulsation wy, ; [rad/s] 27 - 700
KOBS band-pulsation [rad/s] 27 - 800
Speed low-pass digital filter [rad/s] 27 - 50

Table 3.1: Settings of the control strategy adopted for the threephase motor.

Firstly, the crucial quantities to be shown are the mechanical ones, in order to
check if the torque control loop works well with a dragged mechanical load.
As on the top of Fig.3.12, for the first 0.17 seconds, the torque-reference is changed
from the rated value to the negative half one, in order to test the dynamic system
response. Since it is a simulation ambient and not a real system, it has been done
instantaneously, with step signals.
Moreover, imposing a ramp load-speed starting from 0.18s until 0.19s, in Fig.3.12
can be seen the torque response to a dynamic load, with a natural increasing of
the torque-ripple.
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Figure 3.12: From the top to the bottom: torque reference and motor torque,
dragged load speed and filtered one by the control.

In the previous figure, it is evident that the speed used in the control to compute

the flux observation is digitally filtered to prevent excessive dynamics during the
control process.
Secondly, it could be interesting analysing the duty-cycles used in the control, which
represents the final control output and could be helpful to check it. In Fig.3.13
there are the duty-cycles, saturated up to the value of 0.99 and that implement
the third harmonic injection, as it is evident below.
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Duty-cycles in (a,b,c) plane
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Figure 3.13: Threephase machine duty-cycles implementing the third harmonic
injection. In the bottom graph a zoom at steady state is present.

It is clear that the dynamic behaviour starts as soon as the speed increases, and
the third harmonic is the main characteristic of the quantities just shown.
Other quantities that can be analyzed include the currents in the (a,b,c) domain
and their corresponding /4, components after coordinate transformations.
In the first graph of Fig.3.14, the three-phase currents are displayed, showing a
balanced three-phase system. The waveforms of the currents change when the
speed becomes non-zero, as the magnetic field rotates along the rotor structure. In
the second graph of Fig.3.14, a zoomed-in view highlights the difference between
the current directly measured from the motor model and the ones sampled by the
control, with the digital quantization that characterizes them.
After a Clarke and rotational transformation the currents along d and ¢ axis are
available, and in Fig,3.15 they are presented. The both are displayed in three
different representations: the current extracted from the motor model, possible only
in a simulation, the used in the control one, quantized, and the related references
which come up from the LUTs used to link the torque reference with the MTPA
trajectory.
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Currents in (a,b,c) plane
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Figure 3.14: From the top to the bottom: i,. and a zoom to highlight the
difference between the physic quantities and the sampled ones.

The control works in the good way, in fact, after a brief transient in which the

control has to stabilize the quantities, they rich perfectly the references given by
the LUTs used.

81



Control Simulation
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Figure 3.15: Currents in (d,q) frame: it is shown the "real" motor current, the
one used in the control after the feedback currents transformation, the reference.

The last graph that is needed to check the flux-observer algorithm is the one
below. In Fig.3.16 the fluxes in (d,q) sub-plane are shown in order to compare the
fluxes taken from the motor model (in the simulation only it is possible) with the

observed ones.
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Fluxes in (d,q) sub-plane
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Figure 3.16: Fluxes in (d,q) frame: it is shown the "real" motor fluxes and the
observed ones.

As it comes up from Fig.3.16, the fluxes are well-observed, allowing to use the
correct feed-forward value for the control.
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3.5 Simulation of the 6-phase motor drive

3.5.1 Modifications to the original model

When a six-phase system is taken into account, other aspects have to be considered
to make the motor model consistent with reality. This section will explain each
modification made to the original threephase model to allow readers to reproduce

it easily.

Ciri_type
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1 - Flux Control
2 - Torgue Control
3 - Speed Control
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Figure 3.17: Sixphase machine Simulink model overview.

Firstly, as shown in Fig.3.17, the single inverter structure is replaced with two
identical ones. Both inverters are independent of each other, and the only difference
is that the DC-link voltage information is sent to the control from only one of them,
since they will use a common voltage bus as a supply.
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The second main modification adopted in the new model is the whole motor model
block, which requires some changes. The mechanical load block remains the same.
Starting from the electrical circuit, two isolated stars are inserted, each with a
separated neutral point. In this way, the zero sequence mode quantities can be
neglected. Each three-phase system is supplied by an inverter. The system just
described is in the figure below.

[0 >——>lidg labe
Il
b
-—b theta. i

[1xy_m

Currents calculation

Figure 3.18: Motor model in the sixphase motor: the analogous blocks of
threephase version are present, but with some modification explained in this
section.

The approach used to obtain the several needed quantities is the same as the
threephase model example given before in the previous section. Once the back-
electromotive forces are obtained by measuring the voltage drop across the iron
resistance, they are transformed to (o, 5, x,y, 01, 05) using the Ty transformation
described in the theory chapter. As shown in Fig.3.19, only the transformation ma-
trix and the number of represented quantities are changed in the "Flux Integration'
block, since there are now six variables instead of three.
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Figure 3.19: Motor model in the sixphase motor: the analogous blocks of
threephase version are present, but with some modification explained in this
section.

Then, the process to reach the currents and torque is identical to the three-phase
model, except for the scalar factor that multiplies the cross-product between fluxes
and currents along the (d,q) domain. The factor that can be seen in equation 1.21
is no longer 3/2 but 3, like in equation 1.22, because there are six phases, and the
ratio 6/2 = 3. Additionally, in the same block, another operation is added because
of the new (x,y) sub-plane, as shown in Fig.3.20. The multiplication for the inverse
of leakage inductance is included to satisfy the equation 1.19 seen at the beginning
of this work.

The value of "LL_sigma" in Fig.3.20 has been obtained from a FEMM offline analysis,
in which only a threephase system has turned on with a constant current value
equal for the three windings of a star. The simulation is not a time-harmonic one
and the obtained value for the leakage inductance is reported in the following table,
where also other fundamental parameters are shown.

After the model obtains the currents, if the iron-losses flag has been activated,
the iron-losses computation starts, and the current contribution due to Rp. is
calculated. In the "Iron losses" block, the multiplication factor before the MATLAB
function has to be changed to 1/3, in accordance with what was said before about
the torque, as evidenced in Fig.3.21. In fact, in the drive-control theory often a
transformation which use the proper phasor value is adopted and the power is
overrated. So, since the single threephase stare power has to be inserted in the
MATLAB function to compute the currents components, the whole system losses
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have to be divided for the scalar factor as in the previous figure.

[Fdq]
1) P lambda_dq
Faq 2D LUT idg_Maps
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2) ‘|1.'Lfsigma »(3)
Fxy —| Ixy_m

Figure 3.20: Motor model in the sixphase motor: the analogous blocks of
threephase version are present, but with some modification explained in this
section.

Inductance value

R, [ 1.58
Lg[mH] 879
L, [mH] 687

Lleakage [mH] )

Table 3.2: Electrical parameters’ values estimated: R,L; and L, are obtained
with Syre study, while the leakage one is the result of one FEMM simulation
imposing a constant and common value to a threephase set turned on.

Finally, to come back to the initial (a1, by, c1, as, be, c2) domain, the inverse Tg
transformation is adopted in the model instead of the standard inverse Clarke
transformation, as reported below.
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Figure 3.21: Modifications adopted in the iron-losses calculation in order to be
consistent with the VSD theory.
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Figure 3.22: Current calculation block for a sixphase motor, considering the
inverse transformation T} *.

Regarding the control strategy, the same concepts as the three-phase system have
been used. However, since the common and differential mode control is adopted,
some new variables have been considered, and the code changes regarding variable
names. This section will provide all the details, focusing on the main control code
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and the flux-observer. While the former only changes some variable names but has
the same structure as the original system, the latter has to be duplicated, as shown
in Fig.1.17 in the first chapter.

The code in sixphase machine uses the same functions already shown before, and
the first part concerning the speed computation is exactly the same of a standard
threephase system. As can be notice in listing 3.12, after the speed and sin/cosine
computation, there is the choice between the different control type. Since the
common mode is the responsible for the energy conversion, as previously explained
in the control theory chapter, the LUTs are related to the latter as reference, while
the differential reference mode is set to zero, in order to avoid any unbalancing
between the different threephase systems.

Once that the references are obtained, using the proper Clarke transformation
for each threephase system, like in equation 1.1, representing the quantities in
(cr, B) domain is possible, and then rotate them with the well known rotational
transformation: the latter has to be the same for all the systems, since the (d,q)
sub-plane is shared between the two sets. Finally, using the matrix in equation
1.32, the feedback currents in common and differential coordinates are extracted.

Listing 3.12: Reference imposition and common and differential current feedback
calculation.

case START:

// Speed Computation //

// Control Type //

switch (Ctrl_type){

case 0: //CurrentControl
isdq_ref cm.d = isdq_ext.d; //External signal
isdq_ref _cm.q = isdq_ext.q; //External signal
break ;

case 2: //TorqueControl

//Common Mode Reference

ReadLut(&ID_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref cm.d);

ReadLut(&IQ _REF[0], fabs(T_ ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref cm.q);

isdq_ref dm.d=0;
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isdq_ref dm.q=0;
switch (Quad_Maps) {
case O0:

isdq_ref cm.

break;
case 1:
isdq_ref cm

break ;

case 2:

isdq_ref cm.

break ;

}
break ;

case 3: //SpeedControl
omega_ref in = n_re
ramp (omega_ ref in |
omega_ref ramp);

d = sgn(T_ext)xisdq_ref cm.d;

.d = sgn(T_ext)xisdq_ref cm.d;

q = sgn(T_ext)*isdq_ref cm.q;

f in *x RPM2RAD;
accel x RPM2RAD*Ts, &

sp_var.ref = omega_ref ramp;
sp_var.fbk = omega_elt/PP;
sp_par.lim = Tmax_mot; //T_rated
kp w = OMEGA BWxJ ;

ki w = pow (OMEGA BW,2) xJ /10;
sp_ par. ki = ki_wxTs;

sp__par.kp = kp_w;

PIReg(&sp_par, &sp_var);

T_ ext = sp__var.out;

ReadLut(&ID_REF[0]
INV_DT, &isdq_ref cm.d);
ReadLut (&IQ_REF[0] ,
INV_DT, &isdq_ref cm.q);
isdq_refdm .d=0;
isdq_refdm .q=0;
switch (Quad_Maps){
case O0:
isdq_ref cm
break ;

case 1:
isdq_ref cm
break ;

case 2:

isdq_ref cm
break;
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break ;

}

_clarke (isabcl, isabl);
_clarkel (isabc2, isab2);
_rot(isabl, SinCos_elt, isdql);
_rot(isab2, SinCos_elt, isdq2);

//Common and Differential feedback current calculation

is_cm.d= (isdql.d + isdq2.d)x0.5;

is_cm.q= (isdql.q + isdq2.q)*0.5;
is dm.d= (isdql.d — isdq2.d)=0.5;
is_dm.qg= (isdql.q — isdq2.q) *0.5;

Then, the flux-observer function is used (and it is shown after) and the current loop
parameters ar set for the common-differential coordinates. Following the scheme
in Fig.1.16, after the each current loop related to the common and differential
mode, the feed-forward is applied to each variable in order to improve the dynamic
response. The next step is the decoupling algorithm for the sixphase machine which
allows the real reference voltage calculation for each threephase system (here called
"1" and "2").

Again, a phase-advancing logic is considered to compensate the implementation
delay and the real duties are obtained using different Clarke transformations and
the rotational one: switching from (d,q) plane to (a,b,c) one is possible. In this
case too, two different inverse Clarke transformation are considered, depending on
the electric displacement angle of the threephase system respect to a reference.
At the end, after the duties computation, safety control is used to shut down the
entire system in the event of a failure.

Listing 3.13: Current loops and duty-cycles computation.

//Saving the previous reference voltages for the flux—
observer
vsab_kml 1 = vsab_refl;
vsab_kml 2 = vsab_ ref2;

FluxObserver () ;
//—— Current Vector Control— —//
//Setting of common and differential mode parameters
//d—axis
kp_cmd = OMEGA_BIxLd_ inic;
ki ecmd = OMEGA_ BIxRS;
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kp_dmd = OMEGA_BIxL_ sigma;
ki_dmd = OMEGA_BIxRS;

//q—axis

kp_cmq = OMEGA_BI«Lq_ inic;
ki_cmq = OMEGA_BIxRS;
kp_dmq = OMEGA_BIxL_ sigma;
ki_dmq = OMEGA_BI*RS;

id_par_cm.kp = kp_cmd;
id_par_cm. ki = ki_cmdxTs;
iq_par_cm.kp = kp_cmq;
iq_par_cm. ki = ki_cmqxTs;
id_par_dm.kp = kp_dmd;
id_par_dm. ki = ki_dmdx*Ts;
iq_par_dm.kp = kp_dmq;
iq_par_dm. ki = ki_dmqxTs;

//Common mode current loop
Current_loop(vde, Imax mot, isdq ref cm, is cm, &id_ par cm, &
id_var_cm, &iq par_cm, &iq var_cm, &vdq_ cm_ref);

//Imposing the feed—forward contribution on common
current mode
vdq_cm_ref.d 4= RSx*is_cm.d — omega_ eltxlambda_dq.q;
vdq _cm_ref.q += RSxis_cm.q + omega_eltxlambda_ dq.d;

//Differential mode current loop
Current_loop (vdc, Imax mot, isdq_ref dm, is_dm, &
id_par_dm, &id var_dm, &iq par_dm, &iq var _dm, &vdq dm_ref);

//Imposing the feed—forward contribution on differential
current mode
vdq_dm_ref.d 4= (RSxis_dm.d) — omega_elt*L_sigmaxis_dm.q;
vdgq_dm_ref.q += (RSxis_dm.q) + omega_elt*L_sigmaxis_dm.d;

//Decoupling

vsdq_refl.d = vdq_cm_ref.d + vdq_dm_ref.d;
vsdq_refl.q = vdq_cm_ref.q + vdq_dm_ref.q;

vsdq_ref2.d = vdq_cm_ref.d — vdq_dm_ref.d;
vsdq_ref2.q = vdq_cm_ref.q — vdq_dm_ref.q;

//Phase advance

dTheta = 1.5fxomega_elt*Ts;

SinCos_elt_dTheta.sin = SinCos_elt.sin*cosf(dTheta) +
SinCos_elt.cosxsinf (dTheta);

SinCos_elt__dTheta.cos = SinCos_elt.cos*cosf(dTheta) —
SinCos_elt.sinxsinf (dTheta);
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//Duty—cycles computation
_invrot(vsdq_refl , SinCos_elt_dTheta, vsab_refl);
_inveclarke (vsab_refl , vsabc_refl);
PWMduty( vsabc_refl , vdc,&duty_abcl, deadtime, isabcl);

_invrot (vsdq_ref2, SinCos_elt_dTheta, vsab_ref2);
_invclarkel (vsab_ref2, vsabc_ref2);
PWMduty( vsabc_ref2, vdc,&duty_abc2, deadtime, isabc2);

//Safe control

CurrentProtection (isabcl , &State, &pwm_stopl);
if (pwm_stopl){

duty_abcl.a=0.0f;

duty_abcl.b=0.0f;

duty_abcl.c=0.0f;

}

CurrentProtection (isabc2 , &State, &pwm_stop2);
if (pwm_stop2){

duty_abc2.a=0.0f;

duty_abc2.b=0.0f;

duty_abc2.c¢=0.0f;

}

The last thing to be shown before the final results is the flux-observer function, in
listing 3.14.

As can be seen, the scheme evidenced in Fig.1.17 is reproduced below in C-language.
After the interpolation of the flux across the magnetic LUTs, the value is saved
for the next step and the previous flux is compared with the last observed one in
order to create the feedback quantity.It is clear that each threephase star has an
own feedback, due to the comparison between the magnetic model flux and the
proper observed value.

After, using the reference (a, ) voltages and the voltage drop on the series-
resistances, the observed flux for each set is obtained and the their average is
computed in order to obtain an unique value in the (d,q) domain.

Listing 3.14: "FluxObserver" function for the sixphase machine flux observation .

void FluxObserver (void) {
//Saving the flux from the previous digital step

lambda_ CM_ab_kml = lambda_CM_ ab;

//Extrapolation of the flux from the LUT depending on the
machine type
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switch (Quad_Maps) {
case O0:
ReadLut2d (&FD_LUT[0][0], fabs(is_cm.d), fabs(is_cm.q),
DIDD, INV_DIDD, DIQD, INV_DIQD , ID_TAB MAX, ID_TAB_MIN,
IQ TAB MAX , IQ TAB MIN, n_size, &lambda CM_dq.d);
ReadLut2d (&FQ_LUT[0][0], fabs(is_cm.q), fabs(is_em.d),
DIQQ, INV_DIQQ, DIQD, INV_DIQD , IQ TAB MAX, IQ TAB MIN,
ID_TAB MAX , ID_TAB MIN, n_size, &lambda CM_dq.q);
if (isdq.d < 0)
lambda, CM_dq.d = —lambda_ CM_dq.d;
if (isdq.q < 0)
lambda, CM_dq.q = —lambda_ CM_dq.q;
break;

case 1:

ReadLut2d(&FD LUT[0][0], fabs(isdq.d), isdq.q, DIDD,
INV_DIDD, DIQD, INV_DIQD , ID_TAB MAX, ID TAB_ MIN, IQ TAB MAX |,
IQ TAB MIN, n_size, &lambda CM_ dq.d);

ReadLut2d (&FQ_LUT[0][0], isdq.q, fabs(isdq.d), DIQQ,
INV_DIQQ, DIDQ, INV DIDQ , IQ TAB MAX, IQ TAB MIN, ID TAB MAX ,
ID TAB MIN, n_size, &lambda_CM dq.q);

if (isdq.d < 0)

lambda_ CM_dq.d = —lambda_ CM_dq.d;
break ;

case 2:

ReadLut2d(&FD _LUT[0][0], is_cm.d, fabs(is_cm.q), DIDD,
INV_DIDD, DIQD, INV DIQD , ID TAB MAX, ID TAB MIN, IQ TAB MAX ,
IQ TAB MIN, n_size, &lambda_CM_dq.d);

ReadLut2d(&FQ LUT[0][0], fabs(is_cm.q), is_cm.d, DIQQ,
INV_DIQQ, DIDQ, INV_DIDQ , IQ TAB MAX, I1Q TAB MIN, ID TAB MAX |,
ID TAB MIN, n_size, &lambda CM dq.q);

if (isdq.q < 0)

lambda, CM_dq.q = —lambda_ CM_dq.q;

break;
//Obtaining the flux from the magnetic model for the next
digital step

_invrot (lambda_ CM_dq, SinCos_elt_dTheta, lambda CM_ab);

//Feedback computation for each system

feedback _OBS1.alpha = lambda, CM_ab_ kml.alpha — lambda_OBSI1.
alpha;
feedback OBS1. beta = lambda, CM_ab_ kml. beta — lambda_OBSI1.
beta ;

feedback__ OBS2.alpha = lambda_CM_ab_kml.alpha — lambda_OBS2.
alpha;
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a7

feedback OBS2.beta = lambda, CM_ab_ kml. beta — lambda_ OBS2.
beta ;

// Integration

lambda_OBS1.alpha  += Tsx(vsab_kml 1.alpha — RSxisabl.alpha +
KOBS«feedback__OBS.alpha);

lambda_OBS1. beta += Tsx(vsab_kml_1.beta — RSxisabl.beta +
KOBS«feedback _OBS1.beta) ;

lambda_ OBS1 .amp = sqrt (pow(lambda_OBS1.alpha ,2) + pow(
lambda_ OBS1.beta ,2) ) ;

lambda_ OBS2. alpha += Tsx*(vsab_kml 2.alpha — RSxisabl.alpha

+ KOBSxfeedback__OBS2.alpha) ;

lambda,_ OBS2. beta += Tsx(vsab_kml_ 2.beta — RSxisabl.beta +
KOBS«feedback OBS1.beta) ;

lambda_ OBS2.amp = sqrt (pow(lambda_OBS2.alpha ,2) + pow(
lambda_OBS2.beta ,2) ) ;

aux_ab.alpha = 0.5%(lambda_OBS1.alpha + lambda_OBS2.alpha);
//Common mode along alpha—axis
aux_ab.beta = 0.5%(lambda_OBS1.beta + lambda_OBS2.beta); //
Common mode along beta—axis
_rot(aux_ab, SinCos_elt_dTheta, lambda_dq); //Obtaining the (d,q)
flux
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3.5.2 Results

The logic flow to highlight the results is the same adopted before in the threephase
system. In order to obtain a coherent comparison with the original motor, the
same settings of table 3.1 have been used.

So, firstly the mechanical behaviour has been studied, taking into account the same
path of the threephase machine to be able to compare the both consistently. At
the beginning a torque reference positive and negative is applied, in order to check
the torque control mode and then a ramp speed has been considered in order to
observe the control behaviour dynamically, with a dragged load. In Fig.3.23 there
is an example.

Mechanical torque
T

T T T T T
—T
300 + ref
—_—T
_ | m
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£
o 100 B
=
=
S o ]
-100 | s
1 1 1 1 1 1 1
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26
Time [s]

Mechanical speed: dragged load speed and filtered one
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w
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| | | | 1 1 1 ]
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26

Time [s]

Figure 3.23: From the top to the bottom: Torque reference and the torque applied
by the motor, while in the second graph the load speed and the filtered one with a
digital filter are represented.

A lower overshoot can be noticed if the previous torque diagram is compared
with the threephase version. However, the control seems working well even with
high dynamic requirements (step torque references) and with a speed that changes
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from zero to the rated value quickly.

Secondly, it is helpful analysing the duty-cycles with the aim to check the correctness
of the control. Below is given a graph with the six duties to be compared with
what is expected for a sixphase machine.

Duty-cycles in (a,b,c) plane
T T T

0.1 0.12 0.14 0.16 0.18 0.2 0.22
Time [s]

Zoom of duty-cycles in (a,b,c) plane
T T T T T

s : > y : ot
> dC1
30.5— \IL:‘ da2_

0.24 0.242 0.244 0.246 0.248 0.25 0.252 0.254 0.256 0.258 0.26
Time [s]

Figure 3.24: Threephase machine duty-cycles implementing the third harmonic
injection. In the bottom graph a zoom at steady state is present.

As can be evidenced in the previous figure, the duty of each threephase system

is displaced from the other of 30° electrical angle and there is the typical wave-form
of the third harmonic injection.
As proof of the correctness of the control strategy, in Fig.3.25 there are the currents
waveform in the (aq, by, ¢, ag, b, o) plane. They are balanced, as can be seen in
the first graph, and they have the right displacement, as it is clear in the second
diagram on the bottom side of Fig.3.25. In addiction, in the latter graph there
are also the sampled currents of a threephase set, to show that the sampling
phenomenon follows the real wave-forms with a negligible delay.
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Currents in (a b,c) plane
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Figure 3.25: From the top to the bottom: ig. 1 and 4.2 with 30° displacement
electrical degrees, and a zoom to highlight the difference between the physic
quantities and the sampled ones.

The next step is to check the correctness of the rotational transformation and
observing if the currents reference follows the MTPA trajectory as wished.
In Fig.3.26 there is the graph with measured currents along d and ¢ axis, with the
related reference and sampled wave-forms. The current loop is well-designed and
the currents follows the reference as required.
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Currents along d-axis
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Figure 3.26: Currents in (d,q) frame: it is shown the "real" motor current, the
one used in the control after the feedback currents transformation, the reference.

In the previous graph can be observed a smother overshoot comparing it with

the threephase control, since the inverter has to manage an halved current and
there is an higher inductance.
Finally, the flux observer is analysed and in Fig.3.27 is demonstrated the correct
implementation of the algorithm described in the previous sections. In fact, the
fluxes in (d,q) domain observed are quite coincident with the real fluxes simulated
in the motor model.
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Fluxes in (d,q) sub-plane
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Figure 3.27: Currents in (d,q) frame: it is shown the "real" motor current, the
one used in the control after the feedback currents transformation, the reference.
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3.6 Simulation of the 12-phase motor drive

3.6.1 Modifications to the original mode

The twelve motors is analogous to the sixphase one in terms of control technique
and simulation structure, but it needed some new modifications since there are four
threephase systems. So, the main changes to the Simulink model will be briefly
described and the results will be shown in the following section.
The overview on the model is shown in Fig.3.28, where the four independent
inverters can be noticed: they have the same principle of the sixphase machine, so
they are all the same block and only one of them sends the bus voltage information
to the control because the DC-link is shared between the different power electronics

converter.
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Digital Control

labc2

theta_r

Figure 3.28: Simulink model overview about the twelvephase model.
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Starting from the motor model which represents the motor and his dynamics,
four threephase isolated stars have been considered, as is clear in Fig.3.29.

?

&

£
o =
o o
I 0
] -

lal
It

Currents calculation

Figure 3.29: Motor model of twelvephase machine, with four threephase systems
with isolated neutral points.

As seen before for the sixphase machine, the Clarke transformation is re-
placed now with the T, that allows to describe a twelvephase system in the
(o, B, 21, Y1, T2, Y2, T3,Y3, 01, 02, 03, 04) sub-plane. In fact, if compared with the orig-
inal Simulink model, the "Flux Integration" block is modified as in the figure below,
where what just mentioned before is modelled.
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Figure 3.30: "Flux Integration" block, where the 772 is implemented and the
(cr, B) coordinates are rotated to the (d,q) ones.

Once that the fluxes have been obtained, using the LUTs already seen, the
currents can be computed in the "Inverse Flux Maps" block and then the torque
is calculated with the cross-multiplication between the flux and the current in
the (d,q) domain. As regards the latter, the product used for the torque is not
multiplied anymore for 3/2 as for the threephase machine, but the new factor is
"6", since the phases are twelve and 12/2 = 6.

In Fig.3.31 there is an example.

As can be seen in Fig.3.31, the leakage fluxes are divided with the ratio 1/Lg;gmq
in order to obtain the currents related to the other sub-planes. The parameters
value used are reported together in following table.

Then, for the iron-losses computation only the factor evidenced in the Fig.3.21
has to be changed in 1/6 to consider the fact the there are twelve phases, as
for the torque. Finally, there is the block which obtains the real currents, the
"Current calculation" one, in which is considered the inverse transformation of 71is.
In Fig.3.32 there is what has been said.
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1) » lambda_dq
Fdq 2D LUT idq_Maps

lamnda_dq_Maps » Fdg idg_T idq —P.
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Figure 3.31:

"Inverse Flux Maps" block, in which the currents are computed in

the common (d,q) domain for the VSD technique. The torque calculation takes
into account the new multiplication factor of 6.

Inductance value
R, [Q] 3.17
Ly [mH] 17.75
L, [mH] 13.74

Licakage [mH] 10

Table 3.3: Electrical parameters’ values estimated: Rs,L; and L, are obtained
with Syre study, while the leakage one is the result of one FEMM simulation
imposing a constant and common value to a threephase set turned on.
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dq A(theta)

T_12 inverse

Figure 3.32: "Currents calculation" block, in which the twelvephase currents are
computed.

The last block to show is the control code adopted for the twelvephase motor.
Before it was introduced that the twelvephase motor control strategy is based on
the same principle of the sixphase one. For this reason, only the code will be shown,

since only the variables number is changed and the scheme is described in the
theory chapter in Fig.1.16.
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Listing 3.15: C-language cose adopted for the twelvephase motor. The commis-
sioning part was neglected and the speed computation too. The latter has been
already described in the previous sections.

// Control Type //

switch (Ctrl_type){

case 0: //CurrentControl
isdq_ref _cm.d = isdq_ext.d; //External reference
isdg_ref cm.q = isdq_ext.q; //External reference
break ;

case 2: //TorqueControl
ReadLut(&ID_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref cm.d);
ReadLut(&IQ_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref cm.q);

switch (Quad_Maps){

case 0:
isdq_ref_cm.d = sgn(T_ext)xisdq_ref cm.d;
break ;
case 1:
isdq_ref_cm.d = sgn(T_ext)*isdq_ref cm.d;
break ;
case 2:
isdq_ref_cm.q = sgn(T_ext)*isdq_ref cm.q;
break;
}
break ;

case 3: //SpeedControl
omega_ref in = n_ref in x RPM2RAD;
ramp (omega_ref_in, accel % RPM2RAD«Ts, &
omega_ref ramp) ;
sp_var.ref = omega_ref ramp;

sp_var.fbk = omega_elt/PP;
sp_par.lim = T_rated;

kp w = 2xOMHBEGA BWxJ ;

ki_w = pow (OMEGA BW,2) %J ;
sp_ par. ki = ki_wxTs;

sp_ par.kp = kp w;

PIReg(&sp_par, &sp_var);
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11 T ext = sp_var.out;

43 ReadLut(&ID_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref cm.d);
44 ReadLut(&IQ_REF[0], fabs(T_ext), TMAX, TMIN, DT,
INV_DT, &isdq_ref cm.q);

46 switch (Quad_Maps) {

a7 case 0:

18 isdq_ref_cm.d = sgn(T_ext)*isdq_ref cm.d;

19 break;

50

51 case 1:

52 isdq_ref_cm.d = sgn(T_ext)*isdq_ref cm.d;

53 break;

54

55 case 2:

56 isdq_ref _cm.q = sgn(T_ext)*isdq_ref cm.q;

57 break;

58 }

59 break;

60 }

61

62 isdq_ref dml.d=0;

63 isdq_ref dml.q=0;

64 isdq_ref dm2.d=0;

65 isdq_ref dm2.q=0;

66 isdq_ref dm3.d=0;

67 isdq_ref dm3.q=0;

68

69 //Clarke transformation for each threephase star

70 _clarkel (isabcl, isabl);

71 _clarke2(isabc2, isab2);

72 _clarke3 (isabc3 , isab3);

73 _clarke4 (isabc4 , isab4);

74

75 //Rotational transformation for each threephase star

76 _rot(isabl, SinCos_elt, isdql);

77 _rot(isab2, SinCos_elt, isdq2);

78 _rot(isab3, SinCos_elt, isdq3);

79 _rot(isab4, SinCos_elt, isdq4);

80

81 //Computation of common and differential mode using the
rotated feedback quantities

82 is_cm.d= (isdql.d+isdq2.d+isdq3.d+isdq4.d) %0.25;

83 is_cm.q= (isdql.q+isdq2.q+isdq3.q+isdq4d.q) *0.25;

84 is_dml.d= (isdql.d—isdq2.d) 0.5;

85 is_dml.q= (isdql.q—isdq2.q) *0.5;

86 is._ dm2.d= (isdq2.d—isdq3.d)*0.5;
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87 is_dm2.q= (isdq2.q—isdq3.q) *0.5;

88 is_dm3.d= (isdq3.d—isdq4.d) *0.5;

89 is_dm3.q= (isdq3.q—isdq4.q) *0.5;

90

91 //Saving previous reference voltages for the flux—
observer

92 vsab_kml 1 = vsab_refl;

93 vsab_kml_ 2= vsab_ref2;

94 vsab_kml12 3 = vsab_ref3;

95 vsab_kml3 4 = vsab_ref4;

96

97 FluxObserver () ;

98

99 // Current Vector Control //

100

101 //Setting PI parameters

102 //D—axis

103 kp_cmd = OMEGA BIxLd_ inic;

104 ki_cmd =OMEGA_BIxRS;

105 kp_dmd = OMEGA_BIxL_ sigma;

106 ki_dmd = ONJEGA_BI*RS;

107 //Q-axis

108 kp_cmq = OMEGA_BIxLq_ inic;

109 ki _ecmq = OMEGA_ BIxRS;

110 kp_dmq = OMEGA_BIxL_ sigma;

111 ki_dmq = OMEGA_BIxRS;

112

113 id__parl.kp = kp_cmd;

114 id_parl. ki = ki_cmdx*Ts;

115 iq_parl.kp = kp_cmq;

116 iq_parl.ki = ki_cmqxTs;

117 id__par2.kp = kp_dmd;

118 id__par2. ki = ki_dmdxTs;

119 iq_par2.kp = kp_dmq;

120 iq_par2.ki = ki_ dmqxTs;

121 id_par3.kp = kp_dmd;

122 id__par3. ki = ki_dmdxTs;

123 iq_par3.kp = kp_dmq;

124 iq_par3. ki = ki_dmqxTs;

125 id_pard.kp = kp_dmd;

126 id__par4. ki = ki_dmdx*Ts;

127 iq__par4d.kp = kp_dmq;

128 iq_par4. ki = ki_ dmqxTs;

129

130 //Current loop

131 Current_loop (vdc, Imax mot, isdq ref cm, is _cm, &id_parl, &
id_varl, &iq_parl, &iq_ varl, &vsdq_cm_ ref);

132 Current_loop(vdc, Imax mot, isdq ref dml, is dml, &
id_par2, &id_var2, &iq_par2, &iq_var2, &vsdq_dm_refl);
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Current_loop(vdc, Imax mot, isdq_ref dm2, is_dm2, &
id_par3, &id_var3, &iq_par3, &iq_var3, &vsdq_dm_ref2);

Current_loop (vdc, Imax mot, isdq_ref dm3, is_dm3, &
id_pard, &id_vard, &iq_ pard, &iq_vard, &vsdq_dm_ref3);

//Feed—forward
vsdq_cm_ref.d += RSxis_cm.d — omega_eltxlambda_dq.q;
vsdq_cm_ref.q += RSxis_cm.q + omega_ eltxlambda_dq.d;

vsdq_dm_refl.d += (RSxis_dml.d) — omega_elt*L_sigmax
is_dml.q;
vsdq_dm_refl.q += (RSxis_dml.q) + omega_eltxL_sigmaxis_dml.d;

vsdq _dm_ref2.d += (RS*is_dm2.d) — omega_eltxL_sigmasx
is_dm2.q;
vsdq_dm_ref2.q += (RSxis_dm2.q) + omega_elt*L_sigmaxis_ dm2.d;

vsdq_dm_ref3.d += (RSxis_dm3.d) — omega_eltxL_sigmasx
is_dm3.q;
vsdq_dm_ref3.q += (RSxis_dm3.q) + omega_ elt*L_sigmaxis_dm3.d;

//Decoupling: reference voltages to compute duty—cycles
are obtained
vsdq_refl.d = vsdq_cm_ref.d + 1.5f*xvsdq_dm_refl.d + 1.0fx
vsdq_dm_ref2.d + 0.5fxvsdq_dm_ref3.d;
vsdq_refl.q = vsdq_cm_ref.q + 1.5fxvsdq_dm_refl.q + 1.0fx
vsdq _dm_ref2.q + 0.5fxvsdq_dm_ref3.q;

vsdq_ref2.d = vsdq_cm_ref.d — 0.5f*xvsdq_dm_refl.d + 1.0fx
vsdq_dm_ref2.d + 0.5fxvsdq_dm_ref3.d;
vsdq_ref2.q = vsdq_cm_ref.q — 0.5fxvsdq_dm_refl.q + 1.0fx
vsdq_dm_ref2.q + 0.5fxvsdq_dm_ref3.q;

vsdq_ref3.d = vsdq_cm_ref.d — 0.5f*xvsdq_dm_refl.d — 1.0fx
vsdq_dm_ref2.d + 0.5fxvsdq_dm_ref3.d;
vsdq_ref3.q = vsdq_cm_ref.q — 0.5fxvsdq_dm_refl.q — 1.0fx%
vsdq _dm_ref2.q + 0.5fxvsdq _dm_ref3.q;

vsdq_refd.d = vsdq_cm_ref.d — 0.5f*xvsdq_dm_refl.d — 1.0fx
vsdq_dm_ref2.d — 1.5fxvsdq_dm_ref3.d;
vsdq_refd.q = vsdq_cm_ref.q — 0.5fxvsdq_dm_refl.q — 1.0fx%
vsdq _dm_ref2.q — 1.5fxvsdq_dm_ref3.q;

//Phase advance

dTheta = 1.5fxomega_elt*Ts;

SinCos_elt__dTheta.sin = SinCos_elt.sinxcosf(dTheta) +
SinCos_elt.cosxsinf (dTheta);
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SinCos_elt__dTheta.cos = SinCos_elt.cosxcosf(dTheta) —
SinCos_elt.sinxsinf (dTheta);

//Duty—cycles computation rotating the (d,q) reference
voltages in the realted (a,b,c) plane
_invrot(vsdq_ref, SinCos_elt_dTheta, vsab_ref);
_invclarkel (vsab_refl, vsabc_refl);
PWMduty ( vsabe_refl , vde, &duty_abcl, deadtime, isabcl);

_invrot(vsdq_ref2, SinCos_elt_dTheta, vsab_ref2);
_invclarke2 (vsab_ref2, vsabc_ref2);
PWMduty ( vsabc_ref2 , vde, &duty_abc2, deadtime, isabc2);

_invrot(vsdq_ref3, SinCos_elt_dTheta, vsab_ref3);
_invclarke3 (vsab_ref3, vsabc_ref3);

PWMduty( vsabc_ref3, vdc, &duty_ abc3, deadtime,

isabc3);

_invrot(vsdq_refd , SinCos_elt_dTheta, vsab_refd);
_invclarked (vsab_ref4 , vsabc_refd);
PWMduty( vsabe_refd , vdc, &duty_ abcd, deadtime, isabc4d);

}

//duty cycles
if (duty_abcl
if (duty_abcl

if (duty_abcl.
if (duty_abcl.b
if (duty_abcl.

if (duty_abc2.
if (duty_abc2.
if (duty_abc2.

if (duty_abc2.
if (duty_abc2.b
if (duty_abc2.

if (duty_abe3.
if (duty_abc3.b
if (duty_abc3.

if (duty_abc3.
if (duty_abe3.b
if (duty_abc3.

if (duty_abc4.

saturation

.a > 0.99f1)
.b > 0.99f1)
if (duty_abcl.

¢ > 0.99f)

o

01f)
01f)
0.01f)

ANVARAN
o

0.99f)
99f)
0.99f)

T o
vV VvV V
o

0.01f)
01f)
0.01f)

ASANA
o

o

99f)
99f)
0.99f)

vV VvV
o

0.01f)
01f)
0.01f)

ANVARAN
o

a > 0.99f)

duty_abcl
duty_abcl

duty_abcl.

duty_abcl
duty_abcl

duty_abcl.

duty_abc2.
duty_abc2.
duty_abc2.

duty_abc2.
duty_abc2.
duty_abc2.

duty_abc3.
duty_abc3.
duty_abc3.

duty_abc3.
duty_abc3.
duty_abc3.

duty_abc4.
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if (duty_abcd.b > 0.99f) duty_abcd.b=0.99f;
if (duty_abcd.c > 0.99f) duty_abcd.c=0.99f;

if (duty_abc4.
if (duty_abc4.
if (duty_abc4.

duty_abcd.a=0.01f;
duty_abc4.b=0.01f;
duty_abc4.c=0.01f;

o T
ASARAN

0.01f
0.01f
0.01f

~— — —

//Safe control
CurrentProtection (isabcl , &State , &pwm_ stopl

( )

CurrentProtection (isabc2 , &State, &pwm_ stop2) ;

CurrentProtection (isabc3 , &State, &pwm_ stop3) ;
( )

CurrentProtection (isabc4 , &State, &pwm_ stopd

)

if (pwm_stopl){
duty_abcl.a=0.0f;
duty_abcl.b=0.0f;
duty_abel.c=0.0f;}
if (pwm_stop2){
duty_abc2.a=0.0f;
duty_abc2.b=0.0f;
duty_abc2.c¢=0.0f;}
if (pwm_stop3){
duty_abc3.a=0.0f;
duty_abc3.b=0.0f;
duty_abc3.c=0.01;}
if (pwm_ stopd){
duty_abc.a=0.0f;
duty_abc.b=0.0f;
duty_abc.c=0.01;}

While the flux-observer function is below in listing 3.16.

Listing 3.16: "FluxObserver" function for a twelvephase system.

void FluxObserver (void) {

//Saving the lambda estimated in step (k—1)
lambda, CM_ab kml = lambda_ CM_ab;

switch (Quad_Maps) {
case 0:
ReadLut2d(&FD_LUT[0][0], fabs(is_cm.d), fabs(is_cm.q),
DIDD, INV_DIDD, DIQD, INV_DIQD , ID TAB MAX, ID TAB MIN,
IQ TAB MAX , IQ TAB MIN, n_size, &lambda CM_ dq.d);
ReadLut2d (&FQ_LUT[0][0], fabs(is_cm.q), fabs(is_cm.d),
DIQQ, INV_DIQQ, DIQD, INV DIQD , IQ TAB MAX, IQ TAB MIN,
ID_TAB MAX , ID_TAB MIN, n_size, &lambda CM_ dq.q);
if (isdq.d < 0)
lambda, CM_dq.d = —lambda_ CM_dq.d;
if (isdq.q < 0)
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lambda, CM_dq.q = —lambda_CM_dq.q;
break ;

case 1:

ReadLut2d(&FD_LUT[0][0], fabs(is_cm.d), is_cm.q, DIDD,
INV_DIDD, DIQD, INV_DIQD , ID_TAB MAX, ID TAB MIN, IQ TAB MAX |,
IQ_TAB_MIN, n_size, &lambda CM_dq.d);

ReadLut2d (&FQ_LUT[0][0], is_cm.q, fabs(is_cm.d), DIQQ,
INV_DIQQ, DIDQ, INV_DIDQ , IQ TAB MAX, IQ TAB MIN, ID TAB MAX ,
ID TAB MIN, n_size, &lambda_CM_dq.q);

if (isdq.d < 0)

lambda, CM_dq.d = —lambda_ CM_dq.d;
break;

case 2:

ReadLut2d(&FD LUT[0][0], is_cm.d, fabs(is_cm.q), DIDD,
INV_DIDD, DIQD, INV_DIQD , ID TAB MAX, ID_TAB MIN, IQ TAB MAX |,
IQ TAB MIN, n_size, &lambda CM_ dq.d);

ReadLut2d (&FQ_LUT[0][0], fabs(is_cm.q), is_cm.d, DIQQ,
INV_DIQQ, DIDQ, INV DIDQ , IQ TAB MAX, IQ TAB MIN, ID TAB MAX ,
ID TAB MIN, n_size, &lambda_CM dq.q);

if (is_cm.q < 0)

lambda, CM_dq.q = —lambda_ CM_dq.q;
break ;

//Rotating (d,q) lambda for the next step
_invrot (lambda_CM_dq, SinCos_elt_dTheta, lambda_ CM_ab);

//Feedback calculation: they are the difference between the
estimated flux and the observed one

feedback OBS1.alpha = lambda_ CM_ab_kml.alpha —
lambda_OBS1. alpha;
feedback OBS1.beta = lambda, CM_ab kml. beta —

lambda_ OBS1. beta ;

feedback__OBS2.alpha = lambda_ CM_ab_kml.alpha —
lambda_OBS2. alpha;
feedback OBS2.beta = lambda, CM_ab kml. beta —

lambda_ OBS2. beta ;

feedback OBS3.alpha = lambda_ CM_ab_kml.alpha —
lambda_ OBS3. alpha;
feedback OBS3.beta = lambda, CM_ab kml. beta —

lambda_ OBS3. beta ;

feedback_OBS4.alpha = lambda_ CM_ab_kml.alpha —
lambda_ OBS4. alpha;
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50

61

63

64

66

68

69

feedback OBS4.beta = lambda, CM_ab kml. beta —
lambda_ OBS4. beta ;

// Integration

lambda_OBS1.alpha  += Tsx(vsab_kml 1.alpha — RSxisabl.alpha +
KOBS«feedback__OBS1.alpha);

lambda_OBS1. beta += Tsx(vsab_kml_1.beta — RSxisabl.beta +
KOBS«feedback _OBS1.beta) ;

lambda_ OBS1 .amp = sqrt (pow(lambda_OBS1.alpha ,2) + pow(
lambda_ OBS1.beta ,2) ) ;

lambda_ OBS2. alpha += Tsx(vsab_kml_2.alpha — RSxisab2.alpha
+ KOBS«feedback__OBS2.alpha);
lambda__ OBS2. beta += Tsx(vsab_kml 2.beta — RSxisab2.beta +
KOBS#feedback__OBS2. beta) ;
lambda_ OBS2.amp = sqrt (pow(lambda_OBS2.alpha ,2) + pow(
lambda_ OBS2. beta ,2) ) ;

lambda_ OBS3. alpha += Tsx*(vsab_kml_ 3.alpha — RSxisab3.alpha
+ KOBSxfeedback OBS3.alpha);
lambda_ OBS3. beta += Tsx(vsab_kml 3.beta — RSxisab3.beta +
KOBS«feedback OBS3.beta) ;
lambda OBS3.amp = sqrt (pow(lambda__OBS3.alpha ,2) + pow(
lambda__ OBS3. beta ,2) ) ;

lambda_OBS4.alpha  += Tsx(vsab_kml 4.alpha — RSxisab4.alpha
+ KOBS«feedback OBS4.alpha);
lambda, OBS4. beta += Tsx(vsab_kml_4.beta — RSxisab4.beta +
KOBS«feedback _OBS4.beta) ;
lambda_OBS4.amp = sqrt (pow(lambda_OBS.alpha ,2) + pow(
lambda_ OBS4. beta ,2) ) ;

//Computation of the average of the four fluxes obtained
before and rotation of it to obtain a single value in (d,q) plane
aux_ab.alpha=0.25%(lambda_OBS1.alphat+ambda_OBS2.alpha+

lambda_OBS3. alpha-+lambda_OB4. alpha) ;
aux_ab.beta=0.25%(lambda_OBS1.betat+lambda_OBS2. beta+
lambda_ OBS3. beta-lambda OBS4. beta ) ;

_rot(aux_ab, SinCos_elt_ dTheta, lambda_dq);
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3.6.2 Results

In order to have a coherent comparison with the previous versions, the same setting
adopted before have been use for the twelvephase too. In table 3.1 the values there
are and the physical parameters to use are shown in table 3.3.

The first result shown is the torque, in Fig.3.33, that follows the reference as
expected. The dynamics imposed are the same of the previous cases, in order to
have a consistent argumentation.

It is clear that the dynamic behaviour is better if compared with the previous
motors and the overshoot are lower than threephase machine.

Mechanical torque
T T T T T T

P P ——

300

200 7

100 - 7

Torque [Nm]

-100 - n

_200 = L 1 1 1 L 1 | =
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26

Time [s]

Mechanical speed: dragged load speed and filtered one
T T T T T

400 | Mot

n Load

Speed [rpm]
8
=
T
1

100 n

0.1 012 0.14 0.16 0.18 0.2 022 0.24 0.26
Time [s]

Figure 3.33: From the top to the bottom: motor torque and related reference,
dragged load speed and the filtered one with the control.
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The second control’s check are the duty.cycles, as below, that are shifted of
15° electrical degrees and have the typical shape of the third harmonic injection
technique.

Duty-cycles of a twelvephase rnachine
T T

T T
1k
l' -rllj'!-;nl‘ [t 1
0.8 [ '1 I\
[
L \ I
> 0.6 1 . I |
a \ ” I
0.4 I
021 . '{
L ||>'-. il .|-~'.'1.'--\-,| .I .-.-|m-..|-|a
0k
| 1 1 1 |
0.1 012 0.14 0.16 0.18 0.2 0.22 0.24 0.26

Time [s]

Zoom of duty-cycles of a twelvephase machine
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025 0.251 0.252 0.253 0.254 0.255 0.256 0.257 0.258 0.259 0.26
Time [s]

Figure 3.34: Duty-cycles adopted for the twelvephase motor. The third harmonic
injection is recognizable. The second graph shows with the same color the three
duty-cycles related to the same threephase system.
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Then, the currents can be shown in Fig.3.35. The typical displacement of the
asymmetrical twelvephase machine is evidenced and the system is balanced as
expected, so the control does not introduces any unwanted harmonic behaviour.

Currents in (a,b,c) plane
T T
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o

0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26
Time [s]

Currents in (a,b,c) plane
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Figure 3.35: Currents of twelvephase motor with the typical displacement of 15°
electrical degrees of an asymmetrical machine. The currents related to the same
star are have been represented with the same color. The second graph shows also

the sampling phenomenon delay for one threephase system only, for reasons of
graphic clarity.
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The final check about the control code in listing 3.15 is the rotational trans-
formation related with the current loop. In Fig.3.36 there is the proof that the
dynamic behaviour is good and that the integral part of the controller works well.

Currents along d-axis
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0.1 012 0.14 0.16 0.18 0.2 0.22 0.24 0.26
Time [s]
Currents along g-axis
15 = T T T T T -
Iq,meas
[ — N e ———— e e e ae] i
10 q.sampled
< Iq,ref
n - |
£ 5
o
S0 _
5F S— i
| | | | | | |
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26
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Figure 3.36: From the top to the bottom: physical current, sampled one and its
reference along d-axis and the same quantities for the g-axis.
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At the end of this section the flux-observer algorithm is shown, in order to verify
if the scheme in 1.18 works even for a twelvephase machine. Below the comparison
between the real flux measured thanks to the simulation ambient and the observed
one is present.

Fluxes in (d,q) sub-plane
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Figure 3.37: From the top to the bottom: physical flux and observed one along
d-axis and the same quantities for the g-axis.
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Conclusions

At the end of this intensive work, several interesting conclusions can be drawn. A
three-phase ETEL motor was reconfigured to sixphase and twelvephase versions
without any modifications to its active parts, but by only working on the windings
connection and control code.

FEM analysis was used to study the machine and the multi-threephase Syre’s tool
was independently verified with a FEMM drawing. Then, a method to modify each
multi-threephase motor has been proposed and checked.

Furthermore, a common-differential mode control was merged with a MS approach,
utilizing the VSD technique to represent the behaviour of the motor. Additionally,
a decoupling method was suggested for the four-threephase system configuration,
which is valid only for safe working conditions.

It was highlighted that as the number of three-phase systems increased, the torque
slightly increased, and the torque ripple was drastically reduced as expected.

In addiction, with the higher number of three-phase systems, a greater speed range
was available while maintaining the same efficiency value.

Regarding the thermal aspects, multi-three-phase solutions had fewer iron losses
due to the lower harmonic disturbance. Besides, the higher modularity present
in sixphase and twelvephase solutions allowed to have a better thermal control,
without concentrating the power electronics heating flow in a specific area.
Finally, with the new motors, a higher power factor and better efficiency level were
achieved at the rated working point.

The control code was checked under high stress dynamically, with step references
and rapid speed ramps.

This work demonstrates that proposing a multi-three-phase solution starting from
a standard one provides advantages in terms of performance from all perspectives
and facilitates the integration of everything into one solution, including the motor
and power electronics.

Further points of improvement for the future could be:
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conducting real tests with a prototype motor on a benchmark.

analyzing the fault working conditions by studying the operation with one or
more stars turned off to highlight possible advantages in the working area.

analyzing the multi-three-phase motor with a 3D CAD to explore additional
three-dimensional aspects.

continuing to study multi-three-phase solutions (as it was done during the
internship period but not shown in this work) in which the windings are the
same as the three-phase configuration, using a halved DC-link voltage (or a
quarter). This could be useful for customers who need power electronics with
high current but lower voltage.
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