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Abstract

The adoption of low-voltage multiphase motors is a new trend in electric vehicles (EVs) for
urban mobility and is an ideal choice for light electric vehicles designed for urban centres. At
the design level, this emerging technology offer several advantages such as failsafe
robustness, lower insulation costs and high compatibility with civil safety requirements and
modularity. This thesis explores the design parameters and proposes an optimised control
scheme for a dual three-phase electric motor with a hairpin construction powered by a 52V
inverter. The motor is virtually modelled considering the influences of harmonics and losses
by extrapolating the data calculated in Ansys Motor-CAD. The modelling of the control
follows the Vector Space Decomposition (VSD) approach, the electrical quantities are
represented in a vector space in 4 dimensions [d; q; z1; z2|, paying attention to the
optimisation of the torque required from the system efficiently by means of control
techniques already known in literature for more classic three-phase motors. The proposed
control guarantees the required torque tracking performance and can be implemented on a
dual inverter system selected for the application, this structure lends itself to simulating case
studies such as differences in battery voltages or faults of one of the two three-phase.

1. Introduction

This thesis project arises from the need to study a control for a multiphase PMSM
electric motor to be implemented on an electric vehicle for urban mobility. The study
and implementation of multi-phase electric motor is a new trend in recent years. The
advantages of using this type of motor can be different. In this project, a 6-phase motor
powered at low voltage will be considered, the automotive sector is interested in this
technology as several advantages can be exploited to create new vehicle concepts for
urban and sustainable mobility. A six-phase system offers significant advantages in terms
of redundancy, allowing the motor to operate even in the presence of partial failures and
thus improving vehicle resilience. Compared to high-voltage systems, a low-voltage
motor has significant pros, including reduced electrical risks, lower insulation costs and
greater compatibility with safety requirements for civil use. But a system defined in such
a way introduces new issues that must be considered in the design of the motor control,
such as increased mutual inductance influences that could compromise the correct
conversion from current to torque or more in general efficiency. Different types of
model and their relative control can be implemented, in this thesis the motor will be
considered as a double three-phase model to simplify strategies and to be able to exploit
the large literature already available for three-phase motors. In addition, the actual
implementation of the motor involves the use of two inverters that manage each three-
phase independently.

1.1. Vehicle concept project

Lately, research in the automotive world has been experimenting with new solutions for
sustainable mobility, development of electric vehicles (BEVs) has supported the study
of prototypes with new technologies to be deployed especially in urban centres.
Supporting this background, this thesis works aims to study the motor and possible
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control of a prototype electric vehicle, that is the result of a larger project that tends to
bring together all new design technologies for the development of a car that is not
currently on sale in the automotive market.

The main idea is to combine the safety and performance characteristics of M-class
vehicles with the flexibility and cost-effectiveness of L-class vehicles. To achieve this, it
is necessary to maintain a low weight and still be able to guarantee a good power density
per weight. To meet these needs, the concept of an electric vehicle operating at low
voltage (LVREV) is introduced, this idea also meets the principles of modularity, safety,
accessibility and home integration. The vehicle features a 52 V architecture with two
independent battery modules, connected to a six-phase electric motor via two inverters,
which will be the subject of study in this thesis, as already mentioned. (1.1.)

Swappable Battery module 1

Inverter 1 Swappable Battery module 1 Inverter 1
Multi-phase motor Lo Multi-phase motor BHEH o gL
& ==, 2t =
DI = hbn = M

s1 *ﬁs: ﬁb 51\#\.‘52 H
ot S .y
' YT v 4 H Cr

I L S
Inverter 2 Inverter 2 c

=
Swappable Battery module 2

a) b)

Figure 1 - Vebicle architecture a) Frugal confignration b) Dual confignration (1.1.)

The modularity principle is expressed in two modes of operation for vehicle system. In
‘Frugal’ mode, only one battery pack is used. In Dual mode, two battery packs are active
for greater autonomy and performance. To make the two modes effective in both urban
and non-urban usage scenarios, the design process uses simulations to optimise the
efficiency of the electric drive module (EDM) and to determine the ideal battery pack
size for the two vehicle configurations and the power required for the motor to achieve
certain acceleration and torque performance.
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Figure 2 - Drive-cycles operational point in different scenario and confignration (1.1.)
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Frugal Dual
Top speed 100 km/h 130 km/h
WLTC-City Range 192 km -
Energy Cons. WLTC-City 8.2 kWh/100 km -
WLTC Range 150 km 260 km
Energy Cons. WLTC 10.6 kWh/100 km | 12.0 kWh/100 km
Voltage 52V 52V
Curb weight 870 kg 940 kg
GVW 1220 kg 1290 kg
Battery Size 15.8 kWh 31.6 kWh
Peak net power 30 kW 60 kW
Acc. time: 0 — 50 km/h 5.3 s 5.3 s
Acc. time: 0 — 90 km/h 14.5 s 10.9 s

Table 1 - Achieved result on drive-cycles simmlation (1.1.)

Overall, the concept achieves the efficiency standards already present in vehicles for sale
to the public but bridges the gap between L. and M category vehicles, redefining a new
model that is easily reconfigurable and scalable thanks to its flexibility.
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Figure 3 - BEV's comparison in terms of gravimetric energy and power density. (1.1.)

1.2.Magnetic Model

In PMSM the magnets produce a constant rotor flux, stator windings fed by current
produce a rotating electromagnetic field, the
electromagnetic field produces torque, according to:

— -

Tem = Bstator X Brotor

interaction between the two
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In synchronous machines the rotating stator field must rotate at the same frequency as
the permanent magnet field to obtain the maximum amount of torque stator and rotor
magnetic field must be orthogonal. This condition must be considered in motor
prototyping to reduce torque ripples and ensure a better dynamic response.

Rotor Field

Stator Field

Figure 4 - Electromagnetic interaction between stator and rotor (1.2.)

The knowledge of the angle between stator and rotor 6 is fundamental for a correct
control of stator current to maintain the synchronous stator flux in quadrature with
permanent flux.

1.2.1. ABC model

Considering a simple dual 3-phase machine, there will be the 6 magnetic axes, with
double Y-connection and the 30° phase shift.

Fignre 5 - Winding structure of six-phase double Y (3.1.)

The voltage equation in natural coordinates is:

dA,
dt

u, = Rgig +

The flux equation is:
As = Lgig + y/lpm
Where:

us = [uy up U uy uy uz]T , s =ligipicixiy iz]T JAs = [Aadp Ac Ax Ay AZ]T,

_ 9 p 21 p 21 p T p 5t p T
y = [cos cos( —?) cos( +?) cos( —g) cos( —?) cos( +E)]
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1.2.2. Transformation in dq axes

The static decoupling transformation matrix on vector space of the six-phase motor is:
Tezs = la, B, 21,22,01,02]"
This vector satisfies the following relationship

al - f=aT-z1=a"-01=a’ 02=0
BT'Zl=ﬁT'Z2= ,BT'Olz ﬁT'OZZO
z1T 22 = z1T 01 = 21T - 02 = 22T - 01 = 22T - 02 =017 - 02 =0

Where a axis coincides with the A-phase winding axis, and 8 axis lags 90° compared with
a-axis; o, B correspond to the sub-space associated with the electromechanical energy
conversion; z1, z2 are the zero sequence and o1, 02 the homopolar terms. The four latter
terms are not involved in the electromechanical energy conversion. Considering the
transformation matrix which transforms the stationary a-f coordinate frame to the
rotating d-q coordinate system, T can be determined by the multi-phase Clarke
transformation. (3)

cosy sind 0
Terr = [—sin@ cosf 0]
0 0 I,

The decoupled transformation matrix based on the vector space is:

[ cos®  cos (9 - ?) cos (9 + 23—”) COS cos (9 - g) cos (9 - 5_::) cos (9 + g) ]
—sinf —sin (a - 23—”) —sin (e + 23—”) —Sin cos (a - g) —sin (a - %ﬂ) —sin (e + g)
V3 V3 1 1
0 7 7 2 ~2 -1
1 1 1 0 0 0
0 0 0 1 1 1

Taking the transformation matrix into the equation of the stationary coordinate system,
considering that the isolation caused by the center line, 01-02 subspace components are
zero, the final voltage and flux equations can be written as:

gl [Rs 0 0 07[ig] Aq ~2q
ug| _ [0 R 0 0| +i A
Uy 0 0 Ry Of|iy| ™ ac|r, 0
Uz2 0 0 0 Rs izZ- /122 0

A1 ba O 0 071ig1 I1

1 0 L, 0 o0l 0

q | _ q .q + ll)pm

Az 0 0 Ly 0]]in 0

Azo 0 0 0 Lylliy 0

The electromagnetic torque of the six-phase in this model is:

Te = Sp(lqld — l.dllq)

10 Dario Puglisi



1.3. Modelling of multiphase drive, state of art

To implement a high-performance modulation and control strategy for multiphase
drives (MPDs), an accurate model of a multiphase machine is essential. This section
reviews various modeling approaches, with a particular focus on six-phase machines.
Six-phase machines can have different winding configurations based on the spatial angle
between two three-phase windings. Machines with a 60° angle are classified as
symmetrical six-phase machines, while those with a 30° angle are referred to as
asymmetrical six-phase machines. The asymmetrical six-phase machine, also known in
the literature as a dual three-phase machine, offers advantages over its symmetrical
counterpart, particularly in mitigating the fifth and seventh harmonics in the airgap flux.

(1.3.)

1.3.1. Double DQ model

In the double-DQ model, the two three-phase windings of a six-phase machine are
treated independently. Each set of phase variables undergoes a separate Clarke
transformation. The a-axis of the stationary reference frame is aligned with phase-al of
the stator winding. This process converts the six-phase variables into two sets of
stationary reference frame components, labelled as a1—31 and a2—§2, corresponding to
the winding sets ABC1 and ABC2. (2.1.);(1.4.)

Considering for example the voltage, it will be mapped in this way:
Vej Vil T = [T;]- [Vaj Viyj Vej1"
The spatial 30° displacement between the two windings is accounted for in the

decoupling transformation. For an asymmetrical six-phase machine, the power invariant
transformation for winding sets ABC1 and ABC2, respectively, is given by:

L 1
ng 2 2
! 30\/§ V3
"2 2
V3 V3
2l— —-— o
T, = |=| 2 2
3., 1 1
L 2 2

1.3.2. Vector space decomposition model

The Vector Space Decomposition (VSD) method has recently become a popular
approach for modelling multiphase AC machines (1.5.);(1.6.). Its primary goal is to
transform the machine voltages and currents from their original six-dimensional space
into new, independent subspaces. This transformation not only provides a unified

Electromagnetic analysis and control of a six- 11
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representation of machine dynamics but also facilitates the design of a more classical
controller structure applicable in both healthy and faulty operating conditions.
According to decomposition theory, machine variables in the original six-dimensional
space ate projected into three mutually orthogonal subspaces: af8, xy, and 0 + 0 —. The
harmonics of the original vectors are grouped into these subspaces. The aff subspace
captures the fundamental harmonic components and harmonics of order k = 12h £ 1
with (h=1,2,3,...). The aff current components are torque-producing, as they
represent the fundamental harmonic. The xy subspace is associated with harmonics of
order k = 6h £ 1 with (h = 1,3,5, ...), which spin in the same plane. These current
components do not contribute to torque production and are considered as sources of
additional losses under healthy conditions. However, in faulty conditions, they provide
extra degrees of freedom for control purposes.

The 0 + 0 — subspace corresponds to the triple harmonics, defined by k = 3h with
(h=1,2,3,...). These current components only exist if a physical neutral path is
available for the flow of neutral currents.

The transformation matrix used for this decomposition is:

i 1 1 3 V3]
L=y 3 57 7 0
0 V3 V3 1 1 .
2 2 2 2
T=i 1 1 V3 3
E] R R S
0 V3 V3 1 1 .
2 2 2 2
1 1 1 0 0 0
o 0o o0 1 1 1.
1.4.FOC Control Scheme

Considering a PMSM, the field orientated control (FOC) method represents an efficient
way to drive a motor in a wide range of speeds. The main idea is to decouple the torque
control and the magnetizing flux means a series of transformation. The DQ rotor current
is injected as reference in control scheme, while the 6 angle that represents the position
of the rotor is used for the direct and inverse transformation in 3 - phases components.
The correct measurement of 0 is crucial for feedback control signal, a wrong estimation
of that parameter could bring to drawbacks as alternating torque and consequently to an
unwanted mechanical vibration of the rotor and more in general to low efficiency in the
electromechanical conversion. (1.7.)
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Figure 6 - Basic scheme FOC for AC machines (1.2.)

Furthermore, considering the DQ reference frame the torque expression become:
T © Agigq

This means it is possible to apply direct torque controlling the current in q axis, for this
reason in a very naive control the current in d axis must be keep to zero because igq
contributes only to generation of leakage flux.

1.4.1. Inverse transformation — open loop

The FOC structure scheme is a closed loop system, so the reference command current

.ref  .ref
lSq ; lSd
means of two PI controllers.

) are compared to feedback signals, then the error signals are regulated by

. « . re re . .
Firstly, it is necessary to transform the regulated error (Vg4 ’ Vea f ) to a suitable quantity

for the 3-phase inverter that will feed the AC motor.

V V
Sqref d , q Saref

V \V
Sdref , B Spref

Figure 7 - Conversion block from dq to af (1.2.)
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Inverse Park transformation is used to pass from dq to «f3 reference frame.

i3|1 1

iSF‘ | N R

E!]—' >

ISu

Figure 8 - Stator Current Space Vector and its component in aff and in dq rotating frame (1.2.)

As said previously, for the transformation 6 angle is fundamental and represent the
relative position between the stationary and rotating reference frame.

The voltage (Vszef ; Vszlef ) now itis used to generate the PWM command fot the inverter
who drive the phases of the stator (in ABC reference frame)

1.4.2. Direct transformation — closed loop

From sensing between the inverter and the motor the current (ia ; iﬁ) is transformed in
dq reference by a cascade of Clarke transformation and Park Transformation obtaining

(isq; isq) -
v

isq Is i,
d’q <70t (X"B —

Isg iss I,
— o, P [ ab |

Park Tr. Clarke Tr.

Figure 9 - Conversion blocks from af to dg (1.2.)

Now computed injected current in the stator is used as feedback in the FOC control
scheme.
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Figure 10 - Current, voltage and rotor flux space vectors in the dq rotating reference frame and their projection (1.2.)

The above Park transformation:

sq = lsq " COSO + igp - sind

lsq = lgq " SINY + igp " cosO

recall again the importance of the correct estimation of 0 angle for the sake of the whole
control scheme. Rotor flux position is generally directly measured by a position sensor
or by integration of rotor speed in synchronous machine.

1.5. Thesis Outline

In this first chapter, the context of the project requirement and the classical mathematical
and control basics in the literature were introduced. In the following chapters, the same
concepts will be applied and elaborated upon to analyse the models used to characterise
the electrical motor and the Simscape structure for control. The fourth chapter will
consider the numerical values obtained in the simulations. Finally, a final chapter will be
used to express conclusions on the work carried out and possible improvements that
can be implemented.

Electromagnetic analysis and control of a six- 15
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2. Motor Analysis

Electric motor drive units in commercial vehicles typically rely on parallel connections of
modules to manage load current. However, this design leads to challenges such as imbalanced
load sharing, timing differences during switching, and heat dissipation management.
Multiphase drives distribute power across more phases, enabling each phase to operate
independently with a single component, thereby reducing these issues. This approach
simplifies thermal management and increases system efficiency, although it introduces added
complexity due to the greater number of wires required.

1.2 ‘ T T T

\

—_
>
r4

S
%

Phase Current (p.u.)
e
=)

=
'S

\
R ——
3 5 7 9 11 12
Number of phases

&
o

Figure 11 - Phase currents in p.u. for different MPDs (2.1.)

Multi-phase electric motor inherently provide better fault tolerance than traditional three-
phase drives due to their higher phase count, which offers additional degrees of freedom
during faults. This feature allows the system to maintain operation even with one or more
faulty phases. Fault-tolerant designs optimize drive performance by focusing on criteria such
as minimizing losses or maximizing torque under fault conditions. Advanced approaches also
address the management of faults involving multiple phases, further enhancing system
reliability. The histogram shown below shows the maximum torque values attainable in the
event of a fault, for various differently configured MPDs.

® Single-neutral connection Two-neutral connection m Single-neutral connection Two-neutral connection
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Figure 12 - Maxcinum postfanlt torque range in p.u. values nunder different fanlty cases. (a) Asymmetrical and (b) symmetrical six-
phase machines (2.2.)
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MPDs can achieve higher torque density, making them ideal for applications requiring high-
power-density motor drives, such as electric vehicles. Techniques like harmonic current
injection improve torque production by utilizing subspaces in the machine's winding
configurations. Challenges include managing the flow of harmonic currents and optimizing
flux patterns in the machine’s air gap. Solutions often involve advanced controllers to balance
performance and minimize losses. Often, the dc-link capacitor bank is a critical component
in electric vehicle powertrains, it account for a significant portion of converter size and cost.
Increasing the number of phases in machine, reduces the required capacitance, so lowering
the overall size and improving power density. For instance, a six-phase drive requires nearly
half the capacitance of a comparable three-phase system, enhancing system compactness and
efficiency. (2.1.)

12T —r—

1.0

DC-Link Capacitances (p.u.)

N

3 5 7 9 11 12

Number of phases

Figure 13 - De-Links capacitances in p.u. for different MPDs (2.3.)

2.1. Overview on multiphase motor model under test

The “Polito two spoke” is the electric motor on which this thesis project is based. This MPD
is six-phase IPM with 52 V rated voltage. Has an asymmetrical displacement of winding, built
with hairpin technology. Can be seen as a dual three-phase machine because each phase is
shift by 30° with the phase of the other three-phase set.

nph=6n=21=3

EAN .
<. % P
b Wy = . =180 ~ 30
RN /J@“ ==
\;uo 'UW’\ 2

Figure 14 - Asymmetrical six-phase machine

The electric motor has two different neutral point, so we can supply the machine with one
or multiple DC supply. Additionally, we can already take advantage of all the control methods
used for 3-phase motors and related hardware, compared to multi-phase motors with
independently connected phases or a single neutral point.

Electromagnetic analysis and control of a six- 17
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Value
DC Supply Voltage 52V
Maximum DC Vurrent | 14 A/mm?
Peak Output Power 60 kW
Peak Torque 93 Nm
Peak Speed 16000 rpm
Base Speed 5000 rpm
Slot Number 48
Pole Number 8
Stator Diameter 171 mm
Stator Length 100 mm
Avg. EM efficiency 92.5
Gear ratio 10.2

Table 2 - Electric drive module specification

2.1.1. VDS approch

The motor is analytically modelled according to the Vector Space Decomposition (VSD)

Fictitious
bi-phase machine

V \ VSD
nph o X\ S

Real multiphase

machine
Wiy Tn

Harmonics and homopolar equivalent circuits

Figure 15 - V'SD equivalent circuit (2.4.)

The choice of VSD approach decompose the machine with a reference transformation
matrix in multiple orthogonal subspaces, makes possible the harmonic decoupling and
considering homopolar components. The model in af reference system has the same
equation of an equivalent 3-phase machine. This is the simplest approach that leverages
harmonic subspaces to manage harmonics actively, minimizing losses and improving
performance. In the following chapters, the mathematical transformations for the VSD

modelling of the motoe will be analyzed in detail. (2.7.)
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2.2. FEM parametrized machine models

One of the goals of the project is to create an almost equal model in MATLAB Simulink
environment for reliable and consistent control, but at the same time easy to develop in
order to test some possible scenarios in the application field.

The FEM analysis has been performed in Motor-cad software to trace with high fidelity
the machine parameter of the machine. With E-magnetic computation it was possible
calculate some parameters such as phase resistance, inductances and fluxes.

2.2.1. Efficiency map

Efficiency map is computed from Motor-cad simulation. From this data LUT for MTPA
are extrapolated for successive motor control simulation.

@ 60000

40000

20000

Shan Power (W)

20000

40000

60000

6000 w000 0000 12000 14000 16000 : B000 70000 12000 14000
Speed (rpm) Spoad {rpm)

Figure 16 - Efficiency Map

2.2.2. Saturation and Loss map

Using the simulation tool in Ansys Motor-CAD, Saturation and Loss Map can be
calculated. From the Saturation Map, the flux linkage for the D and Q axes and the
electrical torque were obtained for each operating point of the electric motor, these
values are useful for parameterising the motor in MATLAB. Loss Map were calculated
to know the values such as Iron Losses, Eddy current coefficient for the stator and rotor,
parametrized to vary peak current and rotor positions.

The simulation has been performed with these settings:

e Stator current peak from [0A 450A], with 50 A of step size
e Phase advance angle [-180° 180°], with 10° of step size
e Speed 1000 RPM

Electromagnetic analysis and control of a six- 19
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Figure 20 - Total 1oss map
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Figure 21 - Stator Iron Loss
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Figure 22 - Rotor Iron Loss
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2.3.Customized Simulink motor block

By combining the data acquired from Motor-cad, it is possible to parameterise the
Simscape “Dual three phase PMSM” block. This customizable Simscape component it
is the result of a collaboration between Motor-cad and MATLAB for the prototyping in
a Simulink environment of six-phase motors parameterised via FEM. In Simscape
libraries it is already present a ‘Six-phase PMSM’ motor model, but it is modelled
basically with static parameter there are characteristic of the motor as p, A,
Lg,Lg, Lo, R, ], this approach neglect the non idealities of the motor and propose a
simplified linear version that is time-efficient in long simulations where the control has
already been validated with a higher-precision model.

~ABC R

~XYZ C

SO O O Q0 O TD

Figure 23 - Custon vs Standard Simscape block representation (2.5.)

The customized one is programmed via an “.ssc” script that contains all the power port
indications and equations governing the block. The script has a graphic equivalent
window that shows which variables are used in the parameterisation. Below you can see
the MATLAB variables that parameterise the model. The matrices have been directly
exported from Ansys Motor-CAD and are loaded into the MATLAB workspace via an
additional script that appropriately formats the dimensions as required by the block.

Dual Three-Phase PMSM 8 Auto Apply

Settings Description

~ Parameters

Number of rotor pole pairs N 4
Winding electrical anglesz [0, -120, -240, -30, -150,-270]  deg

Peak current magnitude vector, | magVec <Ix10 double> A

Current advance angle vector, B gammaVec <1x37 double> deg

Rotor angle vector, theta angleVec <1x61 double> deg

Rotor offset angle for flux and torque data rotorOffsetForData 4875 deg

Map motor windings to standard referen... Wmat <66 double>
A-phase flux linkage table, F(l B,theta) fluxAmat <10x37%61 double> Wb

Torque table, T(I,8,theta) torqueMat <10x37x61 double> N*m

Inductance for use with 3rd and Sth har... Lh 74932e-06 H

Stator resistance per phase, Rs Rs Ohm

Rator hysteresis loss coefficient, k_hr(1,8)  ratorkhMat <10x37 double> W/Hz

Rotor eddy current loss coefficient, k_Jr(l,B) rotorkjMat <10x37 double> W/HZ"2

Rotor excess current loss coefficient, k_er... zeros(length{magVec), length...  W/Hz"1.50000
Stator hysteresis loss coefficient, k_hs(1B)  statorkhMat <10x37 double> W/Hz

Stator eddy current loss coefficient, k_Js(l... statorkjMat < 10637 double> W/Hz 2

Stator excess current loss coefficient, k_e... zeros(length{magVvec), length. ‘W/Hz*1.50000

Electrical frequency at which losses dete... fLosses 66667 Hr

Figure 24 - Dual Three-phase PMSM parametrization

The approach used for mathematical modelling in the block is Vector Space
Decomposition (VDS). The data of a single phase are arranged via the W matrix to
comply the conventional winding configuration.
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Conventional winding configuration BT .
Actual winding configuration

Figure 25 - Winding confignration (2.5.)

Once in the conventional winding configuration, the Clarke transform maps magnetic
field contributions from windings 1 to 6 to a net total resolved into the axis of first
winding, and an axis perpendicular to it. Denoting the angle between phases as a =
% and by considering the geometry of the conventional winding configuration, the Clarke

transform can be written out as:

cosa cos2a cos3a cosda cosba

21
C=-
6[0 sina sin2a sin3a sinda sin5a

This definition of Clarke's transform will only take account of currents at the
fundamental frequency. As there are six windings, there are six dynamic states associated
with stator inductances. This means that we need to include the 3rd and the 5th
harmonics if mapping the stator dynamics to rotor axes, this giving a total of six
dynamics states in rotor axes. To do this, the Clarke transform is appended with four
more rows that take account of the additional harmonics:

cosa cos2a cos3a cosda cos5a 1
sina sin2a sin3«a sinda sin5a

1
0
Cyas :E 1 cgs3a c956a cgs9a cglea cgslSa
6|0 sin3a sinba sin9a sinl2a sinlba
1 cosSa cosl0a cosl5a cos20a cos25a
L0 sinSa sinl0a sinl5a  sin20a  sin25a
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The total fluxes resolved into a stationary reference frame, that consists of the
orthogonal axis set referred to the Al-phase winding axis. The stationary reference frame
can now transform into a rotational reference frame fixed to the rotor and with two
orthogonal rotor axes using Park's transform.

The imported flux linkage has been generated using the original Park's transform for
which the g-axis leads the d-axis, rotor angle is measured from the Al-phase to the g-
axis, and amplitude-invariant normalization is applied. This convention is shown in the
figure below. (2.5.)

Figure 26 - Definition of rotor quantities relative to stator (2.5.)

The current phase advance angle is defined using q-axis as reference with the relation:
_p la

B =tan™'—

lq

and current magnitude is defined as:

I= /i§+i5

Fluxes and torque are tabulated in terms of current phase advance angle, current
magnitude, and rotor electrical angle. Rotor electrical angle is rotor angle 8, multiplied
by the number of rotor pole pairs IN.

Park's transform rotating from reference frame to rotor axes is:

__[sinN@, —cosNO,
" |lcosN6, sin NGO,

Extending this definition to include the 3rd and 5th harmonics gives:

rsin N6, —cos NB, 0 0 0 0 1
cos NG, sin N6, 0 0 0 0
P = 0 0 sin3N@,, —cos3N0, 0 0
135 = 0 0 cos3N@,  sin3N6, 0 0
0 0 0 0 sin5N6@, —cos5N6,
. 0 0 0 0 cos5N6, sin5N6, |
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The total transformation from stator to rotor quantities is then given by:
Ti35 = Py3sCi3sW

Hence:

(Ya ] YA
l/)q 1/JBl
Yaz| T Yer
l/)q3 TS ¢A2
Yus VB2

_l/)qS_ —¢C2—

The motor fluxes depend on six currents plus rotor angle. To tabulate fluxes in seven
dimensions is computationally impractical. Hence, to reduce this complexity, fluxes are
tabulated as a function only of fundamental frequency currents iy and iy plus rotor
angle. This is then augmented by the 3rd and 5th harmonic inductances to model
behavior when the system state is perturbed away from perfectly balanced stator
currents.(2.6.) The required equation is as follows:

(€A1 Ya1(I,B,60)] 07
€B1 1!’131(1:3»9) 0
ec1 d lpCl(I,B,H) -1 L3 ld3
= +Tizs |,
€Az dt| [Ya2(I,B,0) 31g3
e Ypo(I,B,0) Lsigs
Lec2 ] L Y (1,B,0)] L5 g5 ]
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2.4. Equivalence with Motor-cad model E-magnetic simulation

Before implementing the block in a control scheme, a model validation was performed to
check whether all entered parameters led to a 1:1 correspondence of the model with Ansys
Motor-CAD values.

10 Phase voltages

Voltage (V)

bk 0 peag

y M O i

Figure 27 - Back EMF comparison between Motor-CAD and Simulink
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Figure 28 - Flux: linkage comparison between Motor-CAD and Simulink
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Figure 29 - Cogging torque comparison between Motor-CAD and Simnlink

The results show an excellent match in waveforms and amplitudes for back EMF and flux
linkages. These results are possible due to the addition to the model of current influences
in 3rd and 5th harmonics and loss parameters that are neglected in standard models. Only
the cogging torque presents a variation in the waveform and an offset from the values

found in Motor-CAD, this result is to be considered as a non-ideality not handled by the
block. (2.8.)
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3. Control

Motor control represent the main part of the project. There are various structures and ways
in which the control can be carried out, each of which tends to favour or limit the response
to signals imposed as references in different ways.

Two approaches were used as control schemes in the project:

e Current control in the g-axis
e  MTPA based control

The first approach is the simplest, but effective. It imposes all the current in the Q-axis and
thus succeeds in providing great dynamics to the system even if not in an optimised manner.
The second approach imposes currents via the LUTs exported by Motor-CAD, so better
current management is expected for electric torque generation. In both cases, the currents in
Z1 and Z2 are imposed at zero to try to control current imbalances due to inequalities in the
motor geometries that result in parasitic electromagnetic effects.

Command Mobile mean Output
Reference l voltage
: )
x°(t) + | Power } x( -
—»_ Controller * converter » Load >
Feedback |«

Figure 30 - System block scheme

The reference control scheme is the same showed in figure 6 in the first chapter.

Analysing the open chain, there are the three basic components for drawing control. The
load represents the motor in the screen, the power converter represents the single three-
phase inverter, and the control is basically the PI regulator and saturations. All these
components must be modelled correctly considering characteristic values such as the
sampling time of the system and the switching frequency of the inverter. PI tuning is a crucial
step for correct torque tracking.

The command value is basically the six step vector to pilot the power converter, to reach the

output request of voltage. There are total of 64 space vectors in the six-phase inverter,
graphically showed above:
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Figure 31 - Diagram of six phase inverter voltage vectors (3.1)

We recall also the voltage equation in DQ axis that represents the reference voltage value
derived from current request:

dig
Vg = Rsig + Ly p wlgi,
] dig ]
vq = Rslq + Ld E - w(Lde + Apm)

In all the strategies adopted, the voltage reference in Z1 and Z2 is set to zero for simplicity,
so the task of the PI controllers is to keep the current vector in these two axes as small as
possible. Recall that zero injection operations serve to reduce the unbalances experienced by
three-phase drives and do not contribute to electromechanical conversion, so a more evolved
control could implement synchronous Pls, capable of providing better performance. An
important consideration is that the flux of the permanent magnets cannot be measured
directly, so a flux weaking will be introduced into the control to incorporate this dynamic
contribution.

3.1. Simulink control scheme analysis

The schematic consisting of three fundamental elements:

e The electrical and mechanical
e The control
e Input signals and scopes for visualisation

Electromagnetic analysis and control of a six- 29
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Figure 32 - Main Simulink Interface

The schematic follows the basic structure of the FOC, transforming the demand for
torque and speed (rpm) into appropriately controlled signals to drive the inverters that
will power the motor phases. There is no control loop for velocity, which is always
generated by the velocity source. This choice allows control to be focused and optimized
on torque as the only variable.

The two three-phase converters on ABC and XYZ are modelled as three-phase inverters
based on MOSFET devices, driven by PWM signals (SVM) generated in the control
block. The ‘Control’ block consists of two basic subsystems:

e  Outer Loop Control
e Current Control
In the first subsystem, the torque reference is transformed into desiring currents in the
Q, D, Z1, Z2 axes. This block differs in the two control strategies tested.
In the second subsystem the computed reference currents are compared with feedback

measure:
Taq_ref
<G ]
S
(1 )——+—»ToReq idgztzz rei| = *|idazizZ_ref
. —
TqRe
qRreq — plwe dqz12201mPc [ Vabc g b '«'.‘_
Outer Loop Control iabe vaqziz2 O, Wz »ude ModWavel »T] L
Inverse Decoupled | |~ b A H » Sabe
P{:: = oo N PWM Generator ABC
D} T theta Transform (Six-Phase SEnersonAs . '
w rad/s->rpm Zero
vector
»li
e — Vabe g b o
@ ——————— Current Control > vdc ModWay leJ%nsr.gnz pll L .@
iabc PW rator XYZ v, Sxyz
Zero
ixyz vector1
b »< theta |
theta
= N,
vdc_sens

Figure 33 - Control block
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In the ‘current regulator block’, as can be seen below, PI regulators are implemented and
a ‘DQ limiter’ is cascaded for the Q and D branches. The action of the DQ limiter is
very important because it imposes dynamic damping to attenuate very abrupt changes
in torque demand. In addition, it is possible to prioritize the current in one of the two
axes or maintain a balance, the possibility of choice is reflected in a more refined tuning
of the control. The choice of the best setting for the DQ limiter varies depending on the
operations to be performed by the motor.

Another crucial function for this subsystem is the feedforward action applied to D and
Q to introduce the dynamical influences in voltage equation of the motor. Z1 and Z2
current are regulated by simply PI regulator.

4@ o Pl(zy ¢ 0Q - H@—.
sat
y q
d-axis current Pl Pl Mg Limiter mag® | " NG
> i :
(D) - tPI i
— | - g-axis curren Pl(z) DQ Limiter | ‘ vdgz1z2
@ z1 current PI Plizy >
z2 current Pl
)
idgz1z2

5T

-

.

v

N/

Figure 34 - PI control subsystem (Current control)

3.1.1. Control only in Q-axis

Then, imposing zero current in d axis, the flux on d depends only on permanent
magnets, so the equation become:

rewriting the equation for the current in g, we obtain:

T

. e
[, =—
1 3:p- A,

In this control method the only control variable is the q current, the others current
branches are set to zero. Below there is the modified FOC schematic in case of only g-
axis current control.

Electromagnetic analysis and control of a six- 31
phase low-voltage PMSM



V
+ u u de
0 PId |+ rq S \ac P9
o — A jo >
I u|le U ]
" —»X > PIv & Plq wd L apc
\ —A PWM VSI
+ U,
05 R
_‘k l‘::'_’ _XE I
O—t(%)——m» XYZ
Iq O
lq - 1)
- Tmm
I.22 -

Figure 35 - Rotor field-oriented control of six-phase PMSM (3.1.)

This naive control methodology is based on the principle that in the DQ vector
representation, only the current fed into the g-axis generates a mechanical torque. The
resulting control achieves good performance but requires a greater rms current quantity.
Current is set zero in the d, z1, z2 axis but a small quantity normally flows producing
losses. So that method is unsophisticated with respect to the MTPA concept. This first
control was used in the debugging phase of the system because it guaranteed an almost
1:1 ratio between the measured torque graph and current in g, so it was possible to
understand how the PI regulators reacted to the required reference and to find any
differences in the transients in the various plots under study.

3.1.2. MTPA based control

Maximum Torque per Ampere (MTPA) is a control strategy used to achieve the
highest possible torque for a given current, optimizing efficiency and reducing
losses. This is particularly beneficial in applications such as electric vehicles,
where there is the need for better torque tracking for any speed condition.

The torque equation for an IPM motor is:

3
Te = Ep[}‘pmiq + (Ld - Lq)idiq]

MTPA control seeks to find the optimal relationship between L'qand ig to
maximize torque for a given stator current [

1= [iz+:2

The optimal d-axis and g-axis current relationship can be derived from torque
maximization and is expressed as:
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Apm }\pm n I1?
2(Ld q) 2(Lg —Lg) Ly — L,

g = —

This equation determines Iy as a function of I given the machine parameters.
These calculations have already been carried out for each speed through
simulations in Ansys Motor-CAD. Using the efficiency maps, the LUTs on
which to base the MTPA control were derived.

Operationally, the LUTSs have been placed in the outer loop that handles the
transformation from required torque to required current in axes D, Q, Z1, Z2

2-D
ul
£
(u) ’>
u2
f /~ -
D) T Lut Id peak
TgReq Extrapolation=Clip

ul 2D
A
w2~

Lut Ig peak Te'->iq
Extrapolation=Clip »1
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Figure 36 - Outer loop
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3.2. PI tuning

In the scheme below is showed the block representation of system transfer function:

Hop(s)
H(s) Heonv(s) Hipaa(s)
is(s) o] VO T %® iR ] W)
] pi - T1T+s 1, 1+s-71 i
i,(s) Converter Load

Figure 38 - Controlled PI system

The motor is described as a simple RL load, the converter behaves as a delay with a pole
intg = 1.5 Ty, The H.;(s) is the PI regulator transfer function.

The tuning of PI follows an open loop fashion, and it’s based on the Hpp(s)
computation. The general idea it’s to choose the poles of H;(s) to cancel the dynamic

of Hypqq (S)

S+Wzi 1 1/RS
S 1+s't4 1+s'7

Hop(s) = Kpi -

Imposing for the three different controllers, to obtain the zero-pole cancellation:

w _ w __Rs w __Rs
zild — Ld zilq — Lq zZIL0 — Lo
We obtain:
Hoy(s) = Ky *
0 P 1+s 14

Kpi

Approximating the crossover frequency: |[Ho, (jW)lagg =1 = wg = —

We can find the values of K; knowing the maximum crossover frequency is limited by
the converter dynamic, imposed by 74 = 1.5+ T

1 1 fs
Weimax = a = m = 15 =27 feimax (rad/s)

The crossover frequency is limited at about one tenth of switching frequency.
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fsw

fci = fci,max ~ E

Then

Kii = Kpi

So direct formulas for controller are:

Proportional gain D controller
Integrator gain D controller
Proportional gain QQ controller
Integrator gain QQ controller

Proportional gain Z1 and Z2 controllers

-w,; (V/As).

Kpid = 2 'n'fci'Ld
Kii, = Kpiy " WziLa
Kpiq = 2 'n'fci 'Lq
Kii, = Kpi, " WziLq

Kpio =27 f,i Lo

Integrator gain Z1 and Z2 controllers Kii, = Kpiy " Wairo
wzi (Lg) 57.1313
wzi (Lg) 23.5419
wzi (Lo12) 122.6509

Table 3 - Natural frequency for PI controllers

Using the values proper of the motor reported on Table 5 - Motor Parameter the
following diagram bode showing the Hy;(jw) and H¢p(s) magnitude and phase

parameters.
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Figure 39 - D axis control TFs
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Analysis of the bode diagram demonstrates zero-pole cancellation for all three
controllers. This means that the influence of the different inductances is eliminated.
Continuing to analyze the open loop function we have a slope of -20 dB per decade up
to the frequency of 1.333 - 10”6 (rad/s) where is placed the characteristic pole imposed
by T4. The phase margin is very high @ = 89.4600, which is a very good parameter
because it gives the system great stability. Crossover frequency set at 1.2566 + 10"4.

Root Locus.
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Figure 42 - Roots Map closed loop function

The closed-loop poles are placed in —1.3206 - 10° and —0.0127 - 10°

3.3. Simulation setup and settings

Here are the tables with the parameters used for the characterisation of the blocks in the
Simulink structure:

Sampling Times and Frequency
Ts 5107 s Fundamental sample time
Tsc 5-107 s Inner control block period
fsw 20000 Hz Switching frequency
fci 2000 Hz Bandwidth frequency

Table 4 - Sampling times and frequency

The fundamental sampling time was chosen with two orders of magnitude in relation to
the swirling time to be able to track the dynamics of the output quantities the sampling
block with great precision. The choice of these values stems from the rated values of the
hardware components that should implement the design, so the switching speed of the
inverter and the processing speed of the microcontroller were taken into account as
limiting parameters.
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Motor Parameter

p 4 Pole pairs number
Vdc 52 \ Rated voltage

Rs 6.3987-10" Ohm Stator resistance phase

Ld 0.0112-10” H Stator d-axis inductance

Lq 0.02718-10” H Stator g-axis inductance

LO 0.005217-10° H Stator leakage inductance
Am 0.0073 Wb Permanent magnet flux linkage
Jm 0.0088734 Kg'm® Rotor Inertia

Table 5 - Motor Parameter

To make the control efficient and validate the action of all the blocks involved in the
structure, several simulations were carried out. The simulations were repeated by varying
the control between the strategy of only varying in the Q-axis and using LUTSs. The
selection on the DQ limiter was tested with the three possible options: "prioritize d,"
"prioritize q," and "dq balance." In all cases, the limiter acted positively, filtering the
voltage peaks generated; however, better performance was achieved when the selection
was set to "prioritize " in terms of overshoot limitation during step changes in the d-
axis current demand. Nonetheless, in some cases, prioritizing q slowed the tracking on
increasing torque ramps, leading to the decision to conduct all proposed tests using the
"dq balance" option. This choice also aims to highlight the difference between the two
control strategies under study, ensuring that the dq limiter does not alter the action of
the LUTs, which, when correctly calculated, provide the best current values for the
motor axes. As discussed above, the customised electric motor block better represents
reality and has better tracking performance, all preliminary simulations and model
validation have been carried out with the custom block. However, the model is much
more complex and requires many more calculations per single simulation cycle, so it was
decided to use the linear model proposed in the standard MATLAB libraries for the long
simulations. According to the estimates made, the simulation time is shortened by 4-6
times, which becomes of fundamental importance for the simulation of drive cycles
involving several hours of simulation. Finally, it is important to clarify, the custom block
uses flow data calculated at a certain operating rpm. Having been characterised at a low
rpm operating point, it was noted that it is not possible to simulate correctly at speeds
much higher than the speed reference set in Motor-cad to extrapolate the data, so the
use of the standard MATLAB block was again preferred in simulations where there is a
large variance in speed.

In the light of the considerations made, the following types of simulations are proposed
in this work to visualise the performance of the control and more generally to be able to
formulate conclusions on the system thus structured:
e Constant speed and torque variation to evaluate the error with respect to the
reference without the disturbances due to rotational variation.
e Constant torque and speed ramp, this test is very important for assessing the
stability of the system over long simulations and exploring its limits.
e Drive cycles, useful for stressing the system with characteristic references in real
application fields
e Simulations with unbalanced Vdc bus, to test the maximum tolerance levels on
the control before failing
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4. Simulation results

In this chapter, the graphs and numerical values from the proposed simulations will be
analyzed. Some preliminary considerations regarding the simulation settings will be made
before analyzing in detail the test in question. The study of the results has played a key role
in the project as it determines which elements need to be focused on for the validation and
improvement of the project.

4.1. Constant speed

In this test, the reference signal consists of a series of increasing and decreasing steps. This
is one of the first simulations performed. However, it is fundamental for the qualitative
analysis of the model. By maintaining the load at a constant speed, it is possible to analyze
the torque response the system can achieve and identify any disturbances it suffers from,
without being affected by the transients that cannot be neglected in the motot's voltage
equations.

SETTINGS:

e 1500 RPM constant value

e DQ limiter in balance mode

e MTPALUT

e Custom motor Simscape block
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Figure 43 - Reference and Measure Torque
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Analysing the graph of measured torque vs required torque, a very good tracking result can
be seen. The system has some overshoot in the presence of large steps, but the settling time
is satisfactory. Looking at the first simulation instants, it is possible to calculate the cogging
torque, which turns out to be about 0.28 Nm (rms value). In the following seconds, however,
the torque ripple remains low and constant with a value of approximately 3 Nm peak-to-
peak and zero mean value.
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Figure 44 - 1oltage D Q Z1 Z2
Looking at the voltages in DQ axis, it is possible to see how control is crucial to contain the
variation imposed by the load. As the required torque increases, the voltage that is dissipated

in Z1 and Z2 increases, limiting the possibility of greater system dynamism. It is possible to
see how the voltage in QQ is saturated above the torque step of 50 Nm.
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Figure 45 - Reference and measured D - axis current

—— Measured Current
Requested Current| |

300 .

350

250 .

200 7

150 7

Current [A]

100 7

50 7

| | 1 | 1

1 2 3 4 5
Time [s]

Figure 46 - Reference and measured Q - axis current

The calculated current measured in the Q-axis exhibits very good behavior compared to
the ideal, with a current ripple which, although increasing as the required value rises, is
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negligible for the purposes of quality assessment. The current in the D-axis has similar
behavior and the considerations made above can be extended, however, there are
noticeable peaks at increasing torque steps. A possible explanation for this effect can be
attributed to an offset or inaccuracy of the LUTSs. After several simulations it was found
that the effect can be mitigated, in fact by changing the setting of the DQ limiter, by
prioritizing QQ, the D-axis undergoes greater saturation. However, this choice results in
a larger settling time in the required torque tracking.
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Figure 47 - Zoom on Q -axis current graph

Below are the current graphs represented in the ABC model:
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Time [s]

Figure 48 - Measured ABC current
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Figure 49 - ABCXYZ current component

The measured quantities are the output values of the individual motor phases. The
sinusoidal form is respected, but distortions due to the harmonic content can be seen
that the model can handle. The study of these distortions with respect to ideality is the
next step in refining the control, through the suppression of these disturbances
introduced by the geometry of the electric motor.

4.2. Constant Torque

In this test, a constant torque value is set, and the rotational speed starts from zero and
increases linearly. The theoretical result predicted for this simulation is an increase in
frequency in the sinusoidal currents, the system should be able to produce the required
torque for each imposed rotational speed value.

SETTINGS:

e Torque: 35 Nm constant value

e Linear RPM increase from 1000 to 2500
e DAQ limiter in balance mode

e MTPALUT

e Custom motor Simscape block
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44

Dario Puglisi



Measured Current
Reference Current

VI

30

Current [A]

_30 I I I 1 1 I
0.5 1 1.5 2 2.5 3 3.5

Time [s]

Figure 52 - Z1 current

Reading the graphs, one notices the excellent rising time of about 0.25 seconds for a delta of
35 Nm. The average torque value remains constant and consistent with the required
reference throughout the simulation time. However, the average ripple amplitude tends to
increase with increasing angular speed. Once again, the analysis of currents in z1 and z2 is of
paramount importance. In fact, the currents in q and d are unaffected by speed variation,
whereas the current in z1 tends to increase with the same variation as the measured torque.
A possible suppression of the current in z1 and z2 could improve efficiency in terms of
saving energy consumed and reducing the vibrations produced by the motor.

4.3. Urban Drive Cycle

In this simulation, a portion of the drive cycle of about 15 seconds is proposed, which
was used to extract the operating points of the motor, with the aim of optimising the
design of the electric machine to be performance-oriented at the operating points
collected. In particular, the drive-cycle refers to an urban scenario, whereby the motor
will always operate at relatively low speeds in terms of angular velocity. Differently, the
torque demand undergoes large variations in a short time, reproducing the rapid
accelerations a vehicle must perform in traffic or after an intersection. Simulation of
portions of the drive cycle plays an important role in the project because it is a
preliminary validation prior to hardware testing.
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In the proposed simulation, an almost constant positive change in rotational speed is
made, while torque rises and falls in steps that are not constant in amplitude. As already
explained in the previous chapter, for computational speed in the simulations, it was
decided to simulate with the MATLAB linear model. The validity of the simulation
results is therefore to be understood more qualitatively on the ability of the control in
tracking the required references and handling transients, rather than on the analysis of
numerical values in the strict sense.

SETTINGS:

e RPM variable

e Torque variable

e DAQ limiter in balance mode
e MTPA LUT

e Six phase PMSM block
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Figure 53 - Speed profile
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Figure 56 - ABC current

The results still appear to be consistent with each other and with previous simulation.
Analyzing the measured torque graph, it is possible to see how there are some offsets of
a few Nm in correspondence with large steps. This effect is attributable to the LUT's
that were obtained from the much more complex model in Ansys Motor-CAD, and
combined with the more linear model, producing some alteration compared to the
custom block. The torque tracking except for the offsets already discussed is satisfactory.
Other details that can be noted are that in case of variations of about 10 Nm the system
has an evolution of a second order system with an overshoot sometimes even important,
but that extinguishes very quickly. For steps greater than or equal to 15 Nm, the system
enters saturation and needs a larger rising time. However, the settling time in both cases
is comparable. Finally, torque tracking is not affected by load variation in rotational
speed. Looking at the voltage graph, it is immediately noticeable that the voltages in Z1
and Z2 remain constant as the speed and torque produced vary. This is one of the main
differences between the two blocks used to simulate, in fact we would have expected an
increase in the amplitudes. In fact, as already explained, being able to measure and
control these two components efficiently can be the turning point for an optimized and
finely tuned control on the electric motor, compared to what has already been done.
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Figure 57 - zo0m ABC current
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4.4. Unbalanced DC bus

In this part of the chapter a different system configuration is explored. The structure in
Simulink has been modified to have two separate DC bus sources, also adapting some
sections of the control to try to decouple each three-phase system from the other as
much as possible. The final goal is to verify the behavior of the system in case of different
power supply values for the inverters, and consequently a lower power supply for one
of the two three-phases in the motor. The study of these configurations is useful to
understand in which circumstances the system is still able to operate in terms of phase
unbalance, and how much is the difference between a balanced and an unbalanced
system. Finally, one of the objectives of the configuration is to understand how much a
three-phase influences the other in case of unbalance and what are the correlations due
to the mutual inductances in such a multiphase electric machine.

Gate Driver ABC

- . re—7Is s
I
Vdc _7 vdc T
— ~ B
N
Converter ABC .
it I
vde1 () vdc - Gate Driver XYZ oL
I - ~ u
Converter XYZ

Figure 58 - Confignration for unbalanced operation

4.4.1. Unbalanced voltage 52/45V

The first simulation carried out consists of verifying the response of the control system in
the case where one inverter is powered at 52 V by default, while the other at 45 V by
simulating the behaviour of a discharged battery which nevertheless still manages to supply
current. The voltage difference should limit the maximum operational amplitude of the six-
step vector supply. Theoretically, this should result in a lower maximum torque and a longer
settling time in torque tracking dynamics.
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SETTINGS:

1000 RPM constant
Torque variable
DQ limiter in balance mode

Control on Q axis
e Custom motor Simscape block
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Figure 59 - Torque tracking

The measured torque graph shows that the system still manages to work correctly up to 40
Nm and is comparable with the simulation carried out previously, however, looking at the
step after 50 Nm shows the control's difficulty in maintaining a constant reference, even the
descending step from 50 to 40 Nm suffers from a large undershoot, a symptom that the
control dynamics were already saturated.

Looking at the voltages in the DQZ1Z2 decomposition, it is evident how difficult it is for
the control to handle the saturation reached. In particular, the dedicated D-axis voltage
increases proportionally to the torque steps required, limiting the action of the Q-axis control
above 30 Nm. The step from 40 to 50 Nm leads to complete saturation of the system, which
is unable to have more voltage available from the inverters, for the control dynamics are
cancelled and the torque ripples are due to the Back-EMF generated by the rotation. The
voltage used in Z1 and Z2 remains stable throughout the simulation and at zero mean value
as expected.
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Consistent with the voltage graph, it is easy to understand the current ones. The control used
constantly imposes zero current in the D-axis. When the control has saturated its dynamics,
it cannot compensate for the zero-tracking demand and unwanted current is also injected in
the D-axis. Large spikes are also already a symptom of a system that is not working under
ideal conditions, however they are quickly compensated for until the control is saturated.
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Figure 62 - Q axis current

Current tracking in Q seems to have a better response and suffers in the last step from 40 to
50 Nm from a missing current offset, which corresponds precisely to the finite current in the
D-axis.

Generally, it can be stated that the system demonstrates very good robustness in a highly
unbalanced operating environment that would also be extreme in application areas. The
simulations therefore suggest using a logic that limits the maximum torque a user can request
from the system in the event of battery malfunctions, to protect both the batteries and the
motor from overcurrent and overvoltage spikes.
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4.4.2. One three-phase off

The same torque and rotational speed profile of previous test was simulated, this time
modifying some blocks to simulate only one inverter being turned on. To do this, a current
limiter was also introduced at 0.01 A, and the voltage of the switched-off inverter was
lowered to 0 V. In addition, the enable for six-step signal on the inverter was always 0. This
simulation has the task of simulating a malfunction in one of the two inverters, it also aims
to verify what voltages were read at the ends of the three-phase unpowered phase. In fact,
since the rotational load was imposed, we wanted to verify and undertake a study on how
the measured back-EMF values could be related to the behaviour of the induced currents in
the non-powered phases, in order to take them into account for possible fault tolerant
control.

Measured torque
50 r Reference torque | -
40 .
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.30t |
]
=
=
=20 ¢
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O 1 L 1 |
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Fignre 63 - Measured and reference Torque

The torque fails to follow the required reference and remains constant throughout the
simulation at about 2 Nm.
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To understand the behaviour of the electric motor in the case of a three-phase off one must
look at the behaviour of the currents. It is useful to go and look at the response measured at
the terminals of the three-phase off. Up to time 0.3 s the motor turn at 1000 rpm but no
torque is required. The waveform consists of a main component with wave amplitude less
than 0.01 A and an upper harmonic component with amplitude of about 0.02-0.04 A. As
soon as the control imposes a torque, higher order harmonic induced currents are measured
on the unpowered three-phase than the previously measured signal. Down is shown a zoom
of the three-phase signal measured over the period when there is no torque required.
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Figure 65 - Zoow on XYZ current
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Apart from the computational artifices that the model introduces mathematically, the
difference between the currents demonstrates the influence of the active three-phase on the
inactive one, on which would be prior suitable filtering measures the induced currents.
Conversely, the presence of the inactive phases also plays a role on the active one, in fact by
going to look at the waveform of the ABC sign it is still possible to go and recognize the
carrier sinusoid, but it is also possible to find the influence of the higher harmonics that
disturb the current waveform.
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Figure 66 - ABC current
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From the graph of the voltages in DQZ1Z2 axes, it can be seen how the control loses its
effectiveness and how all the voltage delivered by the one inverter present is dispersed in the
variation in Z1 and Z2, the three-phases have a completely unbalanced load.

For clarity that model summarizes the two three-phases into a single motor, creating two
parallel controls, one could easily decouple the control voltages and better analyze the
response, which here is naturally summed.
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Figure 68 - ABC voltage

Above the voltage graph of the correctly powered three-phase (ABC), on the bottom the
measured voltage of the three-phase off (XYZ).
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Figure 69 - XYZ voltage
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5. Conclusions and future works

This thesis work explored the mathematical modelling of a six-phase low voltage motor,
with the aim of building a control system in Simulink, which implemented a very accurate
mathematical model of the motor. Through the implementation of the model from
Ansys Motor-CAD on the Simscape block, it was possible to achieve the required goal.
The main results showed how it was possible to obtain an almost complete porting of
the electromagnetic model on MATLAB by comparing the simulations of the two
software suites. Being able to use MATLAB and Simulink for the control and simulation
of scenarios represents a great result, as the latter software has a great versatility of use.
The schematic created in this way can be easily studied, updated and modified according
to possible needs.

The simulation analysis has shown that the control is effective in the tested scenarios. The
introduction of several measures such as the DQ limiter has allowed to improve the
performance of the control scheme. The study of the current and voltage graphs, referring
to the theoretical concepts present in the literature, has allowed us to identify some critical
issues or possible ideas for improvements that can be easily implemented in the future thanks
to the modular structure that has been developed.

5.1. Limitation

Although the values obtained from the simulations appear to be satisfactory in terms of
performance, they are affected by several limitations, which did not allow a complete
and exhaustive validation of the model on the model taken into consideration.

The flux data exported from Ansys Motor-CAD is based on the preliminary settings,
with the rotational speed set to a single value for the electromagnetic simulation. This
choice has led to limitations in the applicability of the model in Simulink for operating
ranges significantly different from that used in the preliminary analyses. In particular, the
model is currently not suitable for variable speed simulations. To overcome this
limitation, it will be necessary to extend the analysis of electromagnetic simulations at
different speeds by interpolating and subsequently integrating them into a unified model
using data structure strategies. So far, the electrical machine has only been characterized
at 1500 rpm, and no tests have been conducted above 3000 rpm or at non-constant
speed. Therefore, no control was developed that took into account the flux weakening
strategy, nor was it possible to simulate the drive-cycle for an extra-urban context that
required very high operating points of the electric motor in terms of rotational speed.

Computational effort was another major limitation in the development of the project.
In fact, the structure created is very demanding, so the simulations proved to be very
long, and it was not possible to perform complete simulations of the drive cycles.
Furthermore, for the longest simulations it was preferred to use the simplified model of
the electric motor, which cannot guarantee the same adherence to reality compared to
the custom Simscape block.
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5.2. Future works

The project thus developed lends itself to various improvements. The main one would be
the parameterization that considers the operating points used in the electromagnetic solution.
To do this, it would be necessary to create a script that manages the dataset used online by
comparing it with the reference. In this way it is possible to test and improve control over
the entire operational range of the electric machine.

Another possible improvement would be to modify the control to a double DQ structure,
to drive each three-phase separately as if there were two electric motors in one. Compared
to the VDS structure, better control performance could be achieved.

For the improvement of the system's energy efficiency, as mentioned above and highlighted
in the results, the implementation of a tighter control in order to limit the current in z1 and
z2, which is not directly involved in the electromagnetic torque transformation process.
There are studies in the literature demonstrating the effectiveness of using synchronous PI
compared to classical PI to minimise current (5.1.). Consequently, the voltage load that the
inverter has to devote to this component could be used to improve the maximum torque
delivered by the system and speed up the transformers.

Finally, a possible future work is the implementation of an external speed measurement and
control loop. In this project, an ideally generated load has always been considered. Inserting
this new control variable further increases the complexity of the model, however, it is a step
that must be approached to make the control realistic and applicable in a hardware plant that
can carry out instrumental tests.
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